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ABSTRACT

Two-dimensional (2-D) analytical equationsto describe horizontal radial flow (HRF) have been devel-
oped. An HRF test cell has been designed and fabricated. Measurements of flow rate and pressure vs. radius
were compared with theoretical values derived. Reasonable agreement between measurements and theory
validated the analytical equations derived. These equations can form abasisfor the field study of the
remediation process known as “bioslurping,” used for removal of light nonaqueous-phase liquid (LNAPL).
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INTRODUCTION

Biodurping is atechnique recently used by the U.S. government to remove light nonaqueous-
phase liquid (LNAPL) from contaminated Stes (Kittd et d., 1994; De Vantier and Hoeppel, 1996).
Examples of LNAPL arejet fud and diesd fud. Because the volume of contamination is usudly
very large (in tens of thousands of gdlons), alayer of this hydrocarbon contamination exists as afree
product above the groundwater, aswell asin the capillary fringes (Hoeppd et d., 1991). Atthe
contaminated Site used in this study, wells about four inches in diameter were drilled to the depth of
the groundwater. Then an extraction tube of about one-inch in diameter was inserted into the well,
located preferably at the interface of the contaminant and the water since the location of the inter-
face can easly beidentified. A vacuum was connected to the extraction tube and the contaminant
removed. In situ biologica remediation of the contaminant, including chlorinated solvents, was
enhanced (Hoeppd et d., 1991, 1999) due to induced air flow, hence the name biodurping was
coined. Assessment of biodurping technology at 23 Air Force Sites, in comparison with other
conventiona remediation techniques such as skimming and dua pumping, indicated that LNAPL
recovery was greater using the biodurping technique.

In order to understand the complex fluid-flow behavior near the extraction tube, we have
developed andytica equations which describe the horizonta radid-flow (HRF) behavior (Hoeppd,
et a., 1996). We have aso designed, fabricated, and made measurements on an HRF laboratory
moded, referred to as the HRF test cell throughout this paper. The purpose of the laboratory model
was to smulate, in the laboratory, afield well under conditions by which pertinent parameters can
be controlled and measured. Results of laboratory measurements were compared with theoretical
andyses to validate theoretica equations derived here.

In generd, there is good agreement between theoretica and measurement resulits presented as
pressure vs radius curves, but the theoretica and measurement resuits differ in the megnitude of the pressure
gradients. Inthe case of ar tedts, the difference ssems dtributable to differencesin permestiilities of the
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Figure 1. Liquid in open soace—gravity driven.

test column (assembled to independently measure the permeability of the packing) and the HRF test
cdl. Whilein the case of water, bypassng any sand flow in the HRF test odl may be the source of
discrepancy. However, in spite of the experimentd prablems the theoretical equiations derived can bethe
bedsfor andyssand desgn of afull-scae sysem and prediction of its performance.

THEORY AND DEVELOPMENT OF EQUATIONS
The basic equations gpplied to theoretica horizontd radid flow under idedlized conditions

are presented. To smplify, it was assumed that porous media have uniform permesbility throughout,
even though in soils, grain Sze varies widdy from very fineto very coarse, causng variation in
permesbility. It was aso assumed that the region being studied was bounded on the bottom by an
impervious horizonta surface. In dl cases studied, it was assumed that flow was radid from aregion
of infinite diameter.
a. Liquidin Open Space — Gravity Driven

Thiscaseistypica of an open body of liquid lying above a horizontal impervious surface, such
as alake or the bottom of asodaglass. A vertica extraction tube (or soda straw) was used to
extract liquid, causing horizontd flow of the surrounding liquid, Figure 1. The upper surface of the
liquid dipped toward the extraction pipe as the gravity head was converted to horizonta velocity of
theliquid. Astheliquid gpproached the extraction pipe, the flow area decreased with decreasing
radius and with decreasing verticd thickness of thefluid. Although the upper surface of the liquid
dropped with decreasing radius, it was assumed that any vertical component of flow was negligible
compared to the horizonta flow. Hence, a2-D modd was sufficient to study the dominant-fluid
flow characteridtics. It was a'so assumed there was no viscous drag of liquid dong the horizonta
bottom surface or within the body of the liquid.

Asshown in FHgure 1, fluid was being extracted a such arate tha the upper surface hed
dropped to the leve of the bottom of the extraction pipe and “durping” (Smultaneous extraction of ar
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and liquid) was possible. This represented the condition for maximum liquid flow for the configura:
tion shown. Any attempt to increase flow will result only in more and more durping. The flow rate
for this condition isasfollows:

Q=AV (1)

A=2prt (2
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The maximum flow rate occurs when

dQ _
h G 0 (8)

o

That is, when the bottom of the extraction tube is one third of the disance balow the free
surface, i.e. when

h, ==t ©)

b. Liquid in Porous Medium — Gravity Driven

Thiscaseistypica of water or other liquid in an open well bounded on the bottom by an
impervious layer. If thereis no extraction from the well, the liquid leve in the wel will be the same
astha in the soil, neglecting capillary forces. If liquid is drawn from the well, the leve in the well will
drop, and liquid will flow by gravity from the soil into the well, as shown in Figure 2.
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Figure 2. Liquid in porous media—gravity driven.

Gravity head overcomes the viscous force of flow in the porous medium. The basic Darcy
equation isfor flow through a porous medium of congtant flow area. It was modified in this case to
represent flow through a porous medium whose area decreased with decreasing radius and with
decreasing depth of flow. Theflow areaat any radiusisA=2p rt. Subdtituting the gravity gradient,
r gdt/dr, for pressure gradient, dp/dr, the basic Darcy equation below is thus modified to

Q_kdp
A madr (20)
Q=X9 g &t (11)
m dr
‘ é6Q mu'dr
\dt:__,\
9% & krgl0r (12
e u
e u
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c. Liquid in Porous Medium — Pressure Driven

This case represents awd |l driven from the ground surface into abody of liquid confinedin a
porous medium of thickness, t, between impervious surfaces above and below (Figure 3). Thewell
was capped o that extraction of liquid reduced the pressure in the well, causing radid flow of liquid
into thewdll. Thebasic Darcy equation for
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Figure 3. Liquid or gasin porous media—pressure driven.

flow through a porous medium of constant flow area was modified, Snce the flow area decreases
with radius, A=2prt, or

2prt k
when integrated and rearranged
2ptk
15
Q:ir(p' pw) ( )
n—

I

w

The pressure gradient, dp/dr, is proportional to the flow rate, Q, and inversely proportiona to
theradius, r. If p, is atmospheric pressure at some distant radius, r,, then (p, - p,, ) isthe vacuumiin
the well and the flow rate, Q, is proportiond to that vacuum. These relations were observed in
laboratory tests, whose results are described in the Results section.

d. Air in Porous Medium — Pressure Driven
In the cases of horizontd radia flow discussed above, the fluid isaliquid whose density

remained constant, and Q, the volumetric flow rate, is constant. If the fluid is air, or any other

gas, its specific volume increases with decreasing pressure as the gas gpproaches the wel, shown in

Figure 3. By the perfect gas equation,
0Q = MRT (16)

Temperature, T, is assumed to be constant, according to Joul€' s experiments of gaseous flow

through a porous medium. Thus Darcy’ s bas ¢ equation becomes

mRT _ kdp

p(2prt) mdr 17)
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Figure 4. Three-dimensiond flow of air from ground surface to well.

Thisrearranged integrates to

18

(pz_ pj):mRThﬁnL (18)

pt m r,

Note that with liquids and gases, the flow velocity increases as aresult of decreasing flow area
Additionaly with gases, the flow velocity increases as aresult of decressing density. Thisis Sgnifi-

cant only when there is asignificant difference between p and p,, asindicated in Equation 18.

e. Three-Dimensional Air Flow from Ground Surface to Well

Figure 4 is an example of a cagpped well drawing air from some distance below the surface of
the ground. Air entered the soil at the surface and flowed downward toward the perforated section
of thewdl casing. Near the ground surface, the air flow was primarily vertica. Farther below the
surface, there was a horizontal component aswell as vertica component of flow, and at the bottom,
flow was primarily horizontd.

There were no clearly defined flow boundaries, pressure distribution, or flow velocity. A
mathematica solution was difficult. An eectric andlog modd can inexpensively provide data for
design of alaboratory modd and even afull-scae extraction well; the andlog equations are

I 1dE Q_ kdp
A Rdx A~ mdx (19)
For constant thickness of fluid layer t, and pressures a two radii of r, and r,,, the horizontal
radia flow of liquid was shown to be approximated as
Q=2t<(p.- p)/int =
m r,
The voltage distribution, which is analogous to pressure distribution, may be calculated as
DE =1 360Rit£n:—z 20)
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Figure 5-1. Schematics of the HRF Test Céll
f. Slurping of Air and Liquid

In the biodurping process, there is Smultaneous flow of ar and liquid into thewell. The flow
of the liquid will be primarily horizontd, driven by both gravity and pressure gradients — a combina:
tion of flows described above in sections b and c. The pressure at the upper liquid surface will be
equal to theair pressure at that level and that redius. The flow and pressure patterns of the air will be
essentialy those discussed in section e, dthough the bottom surface for ar will not be a horizortal
impervious layer of sail, but rather the top surface of the liquid, which may or may not be horizontd.
It isassumed that any visoous forces between the air and liquid will be smdl compared with the viscous
forces between the fluids and the soil, and that the liquid and air can move a sgnificantly different velod-
tieswith negligibleinteracting forces. Thus the two fluids can flow independently, except thet the interface
pressures and the devations mugt bethe same. 1t is expected that a the interface, air and liquid flows will
be very nearly horizontd, except for some amdl gravity gradient of the liquid near the well.

The volume flow of the liquid will be approximately that determined by pressure gradients at
the interface of air and liquid, assuming the well perforations are above the Satic leve of the liquid.
On the other hand, mass flow of the air will depend on how far the perforations are above the liquid
level and below ground level. Thiswill dso indirectly affect the pressure a the interface. The open
end of the extraction pipe must be below the free surface of the liquid; otherwise it might extract air
only and no liquid. This case has not been investigated andyticdly or experimentdly, but will be a
ubject for future study.

TEST EQUIPMENT AND PROCEDURE

a. Horizontal Radial-Flow Test Cell
The HRF test cell, Figure 5-1, represents one quadrant of horizontal dice of awell 6 inchesin
diameter out to aradius of 26 inches (66 cm). It condsted of a plywood tray, 30 inches (76 cm)
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Figure 5-2. Schematics of the vacuum tank.

square by 2 Y% inches deep, lined with 10 mil( 254 micron) plastic sheeting. Fitting into one corner
was a Lucite chamber with a horizonta radius of 3 inches (7.6 cm) and a depth of 2 %2 inches
(6.4 cm), representing one quadrant of a 6-inch (15 cm) diameter well. The 90-degree outer
circumference was covered by a¥2inch by ¥2inch (1.3 cm) hardware cloth supporting a sheet of
fine-weave polyester fabric at the outer surface. At aradius of 26 inches (66 cm) from the corner
another piece of hardware cloth formed a quarter of a 52-inch diameter (132 cm) cylinder, dso
supporting &t its inner surface another sheet of fine-weave polyester fabric. Thiswas supported
radidly by three radial pieces of wood extending to the outer sides of the box. The space between
the 3-inch and 26-inch radii was filled to a depth of 2 %2 inches with glass beads, having arange of
diameters of 50-70 US Sieve (297-210 microns), representing porous media. The space beyond
the 26-inch radius was filled with peagravel to evenly digtribute the fluid under test. A plastic sheet
covers the surface above the glass beads and pea gravel. The top surface of the glass beads was
leveled aswell as possible, and a vacuum held the plastic in tight contact with the beads. Connec-
tions for mercury manometers were located within the L ucite chamber and the wooden box in the
corner and at radii of 3, 4.5, 7, 12, and 21 inches (7.6, 11.4, 17.8, and 30.5 cm, respectively).

The top of the Lucite box at the corner, representing a quadrant of the extraction well, was
fitted with a pipe and flow-control valve leading to avacuum tank. At the opposite corner was a
connection to ataper-tube flow meter when testing with air, or a U-tube trap in which water could
be introduced without admitting air.

Flexible tubing connected the flow-control valve to avacuum tank 14 inchesin diameter (35.6
cm) and 72 inches (182.9 cm) high, Figure 5-2. A sght glassindicated depth of liquid in the tank and
was cdlibrated in liters. One liter was represented by a depth of about one centimeter. A vacuum
pump with a capacity of about 20 cfm (0.57 m¥/min) & avacuum of about half an atmosphere kept
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Figure 5-3. Schematics of the analog test chamber.
the tank a a nearly congtant vacuum. A vave and liquid pump at the bottom of the tank removed
accumulated liquids.

An aneroid barometer was used to measure atmospheric pressure, typicaly about 28.8 in. Hg.
A mercury thermometer measured air or water temperature, usualy about 65° F (18° C).

Tegts with air were performed before tests with water to ensure dry porous media without
resdud deposited solids from the water. The vacuum tank was evacuated to about haf anamogphere,
then theflow contral vavewas domly opened to dlow alow rate of flow. Theflow ratewas measured by the
taper-tube flow meter and levelsin the manometers were recorded. The flow meter was cdibrated in
SCFM and was a& atmospheric pressure. A smadl correction was made for the fact that the atmo-
spheric pressure was less than 29.92 in.Hg. No correction was made for temperature because it
was closeto 70° F ( 21° C). A series of tests was made with increasing flow rates and increasing
vacuum at the extraction tube. To check repeatability, series of tests were made on different days.

Water tests were performed in asimilar manner. Water was used as aworking fluid for the
liquid tests, instead of a hydrocarbon fluid, such asdiesd or jet fue. The purpose of this subgtitution
was to avoid fire hazard in the laboratory and to minimize any permanent contamination of the glass
beaeds. The effect of difference in viscosity of water and hydrocarbon can be accommodated in the
theoretica equations presented in the section Theory and Devel opment of Equations.

b. Permeability Test Column

The 1-D permesbility test column was used to independently measure the glass bead-packing
permesbility. Thistest column was ahorizontal Lucite tube with an ingde diameter of 1.5 inches (3.8
cm). Glass beadsfilled in a 14-inch (35.6 cm) section and were retained by a fine-mesh copper
screen at each end.  Manometer connections were made at the free ends. One end of the column
was connected via a flow-control vave to the vacuum tank described above.
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Figure 6. Air permesbility measurement of the test column.

Air flow was measured by a pogitive displacement device. Aswith the testsin the HRF test
cell, tesin the permesbility test column began with air and then water, with low flow rates and
increasing to the maximum. Tests were a0 repested to evauate repeetability.

c. TheElectric Analog Model for 3-D Flow Model

A test chamber tank, shaped like a horizontal isosceles triangle, was made of masonite (90
cm long with abase of 59 cm) as shown in Figure 5-3. The inside was made waterproof with
shellac. Brass escutcheon pins were driven from inside to the outside from the apex. These
pins served as electric contacts with copper-sulfate solution in the tank. For the horizontal
radial flow test, a vertical copper eectrode (36 gage) covered the base of the triangle and another wias
located & aradius of 2.3 cm from the gpex. Copper-sulfate solution covered the floor of thetank to a
depth of 6.5 cm. For vertica-flow tests, ahorizonta copper dectrode a 25.4 cm above the bottom
smulaed the ground surface, and at the gpex a verticd insulated wire (the second dectrode) Smulated the
extraction well. For onetedt, the bottom one inch was stripped and for the second test the bottom two
incheswere gripped, smulating the perforated section of awel. Thetank wasfilled with copper-sulfate
solution until it covered the top electrode.

A resigtivity cdl (shown in Figure 5-3) consisted of amasonite tank 25 cm long, 4.5 cm wide
and 8 cm deep, shellaced on theindgde. Copper dectrodes covered both ends of the tank. Copper
aulfate solution from the horizonta- and vertica-flow testsfilled the cdll to a depth of 6.5 cm. Residiv-
ity test were mede individualy for the horizonta and verticd tests respectively. Theresdivity was cdculated

basad on measured current and voltage, using a12.5-volt or 9.0-volt battery as power supply.
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Figure 7. Water permesbility measurement of the test column.
TEST RESULTS

a. Permeability Measurements on the Test Column
1) Air

Air permesbility tests conasted of four runs at different flow rates and pressure differentials. Theair
temperature was 22°C, and the barometric pressure was 28.85 inches of Hg (0.964 am). The Darcy
equation was modified to account for variaionsin specific volume with pressure as discussed (section Air
in Porous Medium—Pressure Driven), integrated, and solved for theratio of permeghility to viscosty as
shown below. Severd flow messurements were mede for eech pressure differentid, and results are
plotted in Hgure 6.

MRT _ kdp

pA mdx (21)
P2lp_ MRT M), (22)
2 P A Kk '°
E:ﬂlelf_j’ L (23)

m & A gp2- p?
With an ar vicosty of 0.0185 cp, the air permegbility was obtained form the dope (k/ N:1429.1)
of the best-fit Sraight line through the origin to be 26.4 Darcy.

2) Water
Water permeability tests were measured on the permeability test column. With a water viscos-

ity of 0.955 cp, the permeability was obtained from the dope (k/ M=11.243) of the best straight-line
fit (plotted in Figure 7) to be 10.7 Darcy.
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Figure 8. Pressure variation vs. radius—air flow (HRF test cell).
b. HRF Test Cell

1) Test Cell Air Measurements
A representative set of measurements with air on the HRF test cdll, ranging from 0.2 —-2.7

SCFM flow rates, is shown in Figure 8. The data points on the curves correspond to the Six pres-
sure stations, at radii of 3, 4.5, 7, 12, 21, and 26 inches, normaized by the extraction radius of 3in.
(1,15, 2.33, 4, 7, and 8.67 respectively). Station O is at the extraction tube or wall and pressure
at Station 5, radius 26 in., is assumed to be the barometric pressure (0.963 atm). The flow rates
were read as CFM from a taper-tube flow meter and corrected to SCFM (29.92 in. Hg, 70°F).
The experimental mass-flow rate for one quadrant was multiplied by four so thet it could be com-
pared with the theoretical values. The correction factor for barometric pressures of 28.78 and 28.84
in. Hgwas 0.98. No correction for temperatures was required. In generd, the family of curves
behaved amilarly. Equation 17 showsthat massflow rate, mwas proportiona to (p*-p,?) asatest
of integrity of the data

Figure 9 isaplot of measured air-flow data. A smooth curve through the six plotted points
does not indicate a sraight-line relation. However, if the curve is extended from the lowest plotted
point to zero-zero, the extension gppearsto be astraight line. This suggests that the plotted points
lie in the region of turbulent flow, whereas the straight-line extenson would be in the viscous (lami-
nar) region on which Equation 18 is based.

. mRT k re
- = /N> 18
(p2-p2) ot T (18)
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IntegrityTest of Measured Air Flow Data
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Figure9. Integrity test of ar flow data

2) Test Cell Water Measurements

Thetest cdl wasfirg saturated with water while vacuum was applied to remove dl trapped air.
Then measurements with water were conducted by applying vacuum to a saturated test cdll, while
flow rate and pressure drops at each station were recorded. A tota of ten runs, on two different
days, were done. We had some difficulty reading manometers at Stations 4 and 5 when pressures
were less than 5/16 of inch Hg. Since these stations were remote from the extraction well and the
pressures were close to atimospheric, their exact vaues are of minor interest as compared to
pressure closer to the well—Stations 2 and 3. Figure 10 shows pressures plotted againgt radii from
the center of the extraction tube. The plotted points for Stations 1 and 2 in some of the curves show
some scatter. Use of inclined manometers or high-accuracy digital manometers could improve
measurement inaccuracies.

Equation 15, in section Liquid in Porous Medium—Pressure Driven, shows flow rate, Q, is
proportional to (P -P, ). Figure 11 shows the straight-line relation between Q and (P,- P, ). While
there is some scatter of plotted points, a straight-line relation is evident.

Ptk

=_M (-
I

w

Repestability of test cell measurements for air was good and for water it was poor.

3) Comparison of Measurements on HRF Test Cell with Theory
Test results and theory can be compared in severd ways. They can be compared by plotting

theoretical pressure vs. radius curves smilar to Figures 8 and 10 for air and water, respectively,

Journal of Hazar dous Substance Resear ch Volume Three 6-13



Pressure Yariation along the Radius
Water Flow in HRF Test Gell
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Figure 10. Pressure variation vs. radius—water flow (HRF Test Cdll).

using the same flow rates, m and Q, and permesghilities, k, from the permegbility column tests, 26.9
Darcy for ar and 10.7 Darcy for water. Figure 12 shows these comparisons a aflow rate of 5.2
and 10.0 SCFM (Q,,,) for ar, and Figure 13 shows comparisons at flow rates of 28.6 and 200
oc/sec (Q,,,) for water. It is evident that, while the curves are smilar for theory and test, thereisa
sgnificant difference in magnitude. In the case of ar, the tested pressure gradients were stegper
than the theoretica gradients. This suggested that the permegbility in the tet cdll wasless than the
permesbility, 26.4 Darcy, used in the theoretical caculations. In the case of water tests, the tested
gradients were |ess than the theoretical, suggesting that permesbility during tests was grester than the
permesbility, 10.7 Darcys, used in the theoretica caculations.

To evduate this possihility, the permeghiilities required to produce these test data were cdculated.
For thetwo ar runs presented in Figure 12, permeghilitiesin the HRF test cdll were cacuated as 17.6
and 15.0 Darcys, or an average of 16.3 Darcys, as compared with 26.4 Darcys measured in the
permesbility test column. For the two water tests in the HRF test cdll presented in Figure 13, the
calculated permeabilities were 56.8 and 47.7 Darcys with an average of 52.3 Darcys, as compared
with 10.7 Darcys measured in the test column.

For air, the lower computed permesbility (16.3 vs. 26.4) in the HRF test cell could be attrib-
uted to more tightly packing of the grainsin the HRF test cdll than in the permeshiility test column.
Although the HRF test cell and the permesbility test column used glass beads from the same source
and batch, it is possible that they were not compacted to the same dengity. It is conceivable since
the beads were not of uniform diameter (see section Horizontal Radial Flow Test Cell) that the
actud dze distribution was not the same in the HRF test cell and in the permegbility test column. On
the other hand, for water, the dramatic increase of permeability in the HRF test cell (52.3 vs. 10.7)
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Integrity Test of Water Flow Data
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Figure 11. Integrity test of water flow data

suggests that somehow water was bypassing the packed beads to dlow alarge flow with small
pressure gradient. We aso observed some glass bead flow during the water tests. This could have
aso caused the larger permeghiility in the HRF test cell.  These experimentd difficulties should be
eliminated in future measurements.

Based on the comparison between the derived theoretica equations and the [aboratory
measurement, we can conclude that theory can provide a good indication of test results provided
that the permeability used for the theoreticd caculationsis the same asthat used in the test cell.

c. Measurement Results on the Electric Analog Model
The measured voltage digtribution for the eectric andog of the horizonta radid mode agreed

well with the cadculated and measured pressure digtribution in the horizonta radia-fluid flow in
porous media. Thisindicated that the eectrical mode was a good anaog for fluid flow.

The combined vertica and horizonta voltage ditribution in the dectric modd was anaogous
toa3-D flow modd. Two tests were performed to determine voltage distribution as afunction of
radius and distance from the top surface. Electric flow patterns were perpendicular to lines of
constant voltage, and voltage gradients were proportiond to current flow per unit ares, i.e., amps
cn?. Asnoted in the section Test Equipment and Procedure, the top e ectrode was a horizontal
copper fail at 25.4 inches above the bottom of the test chamber, representing the ground surface.
An insulated copper wire was mounted verticaly a the gpex of the tank. Two tests were per-
formed, where the bottom 2.54 cm and 5 cm of the copper wire were stripped of insulation to
represent 10% and 20% perforations. The maximum radius from the gpex of the tank was about
three times the depth.  The tank was filled with copper-sulfate solution, whose resigtivity was
measured independently. As expected, the voltage gradients, and hence the current densities, were
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Comparison of Measured and Theoretical Pressure Profiles
Air Flow
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Figure 12. Comparison of measured and theoretica pressure—air flow.

high in the vicinity of the vertical eectrode. Also, voltage gradients and current densities at the
surface were highest at smal radii and very low a radii of 1 to 1 %2-hdf times the depth of the tank,
where the voltage difference dropped to zero volts. The radius of influence of the dectric anaog,
i.e., where the voltage was that of the top electrode, appeared to extend to aradius of about 1.5
times the depth. This suggests that a 3-D fluid modd should have aradius of at least 1.5 timesthe
depth to ensure thet the radius of the modd exceeds the radius of influence. Presumably thiswould
apply to alaboratory fluid mode or to afull-scae biodurping system.

CONCLUSIONS
a. There was good agreement between theoretical and test results in the form of pressure vs.

radius curves (section HRF Test Cell), but the theoretical and test results differed sgnificantly in the
meagnitude of the pressure gradients. In the case of the air tests, the difference seemed attributable to
differences in permegbilities of the test column and the HRF test cell. In the case of water tedts, the
high permegbility found in the HRF test cell compared to that in the permesbility test column seemed
to be atributable to water somehow bypassing the porous medium of the HRF test cdll. It is con-
cluded that some deficiency in the test equipment or procedure might contribute to these problems.
In section Measurement Results on the Electric Analog Model, it was noted that the plotted
experimental points did not verify the sraight-line relation between mand (Pz2-p,3)- Itiscon-
cluded that the experiment was actudly conducted in the turbulent regime of flow rather than in the
viscous (laminar) regime, asintended. However, the straight line from zero-zero to the lowest
plotted point would vaidate the straight-line relation of Equation 18.

It is possible that some of the problems may relate to mohility of the glass beads. Itiscon-
cluded that some of the problems might be eiminated, or at least reduced, if the beads could be
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Comparisen of Measired and Theorellcal Fressure Frohle
Water Flow
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Figure 13. Comparison of measured and theoretica pressure—waeter flow.

assembled into asolid porous mass, such as by sintering or cementing. Another possibility would be
to assemble the porous mass from layers of cloth, felt, or other fibrous materid.

b. Itisconcluded thet, in spite of experimenta problems of the project, the theory can bethe
basis for additiond andysis and experiments involving two-phased and 3-D flow. These would
become the basis for analysis and design of a full-scale system and prediction of its performance.
Thisconclusonisvdid only to the extent that the theory reflects the actud ste conditions. The
theory of this project was based on horizontal-radid flow in a porous medium, bound top and
bottom by impervious layers. The theory would have to be modified to reflect the possibility of
vertica components of flow and of non-uniformity of the porous medium.

c. Inan actud biodurping well, the flow of liquid would be primarily horizonta and radia and
approximatdly predictable by the theory developed above. On the other hand, the flow of air would
be primarily vertica from the surface to the well. This has not been addressed theoreticdly or
experimentally, but would be the next step in this program.

RECOMMENDATIONS

a. For any future tests, equipment design and test procedures should address the problems
encountered on this project. (The problems were not evident until test results were anadlyzed.) These
problems include the fallowing:

1) Mohility of grains comprising the porous medium and the possibility of non-uniformity of

permesbility.

2) Posshility of fluid bypessng the porous medium asit flows toward the extraction well.

3) Discrepancy between the experimentd dataof Figure 9 and Equation 17 suggeststhat the experi-
mentswere performed in the turbulent region of flow rather then the viscousregime. Future experiments
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should include low-volume flows with smal pressure drops, to ensure that at leest part of the
experiment isin the viscous regime, corresponding to flow in typicd field gpplications.

b. A next gep in the overdl program, would be to investigate theoreticaly and experimentaly
the flow of ar from the surface to the well. Thiswould involve three-dimensond flow with avery
large vertical component.

¢. Biodurping involves acombined flow of ar and liquid, especidly near thewell. Itisprobable
that the pressure gradients of the air in contact with the liquid would influence liquid-flow patterns ad
vicevesa Itisrecommended thet this beinvestigated theoreticaly and expaimeantaly, and invalve the theory
and test techniques devel oped in this prgject and the air-flow project recommended aoove

APPENDI X
A flow area
E voltage
g gravitational congtant
h hydraulic head
| dectric current
k permesability, measured in units of darcy=[((1cc/s)/cn?). 1cp]/latm/cm=9.8697x10° cn?
L length of permesability test column
m mass flow rate
m viscosty
p pressure
Q volumeflow rate
R resdivity
R gas condtant
r radius from extraction point
r densty of fluid
T absolute temperature
t thicknessof fluid layer
x distance
Subscripts
0 freestream
p pipe (extraction tube)
w wdl
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