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' BACKGROUND OF THE INVENTION

1. Field of the Invention:

The present invention relates to a system for monitoring and

10 controlling the rate of fluid flow from an injection well used for in-
1,,
o situ remediation of contaminated groundwater. The United States

j Government has rights in this invention pursuant to Contract No. DE-
e-
g AC09-89SR18035 between the U.S. Department of Energy and

] Westinghouse Savannah River Company.

15 2. Discussion of Background:

Contaminated soil and groundwater can be treated in a direct

,-, manner by excavating contaminated subsurface materials such as soils,z i,_,,

LI_

,,, sediments, fractured rock, and the like, and by pumping contaminated
_-._ Lt.I _.j
O:: I-- ta.!
o _ _ water to the surface of the earth for treatment. These methods of
!-.-- _'-

.=r c_

o -_ 20 dealing with contaminated groundwater are relatively expensive.
ox: t.9

_!_ I-- t.l.l

o _ _ An indirect method relies on well systems for extraction of
I.x.q._ _-..4

contaminated groundwater or for injection of various treatment

--, substances for in-situ stabilization. An injection well for in-situ

o,,., treatment of contaminated groundwater in a well system, and in
t

25 particular a horizontal well system, is described in commonly assigned

JNigrS!SUflII!It_'_:___ENT IS UNI.IMITLII_-'. v ] ', -_
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U.S. Patent No. 4,832,122 issued to Corey, et al. The system disclosed

therein by Corey is illustrated in Fig. 1.

As seen in Fig. 1, the subsurface structure under the earth's

surface 10 includes an upper, unsaturated or vadose zone, indicated

5 generally at A, and a lower, saturated zone, indicated generally at B.

Zones A and B meet at water table 12. Plume 14, which contains

contaminants having a preference for the gaseous phase, lies below

surface 10. Injection well system 16, situated below plume 14 in

saturated zone B, includes vertical shaft 18, horizontal injection well

10 20, and pump 22. Extraction well system 24, situated above plume 14

in vadose zone A, includes vertical shaft 26, horizontal extraction well

28, and pump 30. Pump 30 is connected to treatment device 40.

Horizontal wells 20 and 28 have spaced multiple apertures 42,

such as slots or perforations. Apertures 42 are large and numerous

15 enough tc allow fluid to flow freely therethrough, but narrow enough

to keep soil particles from blocking the flow. Alternatively, wells 20

and 28 may be surrounded by mesh sleeves (not shown) to prevent

blocking of apertures 42 by soil particles but allow the free flow of

fluid out of well 20 and into well 28.

20 As noted above, factors such as the subsurface geology of the

area, fluid flow rates, size and shape of the plume, and drilling

economics dictate the dimensions, configuration and orientation of the

two well systems, as will be apparent to one skilled in the art.

Horizontal wells up to several hundred feet long have been used to

25 treat contaminated groundwater.
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Fluid 44 is pumped into injection well system 16 by pump 22.

Fluid 44 flows through vertical shaft 18 to injection well 20, exits

through apertures 42 into saturated zone B, and percolates into plume

14. The volatile contaminants in plume 14 are carried by fluid 44 to

5 extraction well system 24, entering extraction well 28 through

apertures 42. Fluid 44, carrying the volatilized contaminants from

plume 14, is drawn by pump 30 to treatment device 40 where the

contaminants are separated from fluid 44. Purified fluid 44 may be

recycled to injection well system 16 or dispersed into the atmosphere.

10 The system works well in relatively homogeneous soil. The

treatment fluid is injected uniformly into the plume and percolates

upwards at approximately the same rate along the entire length of the

injection well. However, flow is not uniform if the subsurface

_1 conditions are not uniform. In areas of varying permeability, rocky

15 soil, subsurface fissures, mixed soil types, etc., the fluid tends to fluid

preferential pathways through the soil. More fluid passes through

some regions of the plume and these regions are decontaminated faster

than others. While the overall rate of fluid flow into the injection well

can be controlled through pumping volume and aperture size and

20 number, the differential rate cf flow into the soil along the length of

the well is in major part a function of subsurface characteristics

beyond the control of the well operator. Treatment must be continued

until the entire plume is decontaminated. Therefore, treatment must

continue for a longer time, using more materials, and at a greater cost

25 than in areas of uniform subsurface conditions.
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Methods are "vailable for controlling overall fluid flow in

injection wells. U.S. Patents Nos. 4,691,778 and 3,993,130 use two

concentric cylinders w!th multiple ports which can be selectively

aligned to adjust the size of the openings, thereby controlling the

5 injection profile. An apparatus for consolidating loose sand around an

injection well uses pressure-responsive check valves to regulate the

injection of predeterminable amounts of consolidation fluid into a

plurality of spaced-apart perforations in the well casing (U.S. Patent

No. 3,362,477).

10 For efficient treatment of a contaminated plume, it would be

desirable to monitor the amount of fluid flowing out of the injection

well and differentially adjust the flow so that the amounts injected

along the length of the well are appropriate for the subsurface

conditions, including the soil conditions and the levels of contaminants,

15 to optimize the overall efficiency of the process. Furthermore, it is

desirable to change the flow rates over time if the conditions warrant,

such as if the water table fluctuates or if the plume spreads. There is,

however, no available method for differentially adjusting the flow of

fluid through multiple openings in a horizontal injection well system.

20

SUMMARY OF THE INVENTION

According to its major aspects and broadly stated, the present

invention is an apparatus for controlling the flow rate of a fluid

25 injected by an injection well and, in particular, holding the flow rate

to a preselected flow rate. In a well system where there is an injection
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well having a casing with a plurality of apertures therethrough, the

invention comprises sensors that sense the flow rate and produce an

output proportional thereto, means in communication with these

sensors for comparing the sensed flow rate to the preselected flow

5 rate, the comparing means being responsive to the sensor output and

producing a signal proportional to the difference between the sensed

and the preselected flow rates, and means for adjusting the flow rate in

response to the difference signal. Preferably, the invention is

embodied in an insert with a plurality of openings and a plurality of

10 gates coveting the openings to limit the passing of the fluid

therethrough and thence through the apertures in the casing of the

injection well, and ultimately into the subsurface and the plume. The

insert extends along at least a portion of the casing and may be

t. movable axially. The comparison means is preferably included in a

15 controller located remote from the sensors, most preferably up on

ground level, and ideally receives input on the flow rate through the

plume from detectors placed in the subsurface. The controller

contains stored information on the characteristics of the subsurface so

that it can change the preselected flow rate accordingly.

20 The gates of the apparatus of the present invention are opened

part-way at the start of injection operations. The sensors monitor and

the controller receives and preferably displays the flow rate of fluid

passing through the openings. As injection continues, the gates are

opened slightly, to increase flow along portions of the pipe where the

25 subsurface conditions tend to restrict outflow or where the flow rate

needs to be greater because of higher levels of contamination of a
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moving phmae in the vicinity of the weil, or closed slightly, to

decrease flow.

An important feature of the present invention is the capability,

by moving the gates, of adjusting the flow rate from the injection well.

5 The flow rate can be preselected for a given set of subsurface

conditions if the site is well characterized and the gates of the insert

preset accordingly, or, the flow rate can be changed to meet changing

subsurface conditions, such as a migrating plume. Also, the flow rate

can vary along the length of the injection well when the concentration

10 of contaminants varies or the subsurface has occasional features that

restrict the flow from the injection well such as relatively denser soil

types.

Another feature of the present invention is the capability, in the

_ preferred embodiment, of moving the insert, or series of inserts,

15 along the injection well to the locations where flow rate control is

needed. This feature provides greater flexibility in remediating

contaminated groundwater in different subsurface environments and

preventing, in some cases, flow where flow is undesirable or would do

little good, such as where a horizontal well passes just under a man-

20 made structure.

Another feature of the present invention is the sensors

themselves. The flow rate through the gates will vary as a result of a

number of factors and the variation may be different at different

portions of the pipe. Some of the factors that affect flow rate may be

25 predictable based on site characterization, however, it is important to

have confirmation of these predictions and to have flow rate
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information where predictions are not possible. Flow rate

information coupled with extraction information can assist in

estimating the time and resources required for site remediation.

Another feature of the present invention is the gates for

5 controlling the rate of flow through the insert openings. The gates are

preferably movable axially to selectively alter tile size of the insert

openings and thus alter the flow rates therethrough. If the site is well-

characterized, the gates can be preset based on predicted flow rate

needs and the inserts positioned accordingly in the injection well.

10 Then, by simply pumping the fluid into the injection well, the flow

rates from each opening match the needs for that section of the

injection well and fluid and time resources are efficiently used.

Yet another feature of the present invention is the controller.

•_ The controller operationally connects the sensors and gates to adjust

15 flow in response to flow rate information. In a preferred

embodiment, the controller also receives information from other

monitoring sources such as sensors in the plume, in the extraction

well, or in other monitoring wells, and preprogrammed information

such as site characteristic data and space-time site modeling is

20 combined with sensor data to adjust the flow rates over time. Since

plumes are not often static but may spread or drift, the capability of

adjusting flow rates over time based on feedback to a site model is an

important advantage of the present invention.

Other features and advantages of the present invention will be

25 apparent to those skilled in the art from a careful reading of the
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Detailed Description of a Preferred Embodiment presented below and

accompanied by the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

5

In the drawings,

Fig. 1 is a cross-sectional view of a remediation system showing

' horizontal injection and extraction well systems;

Fig. 2 is a cross-sectional view of a gated insert according to a

10 preferred embodiment of the present invention;

Fig. 3a is a perspective view of the surface of a gated insert

according to a preferred embodiment of the present invention;

Fig. 3b is a perspective view of the surface of a gated insert

-t according to an alternative embodiment of the present invention;

15 Fig. 4a is a cross-sectional view of a gated insert according to a

preferred embodiment of the present invention, before fluid flow is

adjusted; and

Fig. 4b is a cross-sectional view of a gated insert according to a

preferred embodiment of the present invention, after fluid flow is

20 adjusted.

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

Referring now to Fig. 2, there is shown in cross-section an

25 apparatus for monitoring and controlling the injection rate of fluid

according to a preferred embodiment of the present invention.
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Horizontal injection well 20 of injection well system 16 is fitted with

gated insert 50. Spaced along insert 50 are a plurality of openings 52.

Some or all of the openings 52 are equipped with a gate 54 and a

sensor 56, as may be convenient. Cable 58 connects gates 54 and

5 sensors 56 to surface controller 60 by any convenient mechanical,

optical, or electrical linkages. Insert 50 is substantially coaxial with

well 20, spaced at a radial distance 62 therefrom. Spacing 62 is such

as to allow free flow of fluid 44 through openings 52 and 42, and not

to interfere with the operation of gates 54 and sensors 56.

10 As shown in Figs. 3a and 3b, openings 52 may be longitudinal,

radial, or some other shape. The size and spacing of openings 52 are

determined by the size of system 16, type of fluid 44, the rate at which

fluid 44 is injected into system 16 by pump 22, the nature of the

-t contaminants in plume 14, and such other factors as will be apparent

15 in each particular application.

Gates 54 control the size of openings 52. Any appropriate

hinged, sliding, or radial-acting closure may be used. If convenient,

gates 54 and sensors 56 may be combined in a single unit which both

monitors fluid flow and controls the size of openings 52.

20 For example, gates 54 may be constant flow regulators which

maintain flow at a constant rate regardless of pressure fluctuations.

Alternatively, gates 54 may be a familiar type of check valve with a

spring-loaded valve stem whose position relative to a valve seat

depends on the pressure differential between the inside and outside of

25 insert 50. When the pressure of the liquid or gas inside insert50 is

greater than the outside pressure plus the force of the spring, the valve



i

10

is open and fluid can flow out of the opening. As the outside pressure

increases, the valve closes so less fluid can exit the opening.

If convenient, gates 54 may be closed by inflatable obstructions.

Means for inflating the obstructions can be connected directly to

5 sensors 56 so that a pressure drop greater than a preselected amount

acts to inflate the obstructions. For example, gates 54 may be in the

form of diaphragms that close openings 52 in response to the flow

rate. By an appropriate choice of diaphragm material and curvature,

flow of the fluid through openings 52 over the curved diaphragm will

10 produce a lift or inflation that blocks an opening 52.

Gates 54 may be powered by small, readily-available servo

systems linked to sensors 56 and controller 60 by electronic or

electro-optical elements, controlled by digital logic techniques.

Signals sent by controller 60 and a sensor 56 are compared using

15 digital logic, producing an output if the flow rate through associated

opening 52 is too great. The output is combined, again using digital

logic, with a second signal from a power source to close gate 54. The

controller can establish the preselected flow rates for each gate and

change them over time.

20 Sensors 56 monitor the flow of fluid 44 through openings 52.

Fluid 44 is a liquid or a gas, as may be appropriate for the particular

application. Preferably, sensors 56 are any convenient pressure or

fluid flow sensors which produce an output signal proportional to the

injection rate of fluid 44 through openings 52. Alternatively, sensors

25 56 may produce an output signal proportional to the total amount of

fluid 44 which has passed though openings 52. Sensors 56 might, for
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example, be in the form of very small bore tubes transverse to

openings 52, that measure flow rate as a result of pressure drops

caused by the flow through openings 52.

Additional pressure or flow sensors (not shown) may be placed

5 in extraction well 28 above plume 14, preferably in 1:1

correspondence with sensors 56 of injection well system 16. The

operator can use this data on the flow of contaminant-laden fluid into

extraction well 28 for better overall regulation of the system.

Controller 60 displays the injection rate of fluid 44 through

10 openings 52 by any convenient analog or digital means. Gates 54 may

be controlled individually, for small-scale adjustments in flow, or in

groups for larger-scale adjustments. Preferably, controller 60 allows

the operator to make small-scale or large-scale adjustments as desired.

"_ The injection rate can be regulated automatically to remain above a

15 preselected lower limit, below an upper limit, within preselected

upper and lower limits, or approximately constant. Alternatively,

adjustments may be made manually.

Preferably, controller 60 also receives information from other

monitoring sources such as sensors in extraction well 28 and other

20 monitoring wells in the area, and preprogrammed information such as

site characteristic data and space-time site modeling. Controller 60

can differentially adjust the flow through gates 54 so that the amounts

injected along the length of injection well 20 are appropriate for the

subsurface conditions, including the soil conditions and the levels of

25 contaminants, to optimize the overall efficiency of the treatment

process. Controller 60 can, if desired, change the flow rate through
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gates 54 at pipe sections where the concentration of the contaminants

in plume 14 changes as a re'sult of the movement of groundwater.

Insert 50 may extend throughout substantially the entire length

of horizontal injection well 20, or just that part of well 20 which

5 underlies an area of nonuniform soil, as determined by pretreatment

testing. If convenient, insert 50 may comprise one or more movable

modules which can be positioned wherever needed along well 20.

Horizontal well 20 and insert 50 may be designed so that an

appropriately-sized pipe crawler can access the system. A pipe

10 crawler with a video transmitter and one or more remotely-controlled

manipulators could, for example, be used to inspect the system,

perform routine maintenance and minor repairs, and such other tasks

as may be apparent. If convenient, a sensor mounted on the pipe

-:_._ crawler can provide data on fluid flow through openings 52, and a

15 manipulator activated to open or close gates 54 accordingly.

In use, gates 54 are opened part-way at the start of treatment.

Sensors 56 monitor and display the injection rate of fluid 44 passing

through each opening 52 on controller 60. As treatment continues, the

operator monitors the flow rates displayed on controller 60. As seen

20 in Fig. 4a, flow of fluid 44 is greater near fissure 70 and less near

rocky area 72. Treatment of plume 14 can be optimized by opening

some gates 54 wider to increase flow in regions of lesser flow, and

closing some gates 54 slightly to decrease flow in regions of greater

flow, thereby approximately equalizing the amount of fluid 44

25 reaching each part of plume 14 (Fig. 4b).
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This system may be readily added to an injection well system

wherever pretreatment testing indicates the presence of sufficiently

nonuniform subsurface conditions. If desired, it may be incorporated

into the system without prior site characterization and used as

5 indicated by flow rate data.

It will be apparent to those skilled in the art that many changes

and substitutions can be made to the preferred embodiment herein

described without departing from the spirit and scope of the present

invention as defined by the appended claims.

DISCLAIMER

This report was prepared as an account of work sponsored by _n agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
enc_ herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

and opin_ans of authors expressed herein do not necessarily state or reflect those of the
United States Goveroment or any agency thereof.
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