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Abstract. A smple analytical moddl is presented for predicting subsurface gas flow
to a vadose zone well in response to atmospheric pressure fluctuations (barometric pumping).
The effective radial permeability (k) in the vicinity of the well is determined during model
calibration using less than two weeks of data. By combining the flow solution with a solution for
the vertical gas pressure, only atmospheric pressure data are required to predict the induced flow
through a well. The ability to quantitatively predict naturally induced flow in vadose zone wells
by simple and inexpensive measurementsisinvaluable for systems using barometric pumping for

remediation.

1 I ntroduction

The prevalence and persstence of subsurface contamination by volatile organic
compounds (VOCs) and the shortage of funds to remediate this contamination below regulatory
action levels has led to a determined search for low cost clean up strategies. Active soil vapor
extraction (ASVE) is the presumptive remedy for removing VOCs in the vadose zone and
generally a very cost effective strategy until the removal rate is limited by mass transfer of

residual contamination from fine grain zones to the advective flow zones accessed by ASVE.
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During the mass transfer limited phase, the cost of operating ASVE may be excessive. In
addition, at small or remote sites the initial equipment and infrastructure cost for ASVE may be
prohibitive. When residual contamination must still be addressed and ASVE is not cost effective,
in situ natural attenuation is generally the most desirable strategy but verification of natural
attenuation can be difficult and expensive. The next preferred strategy is a cleanup system that
requires minimal operating expense and intervention. Employing barometric pumping, either for
passive injection of nutrients to enhance bioremediation or passive extraction of contaminated
s0il gas, is an easily verified low cost strategy for remediation. For mass transfer limited, or
remote sites, and also as an interim measure while more aggressive strategies are being selected,
barometric pumping may be an appropriate cleanup choice.

Small changes in surface atmospheric pressure from diurnal patterns and weather changes
cause significant, observable effects on soil gas. These effects can be exploited for subsurface
characterization and remediation. The fluctuating atmospheric pressure signal at the ground
surface is transmitted through the subsurface at a rate dependent on the permeability of the
subsurface materials. Differencesin pressure between adjacent areas results in gas flow from the
area of high pressure to the area of low pressure. The perturbations in the atmospheric pressure
signal are small, usually less than two percent of the total magnitude of the pressure. Because
the intensity of this energy is low, the potential for harnessing it is not obvious. On closer
inspection, however, the low intensity but constant energy flux can be important in natural
systems and in natural systems perturbed by man. When the surface and subsurface are
connected by a well, the direction and magnitude of the pressure difference between the surface
and subsurface determine whether surface air will flow into the formation through the well or

soil gas will flow out of the formation to the surface. Figure 1 illustrates the scenario for
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barometric pumping through a vadose zone well. In this figure, the well is screened below a
substantial clayey zone. The atmospheric pressure signal will penetrate the subsurface but is
delayed and damped by this low permeability material and the other materials between the screen
and the ground surface. Asaresult, there will be a pressure difference between the subsurface at
the screen depth (P,) and the surface (Pam), and flow through the well. Primarily the effective
permeability of the sandy materials in the screen stratum combined with the magnitude of the
pressure difference will control the magnitude of the flow. Asthe VOCs in the vicinity of the
screened zone diffuse out of the fine grain materials into the sandy zone, they will be removed
during periods of flow out of the well. Unlike ASVE systems, passive systems often operate at
rates on the order of diffusion processes. Asaresult, the magnitude of VOC concentration in the
gas phase changes dowly. If the VOC concentration in the gas is known and the flow out of the
well can be predicted, the mass removal of the system can be calculated. Similarly if the nutrient
uptake rate (e.g., oxygen utilization rate) is known and the flow into the subsurface can be
predicted, the mass of contaminant consumed by bioremediation can be cal cul ated.

Many researchers have devised analytical solutions to the equations describing pressure
and flow in porous media with certain boundary and initial conditions. From Theis (1935) to
Jacob (1940) to Cooper and Jacob (1946) and to Hantush (1964), analytical solutions to
groundwater flow are still generally the first methods used to describe pumping test data
Although numerical methods can more easily solve the equations that describe particular sets of
subsurface conditions, heterogeneity and lack of data often limit development of a precise and
unique set of descriptive equations on which to apply these methods. In these situations an
analytical solution can provide a comparable degree of accuracy and the computational

advantages of exact solutions in comparison with iterative methods. When predicting the
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operation of inexpensive remediation systems, the value of smple analytical solutions is

particularly poignant.

2. Predicting Subsurface Pressure

When the surface and subsurface are connected by a well, the direction and magnitude of
the pressure difference between the surface and subsurface determine whether surface air will
flow into the formation through the well or soil gaswill flow out of the formation. These factors
are important when using barometric pumping forces for removal of volatile contaminants from
the subsurface, for injection of oxygen and nutrients to enhance bioremediation, and for
understanding and interpreting soil gas measurements from wells. The solutions to the one-
dimensional equation describing subsurface pressure in response to surface pressure fluctuations
have been published in the literature (Weeks, 1978, Shan, 1995). These solutions (often adapted
from solutions derived for heat conduction) can predict the magnitude and direction of the
pressure differential between the surface and subsurface, and have been used for estimating the
effective vertical permeability (k,) of the intervening materials. The one-dimensional analytical
solutions match field data remarkably well given the actual complexity of most subsurface
systems (Weeks, 1978; Rossabi and Riha, 1994; and Shan, 1995).

From Massman et al. (1989) the equation for gas flow in the subsurface is given by:

S 9 b o). )
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wherej isthe porosity [unitless], §; is the volumetric gas phase saturation [unitless|, my is the
viscosity of gas [kg/m sec], P is the pressure [kg/(m sec?)], and k isthe intrinsic permeability
tensor including relative permeability effects[m?]. In thisequation the kP termis approximated

by kP,

v » Justified by assuming that barometric pressure fluctuations provide a small variation (<
2% in most cases) in gas pressure with respect to the time-average pressure (Payg) of the system.
This assumption is equivalent to assuming that the gas density does not vary in space (i.e,, it is
an incompressible fluid). This equation also neglects the gravity term in Darcy’s law.

The appropriate dimensionality, geometry, and boundary conditions for the problem can
now be selected and Equation 1 solved. This equation is often the starting point for solving

subsurface gas pressure and flow as a result of atmospheric pressure variations. Considering

only vertical flow in a homogeneous system, (1) becomes:

1S 1 TP @
kP, it 1z
One solution to equation 2 is given by:
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where u = PrPavg, g = Pam-Payg, tistime, d is the distance between the ground surface and the
water table, P, and P4, are the pressure at depth z and the atmospheric pressure, respectively and
[ 2 = KPavlj §my. The subscripts n and k in Equation 3 refer to the atmospheric pressure time
steps

The solution used here is equivalent to the one developed by Weeks (1978) but
incorporates a dightly different formulation that converges faster in most cases (Cardaw and
Jaeger, 1959). Like the Weeks (1978) solution, atmospheric pressure changes are described by a
series of steps but the method of images is also used to include the effect of the Nuemann
boundary condition at the water table. The inputs to the model essentially include time series
surface pressure data and a single value for the cumulative effective vertical permeability. The
model relies on a moving sequence of historical surface pressure data to calculate current
pressure values with the most recent pressure values having the greatest impact. As a result of
this dependence on historical data and due to the uniform initial condition, the model requires a
brief initialization period when processing a new data set.

The pressure model can be calibrated by collecting easily measured field data of surface
pressure and subsurface pressure through time (Weeks, 1978; Rossabi and Riha, 1994; Shan,
1995; and Rojstacer and Tunks, 1995). Several iterations of the model are then run using
different values of | ;. This term is analogous to heat conduction equations with a constant
diffusivity and is calculated by best fit to the field data during model calibration. Approximately
two weeks of logged data has been sufficient for determining the necessary parameters for
accurate future prediction using only surface pressure data (Rossabi and Riha, 1994) and | ..

An example of a modd match to field data using equation 3 is given in Figure 2.The

experimental method for obtaining the data and the modeling code are described in Rossabi and
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Riha (1994). Even though this system is strongly layered, the pressure response at a given depth
can be modeled with the one-dimensional, homogeneous model using an average value for | ..
This simulation required an initialization period lasting less than three days to establish a
historical reference set used for future model predictions. Figure 2 also illustrates some typical
characteristics important in discussions of atmospheric pressure and its influence on subsurface
pressure. One of the most obvious features in this plot is the nearly periodic fluctuation in the
pressure signal. Two cyclic signals of different frequencies and amplitudes characterize
atmospheric pressure in this figure. The larger amplitude pressure cycle has a period of
approximately 5 days and is caused by weather fronts passing through the experimental |ocation.
The smaller amplitude, higher frequency cycleis aresult of the diurnal solar heating and cooling
patterns. These two types of pressure patterns are common at all locations but vary with respect
to their relative intensities depending on location, season, and other parameters. For example at
some locations during stable weather, the diurnal cycle may dominate the pressure pattern with
variations higher than 1000 Pa while weather changes vary less than 500 Pa. At the Department
of Energy's Savannah River Site (SRS), weather fronts often dominate the pressure signal during
the winter while diurnal cycles are dominant during the summer.

Another key feature of this plot is the illustration of the damped and lagged response of
the subsurface pressure signal to the surface pressure data. The damping and delay are a result of
the resistance of the formation in transmitting the surface gas pressure signal. In this plot, the
subsurface pressure at a depth of 30 m lags the surface pressure by approximately 12 hours. An
important result of the damped and lagged response is the nearly perpetual differencein pressure
between the surface and subsurface. When these two zones are connected, as by a vadose zone

well, a flow of gas from the area of high pressure to the area of low pressure must ensue. This
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naturally induced flow can be used to transport mass either into or out of the subsurface.
Materials that can be transported include oxygen and gaseous nutrients, volatile contaminants,
moisture, etc. Energy can also be transported using the gas as a transfer fluid.

One of the dynamic parameters that is not included in analytical pressure models of this
type is the variability due to changing relative permeability conditions, such as those caused by
soil moisture variability. During the last 15 days shown in this figure, the model fits the data
better than the first 15 days. Thisis probably a pitfall of using a single value of | , for the whole
data set rather than adjusting for natural changes in soil moisture due to infiltration events.
Despite the dight mismatch due to natural changes in the system, the model does a good job
predicting subsurface pressure. More detailed discussion of subsurface pressure modeling using
one dimensional analytical solutions and the factors affecting results can be found in Weeks

(1978, 1979), Rossabi and Riha (1994), Shan (1995), and Rojstacer and Tunks (1995).

2. Derivation of Gas Flow in a Well

Although solutions for the subsurface pressure in response to atmospheric pressure are
well known, to date no analytical solutions for gas flow through a well in response to surface
atmospheric pressure are available in the literature. Since the quantitative prediction of flow is
one of the most important parameters (along with concentration) in engineered environmental
systems, an analytical solution for flow driven by barometric pumping is valuable. The
analytical solution can be simply derived with some assumptions obtained from the observation
of the behavior of a barometric pumping system.

Beginning with Equation 2, we assume that the vadose zone well is fully penetrating in a

relatively thin, horizontally-oriented zone of high gas permeability, and that the zone is radially
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symmetric with a single value for permeability in the screen stratum (Figure 1). Given these
conditions, the partial differential equation should be posed in a cylindrical coordinate system
with symmetry about the azimuth. Since we expect to have mainly radial flow near the well, the
local vertical pressure gradients may be neglected in the partial differential equation (PDE) for

flow to the well, and this problem becomes one-dimensional. Letting:

| :.ravg, (4)

the equation for transient radial flow now becomes:

®)

2

Lheger
The pressure difference causing flow in the well is solely a result of the damped and delayed
transmission of the surface atmospheric pressure signal (a function of time) to the zone of
interest in the subsurface at depth z. The difference between this pressure at depth z, P(t) and
the surface pressure, Pam(t), generates a flow when the surface and depth z are connected (e.g.,

by a vadose zonewell). Theinitial and boundary conditions of this system are listed below.
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At t = 0, P = P,(t=0), where P,(t) is the undisturbed gas pressure at the depth of the well
screen. P,(t) can be measured within the well, from another well screened at the same depth near
the flowing well, or can be model ed from surface pressure data as discussed earlier.

Boundary conditions: Asr ® ¥, P=P,(t); and at r = ry, P = Pym(t) because the well is

open to the atmosphere. At thispoint, it is convenient to define a dimensionless radius:

r*=— (6)

wherer,, isthe radius of the well.

Defining:
| kr Pavg
a=—"L=———— 7
W iS,mr,’ @

the PDE for transient radial flow (Equation 5) becomes:

ifP_9°P 1 9P
aft fr*? rxqr’

®

It is convenient to define a new pressure variable in which the barometric fluctuations are

subtracted out:

S(r.t) = P(r,t) - P,(1), (©)

where Sisthe pressure drawdown or build-up relative to ambient pressure at depth. Note that
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Including the barometric effect and assuming:

1111—? >> ﬂﬂ? near the well, Equation 8 becomes:

195_%°S, 19
aft T2 r*qr*’

(10)

Theinitial and boundary conditions are listed below.

Initial condition: Att =0, S=0. Boundary Conditions. Asr* ® ¥,S=0;andat r* =1,
S= Sup(t) = Pam(t) - P(t).

Considering a step change in S at t > 0, this problem is equivalent to that of a flowing
groundwater well in a nonleaky aquifer. The solution for that problem is given by Jacob and
Lohman (1952), and Hantush (1964) [see also Cardaw and Jaeger (1959) for the equivalent heat
conduction solution in a region bounded internally by a circular cylinder as with heat flow from

buried pipes or cables] as:

S=SuwA(t,r*). (11)

A(t,r*) iscalled the flowing well function for non-leaky aquifers and is defined by:
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2 ¥\ -tu? JO(U)YO(I‘*U)- YO(U)JO(I‘*U)%

At ,r*)=1- — : (12)
P 30" (U) +Y," (u) u
For the gas flow problem,
kPt
t =at= % . (13)
J S;myr,
To solve for the flow rate at the well, Darcy’slaw isused in the form:
Q:-2pb£ﬂ—s* atr =1, 14
m, r
where b is the thickness of the screened interval or zone thickness. The derivative, 1?—5 isgiven
r
by Jacob and Lohman (1952), Hantush (1964) and Cardaw and Jaeger (1959) as.
-4S, " >
18| 48 g 1 du (15)
fir r'=1 p u=0 ‘]0 (u)+Y0 (u) u
Combining Equations 14 and 15, the equation for flow is defined as:
Q= aob% S.6() (16)

where G(t) is known as the flowing well discharge function for nonleaky aquifers (Jacob and

Lohman, 1952; Hantush, 1964). Thisfunction isdefined as.
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4
—z

Py

-tu

Glt)= e 17

Lo«

From Jacob and Lohman (1952), Cardaw and Jaeger (1959), and Hantush (1964), it is known

that for larget, G(t) can be approximated by a smpler representation:

2
In(2.25 )"

For t >500, Gt )»
Considering typical vadose zone properties (k; = 10 E-12 m?,j = 0.4, S, =0.10, ry = 0.0254 m),
t is greater than 500 for times larger than about 0.25 second. Therefore, the approximate

solution for calculating flow from awell as a result of a step changein well gas pressureis:

2

In(2.2%) (18)

k
Q(t) = 2b-=§,,
m,

For a succession of step changes in well pressure, superposition in time can be used as before.
This method includes the effects of prior pressure and its influence on the current flow through

thewell. Equation 18 becomes:

€. & 2 0 ¥ ) e 2 ou
Qu(t) = aob% gsw‘” En225at)y & (S SM"k'l))gm(z.zsa t-t, ))%(19)
& H
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for t < t < tok+1, Where Supgy = Pam(tk) - Py(t). This solution can be used directly with
surface/subsurface differential pressure data to predict flow from a well screened in a flow zone.
The code for a computer model using this solution has been developed and requires
surface/subsurface differential pressure data, the thickness of the flow zone, well radius, radial
permeability, volumetric moisture content, porosity, and the yearly average pressure as input.
Like the subsurface pressure solution, the flow solution is calibrated using field data to calculate
the best fit for a single permeability value. In this case, the value is k., the radial permeability of
the formation. The flow solution (Equation 19) can also be coupled with the subsurface pressure
solution (Equation 3). Using these two analytical solutions, flow from a vadose zone well can be
predicted using only surface pressure data. The executable code for both of these models is
available from the authors.

In many cases, all of the model parameters will not be available so a sensitivity analysis
was performed to determine the most important variables. Tables 1 and 2 show, respectively, the
input values used in the model and the results of this sensitivity analysis. From Table 2 it isclear
that differential pressure and radial permeability are the most important factors in determining
the flow. If differential pressure is known (either by field measurements or by using one of the
analytical solutions to pressure and surface pressure data), and permeability is known, and as
long as estimates of the other parameters are reasonable, the flow through the well can be
predicted accurately. It isimportant to remember that in this derivation, the radial permeability
is assumed to have a single value and is independent of changes that might result from the

presence of multiple fluid phases.
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3. Results and Discussion

Pressure and flow measurements were made in vadose zone well CPT RAM 16 at the
A/M area of the Savannah River Site in Aiken, South Carolina. Figure 3 illustrates the
configuration of the instrumentation. In this setup, a pressure sensor (Vaisala model PTA 427)
was connected to a port in the one-inch diameter PVC well (CPT RAM 16) before a pipe
constriction where two mass flow meters (Omega FMA 5612) were attached. The flow meters
were connected in opposing directions to accurately measure flow when the well was exhaling
and inhaling. The analog voltage signals from the mass flow meters and the pressure transducer
were routed to a data logger (Campbell Scientific model CR21X), averaged and recorded every
10 minutes.

Figure 4 shows another comparison between field measured and model predicted
subsurface pressure using Equation 3 with surface pressure data. The input parameters were
taken from field measurements of vadose zone well CPT RAM 16 and are listed in Table 3. The
subsurface pressure match is generally good but it does not precisely track the amplitude extents
of some of the pressure changes seen in the field data. This may be explained by the monitoring
setup shown in Figure 3. Even though the well is not sealed, by Bernoulli’s equation the pressure
in the well is approximately, but not exactly, the same as the shut in well pressure because of the
significant reduction in cross sectional area of the flow path caused by the mass flow meters.

Figure 5 shows a comparison between field measured and model predicted flow using the
differential pressure data predicted by Equation 3 (shown in Figure 4) and Equation 19. The
input parameters for this moddl are given in Table 4 below. It is clear from this figure that flow
out of a vadose zone well can be reasonably predicted using only surface pressure data. Similar

to the pressure prediction, the flow prediction is accurate but misses some of the more dynamic
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flow behavior. Equation 19 was then used with the measured differential pressure data to
compare the amount of error introduced by model predicted pressure differential. Figure 6
shows a comparison between field measured and model predicted subsurface flow using
Equation 19 with measured differential pressure as the input data. The other input parameters
were identical to those used for the model in Figure 5 and arelisted in Table 4.

The sum of squared errors (SSE) between the field measured flows and the flows
predicted by modeling measured differential pressure and predicted differential pressure (based
on surface pressure) were compared. The SSE from the measured differential pressure was
approximately 30% smaller than the SSE from the surface pressure data set. Both of these flow
models were performed without using any historical data points (only the current differential
pressure for that time step). To assess the impact of including the differential pressure history in
the model predictions, Equation 19 was used to predict flows using four different amounts of
historical differential pressure values. For these models, the measured differential pressure data
were used and the other input values were the same as those used in Figure 6. Figure 7 shows
that the amount of differential pressure history included has a small effect on the flow prediction
in this system. In general using more historical data points tends to moderate the flow response
to an average flow value. As illustrated in Figure 7, this effect is small so it does not seem
critical to include much historical data in future model runs. In this case Equation 19 may be

replaced with

k. 2

m, St In(

Qn(t)=20b 225a(t-t,))’

(20)

Rossabi



WSRC-MS-2001-00407 06/21/01 Page 18 of 35

where n and k are flow and pressure time steps respectively. The minimal effect indicates that
the flow as measured at this time step (600 seconds) does not significantly impact the subsurface
pressure field around the well. This small effect on the flow solution strongly contrasts with the
impact of historical data points on the pressure solution of Equation 3. In this case, the pressure
history is much more important and several days of data may be required to optimize the
subsurface pressure prediction.

To assess the theoretical effects of using more or less historical data points, an analysis of
the error between predictions using a large range of data points was performed. For thisanalysis
the flow predicted using the maximum amount of available historical data points was assumed to
be the true value for a particular time. The predicted flow value using various amounts of
historical data points was then compared to the “true’ value. Any difference between the two
values was considered error. The errors were then treated for each data set (i.e, set using a
specific quantity of historical data points) and compared. Approximately 5400 flow data (37.6
days at 10-minute intervals) were used in each comparison. Figure 8 shows the results of the
comparisons. Inthisfigureit isclear that the average error for each point isvery low (lessthan 1
liter per minute) and the value of additional historical data points drops quickly. These results
echo the findingsin Figure 7.

Fewer higtorical data points for the flow solution may actually dightly improve fits to
measured flow because the flow is dependent on the differential pressure between the surface
and subsurface. If the subsurface pressure is assumed to change at a much dower rate than the
surface pressure the damping effect of the historical data may not allow a rapid enough response
to the dynamic surface pressure signal. Again this effect is very small as shown in Figures 7 and

8.
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Figure 9 shows the sensitivity of the model to different values of permeability. As
discussed in the sendtivity analysis earlier, the flow prediction is most sensitive to this
parameter. Figure 9 used the measured differential pressure data as input as well as the same
input parameters listed in Table 4, varying only the radial permeability. It is clear from this
figure that the model is quite sensitive to different permeability values.

These figures show that smple analytical solutions and easily measured data can be used
to estimate radial gas permeability values and therefore flow through a well. The passive
pumping test may be the most straightforward and least expensive way to obtain this important
data in some situations. For the models shown in Figure 4 and 5, a value of radial permeability
was selected to obtain the best fit to the data, and this value is consistent with other values for
permeability in similar zones measured during vadose zone pumping tests conducted in the area
(Looney et al., 1991). For practical uses of this model, it would probably be best to collect field
flow data either by a pumping test or by measuring barometrically induced flow for a few weeks
to accurately determine the radial permeability. Once the permeability is determined, the system
will be calibrated for all future flow predictions. Of course the process of fitting the modd to the
barometric flow data isin itself an innovative method for determining the radial permeability of

the formation around the well screen.

4. Conclusions

Using simple analytical solutions to the governing equations for pressure and flow in the
subsurface, subsurface pressure and flow through a vadose zone well can be accurately modeled
based on measured atmospheric pressure and subsurface properties. Each of the models can

determine subsurface permeability values that are difficult to measure. Logging subsurface
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pressure or flow for relatively short durations (one to two weeks) can accomplish calibration of
the subsurface pressure model or the flow mode respectively. The calibration process
essentially determines values for the cumulative effective vertical permeability (k;) in the
pressure model case, and radial permeability (k;) in the flow model case. Once calibrated both
models need only time series surface pressure data to provide accurate predictions of subsurface
pressure or induced flow through a well. The flow model is most sensitive to differential
pressure values, intrinsic permeability, and to a lesser extent zone thickness. It is relatively
insensitive to values of porosity, average pressure, and well radius. This derivation represents
the first time an analytical solution to flow through a well driven by surface pressure fluctuations
has been described in the literature. By simple measurements of surface pressure, both the
pressure and flow models can be used to predict the performance of a well under the influence of
barometric pumping and to estimate the expected range of flow rates and variability to smplify

and improve monitoring plans.
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Table 1. Description of input variables and base case values for these parameters.

Model Input
Base Case Values Definitions Units
k= 1.00E-12 Radial Permeability m?
Mg = 1.83E-5 Viscosity kg/m sec
j= 0.35 Porosity unitless
Sy= 0.25 Gas Phase Saturation unitless
Pavg = 100000 Average Pressure Pa
My = 0.0254 Wdll radius m
b= 10 Zone Thickness m
Swb = Puitr = 100 Pressure Differential Pa
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Table 2. Sendtivity analysis of factors affecting flow through well.

Sensitivity Analysis
Radial Permeability Pressure Differential Zone Thickness
k. (m2) Q Variance Pt Q Variance b Q Variance
(cfm) (%) (Pa) (cfm) (%) (m)  (cfm) (%)
1E-13 0.015 88% 50 0.059 50% 1 0.012 90%
5E-13 0.063 47% 100 0.118 0% 2 0.024 80%
1E-12 0.118 0% 200 0.237 100% 5 0.059 50%
5E-12 0.523 342% 300 0.355 200% 10 0.118 0%
1E-11 0.997 742% 400 0.473 300% 20 0.237 100%
5E-11 4.489 3693% 500 0.592 400% 30 0.355 200%
1E-10 8.610 7174% 600 0.710 500%
700 0.829 600%
Porosity Gas Phase Saturation Average Pressure Well Radius
j Q Var. S Q Var. Pavg Q Var. w Q Var.
(cfm) (%) (cfm) (%)  (kPa) (cfm) (%) (cm) (cfm) (%)

025 0.115 3% 01 0.110 7% 985 0119 012% 125 0106 10%
030 0.117 1% 02 0116 2% 990 0118 0.08% 254 0118 0%
035 0.118 0% 03 0.120 2% 995 0118 0.04% 379 0127 7%
040 0.120 1% 04 0123 4% 100.0 0.118 0% 508 0.133 13%
045 0121 2% 05 0125 6% 1005 0118 0.04%
050 0.122 3% 06 0127 8% 101.0 0.118 0.08%
055 0.123 4% 0.7  0.129 9% 1015 0.118 0.12%

08 0131 10% 1020 0118 0.16%
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Table 3. List of input parameters for model Barosolv.

Input Parameters for Model Barosolv
Porosity = 0.4 Wl radius=1.27 cm
Gas phase saturation (Sg) = 0.25 Depth of well =32.2m

Calibrated vertical permeability
Average pressure = 100.4 kPa
(k) =24 E-13m°

Differential pressure data continuoudy logged at 10 minute intervals from 3/18/94 to

4/25/94.
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Table4. List of input parameters for model Baroflow.

Input Parameters for Model Baroflow
Porosity = 0.4 Wl radius=1.27 cm
Gas phase saturation (Sg) = 0.9 Permeable zone thickness = 30 cm

Calibrated radial permeability
Average pressure = 100.4 kPa
(k) =40 E-12 m*

Differential pressure data continuoudy logged at 10 minute intervals from 3/18/94 to

4/25/94.

Rossabi



WSRC-MS-2001-00407 06/21/01 Page 27 of 35

Subsurface Scenario

Q)
Pam (f) /

Figure 1. Scenario for analytical solution to barometrically induced flow through a well.
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MHV 3A Subsurface Pressure Model (January)
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Figure 2. Subsurface pressure data and model predicted data given surface pressure.
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Figure 3. Monitoring equipment configuration on vadose zone well CPT RAM 16.
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CPT RAM 16 Subsurface Pressure Model (March/April)
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Figure 4. Comparison of field and computer modeled pressure data.
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Comparison of Measured and Modeled Flow Data
(Using Only Surface Pressure Data)
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Figure 5. Comparison of fiedld measured and computer modeled flow data using

measured surface pressure as model input.
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Comparison of Measured and Modeled Flow Data

- (Using Differential Pressure Data)
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Figure 6. Comparison of field measured and computer modeled flow data using measured

differential pressure as model input.
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Sensitivity of Flow Model to Number of Historical Datapoints
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Figure 7. Modd response to the number of historical data points used.
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Comparison of Historical Data Points
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Figure 8. Error evaluation of modeling with varying numbers of historical data points.
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Sensitivity of Flow Model to Permeability
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Figure9. Mode response to different permeability values.
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