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CHAPTER 1 

INTRODUCTION 

1-1 Problem Statemftnt 

The zone between the ground surface and the top of 

the groundwater is called the unsaturated zone. The flow 

in the unsaturated zone interests researchers who wish to 

understand the movement of both fluid and contaminants 

from the ground surface to the water table. Problems such 

as assessing the groundwater pollution hazards of sanitary 

landfills or feedlots, estimating the results of air 

injection for secondary recovery of capillary water, and 

planning artificial recharge by surface spreading require 

accurate knowledge of the flow in the unsaturated zone. 

This research dealing with mathematical modeling of 

pressure changes in the unsaturated zone can provide 

necessary information for solving these problems. 

The flow in the unsaturated zone is usually 

multi-phase, consisting of air as well as water and/or 

liquid pollutants. Water held to the soil particles by 

surface tension forces is called capillary water. While 

this water is still able to move within the unsaturated 

zone under certain conditions such as significant increase 

in pressure gradient by air injection, it is assumed that 
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the relatively small pressure gradient caused by the 

atmospheric pressure changes cannot move it. If the water 

is immobile, the flow of air induced by small changes in 

barometric pressure can be treated as single-phase flow. 

This situation is more simple than the case of multi-phase 

flow to model by using mathematical approaches. 

The flow in the unsaturated zone may be analyzed on 

the basis of Darcy's equation and the continuity equation. 

When the atmospheric pressure changes at the land surface, 

air moves to or from the unsaturated zone to maintain a 

pressure balance between air in the soil and the 

atmosphere. The rate of this air movement is affected by 

both the permeability of the soil matrix to air and the 

air-filled porosity of the materials in the unsaturated 

zone. The air-filled porosity of a soil or rock material 

is the percentage of the total volume of the material that 

is occupied by air. The air permeability refers to a 

fraction of the intrinsic permeability of the soil matrix, 

measured at a given moisture content. In chapter 2, the 

derivation of the partial differential equation which 

governs the flow demonstrates that the flow is 

proportional to the ratio of the air permeability and the 

air-filled porosity. The ratio may be estimated by 

analysis of the air pressure changes in the soil relative 

to those at the land surface. Such data can be obtained by 

monitoring barometric pressure and simultaneously 
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measuring the down-hole pneumatic head. On the other hand, 

once the ratio of the air permeability and the air-filled 

porosity as well as the barometric pressure changes at 

land surface are known, the pressure in the unsaturated 

zone can be calculated. 

The ratio of intrinsic permeability divided by the 

air-filled porosity is designated as the "C value" in this 

study. If the moisture content is estimated by another 

technique, that value and the ratio may be used to 

estimate the air permeability. For a moisture content 

equal to the field capacity of the soil, the moisture 

content at which the gravity drainage is incipient, the 

air permeability has been found by Botset (1940), Leverett 

and Lewis (1941), and Osoba (1951) to range from 60 to 80 

percent that of the intrinsic permeability. Thus, error in 

estimating intrinsic permeability from air permeability at 

the prevailing moisture content would be relatively small. 

A mathematical model has been developed in this study 

to use the described method for the estimation of the 

vertical air permeability in a layered system. The 

vertical air permeability estimated in this way has 

advantages over laboratory analyses of soil samples due to 

lack of disturbance and larger representative volume of 

the soil. Since intrinsic permeability can be obtained 

from air permeability, knowledge of the vertical air 

permeability of material in the unsaturated zone is useful 
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for estimating both air and water flow. For example, in 

the case of the secondary recovery of capillary water, an 

indirect estimate of the water movement in the unsaturated 

zone subject to air injection based on the air-filled 

porosity change after the injection can be obtained under 

certain conditions by using the described method. 

1-2 Previous Work 

The method of analyzing the relationship of the 

atmospheric pressure changes and the corresponding 

pressure changes in the unsaturated zone to estimate 

permeabilities or air-filled porosities was proposed by 

Stallman (1967). Later Stallman and Weeks (1969) applied 

the method at Badger Wash, near Cuba, New Mexico. They 

assumed in their model that the unsaturated material 

comprised a single homogeneous layer bounded below by an 

impermeable boundary. Because of instrument problems 

experienced during data acquisition, the comparisons of 

field data to model predictions were inconclusive. 

Morris and Snoeberger (1971) in their independent 

study used the same method to determine the air 

permeability of the material in several nuclear chimneys 

at the Nevada Test Site. Data were collected by pressure 

transducers connected to pipes open at different depths in 

the chimney, and transmitted every 15 minutes to the 

Lawrence Livermore Laboratory at Livermore, California. 



The pressure changes at depth were analyzed using an 

analytical equation and the principle of superposition. 

Additionally, the assumption that the nuclear chimney 

rubble consisted of a homogeneous unit extending to 

infinity below the land surface was made. Comparing 

measured and computed pressures at depth, they concluded 

that their application of the method gave results correct 

to within an order of magnitude, and the error was due to 

the simplifying assumptions. 

The major recent application of the method for a 

multi-layer system was made by Weeks (1978). Field tests 

were made at sites in Texas, Idaho, Kansas, Colorado, and 

New York. Geologic data was taken first to determine the 

depth to groundwater, to select the layers into which the 

unsaturated zone was to be divided, and to estimate the 

air-filled porosity for each chosen layer. Laboratory soil 

samples were analyzed for permeability values. Test holes 

then were drilled and piezometers installed at desired 

depths. Barometric and down-hole pressure measurements 

were collected for test durations of approximately six 

hours. Pressure data were initially analyzed using an 

electric analog model. In this model, the flow of 

electricity was analogous to the flow of air. A system of 

resistor-capacitor grids simulated the layered unsaxurated 

material. A device for electrical excitation was analogous 

to the atmospheric pressure change. The results were 
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judged incorrect because the capacities of the capacitors 

which represented the air-filled porosities were fixed at 

the same value for all the grids. A numerical finite 

difference model was subsequently used to model the field 

data. In Weeks' mathematical model as shown in chapter 2, 

the governing nonlinear partial differential equation was 

linearized by a simplifying assumption based on the fact 

that the overall pressure changes were quite small (< 0.1 

in. of Hg). The vertical permeabilities estimated by his 

model were better than those obtained from laboratory 

tests in explaining the field data. 

Another related theoretical and experimental study 

was done by Koo (1985). His study considered volatile 

organic pollutant transport in unsaturated porous media by 

what he called the "atmospheric breathing" process. Koo's 

theoretical model was similar to Weeks' using the same 

simplifying assumption. An analytical solution was derived 

for a single-layered system and used to predict the 

pollutant transport observed in small laboratory columns. 

The Wolfforth secondary recovery test (HPUWCD, 1985) 

was a field test of the air injection method in an effort 

to release capillary water from the wet sand for future 

recovery from local wells. Though not a study of the air 

permeability, the pressures in the unsaturated zone were 

recorded prior to, during, and after the air injection 

test. The changes of pressure data recorded prior to the 



test represented the fluctuations induced by the 

barometric pressure changes, and could be used for the 

present study. More details of the test are described in 

chapter 4 where the present model is applied to its 

pressure records. 

1-3 Qb.iectjves 

For cases when pressure variations are large, and the 

test duration is longer than a few hours, Weeks' model may 

not be adequate for the analyses of pressure data. A more 

general model which can handle these cases is neéded. The 

objectives of this research may be summarized as: 

1. Develop a general mathematical model to describe 

the relationship between pneumatic pressure and 

the barometric pressure in the unsaturated zone. 

The model can be used in both the forward sense 

and the inverse sense. Those are defined as 

follows: 

a. Forward sense— Given a time record of 

barometric pressure, vertical air 

permeability and air-filled porosity for 

each layer, find the pressure at different 

depths. 

b. Inverse sense-- Given time records of 

barometric pressure and the pressure from 

sensors at various depths in the unsaturated 
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zone, find the vertical air permeability or 

the C value for each layer. 

2. Apply the model to Weeks' data from the Lubbock 

International Airport test site, and compare the 

results obtained with Weeks' findings. 

3. Use the pre-test field data from the Wolfforth 

site to estimate the C value for every layer, and 

use these results to simulate the pressure changes 

in the unsaturated zone. 

1-4 Approach 

Instead of using a linear partial differential 

equation similar to the one used by Weeks, a nonlinear 

partial differential equation has been used to describe 

the relationship between the barometric pressure and the 

pneumatic pressure. Weeks applied his model over a 

relatively short period of time, and assumed the pressure 

changes were small enough to be replaced by an average 

value. These pressure changes have been preserved here to 

provide more accurate results for modeling a longer 

period. The finite difference method was used in the model 

to solve the partial differential equation mentioned 

above. The model was programmed with Basic Language on a 

micro-computer. An analytical solution for air flow in a 

single layer was derived and used for verification of the 

model. The model was applied to the Lubbock airport site 
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data reported by Weeks for comparison with his results. 

Sensitivity tests were done to examine the effects of 

changing grid size and length of time step on the model 

results for both the analytical solution and Weeks' data. 

Finally, the model was used to estimate the C values from 

the Wolfforth pre-test data. 

As mentioned before, many problems deal with fluid 

flow in the unsaturated zone. The vertical air 

permeability is directly related to the intrinsic 

permeability of the porous medium. Those interested in the 

infiltration of water, movement of pollutants in the 

infiltrating water, and movement of volatile organics in 

the unsaturated zone will benefit from this study. 



CHAPTER 2 

DEVELOPMENT OF THE MODEL 

Air flow in the unsaturated zone may be considered as 

movement from a "higher" state to a "lower" state. This 

concept of "state" was defined by Hubbert (1940) in 

describing the motion of groundwater, and can be used to 

define the energy required to move a unit weight of fluid 

from a reference site to the site of interest. Energy 

forms possessed by fluid can be potential, kinetic, 

elastic, thermal, and so on (Narasimhan 1982). The 

gradients of each of these energy components contribute to 

the driving forces of the fluid flow. In practice, the air 

flow induced by barometric pressure changes in the 

unsaturated zone is dominated by elastic and potential 

energies. 

2-1 Mathematics of the Model 

Fluid potential is defined as a scalar quantity whose 

spatial gradient is directly proportional to the velocity 

of the fluid flow. From the findings of Darcy (1856), 

Buckingham (1907), and Hubbert (1940), fluid potential 

under isothermal conditions for air flow can be defined as 

10 
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the amount of potential energy and elastic energy 

possessed by a unit weight of air. According to Hubbert 

(1940), this can be expressed as 

^ JPo Y(P) ' ^ ^ 

where 

^ is the fluid potential, or the usually defined 

piezometric head [L], 

z is the coordinate oriented in the direction of 

gravity, with the datum at land surface [L], 

P is the pressure, equal to Po at land surface 

[F/L2], and 

Y is the specific weight of air [F/L^]. 

The isothermal condition is required for fluid potential 

and must be path-independent, i.e., the specific weight is 

a function of pressure only. 

Mathematical descriptions of the fluid flow in the 

porous medium are commonly based on the Darcy-Buckingham 

Law: 

V = ^ k - V ø , (2-2) 

and the continuity equation 

3(pn) 

dt 
+ V-(PV) = 0 , (2-3) 
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where 

V is the del operator [1/L], 

V is the Darcy velocity [L/t], 

p is the fluid density [M/L3], 

)UL is the dynamic viscosity of the f luid [M/Lt], 

k is the permeability tensor of the porous medium 

[L2], 

g is gravitational acceleration [L/t2], and 

n is porosity. 

For air flow in the unsaturated zone induced by barometric 

pressure changes, the combination of Eqs. (2-2) and (2-3) 

can be simplified by a few reasonable assumptions to give 

a governing equation for the solution domain. 

2-1-1 Basic Assumptions 

The following conditions are assumed to hold in each 

layer of a layered system in the unsaturated zone during 

the time period of interest. 

1. The soil structure is unchanged. 

2. The moisture content is constant. 

3. An isothermal condition exists for all layers. 

4. Air behaves as an ideal gas. 

5. The air flow is one dimensional in the 

vertical direction. 

6. The change of air density with depth is 

negligible. 
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Assumptions 1 and 2 ensure the air-filled porosity is 

constant in each layer. Assumptions 3 and 4 allow the use 

of the ideal gas law to substitute P for P in Eqs. (2-1) 

and (2-2), and keep the temperature dependent properties 

of air constant. Assumption 5 implies the barometric 

pressure is uniform at the soil surface, and the soil is 

uniform in each layer. Assumption 6 eliminates terms 

containing the partial derivative of density with respect 

to depth in the governing equation. 

Each assumption may be defended by considering the 

physical constraints on the analysis. Barometric pressure 

varies cyclically with the solar heating (Bouwer, 1978). 

In general without frontal system effects, the fluctuation 

of barometric pressure has its maximum values at 10:00 and 

22:00 and minimum values at 04:00 and 16:00 with a 

resonance of twelve hours. The range of the baromexric 

variation within 24 hours is usually less than 0.5 inches 

of mercury, which is much smaller than the stress-strain 

modulus of soil (Bowles, 1984). This indicates the soil 

matrix should not change significantly under the action of 

barometric pressure changes. Moisture content may be 

altered by infiltration, lateral moisture flow and 

evaporation. However, for data measured during time 

periods of fairly constant ambient temperature and without 

precipitation, these effects should be insignificant. 

Temperature in the soil varies with both time and depth. 
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However, the ranges of the variations will reduce as the 

depth increases (Bonneau, 1982). In view of absolute 

temperature, the changes of temperature in the soil are 

usually within 10 percent, and can be smaller if the data 

is carefully chosen, so an isothermal condition may be 

assumed for the air flow. The ideal gas law can be applied 

to the air flow for the range of pressures and the 

temperatures measured in the field. As for the assumption 

of one-dimensional vertical flow, it is based on the fact 

of the atmospheric breathing of the soil caused by the 

barometric pressure changes. Air density changes with 

elevation due to changes in temperature and pressure even 

in absence of barometric pressure changes. Since the 

spatial gradients of both temperature and pressure are 

small, it is assumed here that the change of air density 

with depth is negligible relative that caused by 

barometric changes. 

2-1-2 Governing Equation 

From equations (2-1) and (2-2), along with the 

preceding assumptions, the seepage velocity in the 

vertical direction becomes: 

V = — = — i - ^ - Pg) , (2-4) 
nd nna. 3z 

where nd is the air-fllled porosity. Eq. (2-3) may also be 

simplified to a one-dimensional form: 
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Combining Eqs.(2-4) and (2-5), the continuity equation 

becomes: 

3t Mnd 3ẑ  3z ^ ̂  • ^̂  ̂ ^ 

Using the ideal gas law: 

P= - ^ ^ RT 

where 

R is gas constant [FL/MT], and 

T is temperature [T]. 

Eq. (2-6) then becomes: 

BP ^ . p - ^ = 0 . (2-7) 
31 und 3 z' 

This is the equation used in the model. The equation 

differs from the one used by Weeks (1978) in his numerical 

model. Instead of using P as a variable outside of the 

second derivative, Weeks used the average of P to 

linearize Eq. (2-7) and obtained a more simple equation. 

Weeks applied his model to a fairly short period of time 

(6-8 hours), and assumed that the changes of pressure were 

small enough (< 0.1 in. of Hg) to justify including the 

average P in the coefficient for the second spatial 

derivative. There is a great advantage to this assumption, 
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since, for a given C value, the coefficient in Eq. (2-7) 

is constant and' need not be recalculated at every time 

step. In a large nodal system, this means a big saving of 

computer time. However, the present model was intended to 

deal with longer time periods with possibly large pressure 

variations, and hopefully to be more accurate. Solution of 

Eq. (2-7) in a given solution domain (refers to both time 

and space for time dependent problems) requires both 

initial and boundary conditions. 

2-1-3 Initial and Boundary Conditions 

Initial conditions are values of the time dependent 

variables, in this case, pressure, at the beginning of the 

study period. The initial condition is actually one of the 

boundary conditions for the time coordinate. For time 

starting with t=0, the initial condition of pressure P is 

expressed as: 

P(z,t=0) = f(z) , 

where f is a function of depth z. For numerical models 

using discretized solution spaces, usually not every nodal 

initial value is known, so values at unknown nodes may be 

interpolated between actually measured nodal values. 

Spatial boundaries for the one-dimensional air flow in the 

vertical direction in the unsaturated zone are 

distinguished by the upper boundary and the lower 
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boundary. The lower boundary is always close to the water 

table which air can not pass through, while the upper 

boundary is at the top of the layer of interest. Hence, 

the air flow is subject to the boundary conditions: 

P(0,t) = P(t) at upper boundary; 

V = 0 at lower boundary. 

P(t) indicates the pressure is a function of time at upper 

boundary. P(t) should allow for periodic fluctuations. Let 

z=L at the lower boundary. From Eq. (2-2), since k does 

not exist at fully saturated conditions, the lower 

boundary condition is approximated by (Weeks, 1978): 

3P 
(L,t) = 0 . dz 

2-2 Num^rigal Mgdgl 

Eq. (2-7) is a nonlinear partial differential 

equation. For a single layered system, an analytical 

solution of Eq. (2-7) has been found for the case of the 

upper boundary condition without periodic changes. 

Although it is not a solution for the problem of interest, 

it may be used to verify the finite difference 

formulation. For real multilayered soil sysxems, 

application of the analytical solution for air flow is 

complicated and difficult to evaluate because of problems 
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at layer interfaces. To solve the problem, it is necessary 

to utilize numerical techniques along with the computer. 

Three numerical methods —finite difference, finite 

element, and boundary element— are most often used for 

solving partial differential equations. The boundary 

element method offers an advantage when dealing with 

multi-dimensional problems. It reduces the dimensions by 

one and saves both computer time and memory. The finite 

element method is often seen in structural and groundwater 

flow problems. It has advantages in fitting the two- or 

three-dimensional geometry of the solution domain. 

However, there is no need for either of these for the 

one-dimensional air flow problem. In the case of equation 

(2-7), the finite difference method was chosen for its 

simplicity in formulation. 

2-2-1 Finite Difference Method 

The finite difference method is straightforward. The 

basic procedures are: (1) subdivide the solution domain of 

a given differential equation with a finite number of 

points (nodes); (2) replace the derivatives at each point 

by finite difference approximations; and (3) solve for the 

unknowns based upon given initial and boundary conditions. 

Assume that there is a single layered system with M 

nodes. The finite difference formuiation of Eq. (2-7) at 

node i in central difference form is: 
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At ~ ixnn A2= " ̂ ' ^̂ "̂ ^ 

where superscript n represents the time step, and 

subscript i represents the node number. In Eq. (2-8), the 

pressure P next to the air permeability k should be 

expressed by the average value of the two P*s at time 

steps n and n+1. For simplicity P at time step n is used 

instead. Eq. (2-8) can be rewritten as: 

A p̂ '̂ +̂B P̂ '̂ +̂A P̂ "̂ ^ - -A P"" +C P̂ -A P"̂  rP-q̂  
1 i-l^i^i ^i^i+l " ^i^i-l^i^i \^i+l ' ^̂  ̂ ^ 

where 

A - - _^^Í_pn 
i " 2und ^i ' 

B = Az=-2A , 

C = Az*+2A , 

At = length of time step, and 

Az = grid size. 

This is the basic equation actually used in the model. The 

following is an example for the application of the model 

in the forward sense. Fig. 2-1 shows a formation of single 

layer with pressure sensors installed at nodes 4 and 6. 

The forward sense uses the barometric pressure data 

and C value to simulate the pressure changes in the 
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node 6 land surface 
V 

node 5 
< 

node 4 
( 

node 3 
c 

> 

> 

> 

node 2 I toD of the capillary fringe, v = 0 
9 

node 1 
o 

Fig. 2-1 Solution domain for the exarnple 
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unsaturated zone. From Eq. (2-9), a set of simultaneous 

equations can be developed as: 

From boundary conditions at node 2 and node 6 as well as 

the pressure at time step n for all nodes, the above 

simultaneous equations expressed in matrix form are: 

r' 
^2 2A2 0 

«3 S ° 

0 A. B. A. 4 4 4 

° ° ^5 ^5i 

\ 

^3 

^ 

. \ 

in+1 

^ 

^2 

'^^ 

^4 

— 

0 

0 

^ ^ s " 

(2-10) 

where D. = 
1 

-A,P^ +C.P^-A.P^^, , i = 2, 3, 4, and 5 
1 1-1 1 i 1 1+1 

The lower boundary condition, zero pressure gradient 

at node 2, is approximated with central difference by 

P1=P3. The upper boundary condition is provided by the 

measured pressure data at node 6- The time step n starts 

from 0 which takes the initial conditions into Eq. (2-10) 
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By solving Eq. (2-10) for n=0 at the beginning, 

values of P2, P3, P4, and P5 for n=l can be obtained. 

These are the values for the first time step. These values 

are then used in Eq. (2-10) for n=l, to obtain the value 

of pressure at each node for the second time step in the 

same way. The calculations are repeated until the desired 

last time step is reached. These calculated values can be 

treated as predictions of the pressure changes in the 

unsaturated zone, or they can be compared with the 

corresponding measurements for evaluating either the 

performance of the sensor or the C value. In this case, 

comparisons can be made at node 4. 

For the inverse sense, the model is used to find the 

C value. The process is quite similar except that the 

comparisons between measured and calculated pressures must 

be made inside the program. The program begins with an 

assumed C value, then iterates to find the best fit C 

value. The choice of a new C value is discussed in detail 

in a following section. The program stops when one of the 

convergence criteria is met. The criteria include the 

maximum number of iterations allowed and two convergence 

indexes for both the pressures and C value. The three 

criteria work in sequence. The program checks first, the 

number of iterations, second, the convergence index for 

pressure, and last, the convergence index for the C value. 

The maximum number of iterations is for stopping the 
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convergent interval. Actually, this is usually the case 

when the desired error is smaller than 0.01. 

2-2-2 Formulation for 
Multilayered System 

For formations with more than one layer, the 

situation becomes complicated. Equation (2-10) is slightly 

modified if node i is at the interface of two layers as 

shown in Fig. 2-2. 

To model air flow passing through the interface, two 

basic facts must be preserved. One is the conservation of 

mass. The other is the common boundary condition, which 

requires the pressures to be the same for the two layers 

at their common boundary. In Fig. 2-2, the placement of 

the nodes enables the common boundary condition and the 

conservation of mass to be met implicitly. Consider a 

control volume over the interface from i-1/2 to i+1/2. 

When the governing equation is satisfied in the control 

volume, the conservation of mass is achieved. The 

governing equation at the interface is a little different 

from Eq. (2-9) . Let 

DZ = 0.5[dz(m)+dz(m+l)] , and 

R(m) = k(m)/(juind (m) ) , 

where m is the layer number. The air-filled porosity, nd, 
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the air permeability, k, and the grid size, dz, may be 

different in each layer. The finite difference form for 

Eq. (2-7) at the layer interface is 

where 

. AtR(m) A. = -
i 2dz(m) ' 

B, = DZ»-A.-D. , 
1 1 1 

^ _ AtR(m+l) , 
1 2dz(m+l) 

E^ = DZ*+A^+D. , 

In the forward sense, each layer has a set of 

simultaneous equations as Eq. (2-10). These equations are 

combined at the corresponding interfaces with Eq. (2-12) 

to form a larger set of simultaneous equations which then 

is solved in the similar way as in the single layer 

system. The solution procedure for the inverse sense 

begins with the bottom layer and adds one layer at a time 

The model uses the measured data for the combined layers, 

and solves for the C value of the newly added layer while 

keeping those C values of layers below unchanged. 

2-2-3 Search Scheme 

For the inverse sense, the C value must be found by 

trial and error. Initially, the model uses 10"lo ft' as 
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may be defined by points 1, 2, and 3, there is no way to 

tell which subdivision is the new convergent interval with 

just 3 points. When C4, in the middle of Cl and C3, is 

chosen, two intersections, points 4 and 4'on curve A and 

B, are obtained. Compared with point 2, a new convergent 

interval can then be determined. For curve A, since point 

4 is higher than point 2, the new convergent interval 

should be from C4 to C3. In the case of Curve B, the new 

convergent interval should be between Cl and C2 for point 

4' is lower than point 2. It can be seen the new 

convergent interval is sometimes greater'than one half of 

the previous one for the direct method. In Fig. 2-4, the 

indirect method needs only three points to do the same 

job, and the new convergent interval is always equal to 

half of the previous one. This is why the indirect method 

needs less computer time to reach the same convergence 

index of the C value. In chapter 4, comparisons are made 

for the results and the corresponding computer time 

consumed between both methods when applied to the same 

field data. These show that the results from the indirect 

method are almost as good as those from the direct method 

while the average of the computer time consumed is about 

20 percent less. 

Although the indirect method seems faster yet just as 

accurate as the direct one; there are cases when the lE 

curve does not pass through the zero line (IE=0) while the 
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E curve has a minimum. For the best performance, themodel 

uses both the direct and indirect methods and gives the 

priority to the indirect one. Fig. 2-5 shows a simple case 

to explain the main problem for the model. With C=0, which 

implies (8P/8t)=0, the pressure in the unsaturated zone 

will not change with time no matter how the barometric 

pressure changes. With C=a>, which implies (9P/8z)= a 

constant, the pressure changes with time in the 

unsaturated zone will be a copy of the barometric changes. 

Between them, there should be a unique curve for the best 

C value. However, with possible scatter in real field 

data, the shapes of the E or lE curves are not always as 

expected. Unexpected data may be caused by equipment 

problems, measurement errors, nonuniform formations in the 

soil, change in water table elevation, and other 

violations of the model assumptions. 

2-2-4 Computer Algorithm 

The source code of the computer program was written 

in MS-BASIC language. The program consists of six parts: 

Main, Subl, Sub2, Sub3, Sub4, and Sub5. Main controls the 

entire program and takes care of input and output. It 

branches off in either the forward sense or the inverse 

sense, calls the subroutines needed, and stops the 

program. Subl calculates the boundary values for each time 

step. It also uses linear interpolation to obtain the 
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pressure at time steps between measurements. For example, 

if the measurements are taken hourly, and the time step is 

chosen 5 minutes, the boundary values are calculated for 

each time step by assuming that the pressure varies 

linearly between the hourly data. Sub2 prepares the 

initial pressure value for every node. This is done using 

linear interpolation from the given pressure measurements. 

It is assumed that the pressure is linearly distributed 

between those measurement points in the soil. Sub3 

calculates the augmented matrix for Eq. (2-9) and solves 

it for each nodal pressure by the recursive method 

(Isaacson and Keller, 1966). The recursive method was 

developed specially for simultaneous equations with banded 

matrix. It saves both computer memory and time by ignoring 

those zero elements. For the forward sense, Main calls 

only Subl, Sub2, and Sub3 for service. The inverse sense 

utilizes two more subroutines. Sub4 calculates both E and 

lE. Sub5 tests the convergence criteria, decides whether 

to go to next layer or to choose a new C value for the 

next iteration. 

Fig. 2-6 is the flow chart of the program. The input 

data includes: 

(1) from keyboard - the disk drive where data file 

can be found, 
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(2) from data file - procedure identification that 

tells the program to do the 

forward sense or the inverse 

sense (F or I), 

- total number of nodes, layers, 

time steps, and pressure 

measurements, 

- dynamic viscosity of air 

(Ib. sec/ft2 ), 

- length of interval between two 

pressure measurements (sec), 

- length of time step (sec), 

- for each layer from the bottom 

layer to the top layer: C value 

(ft2), air-filled porosity, 

depth (ft), grid size (ft), node 

number where measurements were 

taken, 

- (for the forward sense) 

the barometric pressure readings 

from the beginning of the period 

of interest to the end, and the 

initial reading at each sensor. 

- (for the inverse sense) 

the pressure readings at each 

sensor, and the desired error E. 



35 
Inputs should begin with bottom layer at time step 0 if 

necessary. In Fig. 2-6, N counts the time steps, NL counts 

the layer number (NL=1 for bottom layer), TN is the input 

total time steps, and TNL is the input total layers. A 

listing of the program with sample input and output is 

provided in the Appendix. 



CHAPTER 3 

VERIFICATION OF THE MODEL 

Any numerical model should be verified before 

application. In the following sections, the results of 

several tests are presented to demonstrate the model's 

possible limitations. First, an analytical solution of Eq. 

(2-7) was derived and used to verify the model's 

formulation. Though the analytical solution is not related 

to the air flow in the unsaturated zone induced by the 

periodic barometric pressure changes, it does provide one 

possible solution to Eq. (2-7) which the model should be 

able to reproduce. One must remember that the model was 

designed to solve Eq. (2-7) under the boundary conditions: 

P = P(t) at the upper boundary, and 

8P 
3z 

= 0 at the lower boundary 

Since there is no restriction on P(t) for the model, any 

analytical solution of Eq. (2-7) satisfying the boundary 

conditions can be used for verifying the model. Second, 

the model was applied to the experimental data of Weeks 

(1978) from the Lubbock airport test site in 1972. The 

results were compared with that of Weeks' model. Weeks' 

36 
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model was adequate for analysis of that field data. Some 

details of his work were described in chapter 1. Third, 

the sensitivity of the model to the values of the 

parameters, time step and grid size, was tested for both 

the analytical solution and Weeks' data. 

3-1 Analvtical Solution 

For a single layered system which is bounded by z=0 

and z=L, Eq. (2-7) becomes 

^^ = D P - 4 ^ (3-1) 
3t 3z= 

where D=k/und, a constant for a single layer. Using the 

method of separation of variables, pressure P may be 

assumed to be the product of two functions G and F, where 

G is a function of time, t, only, and F is a function of 

depth, z, only. Since 

P(z,t) = F(z)G(t) 

the derivatives 

9P ^ ^. dG 
3t d t 

3P n dF , 3 'P _ r ^ ' ^ 
= G - r — , and ^ , - G-JZT 3z " "̂  dz ' 92» d 

From Eq . ( 3 - 1 ) , 
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1 dG _ d'F 

"DG^ "dt" " " d ? " " constant (3-2) 

since G and F have no common variable. Let 

1 dG _ d'F 
DG' dt " dz^ " ^^"^^ 

where a is a constant. By integration, it can be easily 

seen that a possible solution consists of 

F = az2 + bz + c (3-4) 

and 

G = -1 / (2aDt+e) (3-5) 

where b, c, and e are integration constants. These give 

^ , . az* +bz+c 

Eq. (3-6) is an analytical solution of Eq. (3-1). 

This solution is not appropriate for the major problem of 

interest because Eq. (3-6) does not allow a periodic 

function of time as the upper boundary condition. As 

stated in chapter 2, barometric pressure should be modeled 

as a cyclical variation. However, Eq. (3-6) can still be 

used for verifying the model since it is a possible 

solution of Eq. (2-7). 

When t=0, Eq. (3-6) becomes 

P(z,0) = -(az2+bz+c) / e . (3-7) 
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Eq. (3-7) can be used to calculate the values of P at 

different z for t=0, the initial conditions. Where z=0, 

Eq. (3-6) becomes 

which gives the upper boundary condition. For the lower 

boundary condition, where z=L, Eq.(3-6) gives 

-(2aL+b) / (2aDt+e) = 0 , 

which implies 

2aL + b = 0, or b = -2aL . 

3-1-1 Verification with the 
Analytical Solution 

Since the pressure P at any time t and any depth z in 

Eq. (3-6), may be represented by a, b, c, D, and e, the 

verification can be made by assigning values to each 

constant and comparing the results from both the direct 

calculations and the numerical modeling. Values of a, b, 

c, D and e can determine how the pressure P changes with 

time and space; therefore, they will influence the 

performance of a numerical modeling of P. For example, for 

Eq. (3-6) at a constant depth z, the larger the value of D 

becomes, the faster the pressure P approaches to zero. For 

the same model time step, the slower the changes of 
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pressure P, the better the result will be. Further 

discussions of the D value are presented in the next 

section. To identify the influences of each of these 

values on the modeling needs further study, which is 

beyond the scope of this research. The constants used for 

the verifications and sensitivity tests were -1 for a, 400 

for c, and -10 for e. The range for the time t was from 0 

to 100 and for the depth z was from 0 to 10 (L=10). Since 

b=-2aL from the lower boundary condition, b was given 20. 

As for D, two values, 0.1 and 1, were used. The above 

values were chosen to make the variations of pressure easy 

to distinguish. Since this was a pure mathematical 

process, for simplicity, the unit of each variable was not 

considered. 

Both the forward and the inverse senses of the model 

were verified. Time step and grid size were chosen as 1 

and 0.5, respectively, in all cases. The upper boundary 

conditions were given by Eq. (3-8) at time intervals of 

length 1. Fig. 3-1 shows the solution domain. 

For the forward sense, the D value along with exact 

initial and boundary conditions were given to the model to 

compute the pressures at different times and depths. Figs. 

3-2 and 3-3 show the results from the forward sense of the 

model for D=0.1 and 1, respectively. It can be seen the 

computed pressures at depths z=3 and 10 are 

indistinguishable from the exact solutions. The same 
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Fig. 3-1 The solution domain for verification 
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results were found for other depths. Errors E, defined by 

Eq. (2-11), at depths z=3, 7.5, and 10 were 0.0029 for 

D=0.1 and 0.0021 for D=l. 

For the inverse sense, with exact initial and 

boundary conditions, the model searched for the best D 

value to fit the exact pressure values at z=10. From the 

exact solutions for D=0.1 and D=l, the model found 0.0995 

and 0.9861, respectively, as the best fit D values. Figs. 

3-4 and 3-5 show the comparisons between exact pressures 

and computed pressures at z=3 and 10 using the model in 

the inverse mode. The computed pressures were based on the 

best fitted D values found by the model. Errors E at 

depths z=3, 7.5, and 10 were 0.0017 for D=0.0995 and 

0.0002 for D=0.9861. These values are smaller than those 

from the forward sense, which explains why the exact D 

values were not found by the inverse sense. The slight 

inequalities are likely due to the truncation error in the 

finite difference formulations. However, the results are 

satisfactory since the errors are very small and should be 

insignificant when applying the model to field data. 

3-1-2 Sensitivity Test with 
the Analytical Solution 

There are two important parameters, time step and 

grid size, in the finite difference method which may 

influence the result. Also, the influences of the major 
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parameters, such as the C values for various layers, 

depend on the characteristics of the problem of interest. 

Sensitivity tests are used to study the influences of the 

parameters on a specified problem. In the case of Eq. 

(3-6), the characteristics are determined by the values of 

a, b, c, e, and D which define the equation. Fig. 3-6 

shows the relationship of D and the relative error 

obtained from the inverse sense of the model with the same 

set of a, b, c, e, time step, and grid size used in the 

previous section. The relative error is defined here as: 

Relative error = |D'-D|/D , (3-9) 

where D' is the best fit D value found by the model, and D 

is the exact solution. Recall that D=C/M.. It can be seen 

that, for the same time step and grid size, as D 

increased, the relative error increased. As mentioned 

earlier, the results of a sensitivity test may vary from 

one problem situation to another. However, establishing 

the sensitivity for the analytical solution can give some 

ideas about how the results will be influenced. 

The model was tested for the effects of varying time 

step and grid size using D=0.1. Only the inverse sense was 

investigated since the forward sense is actually used 

repeatedly by the inverse sense. For testing different 

time steps, dz=0.5 and dt=l, 5, and 10 were used. With 

upper boundary conditions given at time intervals of 
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length 10, Fig. 3-7 shows the results. Just as expected, 

the relative error of D, defined as Eq. (3-9), increased 

as dt increased. For testing different grid sizes, dt=l 

and dz=0.5, 1, 2, 5, 10 were used. With upper boundary 

conditions given at time intervals of length 1, the 

results are shown in Fig. 3-8. As expected, the relative 

error of D increased as dz increased. 

The relative error results from the inaccuracy of the 

finite difference approximation. Because the inaccuracy 

increases as either time step or grid size increases, 

gene^ally, a worse result can be expected when either time 

step or grid size is increased. Adequate time step and 

grid size can be determined only by trial. 

3-2 Comparison with Previous Studv 

Weeks (1978) performed both experimental and 

numerical estimations for the air permeabilities at 

different locations around the U.S. One site is near the 

Lubbock International Airport. Weeks' analysis of that 

data was used in this study for comparison with the 

inverse sense of the present model. As men"Cioned early in 

chapter 1, Weeks used a linear partial differential 

equation in his modeling while a nonlinear one is used in 

the present model. 

Fig. 3-9 shows a schematic of the experimental 

installation at the Lubbock site. The screens with pipes 
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Fig. 3-9 Layered system at Lubbock test site 
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leading to the land surface were emplaced where desired to 

form a piezometer net. Fressure readings were obtained by 

connecting the piezometers through a manifold to a 

manometer. The data used was taken every 15 min. from 

12:15 to 18:45 on May 17, 1972. Information about the 

input data is summarized in Table 3-1. 

Table 3-1 

Summarized input information 

Layer No. Air-filled Thickness Grid Size Screen Location 
Porosity (ft) (ft) (node no.) 

la 

2 

3 

4 

5 

6 

0 . 2 2 

0 . 0 3 

0 . 2 1 

0 . 1 5 

0 . 2 0 

0 . 2 0 

27 

8 

18 

21 

19 

32 

1 

1 

1 

1 

1 

1 

lll> 

28 

36 

54 

75 

94 

a Layer No.l is the bottom layer. 
^ Screen Location indicates the node number in the finite 

difference meâh where the pressure sensor is placed. 

The time step and grid size used in both models were 

5 min. and 1 ft., respectively. Comparisons of the 

pressures are shown in Fig. 3-10, Fig. 3-11, and Fig. 3-12 

at different screens. Table 3-2 lists the air 
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Table 3-2 

Estimated air permeabilities 

Air Permeability (ft=) 
Layer No. 

by Weeks by Lee 

1 1.266E-12 1.232E-12 

2 1.809E-12 2.877E-13 

3 1.914E-11 2.304E-11 

4 3.871E-11 3.243E-11 

5 4.567E-11 5.055E-11 

6 l.OOOE-10 1.129E-10 

permeabilities estimated by both models. The best fit 

pressures from both models were practically 

indistinguishable. The error E, defined by Eq. (2-11), was 

0.0178 for Weeks model, and 0.0174 for the present model. 

The errors were very close, while the permeabilities were 

slightly different, especially for the second layer. Due 

to the interfaces between layers, the difference in the 

second layer permeabilities also probably affected the 

layer above. The differences resulted mainly from the 

different formulation between the two models. In Weeks' 

model, the variable pressure term outside the second 

spatial derivative in Eq. (2-7) was replaced by an average 

pressure value. The overall pressure change in the example 
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was about 0.10 in. of Hg, so the requirement for the 

simplifying assumption was met. Still, the calculation for 

the air permeability is slightly different for Weeks' 

model than the present model. A great advantage of the 

linear formulation is the saving of computer time because 

it does not need to renew the coefficient matrix for every 

time step. 

Fig. 3-13 shows the pressure measurements at each 

screen. In Weeks' analysis, a constant pressure of 26.5 

inches of mercury was used as the average pressure for 

each layer. It can be seen there are appreciable 

differences between the average pressure and the real 

pressures at each screen. These can cause errors in 

modeling. The possible inaccuracies can increase when the 

range of pressures become larger respective to either time 

or depth. This means that, even when dealing with a fairly 

short period, the inaccuracy can result from a greater 

pressure gradient in the soil. The present model, with 

nonlinear formulation requiring more computer time, on the 

other hand, can eliminate this problem. 

To give some idea about fitting the field data with 

different time steps and grid sizes, the model was put to 

a sensitivity test using Weeks' data. To test the time 

step values, only hourly pressure readings were used, 

which was just a portion of the available data. The was 

done (1) to make room for the choice of the time step 
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value, and (2) to see if hourly data were sufficient for 

modeling, a possible problem when the model was applied to 

the Wolfforth pre-test data which had only hourly data 

available. The estimated air permeabilities calculated 

with dz=l ft. and dt=5, 7.5, 15, 30, and 60 minutes, are 

listed in Table 3-3. Table 3-3 also lists the average, 

standard deviation and coefficient of variation of the 

estimated air permeabilities for each layer. It can be 

seen that the results were not sensitive to different time 

steps. Comparing the average values with those estimated 

air permeabilities listed in Table 3-2, it shows a average 

difference of 4 percent over all layers, which indicates 

the hourly data can work well. 

In testing grid size, pressure data for every half 

hour were used. The results calculated with dt=0.5 hr. and 

dz=l, 2, 4, 10, 32 ft. are listed in Table 3-4. Actually, 

irregular grid sizes were used for cases of dz=10 and 32 

ft. in order to accurately locate the screens, so the grid 

size listed was the maximum value used. It can be seen the 

results also were not sensitive to different grid sizes. 

The results of the tests for both time step value and grid 

size were reasonable since the pressure changes in both 

time and space were small, which made the finite 

difference approximation and linear interpolation have no 

significant difference in modeling with different time 

steps or grid sizes. 
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Table 3-3 

Fitted air permeabilities from sensitivity test of dt 

dt kla k2 k3 k4 k5 k6 
(min) (E-12) (E-13) (E-11) (E-11) (E-11) (E-10) 

5 1.2316 2.7590 2.1108 3.1644 5.3178 

7.5 1.2316 2.7590 2.1108 3.1644 5.4493 

15 1.2316 2.7787 2.1660 3.1644 5.4493 

30 1.2432 2.7984 2.1659 3.0855 5.5808 

60 1.2663 2.8575 2.1659 3.2433 5.3178 

AVG> 1.2409 2.7905 2.1439 3.1644 5.4230 

1.1425 

1.1425 

1.1556 

1.1688 

1.1424 

1.1504 

STD> 0.0135 0.0365 0.0270 0.0499 0.0984 0.0105 

C.O.V.b> 0.0109 0.0131 0.0126 0.0158 0.0181 0.0092 

a kn is the air permeability in square feet of layer n. 
b C.O.V. (coefficient of variation)= STD/AVG 
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Table 3-4 

Fitted air permeabilities from sensitivity test of dz. 

dz 
(ft) 

kla k2 k3 k4 k5 k6 
(E-12) (E-13) (E-11) (E-11) (E-11) (E-10) 

10 

32 

AVG> 

STD> 

1.2085 2.9168 2.6630 3.1644 5-3178 1.1457 

1.2085 2.9168 2.6630 3.1644 5.3178 1.1457 

1.1969 2.9168 2.6630 3.1644 5.3178 1.1457 

1.1969 2.8872 2.6630 3.1644 5.3178 1.1457 

1.1969 

1.2015 

0.0057 

C.O.V.b> 0.0047 

2.8872 2.6492 3.1644 5.3178 1.1457 

2.9050 2.6602 3.1644 5.3178 1.1457 

0.0145 0.0055 0.0000 0.0000 0.0000 

0.0050 0.0021 0.0000 0.0000 0.0000 

a kn is the air permeability in square feet of layer n 
b C.O.V. (coefficient of variation)= STD/AVG 



CHAPTER 4 

APPLICATION OF THE MODEL TO 

WOLFFORTH PRE-TEST DATA 

The Wolfforth test was part of a series of field 

studies of secondary recovery of capillary water in the 

High Plains of Texas (HPUWCD, 1985). Air injection is a 

well-known technique in petroleum industry for secondary 

recovery of residual oil. Future water supplies are a 

serious concern in West Texas, and capillary water in the 

unsaturated zone has been considered a possible water 

resource. Preliminary laboratory studies (HPUWCD, 1982) 

indicated that air injection is the most economical way to 

release the capillary water to the water table for later 

recovery by well pumping. The City of Wolfforth joined the 

study in 1984 to conduct an air injection test in the area 

of the city well field. 

The pre-test data consists of the pressure data 

collected prior to the air injection to establish the 

magnitude of natural subsurface air pressure fluctuations. 

The pre-test data are assumed to be influenced only by the 

barometric pressure changes, and should therefore be 

suitable for analysis by the model. Three separate 

injection tests were conducted, providing three sets of 
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pre-test data. However, only the first set of pre-test 

data was used in this study since it had the most complete 

record of hourly data. Details about the pre-test are 

discussed in the next section. 

The application of the model included: (1) using the 

pressure data for various 6-hour periods to estimate the 

average C values for each layer at each air monitor 

location, using the inverse sense; and (2) using the 

estimated C values for each layer at each air monitor 

location to simulate the pressure changes in the 

unsaturated zone over periods of 5 to 38 hours, using the 

forward sense. Most of the results were encouraging, even 

though the data collected and air monitor configurations 

were not planned with this model in mind. However, there 

were cases in which the model did not converge in the 

inverse sense or did not work well. As mentioned in 

chapter 3, many factors could cause this problem. The 

results of the model application are presented and 

discussed in subsequent sections of this chapter. 

4-1 De.scriT.t.ion of Pre-Test Qne 

The City of Wolfforth is located in southwestern 

Lubbock County, Texas. The test site is to the east of 

Wolfforth. Small bore holes, 5 inches in diameter, were 

drilled from the land surface down to desired depths in 

the unsaturated zone for installation of pressure 
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measuring devices. For Pre-Test One, only four of the 

total eleven air monitors were activated (HPUWCD, 1985). 

These monitors were numbered 1 to 4. Their locations are 

shown in Fig. 4-1. 

The geological formations of the site are shown in 

Fig. 4-2. The pressure measuring devices of these air 

monitors included air-intakes, plastic pipes, and either a 

U-tube or a slant-tube manometer. The air-intakes, placed 

in the formation, were made of 3/4-inch diameter copper 

tubing 6 inches in length. Small holes were drilled into 

the copper tubing for air passage. The intakes were 

connected to U-tube or slant-tube manometers at land 

surface via 1/4-inch diameter plastic tubing. Each intake 

was set in a bed of small gravel. 

A packer was placed on top of the gravel. A 
small amount of gravel was placed on the top of 
the packer material, then fine sand was added to 
fill the pore spaces in the gravel. Two feet or 
more of neat cement was placed on top of the 
sand to block vertical movement of air in the 
hole. (HPUWCD,1985) 

The air intakes are synonymous with the screens mentioned 

in the previous chapter. For consistency, 'screen' will be 

used for the rest of the chapter. 

Pre-Test One began on Jan. 31, 1984, and ended about 

45 days later. Pressure data were recorded hourly, usually 

for only 6 hours a day. However, measurements were not 

taken on every day during the pre-test period. There were 
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K Air Monitor #1 
9Air Moiiitor #4 
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208* 

175' 

Air Injection Well #2 

335* 

155* 
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Air Monitor #2 

Fig. 4-1 The relative positions of the air monitors at 
Wolfforth air-injection test site 
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Fig. 4-2 Generaiized west-east geologic cross-
section of the Wolfforth air-injection 
test site (HPUWCD, 1985) 
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approximately 20 daily records available for each of the 

four air monitors. 

4-2 Model ApT.1ir̂ ;̂ tfÍrn 

The model was first applied to the data records in 

the inverse sense, using 10 daily records for each of the 

four monitors, to estimate the C value for each layer at 

the air monitor location. Then, in the forward sense, 

using the averages of the estimated C values, predictions 

of the pressure change in the soil were made and compared 

with 4 daily pressure records for each Air Monitor. The 

daily records were chosen for their length, minimum 5 data 

points per record. These dates are listed in Table 4-1. 

Among the four records to be predicted, two were simulated 

for the record lengths while two, 2/23/84 and 2/24/84, 

were tried in combination to produce a 38-hour simulation 

with the model. 

A numerical method called AKIMA (Akima, 1970) was 

used for interpolation from the pressure records. The 

"hourly" data were not exactly hourly, and furthermore, 

there were 5 to 20 minute differences between the 

measuring times for the barometric pressure and the 

pressures in the soil. These data were adjusted by AKIMA 

for consistency. AKIMA is based on a piecewise function 

composed of a set of polynomials, each of degree three at 
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most, and applicable to successive intervals of the given 

points. 

Table 4-1 

Daily pressure records of the Pre-Test One used 
in Model Application 

Inverse sense Forward sense 

2/2/84 

2/3/84 

2/16/84 

2/17/84 

2/21/84 

2/22/84 

2/29/84 

3/1/84 

3/14/84 

3/15/84 

2/1/84 

2/13/84 

2/23/84 

2/24/84 

4-2-1 The Inverse Sense 

According to the results of the sensitivity tests 

reported in chapter 3, the choices of time step and grid 

size for accurate parameter estimation are not very 

critical. Considering the computing time, the program 

memory requirements, and the accuracy of the estimated 

parameter; the time step and the grid size used were set 
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to 15 minutes and 2 feet, respectively, for all the 

following cases. The layered systems were determined by 

the number of screen installations. There were 3 layers 

for each of Air Monitor ííl, 4*2, and #4. Air Monitor í*3 

included 5 layers. The depths of the layers are listed in 

Table 4-2. The actual locations of screen were at the 

interfaces between layers, except for the deepest ones 

which were considered inside the bottom layer and used as 

checking points (see node 4 in Fig. 2-1). These checking 

points were at 71, 120, 123,and 60 feet below the land 

surface for Air Monitor 4*1, 4*2, 4*3, and 4*4, respectively. 

In actuality, there are occasional one-foot differences 

between the locations of screen in the field and those 

used in the model. This approximation was for the 

convenience of setting up the finite difference grid, and 

did not influence the results. The water table was assumed 

to be at a constant depth of 150 feet below the land 

surface. 

Tables 4-3 to 4-5 list the estimated C values and 

errors E, defined by Eq.(2-ll), from the daily records for 

Air Monitor 4*1, 4*2, and 4*4. Air Monitor 4*3 is discussed 

separately in a following paragraph. The estimated C 

values for each layer resulted from the influences of the 

geologic formations within the layer. According to the 

locations and the geological formations of the air 

monitors, shown in Figs. 4-1 and 4-2, the C values should 
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Table 4-2 

The range of layers for each air monitor 

Layer range for Air Monitor 
(depth below land surface, ft) 

Layer No. 4*1 4*2 4*3 4*4 

1 52-150 58-150 104-150 48-150 

2 34-52 26-58 64-104 28-48 

3 0-34 0-26 40-64 0-28 

4 28-40 

5 0-28 

be similar at Air Monitor 4*1 and 4*4, and should be 

different at Air Monitor 4*2 due to the absence of the 

total coverage of caliche, a layer of limestone with low 

permeability. The results are as expected. In Table 4-6, 

results of the t-tests show that the averages of the 

estimated C values at Air Monitor 4*1 and 4*4 are 

statistically equivalent. The t-test tested for the 

hypothesis that the averages of the estimated C values for 

two corresponding layers at two different air monitors 

were equal. The level of significance at 5 percent was 

chosen so that the statements of the test results would be 

right with 95 percent confidence. It is not meaningfui to 

test for Air Monitor 4*2 because the large coefficients of 

variation (see the C.O.V. in Table 4-4) indicate the 



Table 4-3 

The estimated C values for Air Monitor 4*1 

72 

Date 

2/2/84 

2/3/84 

2/16/84 

2/17/84 

2/21/84 

2/22/84 

2/29/84 

3/1/84 

3/14/84 

3/15/84 

AVG> 

STD> 

C.O.V.a> 

C 

Layer 4*1 

3.8763E-10 

2.2000E-10 

4.0000E-10 

1.3000E-10 

2.7063E-10 

2.6500E-10 

3.1000E-10 

4.0000E-10 

3.1000E-10 

1.4440E-10 

2.8377E-10 

9.3189E-11 

0.33 

value(ft2) f( 

Layer 4*2 

3.2188E-10 

2.4313E-10 

5.3000E-10 

2.1500E-10 

3-6125E-10 

2.6000E-10 

3.0500E-10 

2.6000E-10 

3.5000E-10 

5.0300E-10 

3.3493E-10 

1.0116E-10 

0.30 

or 

Layer 4*3 

1.2000E-09 

1.2000E-09 

3.3060E-09 

1.0650E-09 

2.2800E-09 

1.1578E-09 

1.7400E-09 

2.2800E-09 

1.7400E-09 

1.2000E-09 

1.7169E-09 

6.8554E-10 

0.40 

0. 

0, 

0, 

0, 

0. 

0. 

0, 

0, 

0, 

0, 

E 

.141 

.032 

.028 

.057 

.013 

,013 

.023 

.040 

.032 

.103 

a C.O.V.(coefficient of variation)= STD/AVG 

uncertainty of the estimated C values. The large variation 

of the C values at Air Monitor 4*2 may have resulted from 

the high permeabilities or measurement problems. Pressure 

disturbances in the soil caused by small local barometric 

pressure changes would be much greater with high 

permeability. As mentioned by Weeks (1973), these 



Table 4-4 

The estimated C values for Air Monitor 4*2 
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Date 

2/2/84 

2/3/84 

2/16/84 

2/17/84 

2/21/84 

2/22/84 

2/29/84 

3/1/84 

3/14/84 

3/15/84 

AVG> 

STD> 

C.O.V.a> 

C 

Layer 4*1 

4.0000E-10 

4.0000E-10 

5.1845E-09 

2.6500E-10 

7.6000E-10 

7.6000E-10 

2.0938E-09 

4.0000E-10 

1.1019E-08 

1.7500E-10 

2.1457E-09 

3.2920E-09 

1.53 

value(ft2 ) f, 

Layer 4*2 

5.0159E-10 

3.6688E-10 

4.4000E-10 

2.8250E-10 

3.5000E-10 

3.2750E-10 

5.3000E-10 

4-4000E-10 

1.0426E-08 

7.7525E-10 

1.4439E-09 

2.9968E-09 

2.08 

or 

Layer 4*3 

1.2000E-09 

1.7400E-09 

2.2800E-09 

1.2675E-09 

1.7738E-09 

1.7400E-09 

1.7400E-09 

1.2000E-09 

2.9713E-08 

1.2000E-09 

4.3854E-09 

8.4493E-09 

1.93 

0 

0 

0, 

0, 

0. 

0. 

0. 

0. 

0. 

0. 

E 

.146 

.035 

.043 

.046 

.058 

,045 

,019 

,122 

,075 

,095 

a C.O.V.(coefficient of variation)= STD/AVG 

short-term disturbances characterized as noise would 

interfere with the pressure difference readings. Another 

possibility is the partial coverage of the caliche which 

can cause the build-up of two-dimensional pressure 

gradients, and results in horizontal air movement. 
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Table 4-5 

The estimated C values for Air Monitor 4*4 

Cvalue(ft2) for 

Date Layer 4*1 Layer 4*2 Layer Vs" E 

2/2/84 4.0000E-10 4.4159E-lÔ""~ " 2C)ÔC)Ê-Ô9~"'c)" 32~" 

2/3/84 2.8750E-10 2.8250E-10 2.1788E-09 0.027 

2/16/84 3.4375E-10 3.5000E-10 1.7400E-09 0.015 

2/17/84 2.2000E-10 1.9250E-10 1.2000E-09 0.034 

2/21/84 2.2000E-10 3.0500E-10 1.4700E-09 0.024 

2/22/84 4.0000E-10 3-2750E-10 1.4700E-09 0.022 

2/29/84 3.1000E-10 3.5000E-10 2.2800E-09 0.022 

3/1/84 4.0000E-10 4.4000E-10 2.2800E-09 0.041 

3/14/84 2.4250E-10 4.1188E-10 2.2800E-09 0.020 

3/15/84 4.0000E-10 8.0000E-10 1.2000E-09 0.181 

AVG> 3.2238E-10 3.8994E-10 1.7299E-09 

STD> 7.2986E-11 1.5442E-10 4.5683E-10 

C.O.V.a> 0.23 0.40 0.26 

a C.O.V.(coefficient of variation)= STD/AVG 

The results for Air Monitor 4*3 are not presented 

because, in most cases, no convergence was obtained. The 

inverse sense failed to find the convergent interval for 

the C value in the bottom layer. Poor installation 

resulting in leakage of air in the air monitor or 

variations of the water table altering the pressure in the 
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Table 4-6 

The results of the t-test 

A B Reject or Can not reject Hoa 

Cll C41 Can not reject 

C12 C42 Can not reject 

C13 C43 Can not reject 

a Ho: A=B, level of significant equal to 0.05. 
^ Cij is the mean of the estimated C values of 

layer j for Air Monitor i. 

soil could be responsible for the problem. The deep 

installations of the bottom screens of Air Monitor 4*2 and 

4*3 provided a greater potential disturbance by the 

variation of the water table. This may also explain why 

the the estimated C values were largely dispersed for Air 

Monitor 4*2. However, no record about the depths of water 

table was found for that particular period. 

Table 4-7 lists the CPU times used by both the direct 

and indirect methods mentioned in the previous chapter as 

well as the estimated C values and the corresponding 

errors E from the pressure records of Air Monitor 4*1. The 

CPU time refers to the processing time of a personal 

computer with 8088 (CPU chip) operates at 4.77 MHz. It 

shows an average of 20 percent saving in CPU time and 

without losing much accuracy for the indirect method. In 

Table 4-7, the maximum difference between the C values 
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Table 4-7 

Comparisons of CPU (8088) time and E 

Date Di^ect method "" nd rêct'mithôd 

(1984) " Í " " " c P " i " i ; ~ e ~ " " " c r " - " ' i : ' " ' c i " ; ! ; ; " " ^ 
(min) ( 10 - i0 f t 2 ) (njin) (10- i0 f t2 ) 

2/2 0.141 61.6 3~876 Cl' 4 " " " 6 r 6 3'876 
3-219 3.219 
12.00 12 00 

2/3 0.032 63.0 2.172 0.032 50.8 2.200 
2.431 2.431 
12.00 12 00 

2/16 0.027 77.0 3.353 0.028 55.9 4.000 
5.098 5.300 
28 .39 33.06 

2/17 0.056 48.2 1.114 0.057 34.1 1 300 
2.052 2.150 

n.n. ^̂ •'̂ ^ 10-65 
2/21 0.013 52.1 2.706 0.013 36.7 2.706 

3.646 3.613 
22.80 22.80 

2/22 0.013 71.6 2.504 0.013 57.8 2.650 
2.572 2.600 
11.63 11.58 

2/29 0.023 69.4 3.218 0.023 46.3 3.100 
3.137 3.050 
17.89 17.40 

3/1 0.040 84.4 3.443 0.040 60.7 4.000 
2.881 2.600 
21.36 22.80 

3/14 0.031 55.0 2.878 0.032 41.2 3.100 
3.416 3.500 
17.67 17.40 

3/15 0.102 58.0 1.457 0.103 57.8 1.444 
5.044 5.030 
12.00 12.00 

a The C values are listed in order of layer number. The C 
values of layer 4*1 are on the top. 
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estimated by both methods is about 20 percent (see the 

results of 2/16/84), while the corresponding errors E 

differ only 4 percent from each other. In most cases, the 

C values and errors E from both methods are similar but 

not the equal. This leads to a question of the uniqueness 

of the estimated C values in a multilayered system. 

However, in the following section, successful predictions 

of the pressure changes in the unsaturated zone were made 

by using the averages C values listed in Tables 4-3, 4-4 

and 4-5, which indicated that the problem could be 

ignored. 

Fig. 4-3 to Fig. 4-8 show the differences between 

measured and computed pressures for Air Monitor 4*1, 4*2 and 

4*4, for selected cases with the smallest and largest 

errors E. Several interesting phenomena were observed. For 

the pressure records of 2/2/84 and 3/15/84, during periods 

of rising pressures, the corresponding errors E were much 

larger than those calculated for records of decreasing 

pressures. If the pressure measurements were not in error, 

this implies that the model performed better when applied 

to periods of decreasing pressures. 

4-2-2 The Forward Sense 

The forward sense application used the estimated 

average C values found in the previous section for each 
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layer to simulate the pressure changes in the soil caused 

by given barometric pressure changes at the land surface. 

Fig. 4-9 to Fig. 4-35 show the differences between the 

measured and the computed pressures of 2/1/84, 2/13/84, 

2/23/84, and 2/24/84 for Air Monitor 4*1, 4*2, and 4*4. For 

Air Monitor 4*1, the comparisons were made from 10:37 to 

15:37 on 2/1/84 for Figs. 4-9, 4-10 and 4-11, 9:54 to 

15:54 on 2/13/84 for Figs. 4-12, 4-13 and 4-14, and 9:09 

on 2/23/84 to 23:09 on 2/24/84 for Figs. 4-27, 4-23 and 

4-29. For Air Monitor 4*2, the comparisons were made from 

10:30 to 15:30 on 2/1/84 for Figs. 4-15, 4-16 and 4-17, 

9:50 to 15:50 on 2/13/84 for Figs. 4-18, 4-19 and 4-20, 

and 9:03 on 2/23/84 to 23:03 on 2/24/84 for Figs. 4-30, 

4-31 and 4-32. For Air Monitor 4*4, the comparisons were 

made from 10:43 to 15:43 on 2/1/84 for Figs. 4-21, 4^22 

and 4-23, 10:00 to 16:00 on 2/13/84 for Figs. 4-24, 4-25 

and 4-26, and 9:15 on 2/23/84 to 23:15 on 2/24/84 for 

Figs. 4-33, 4-34 and 4-35. The results are generally good. 

As expected, the top screens have the best performance for 

the influences of other factors such as the variation of 

water table and the horizontal air movement are small 

compared with that of the barometric pressure changes. The 

long term simulations, Fig. 4-27 to Fig. 4-35, were very 

successful, except at the bottom screen of Air Monitor 4*2, 

which is likely due to the influence of the variation of 
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the water table. Recall that the bottom screen of Air 

Monitor 4*2 is much deeper than the others. 

4-3 Estimation of the ntrinsic 

PermeabilitY 

Intrinsic permeability can be estimated from the C 

value and the corresponding air-filled porosity. Since the 

air-filled porosities were also unknowns in this case, and 

most of the layers consisted of more than one geological 

formation, the estimation of intrinsic permeability could 

not be made. However, by assuming the air-filled 

porosities varied from 0.2 for sand to 0.05 for rock, the 

intrinsic permeabilities for the area in study would be 

within the range from lO-n to lO-io ft* . Typical data (De 

Wiest, 1969) of intrinsic permeability for sand is about 

10-10 ft=, and for sandstone and limestone varies from 

10-15 to 10-12 ft^. These typical values are similar to 

the estimates obtained in this study. 



CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

A more general mathematical model for estimation of 

vertical air permeability of layered material in the 

unsaturated zone has been developed and tested. The model 

is based on the method proposed by Stallman (1967) to 

analyze the relationship of the atmospheric pressure 

changes and the corresponding pressure changes in the 

unsaturated zone for estimating the air permeability. In 

order to deal with large pressure variations, the model 

was developed with nonlinear formulation. The partial 

differential equation for describing the air flow in the 

unsaturated zone was solved by the finite difference 

method. The model was verified by an analytical solution, 

and matched well when compared with Week's work conducted 

at a field site near Lubbock, Texas. Sensitivity tests 

showed the model was not sensitive to either the time step 

or the grid size. 

The model can work in either the forward sense or the 

inverse sense. In the forward sense, the model can be used 

to predict the pressure changes in the unsaturated zone 

caused by the barometric pressure variation with the given 

C values. In the inverse sense, the model can be used to 
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estimate the air permeabilities or the C values of the 

soil with a given pressure record. When applied to the 

Wolfforth Pre-Test data, both the forward sense and the 

inverse sense gave satisfactory results for three of the 

four selected test sites. A 38-hour simulation of the 

pressure changes in the unsaturated zone was successfully 

conducted for each of those three test sites. 

Conclusions up to this point may be summarized as: 

(1) The method proposed by Stallman is again proved 

to be practicable. 

(2) For the inverse sense, the possible factoré which 

will cause undesired influences are horizontal 

air flow, infiltration of surface water, and 

variation of water table. These undesired 

influences can be avoided by proper selections of 

the site, the time period, and the location for 

measuring the pressure in the soil. 

(3) For the forward sense, the prediction is made 

under the same physical conditions as the inverse 

sense. Long term simulation is subject to these 

limits. 

(4) For both the inverse and the forward senses, 

hourly data are sufficient. Computing time can be 

reduced by using larger time step or grid size 

since the problem is not very sensitive to 

either. 
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The following are recommendations for future study of 

the model: 

(1) Expand the present model to two- or three-

dimensional model to accommodate more complex 

geological formations. 

(2) Consider the movement of moisture in the soil to 

obtain more accurate modeling. 
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APPENDIX 

Program Listing: 

10' ttutuitttititttitutiitunttMitttttttttitutitiuiutiittiuttiiuttt 
20 ' 1 THIS PR GRAH SIHULATES THE AIR-FL K IN THE UNSATURERATED ZCNE. 
40 ' 1 
50 ' t THE VARIABLES USED AREi 
60 ' 1 VADJ DYNAHIC VISC SITY OF AIR 

70 ' I P: AIR PRESSURE 
80 ' 1 PHi 6IVEN PRESSURE CHAN6E 
90 ' t AP: AIR-PERHEABILITY 
100 '1 NTLJ T TAL N . OF LAYERS 

110 't NTNJ TOTAL N . F NODES 

120 't DLJ THICKNESS OF LAYER 

130 't DZ: GRID SIZE 

140 ' t PRj AIR-FILLED POROSITY 
150 ' t DTJ T IHE-STEP S IZE 

160 ' t NSTJ TOTAL N . OF T IHE-STEP 

170 'tltltltlUUttttlUltltltllllUllttUltlUUtUUIIIIUIIItllUltltUUU 
175 ' 
i76 ' HAIN 

177 ' 
IBO DEFDBL A - H , 0 - Z I DEFINT I-N :KEY OFFiCLS 
190 DIH P(202),PR(10),DLI10),PH(10,200),CL(10),DZ(10) 
200 DIH A ( 2 0 2 ) , B ( 2 0 2 ) , C ( 2 0 2 ) , D ( 2 0 2 ) , P B ( 6 0 0 ) , I P S ( 1 1 ) 

210 DIH FQ$(12):INPUT 'DATA in Disk Drive?(A,B,£)*,SI 
220 INPUT 'Hon lany DATA file5?(l-12)*,N0l! PEN 'I",fl,S$*':FNAHE' 
225 INPUT "Output to Disk Drive?',a$ 
250 F R N0F«1 TO NOIsINPUTIl,F $(N0F):NE)(T NOFJCLOSE »1:CLS 

260 FOR N0F>1 TO NQI 
270 TIHE$«'00i00' JCCC»1« 

260 FB$"''R'+FQ$(N F)iFQ$(N0F)sS$*'s*+F9l(N F):FB$«0$+'!'+FB$ 
300 OPEN •r,tl,F $(NOF)!LOCATE l,2iC0L R 7!PRINT 'INPUT FILE: 'iFQ^^NOF); 
310 PEN ' 'jW^FB^+'.PRN' 
350 COR-70.721 
360 C0E=.9I iCSH»0« 
365 INPUT*1,ID$ 
370 INPUT«1,NTN,NTL,NST,NPR 
380 NTHsNTN+l:NTB«NTL+l 
430 INPUT«1,DVA,TH,DT !lTS«TH/60 
432 DNN«TH/DT 

102 



103 
434 NN«FI]((DNN) 
440 PRINTI2,' INPUT FILEi ")FQ$(NOF) 
450 PRINT»2,' HEASUREHENT INTERVAL: 'jITS;' HIN.' 
460 PRINTI2,' TIHÊ-STEP-'jDT)' SEC' iPRINT»2,' ' 
465 IF LEFT$(ID$,1)»«F' R LEFT$(ID$,l)='f' THEN BOT 1000 
470 PRINT»2,' LAYER k$10E9 PR DEPTH DZ SCREEN' 
475 PRINT '(inversi sense)' 
480 FOR I«l T NTL 
490 INPUT«1,CL(I),PR(I),DL(I),DZ(I),IPS(I) 
492 IF CL(I)>.000000001» R CL(IX.000000000001« THEN CL(I)»4IIt.0000000001» 
495 CLL3CL(1)11000000000« 
500 PRINT«2,TAB(6))I|TAB(13)jCLL;TAB(25)|PR(I)|TAB(39);DL(I))TAB(52);DZ(I)jTAB(65)jIPS(l) 
510 NEXT I : IPS(NTB)sNTH 
511 FOR 1=1 TO 2JPRINT«2,' 'INEXT I 

512 PRINT»2,TAB(6))"Pres5urBS in inches of Mcury at each 5creeni'!PRINT«2," " 
515 PRINT«2,"Tiflie\Node';TAB(10); 
516 FOR I'NTB TO 1 STEP -liPRINT«2,USINB " «** "^IPSdJjsNEXT I 
517 PRINT«2," "iPRINT«2," l i n . ' 
519 XAV«OJXIVSO 

520 FOR J«0 TO NTL 
522 XHAX*0!XHIN>1Û00 
530 FOR 1=1 TO NPR 
540 INPUT«1,PH(J,I) 
542 IF PH(J,I)>XHAX THEN XHAX«PH(J,I) 
544 IF PH(J,I)<XHIN THEN XHIN-PH(J,I) 
550 NEXT I 
555 XAV=XAV+XHAXiXIV>XIV+XHIN 
560 NEXT J 
562 IF E F(l) THEN T0L».005J60T0 564 
563 INPUT»1,TDL 
564 CLOSE «1 
565 XAVB(XAV-XIV)/NTB:XIV«(NPR-1)INTL!T0L».6IT0L*2IXIVIXAV*2 

600 FOR 1=1 TO NTL 
610 0L(I)=DL(I)/DZ(I) 
620 NEXT I 
630 LOCATE 19,37,0!C0L0R 6!PRINT 'SIHULATION RAN6E«>";NSTIDT;"S£C" 
640 L CATE 1,70 iC L R 2,0,0,S0JPRINT 'EXECUTING' 

650 COLOR 6,0,O,0!L0CATE 14,32 ! PRINT "CPU TIHE USED«=>" 
660 LOCATE 20,38 : PRINT " NOH PROCEEDING">" 
670 LOCATE 21,38 : PRINT " ERROR=" : LOCATE 23,5 : PRINT 'LAYER N0.«>' 
680 LOCATE 22,1:PRINT 'ITERATI N N0.">" 
690 LDCATE 23,23 : PRINT 'PRESSURE CHECK:" 
700 FOR 1=1 TO NTL 
710 CL(I)«-CL(I)tDTt.5«/PR(I)/DVA 
720 NEXT I 
730 HIH"0 
740 FOR JN»1 TO NTL 
750 NCsO I NFR«0 ! NFB=0 : CR«0«iDFU«10000« 
760 CHP=0» 
770 FOR KJ-2 T NPR 
7B0 CHP«CHP+SGN(PH(JN-l,KJ)-PH(JN,KJ)) 
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790 NEXT KJ 

800 IF CHP«0 THEN NFA=1 iSOT 820 
810 NFABS6N(CnP) 
820 GOSUB 1500 

830 GOSUB 2000 
840 DIF-0» i NFC=NFA i DCl=0«iNC8NC+l iLOCATE 22,17iPRINT NC 

850 IF NF9<1 AND N015 THEN CLS:L CATE 2,40iPRINT "NO CONVERGENCE AFTER 15 ITERATI NS'sG T 1360 
860 FOR NS=1 TO NST 
870 JI=0 : JF=0 
880 GOSUB 3000 
890 IF NS HOD NNOO THEN G TO 920 
900 IF HIHal THEN 60T0 960 
910 GOSUB 4000 
920 LOCATE 20,57 iPRINT NSIDT)' SEC ' 
930 NEXT NS 
935 IF HIH-1 THEN GOTO 970 
936 GOSUB 5000 
940 LOCATE 14,50iC LOR 4: PRINT TIHE$ 
950 IF JN«NTL THEN HIH=1 JSOTO 830 
955 60T0 970 
960 PRINT«2,' ')NSIDT/60)TAB(10)) 
962 FOR H=NTB TO 1 STEP -1 
963 PRINT«2,USIN6 ' «««.««««')P(IPS(H))) 
964 NEXT H 
965 PRINT«2," ' 
966 FOR H»l TO NTL 
967 DIF=DIF+(P(IPS(H))-PH(H-1,NS/NN+1))^2 
968 NEXT H 
969 SOTO 920 
970 NEXT JN 
972 LOCATE 1,70:COLOR 7!PRINT ' 
973 FOR 1=1 T 2!PRINT«2," 'îNEXT I:PRINT»2,' Layer Air Perieabiiity" 
974 FOR 1=1 TO NTL!CL(I)««-CL(1)IDVAIPR(I)I2»/DT 
976 PRINT»2, USING " »« »«.«««««'^^*^";I;CL(I) 
978 NEXT I 
980 DIF»SQR(DIF/XIV)/XAV!PRINT«2,' Error Detected: ';DIF 
985 80T0 1350 
1000 PRINT '(for ard sense)' !JN=NTL 
1005 PRINT«2,« LAYER ktlOE9 PR DEPTH DZ" 
1010 F R 1=1 T NTL 
1020 INPUT«1,CL(I),PR(I),DL(I),DZ(I),IPS(I+1),PH(I,1) 
1030 PRINT«2,TAB(6);I;TAB(13);CL(I)tl000000000«)TAB(25))PR(I);TAB(39);DL(I];TAB(S2);DZ(I) 
1040 NEXT I 
1050 FOR 1=1 TO NPR 
1060 INPUT«1,PH(NTL,I) 
1070 NEXT I 
1080 IF EDF(l) THEN JPP=2!PH(0,l)=PH(!,l):IPS(l)=liG0T 1100 
1090 JPP»l:INPUT«l,IPS(l),PH(0,l)!PRINT»2,"Ch8ck point! Node ';IPS(1) 
1100 FOR 1=1 T 2:PRINT»2,' ":NEXT I 
1110 PRINT«2,"Calculated pressures at each screen in inches of íercuryi'!PRlNT«2,' ' 
1120 PRINT«2,'Tiae\Node";TAB(10); 
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1130 FOR I=NTB TO JPP STEP -liPRINT»2,USIN8 " »«» " J I P S ^ D ^ Í N E X T I 
1140 PRINT«2,' 'iPRINTí^,' •in.« 
1150 FOR 1=1 TO NTL 
1160 CL(I)»-CL(I)tDTt.5»/PR(I)/DVA 
1170 NEXT I 
1180 LOCATE 19,37,0!C0L0R 6:PRINT "SIHULATION RANGE==>")NSTtDT;"SEC' 
1190 LOCATE 1,70 iCOLOR 2,0,0,80!PRINT "EXECUTING' 
1200 COLOR 6,0,0,0iL0CATE 14,32 i PRINT "CPU TIHE USED=->" 
1210 LOCATE 20,38 i PRINT ' N M PR0CEEDIN6">' 
1220 60SUB 1500 
1230 60SUB 2000 
1232 FOR I-l TO NTL:DL(I)=DL(I)/DZ(I):NEXT I 
1240 FOR NS-1 TO NST 
1245 LOCATE 20,57 iPRINT NSIDT;' SEC ' 
1250 JI»OiJF-0 
1260 GOSUB 3000 
1270 IF NS HOD NNOO 60T0 1300 
1280 PRINT42," ";N8IDT/60)TAB(10)) 
1290 FOR H»NTB T JPP STEP -1 
1292 PRINT«2,USING " «««.»«««'iP(IPS(H)); 
1295 NEXT H 
1296 PRINT«2," ' 
1300 NEXT NS 
1350 PRINT«2,' CPU tiie usedi ';TIHE$ iCLS 
1360 CLOSE 
1370 NEXT NOF 
1380 LOCATE 23,10:PRINT "ttl EXECUTIDN C HPLETED U l " 
1400 END 
1502 ' SUBli SIVE THE BOUNDARY CDNDITION 
1510 PB(0)«PH(JN,1) 
1520 FOR 1=2 TO NPR 
1530 DD=(PH(JN,I)-PH(JN,I-1))/DNN 
1540 JI-1+(I-2)INN I JF»JI+NN-1 
1550 FOR J-JI TO JF 
1560 PB(J)«PB(J-1)+DD 
1570 NEXT J 
15S0 NEXT I 
1590 RETURN 
2002 SUB2! 3IVE THE INITIAL CONDITIDNS 
2010 FOR I«0 TO JN 
2020 P(IPS(I+l))«PH(I,l) 
2030 NEXT lîC LOR 6 
2040 IF IPS(l)«l THEN GDTO 2100 
2050 DNA«PH(1,1)-PH(0,1) 
2060 FOR 1=1 TQ IPS(1)-1 
2070P(I)«PH(0,1)-CCCI(IPS(1)-I)IDNA/(IPS(2)-IPS(1)) 
2080 NEXT I 
5090 IF P d X O THEN CCC«CCCt.S« iGOT 2060 
'ÎOO ll«0 i JF«IPS(1) iL CATE 2,2: PRINT ' INITIAL CONDITIONS ! " i PRINT 
2110 FOR 1«1 TO JN 
2120 JI«1+JF I JF«IPS(I+1) 
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2130 DNA«(P(JF)-P(J1-1))/(JF-JI+1) 
2140 FOR J«JI TO JF 
2150 P(J)«P(JI-l)+DNAt(J-JI+l) 
2160 NEXT J 
2170 PRINT ' N0DE(')IPS(I+1))«)» «jP(IPS(I+l)) 
2180 NEXT I 
2190 P(0)«P(2) 
2200 RETURN 
3002 ' SUB3I CALCULATE THE COEFFICIENT HATRIX 
3010 FOR I«l TO JN 
3020 NNA«FIX(DL(I)):CS«DZ(I)tDZ(I) 
3030 JI«1+JF : JF«JF+NNA 
3040 FOR J-JI+1 TO JF 
3050 A(J)«CL(I)tP(J)tCOR 
3060 C(J)«A(J) j LOCATE 14,50 iCOLOR 4: PRINT TIHE$ 
3070 B(J)«CS-A(J)-C(J) 
3080 D(J)«-A(J)$P(J-l)+(CS+A(J)+C(J))tP(J)-C(J)IP(J+l) 
3090 NEXT J 
3100 II«I-1 ! IF II«0 THEN II«l 
3110 A(JI)«CL(II)tP(JI)tCOR/DZ(II) 
3120 C(JI)«CL(I)IP(JI)tCOR/DZ(I) !CSS«.5«I(DZ(I)+DZ(II)) 
3130 B(JI)»CSS-A(JI)-C(JI) 
3140 D(JI)«-A(JI)IP(JI-1)+(CSS+A(JI)+C{JI))IP(JI)-C(JI)IP(JI+1) 
3150 NEXT I 
3160 D(JF)«D(JF)-C(JF)tPB(NS) î A(1)«0« i C(JF)«0» 
3170 C(1)«2»IC(1) 
3180 ' SOVLE THE TRIDIA60NAL HATRIX EQUATION 
3190 A(1)«0(1)/B(1) I B(l)»-C(l)/B(l) 
3200 FDR J«2 TO JF 
3210 DNA«B(J)+A(J)t8(J-l) 
3220 A(J)«(D(J}-A(J}tA(J-l))/DNA 
3230 B(J)«-C(J}/DNA 
3240 LOCATE 14,50 iCOL R 3: PRINT TIHE$ iNEXT J 
3250 P(JF)«A(JF) 
3260 FOR J«JF-1 TO 1 STEP -1 
3270 P(J)«A(J)+B(J)tP(J+l) : LOCATE 14,50 : PRINT TIHE$ 
3280 NEXT J 
3290 P(JF+1)«PB(NS) 
3300 P(0)«P(2) 
3310 RETURN 
4002 ' - SUB4! COHPUTE THE DIFFERENCE BETHEEH HEASURED AND COHPUTED PRESSURES -
4010 UU«P(IPS(JN))-PH(JN-1,NS/NN+1) 
4020 DIF«DIF+UUtUU 
4030 LDCATE 23,17!PRINT JN îLDCATE 23,38 : PRINT UU;' " 
4040 DCI=DCI+UU 
4050 IF NS<NST THEN 4080 
4060 NFC=NFCISGN(DCI) 
4070 L CATE 23,63 i PRINT " NFB« ";NFB 
4080 RETURN 
5002 ' — SUB5! CHECK F R C NVERSENCE; IF NOT C NVERGENT FIND NEW TRIAL C — 
5010 DFF«DIF!L CATE 21,45 j PRINT DFF;" 
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5030 IF DFF< DFU THEN CSH«CL(JN)!DFU«DFF 
5040 IF DFF<TOL THEN CL(JN)«CSH:RETURN 
5050 IF ABS(CR-CL(JN))< ABS(.005«tCR) THEN CL(JN)«CSH:RETURN 
5060 IF NFRINFC < 0 THEN 5340 
5070 HFR-NFC 
5080 IF NFB»1 THEN 5310 
5090 IF NFB«2 THEN 5200 
5100 IF NC<2 THEN 5280 
5110 IF DFF< UU3 THEN 5280 
5120 NFA-IINFA !NFR«0:NFC«NFAiNFB«NFB-4 
5130 IF NFB>-7 THEN 5280 
5140 NFB-2 
5150 Cl«C2:C2«C3iC3«CL(JN)iUUl«UU2iUU2«UU3!UU3«DFF 
5160 IF C2<C1 THEN CH«Cl:Cl«C2!C2«CHiCH«UUliUUl«UU2:UU2«Cn 
5170 IF C3<C1 THEN CH«CliCl«C3!C3«CHiCH«UUliUUl«UU3!UU3«CH 
5180 IF C3<C2 THEN CH«C2iC2«C3iC3«CHiCn«UU2iUU2«UU3jUU3«CH 
5190 GOTO 5250 
5200 IF CL(JN)>C2 THEN 5230 
5210 IF DFF>UU2 THEN Cl«CL(JN}iUUl«DFFi60TO 5250 
5220 C3«C2!C2«CL(JN)IUU3«UU2IUU2«DFFJ60T0 5250 
5230 IF DFF>UU2 THEN C3«CL(JN)ÍUU3«DFFIG T0 5250 
5240 C1«C2!C2«CL(JN)IUU1«UU2IUU2«DFF 

5250 CR«CL(JN)iCL(JN)«.5«t(Cl+C3)!UU3«DFF 
5260 IF CL(JN)«C2 THEN CL(JN)«.5«t(C2+C3) 
5270 RETURN 830 
5280 CR«CL(JN)iCL(JN)«CL(JN)t(l«+C EINFC)!UUl«UU2:UU2«UU3:UU3=DFF 
5290 C1«C2!C2«C3!C3«CR 
5300 RETURN 830 
5310 CR«CL(JN) 
5320 CL(JN)«.5«t(CR+CRA) 
5330 RETURN 830 
5340 CRA«CL(JN} 
5350 NFR«NFC 
5360 CL(JN)«.5«t(CRA+CR) 
5370 CRC«CRA 
5380 CRA«CR 
5390 CR«CRC 
5400 NFB«1 
5410 RETURN 830 
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F 
76,3,24,7 
0.374D-6,3.6D3,9.D2 
2.8377D-10,1,98.,2.,50,26.62688 
3.3493D-10,1,18.,2.,59,26.62762 
1.7169D-9,1,34.,2.,76,26.63056 
26.6306,26.6295,26.6170,26.5927,26.5789,26.5534,26.5445 
41,26.62762 

The format of the above input data is: 

ID$ 
NTM,NTL,NST,NTR 
DVA,TM,DT 
CL(1),PR(1),DL(1),DZ(1),IPS(2),PM(1,1) 
CL(2),PR(2),DL(2),DZ(2),IPS(3),PM(2,1) 
CL(3).PR(3),DL(3),DZ(3),IPS(4),PM(3,1) 
PM(3,1),PM(3,2),PM(3,3),PM(3,4),PM(3,5),PM(3,6),PM(3,7) 
IPS(1),PM(0,1) 

where 

ID$ is the procedure identification, 

NTM is the total number of nodes, 

NTL is the total number of layers, 

NST is the total number of time steps, 

NPR is the total number of pressure measurements, 

DVA is the dynamic viscosity of air (Ib- sec/ft2), 

TM is the length of interval between two pressure 

measurements (sec), 

DT is the time step (sec), 

CL(n) is the C value of layer n (ft2), 

PR(n) is the air-filled porosity of layer n, 

DL(n) is the thickness of layer n (ft), 

DZ(n) is the grid size of layer n (ft), 

IPS(n) is the node number where the screen ^n locates, 
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PM(n,l) is the initial pressure reading at screen í*n+l 

(in. of Hg), and PM(3,1), PM(3,2), ... are the 

barometric pressure readings. 

QutPUt Listing for the Forward Sen.sft: 

INPUT FILE: B:VV1213 
MEASUREMENT INTERVAL: 
TIME-STEP= 900 SEC 

60 MIN. 

LAYER 
1 
2 
3 

k*10E9 
.28377 
.33493 
1.7169 

PR 
1 
1 
1 

DEPTH 
98 
18 
34 

DZ 
2 
2 
2 

Check point: Node 41 

Calculated pressures at each screen in inches of mercury 

Time\Node 
min. 
60 
120 
180 
240 
300 
360 

26. 
26. 
26. 
26. 
26. 
26. 

76 

,6295 
,6170 
.5927 
,5789 
,5534 
,5445 

26. 
26. 
26. 
26, 
26, 
26, 

59 

.6287 

.6178 
,5951 
,5808 
.5564 
.5462 

26. 
26. 
26, 
26. 
26. 
26. 

50 

,6295 
,6208 
,6012 
,5858 
,5635 
.5506 

26. 
26. 
26. 
26. 
26. 
26, 

41 

,6298 
,6231 
,6067 
,5907 
.5702 
.5550 

CPU time used: 00:01:28 
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Input Listing for the nverse Sense: 

76,3,24,7 
0.374D-6,3.6D3,9.D2 
0.01,1.,98.,2.,41 
0.01,1.,18.,2.,50 
0.01,1.,34.,2.,59 
26.6795,26.7124,26.7327,26.7566,26 
26.6869,26.7200,26.7431,26.7539,26 
26.7031,26.7311,26.7533,26.7501,26 
26.6943,26.7272,26.7454,26.7487,26 
0.01 

7551, 
7528, 
7481, 
7408, 

,26. 
,26. 
,26. 
,26, 

.7513, 
,7489, 
,7441, 
,7400, 

,26. 
,26. 
,26. 
,26. 

,7412 
,7415 
,7416 
.7400 

The format of the above input data is: 

ID$ 
NTM,NTL,NST,NTR 
DVA,TM,DT 
CL(1),PR(1),DL(1),DZ(1),IPS(1) 
CL(2),PR(2),DL(2),DZ(2),IPS(2) 
CL(3),PR(3),DL(3),DZ(3),IPS(3) 
PM(0,1),PM(0,2),PM(0,3),PM(0,4),PM(0,5),PM(0,6),PM(0,7 
PM(1,1),PM(1,2),PM(1,3),PM(1,4),PM(1,5),PM(1,6),PM(1,7 
PM(2,1),PM(2,2),PM(2,3),PM(2,4),PM(2,5),PM(2,6),PM(2,7 
PM(3,1),PM(3,2),PM(3,3),PM(3,4),PM(3,5),PM(3,6),PM(3,7) 
TOL 

where TOL is the desired error. 
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QutPUt Listing for the Tnverse Sen.sft 

INPUT FILE: A:dal22 
MEASUREMENT INTERVAL: 60 MIN. 
TIME-STEP= 900 SEC 

LAYER 
1 
2 
3 

k*10E9 
.4 
.8 
1.2 

PR-
1 
1 
1 

DEPTH 
98 
18 
34 

DZ 
2 
2 
2 

SCREEN 
41 
50 
59 

Pressures in inches of mecury at each screen: 

Time\Node 76 
min. 
60 
120 
180 
240 
300 
360 

Layer 
1 
2 
3 

Error 

26.7272 
26.7454 
26.7487 
26.7408 
26.7400 
26.7400 

59 

26.7248 
26.7433 
26.7487 
26.7429 
26.7417 
26.7414 

Air Permeability 
3.87625D-
3.21875D-
1.20000D-

Detected: .\ 

-10 
-10 
-09 

50 

26.7085 
26.7322 
26.7427 
26.7413 
26.7400 
26.7398 

L40824950596217 
CPU time used: 01:01:35 

26. 
26. 
26. 
26, 
26, 
26 

41 

,7030 
,7283 
,7414 
.7423 
.7408 
.7403 
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