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Description
FIELD OF THE INVENTION

[0001] Thisinvention relates to pumping of fluids, such
as water and/or hydrocarbons, from subterranean forma-
tions or reservoirs, and more particularly to a pumping
apparatus and method for use in such pumping applica-
tions.

BACKGROUND OF THE INVENTION

[0002] Formany years, the familiar "horse head", walk-
ing beam-type mechanism has been used for pumping
fluids such as water and/or oil from subterranean forma-
tions. An example of such a walking beam apparatus 50,
connected to a polished rod 52 extending from a well
head 54 of a well 56, is illustrated as prior art in the at-
tached FIG. 1.

[0003] Conventional walking beam apparatuses have
a number of disadvantages, not the least of which is their
large size. In addition, performance of the walking beam
pump apparatus is largely a function of the design and
connection of a number of mechanical parts, which in-
clude massive counter-weights and complex drive mech-
anisms which are difficult to control for obtaining maxi-
mum pumping efficiency or to compensate for changes
in condition of the well over time.

[0004] As shown in FIG. 1, because of their large size
and weight, walking beam-type pumping mechanisms
must typically be mounted on a heavy concrete founda-
tion 58, which may be poured in place or pre-cast, located
adjacent the well head 54. Construction of a walking
beam pumping mechanism, together with its foundation,
typically involves the efforts of several construction work-
ers, over a period which may be a week or more, to pre-
pare the site, lay the foundation 58, and allow time for
the foundation 58 to cure, in addition to the time required
for assembling the various components of the walking
beam mechanism 50 onto the foundation 58 and opera-
tively connecting the mechanism to the polished rod 52.
In general, because of the costs of transporting the ap-
paratus and the concrete or pre-cast foundation to what
may be a remote site and the complexity of the site prep-
aration and assembly process, walking beam-type
pumping mechanisms are generally only utilized in long-
term pumping installations.

[0005] The large size and massive weight of the walk-
ing beam pumping mechanism and its foundation are
also problematic when the well 56 is decommissioned.
Economic and contractual obligations may require com-
plete removal of the walking beam mechanism and its
foundation. It is desirable, therefore, to provide an im-
proved apparatus and method for operating the well 56,
which eliminates, or at least greatly reduces, the signifi-
cant expenditures in time, manpower, and money re-
quired to install and remove a pumping apparatus used
for extracting fluid from the well 56.
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[0006] Another disadvantage of walking beam-type
pumping apparatuses is that they cannot typically oper-
ate at pumping speeds much below 5 strokes per minute.
As a result, it has been necessary in the past, to only
pump intermittently or to decommission wells which could
not sustain pumping at rates of at least 5 strokes per
minute, even though such wells would be capable of con-
tinued operation at lower pumping speeds. Intermittent
pumping creates problems caused by varying levels of
fluid in the well casing and tubing and collection of con-
taminants into the pump during "off periods. As men-
tioned above, decommissioning a well equipped for
pumping with a walking beam-type mechanism is an ar-
duous and costly task. Further, government regulations
frequently require the costly process of sealing the well
56 with cement or other sealing means when a well is
decommissioned. It would be desirable, therefore, to pro-
vide an improved apparatus and method, for pumping
fluid from the well 56, which could operate at considerably
slower pumping rates than a walking beam-type mech-
anism, in a form that could be connected to the polished
rod 52 in place of a walking beam mechanism 50, at an
existing well 56, to thereby extend the useful life of the
well 56 by operation at a pumping speed lower than could
otherwise be accomplished by the walking beam-type
apparatus. If such an improved pumping apparatus and
method were available in a form that could be quickly
and simply installed on an existing well 56, the necessity
for, and cost related to, decommissioning the well, and
in particular the cost related to sealing the well and re-
moval of the walking beam mechanism and its foundation
could be deferred, perhaps indefinitely, while the well 56
is operated at a low pumping rate.

[0007] Because of their large size and complexity,
walking beam-type pumping mechanisms typically need
to be shut-down and repaired on site. Although there
have been attempts in the past to develop portable walk-
ing beam apparatuses, such as those described in U.S.
Patent No. 4,788,873, to Laney, such portable walking
beam pumping apparatuses have not gained widespread
acceptance in the art. It would be desirable, therefore, to
have an improved pumping apparatus and method, in
which the pumping apparatus could be readily transport-
ed to a well, and quickly installed in place of an existing
walking beam apparatus, or another one of the improved
pumping apparatuses previously attached to the well, to
thereby substantially reduce downtime of the well during
the process of performing maintenance and/or repairs of
the pumping apparatus. It would also be desirable for
such an improved pumping apparatus and method to al-
low for convenient installation and/or removal of the im-
proved pumping apparatus, substantially in a completely
assembled form, which could be initially assembled, or
repaired, offline, at a location remote from the well, while
the well was continuing to operate with another of the
improved pumping apparatuses.

[0008] Another problem inherent in the use of walking
beam-type pumping apparatuses is that the apparatus
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must typically extend a substantial distance above
ground level in order to achieve a desired pumping stroke
length on the order of 3 to 6 feet. At such substantial
heights it may be difficult, if not impossible, to operate
irrigation equipment, for example, in close proximity to
the walking beam pumping apparatus, where such irri-
gation equipment must pass over the top of the walking
beam apparatus. U.S. Patent No. 6,015,271, to Boyer et
al. discloses a stowable walking beam pumping unit hav-
ing a foldable support structure to allow storage of the
pumping unit in a low profile position. A stowable walking
beam pumping unit, as disclosed by Boyer, has not been
shown to be commercially viable, however. Itis desirable,
therefore, for an improved pumping apparatus and meth-
od to be operable in a form having a low enough profile
that other equipment, such as irrigation pipes mounted
on rolling supports can safely pass above the pumping
apparatus.

[0009] U.S. Patent No. 4,114,375, to Saruwatari dis-
closes replacing the conventional walking beam pumping
apparatus with a pump jack device including a double
acting piston and cylinder motor, with the piston rod of
the motor being adapted to be connected to the polished
rod projecting upwardly from a well head. A variable dis-
placement hydraulic pump, driven by a motor or engine,
is included in a closed hydraulic loop wherein conduits
are connected to a pair of output ports of the pump. A
pump control means controls the direction and volume
of flow in the loop so as to establish the stroke of the
piston rod. A compressible fluid counter-balance is pro-
vided for accumulation of energy during a down stroke
of the piston rod so that the energy may be returned to
the piston during the upstroke. The counter-balance cyl-
inder may be mounted coaxially above the motor and an
additional closed chamber may be provided in fluid com-
munication with a charged chamber of the counter-bal-
ance.

[0010] To date, the apparatus of Saruwatari has not
achieved commercial success.

[0011] Regardless of the type of pumping apparatus
utilized, controlling and optimizing the performance of a
sucker-rod pumping apparatus involves inherent difficul-
ties. One factor which must be taken into account is the
stretching of the rod string, which occurs during the up-
ward portion of each pump stroke, and the corresponding
contraction of the rod string which occurs during the
downward portion of each pump stroke. The rod string,
which may be 1000 feet or more long, acts much like an
extension spring, which is stretched during the portion of
the pump stroke in which the rod string is drawing the
fluid upward within the well, and which then contracts
back to an essentially un-stretched state as the rod string
moves downward during a return portion of the pump
stroke. As a result of the rod stretch, an above-ground
upward stroke of 32 inches, for a well approximately 1300
feet deep, may only result in a down-hole stroke in the
range of 24 to 26 inches, for example. The difference
between the magnitude and direction of movement of the
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polished rod at the top of the well and the corresponding
reaction of the rod string and down-hole stroke of the
pump involves other complicating factors, including in-
herent damping within the rod string, fluid damping which
occurs during the pump stroke and longitudinal vibrations
and natural frequencies of the rod string.

[0012] An additional difficulty occurs where the fluid
being pumped upward from the well contains a significant
amount of entrained gas. In such circumstances, a suc-
tion effect during the upward stroke of the rod string caus-
es the entrained gas to bubble out of the fluid and form
a foamy segment at the top of the column of fluid being
pulled upward toward the surface through action of the
down-hole components of the sucker-rod pump. Specif-
ically, a typical down-hole pump portion of a sucker-rod
pump, apparatus is located at the bottom of a length of
tubing terminating in a fluid outlet above the surface of
the ground and includes a standing valve, located at the
lower end of the down-hole pump, and a traveling valve,
which is attached to the bottom end of the rod string and
is movable by the rod string within the down-hole pump
above the standing valve. The standing valve performs
a check-valve function which allows fluid to flow into the
lower end of the down-hole pump when the pressure with-
in the down-hole pump is lower than the pressure in the
well casing outside of the down-hole pump. When pres-
sure within the down-hole pump is equal to, or greater
than, the pressure outside of the down-hole pump, the
check-valve function of the standing valve closes to pre-
clude movement of fluid out of the down-hole pump
through the standing valve. The traveling valve also in-
cludes a check-valve function, which works substantially
oppositely to the check-valve function of the standing
valve. When the pressure within the down-hole pump
below the traveling valve is lower than the pressure within
the tubing above the traveling valve, the traveling valve
is closed. Conversely, when the pressure within the
down-hole pump below the traveling valve is greater than
the pressure within the tubing above the traveling valve,
the traveling valve opens and allows fluid movement
through the traveling valve, so that the traveling valve
can descend through the fluid in the down-hole pump.
[0013] By virtue of this arrangement, as the rod string
pulls the traveling valve upward, during the upward por-
tion of the pump stroke, the traveling valve is closed, and
the upward motion of the traveling valve within the tubing
generates a suction in the down-hole pump below the
traveling valve which causes the standing valve to open
and allow fluid to be drawn upward into the portion of the
down-hole pump between the standing and traveling
valves. Where the sucker-rod pump is pumping a fluid
with no entrained gas, as soon as the rod string begins
the downward portion of its stroke, the standing valve
closes and the stationary valve opens, to thereby trap
fluid within the down-hole pump above the standing
valve, and allow the traveling valve to move downward
through the trapped fluid within the down-hole pump, to-
ward the standing valve, to the bottom of the pump stroke,
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where the rod string reverses direction and begins to pull
the traveling valve upward at the start of the next pump
stroke.

[0014] For the above-mentioned exemplary well,
pumping water for dewatering coal bed methane and
having a depth of approximately 1300 feet, the fluid load
being moved upward by each stroke of the pump once
the entire length of tubing has been filled, for example,
would be 5400 pounds, and the weight of the rod string
would be approximately 1800 pounds. As a result, during
each stroke of the pump, the load on the rod string varies
approximately by the 5400 pound fluid load, which caus-
es a significant change in the length of the rod string, as
the rod string stretches and contracts during each pump
stroke. Fluid damping effects which occur as a result of
the movement of the traveling valve upward and down-
ward through fluid within the tubing and viscous effects
related to the flow of the fluid upward within the tubing
also affect the dynamic performance of the rod string.
[0015] Other complications also occur in wells having
a fluid in the form of a liquid having entrained gas. In
these wells, the traveling valve does not open immedi-
ately as it begins the downward portion of its movement
within the down-hole pump, due to the presence of the
foamy portion of the fluid column existing between the
traveling valve and the liquid portion of the fluid column.
The traveling valve must travel downward in the down-
hole pump some distance while compressing the gas
which has foamed out of the fluid before the suction effect
dissipates to the point where the pressure difference
across the traveling valve is such that the traveling valve
can open.

[0016] As will be readily understood by those having
skill in the art, accurately predicting the down-hole per-
formance of the sucker-rod pump for a given input at the
polished rod above the surface of the ground is a chal-
lenging design problem, with the specific difficulties dis-
cussed briefly above being far from totally inclusive.
[0017] The problems of effectively and efficiently op-
erating a sucker-rod pump apparatus are addressed in
significantly greater detail in a commonly assigned U.S.
Patent, No. 7,168,924 B2, to Beck et al., titled "Rod Pump
Control System Including Parameter Estimator." The
Beck et al. patent also discloses a rod pump control sys-
tem, which includes a parameter estimator that deter-
mines, from motor data, parameters relating to operation
of the rod pump and/or generating a down-hole dy-
namometer card, without the need for external instru-
mentation such as down-hole sensors, rod load sensors,
flow sensors, acoustic fluid level sensors, etc. In some
embodiments disclosed by Beck et al., having a pumping
apparatus driven by an electric motor, instantaneous cur-
rent and voltage, together with pump parameters esti-
mated through the use of a computer model of the sucker-
rod pump, are used in determining rod position and load.
The rod position and load are used to control the opera-
tion of the rod pump to optimize operation of the pump.
Beck et al. also discloses a pump-stroke amplifier that is
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capable of increasing pump stroke without changing the
overall pumping speed, or in the alternative, maintaining
the well output with decreased overall pumping speed.

[0018] The commonly assigned Beck etal. patent, also
provides a detailed description of the considerable addi-
tional complexity involved in operating a sucker-rod
pump with a walking beam pumping apparatus, or with
prior belt driven pumping units, and further provides a
method and apparatus for efficiently and effectively con-
trolling a sucker-rod pumping apparatus having a rod
string driven by a walking beam pumping apparatus, or
other types of previously-known pumping apparatuses.
[0019] With regard to the present invention, the de-
tailed descriptions within Beck et al., of the manner in
which the inherent difficulties of operating a sucker-rod
pump apparatus are compounded by a complex pumping
apparatus such as the typical walking-beam-type appa-
ratus serve as ample evidence of the desirability of pro-
viding a new and improved pumping apparatus for use
with a sucker-rod pump, which is not subject to the mul-
titude of complexities involved in controlling prior pump-
ing apparatuses such as the typical walking- beam-type
pumping apparatus.

[0020] US3741686 discloses resonant column pump-
ing devices which drive a liquid column in coincidence
with the resonant oscillations of the column both in fre-
quency and phrase for maximum operating efficiency. A
piston at the top of the column is driven at a speed cor-
responding to the half-way frequency, or an odd harmon-
ic thereof, of the liquid column by using the resonant col-
umn frequency to control the frequency of application of
the driving force impulses transmitted to the liquid col-
umn.

[0021] US2551434 discloses a sub-surface pump for
flooding operations for use in the secondary recovery of
hydrocarbon fluids. A well pumpis adapted to be installed
on a tubular string member in a well to apply auxiliary
pressure to a fluid being transferred from upper relatively
low-pressure formation to a lower relatively higher-pres-
sure formation.

[0022] Even though the performance of walking-beam
pump and other types of prior pumping apparatuses can
be substantially improved through practicing the teach-
ings of Beck et al., it is, therefore, still highly desirable to
provide an improved apparatus and method for use in
pumping fluids such as water and/or hydrocarbons from
subterranean formations and reservoirs in a form over-
coming problems such as, and in addition to, those dis-
cussed above. It is further desirable that such improve-
ments be providedin aform which is considerably smaller
in physical size than conventional walking beam appa-
ratuses and also in a form which is less complex and
more readily controllable and/or adjustable than prior
conventional walking beam-type apparatuses. It is fur-
ther desirable that such an improved apparatus and
method provide advancements over the pump jack de-
vice of Saruwatari, in a form that is commercially viable.
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BRIEF SUMMARY OF THE INVENTION

[0023] The invention provides an improved apparatus
and method for pumping fluids, such as water and/or hy-
drocarbons, from a subterranean formation or reservoir,
through use of a linear rod pumping apparatus having a
linear mechanical actuator arrangement and a reversible
motor operatively connected for imparting reciprocating,
substantially vertical motion to a rod string of a sucker-
rod pump as set out in the accompanying claims. The
linear mechanical actuator arrangement has a substan-
tially vertically movable member attached to the polished
rod of the sucker-rod pump for imparting and controlling
vertical motion of the rod string of the sucker-rod pump.
The reversible motor has a reversibly rotatable element
thereof operatively connected to the substantially verti-
cally movable member of the linear mechanical actuator
arrangementin amanner establishing a fixed relationship
between the rotational position of the motor and the linear
position of the vertically movable member.

[0024] Apparatus and methods, in accordance with the
present invention, have demonstrated their commercial
viability, and the considerable advantages that can be
obtained through practice of the invention, during oper-
ational field testing on actual hydrocarbon wells.

[0025] In some forms of the invention, a linear rod
pumping apparatus includes a mechanical rack and pin-
ion drive arrangement adapted for attachment to a pump-
ing mechanism, such as the polished rod at the top of a
rod string in a hydrocarbon well. The rack gear of the
rack and pinion drive arrangement is adapted for con-
nection to, and translating movement with, the polished
rod. The pinion gear does not translate with the rack gear,
and is driven by a reversible motor for effecting up and
down reciprocating motion of the rack gear and pumping
mechanism.

[0026] In some forms of the invention, a compressible
gas cylinder is utilized to provide a counter-balancing
force which counteracts generally downwardly directed
forces which are inherently applied to the reciprocating
pumping mechanism by the rod string.

[0027] Inotherformsoftheinvention, alinearrod pump
apparatus, according to the invention, is utilized without
a pressurized gas counter-balance cylinder.

[0028] In some forms of the invention, the pinion gear
is driven by areversible electric motor. The electric motor
may be driven by an electronic drive, having a configu-
ration in accordance with the invention, with the drive
being controlled by a controller configured according to
the invention.

[0029] A drive and/or controller, according to the in-
vention, may provide energy storage and/or dynamic
braking to accommodate energy generation within the
drive circuit, resulting from reversals in direction of rota-
tion ofthe drive motor and/or inherent cyclical fluctuations
on the electrical buses of the drive mechanism, particu-
larly during the downward stroke of the pump mecha-
nism, when gravitational force is essentially driving the
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motor as a generator.

[0030] In various embodiments of the invention, ener-
gy generated during the pumping process may be stored
within a capacitor bank section of the drive and used on
a subsequent upstroke of the pump for enhancing overall
pumping efficiency of a linear rod pump apparatus and/or
method, accordingto the invention. Alternatively, in some
forms of the invention, the drive includes a regenerative
control section, which modulates energy generated dur-
ing the pumping cycle in such a manner that it can be
transferred back to the source of electrical power sup-
plying power through the drive to the motor. In yet other
forms of the invention, the drive may include a dynamic
braking section, in which electrical energy developed dur-
ing the pumping process is dissipated across a dynamic
braking resistor, of the drive, according to the invention.
[0031] A given embodiment of a drive and controller,
according to the invention, may include any one or all of
the aforementioned: capacitor bank section; regenera-
tive control section; and/or dynamic braking section. In
some forms of the invention, all three sections will be
provided within the drive, to allow for adaptation of the
drive for operation in various installations. Where it is not
desirable, or practical, to transfer power back to the
source of electrical power to the drive, such as might be
the case in an installation having an engine driven elec-
trical generator, the invention may utilize only one or both
of the capacitor bank section or dynamic brake section
of the drive. Should circumstances change, such as elec-
trical power from a power grid becoming available at the
well site, so that the engine driven generator can be elim-
inated, the drive can then be simply reconfigured to make
use of the regenerative control section.

[0032] A linear mechanical actuator arrangement, ac-
cording to the invention, may include a rack and pinion
gearing arrangement, with the rack being disposed for
operation in a substantially vertical direction, for recipro-
cating motion along a pumping axis. The rack may be
operatively connected in gear mesh relationship with the
pinion, and the pinion may be operatively connected to
the rotating output of the reversible motor, such that ro-
tation of the motor in a first direction is accompanied by
a substantially vertically upward motion of the rack along
the pumping axis, and such that a substantially vertically
downward motion of the rack along the pumping axis is
accompanied by rotation of the motor rotatable element
in a second direction opposite the first direction. The rack
may also be operatively connected to the rod of the suck-
er-rod pump for imparting vertically upward motion to the
rod of the sucker-rod pump along the pumping axis when
the rack is moving upward. The rack may be further op-
eratively coupled to the rod of the sucker-rod pump such
that the rod exerts a substantially vertically downward
directed force on the rack while the rack is moving down-
ward, acting substantially along the pumping axis, during
a portion of the pump stroke.

[0033] In some forms of the invention, the rack of a
rack and pinion gearing arrangement has a longitudinally
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directed opening therein, extending along the pump axis
from a bottom end of the rack to the top end of the rack
when the linear mechanical actuator is operatively dis-
posed above the sucker-rod pump. The rack may further
have an upper end thereof adapted for operative attach-
ment of the rod thereto.

[0034] The upper end of the rack may define a hole
extending therethrough, and an upper load bearing sur-
face. The hole in the upper end may be configured such
that the upper end of the rod may slideably extend
through the hole. The linear mechanical actuator ar-
rangement may further include a rod securing clamp or
collar fixedly attached to the upper end of the rod above
the upper end of the rack. Such a rod securing clamp or
collar may have a lower load bearing surface thereof
adapted for bearing contact with the upper load bearing
surface of the upper end of the rack for transferring force
between the rod and the upper end of the rack when the
lower load bearing surface of the collar is in contact with
the upper load bearing surface of the upper end of the
rack.

[0035] Insome forms of the invention, a rack, of a rack
and pinion gearing arrangement, may be configured to
have a substantially U-shaped cross-section, with first
and second legs of the U extending from a bight section
thereof, in such a manner that the legs and bight define
a longitudinally extending opening in the rack having the
form of an open channel disposed about the pumping
axis, with an outer surface of the bight that faces sub-
stantially oppositely from the legs including gear teeth of
the rack, configured for engagement with corresponding
gear teeth of the pinion.

[0036] A linear rod pumping apparatus, according to
the invention, may further include one or more guide roll-
ers, disposed to bear against the longitudinally extending
distal edges of the legs of the rack at a point or points
substantially opposite the pinion, for urging the rack into
gear mesh relationship with the pinion. An apparatus,
according to the invention, may further include a pair of
guide bars bearing against the legs of the rack, substan-
tially opposite from one another, for urging the rack into
axial gear mesh relationship with the pinion.

[0037] An apparatus, according to the invention, may
also include a pinion housing having a longitudinally ex-
tending opening therein, disposed about the pumping ax-
is, for passage therethrough of the rack, and defining a
rotational axis of the pinion. The rotational axis of the
pinion may be laterally offset from, and extend substan-
tially perpendicularly to, the pumping axis. A first anti-
drive end of the pinion may be journaled in a pinion bear-
ing disposed in and mounted to the pinion housing. A
second drive-end of the pinion may be adapted for con-
nection to an output element of a drive mechanism such
as a motor or gearbox, and for being supported by an
output bearing of the drive mechanism.

[0038] Some forms of an apparatus, according to the
invention, may include a gearbox operatively connected
between the motor and the linear mechanical actuator
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apparatus. The gearbox may have an input element
thereof operatively attached to the rotatable element of
the motor for rotation therewith. The gearbox may also
have an output element thereof operatively attached to
the pinion for rotation therewith. In some forms of the
invention, the input and output elements of the gearbox
may be arranged substantially at a right angle to one
another, with the output element being oriented for align-
ment with and rotation substantially about the pinion axis,
and with the input element of the gearbox and the rotat-
able element of the motor being oriented substantially
parallel to the pumping axis.

[0039] Some forms of the invention also include a con-
trol arrangement, operatively connected to the motor, for
controlling the motor. The control arrangement may op-
erate the motor in a driving mode to urge upward move-
ment of the rack on a lifting portion of the stroke of the
pump rod. The control arrangement may also operate
the motor in a braking mode, during downward move-
ment of the rack, on a return/fill portion of the stroke of
the pump rod.

[0040] In some forms of the invention, the control ar-
rangement may include an energy storage element for
storing energy generated during the braking mode of op-
eration of the motor. In other forms of the invention, the
control arrangement may be configured for utilizing the
stored energy in the energy storage element to assist in
driving the motor during the driving mode. In some forms
of the invention, the control arrangement may include an
energy dissipation element for dissipating energy gener-
ated during the braking mode of operation of the motor.
In some forms of the invention, a control arrangement
may be selectively configurable for operation of one or
the other of the energy storage and energy dissipation
modes. A control arrangement, according to the inven-
tion, may further include sensing arrangements for sens-
ing one or more parameters of the group of parameters
consisting of: linear position of the rack along the pump-
ing axis; rotational position of the pinion about the pinion
axis; motor torque; motor speed; motor acceleration; and
motor input power.

[0041] A control arrangement, according to the inven-
tion, may include a pump rod dynamics model, for use
in controlling operation of the motor. In forms of the in-
vention having a sensing arrangement, the sensing ar-
rangement may determine linear position of the rack
twice during each pump cycle, once on the upstroke and
once on the downstroke.

[0042] A control arrangement, according to the inven-
tion, may be configured for detecting fault conditions and
applying corrective action to modify operation of the mo-
tor. Fault conditions which may be detected, in accord-
ance with the invention, may include, but are not limited
to: loss of power to the motor; invalid or missed position
reference; non-filling of the pump; and motor overheat-
ing. Corrective actions may include, but are not be limited
to, applying braking force through the motor, or actuation
of brake mechanisms external to the linear rod pumping
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arrangement; changing stroke length and/or frequency;
dwelling for a period of time in an off position; or operating
the motor to slowly lower the rack to the lower mechanical
limit of travel.

[0043] The invention may be practiced with a variety
of different types of motors, including, electrical, hydrau-
lic, and pneumatic.

[0044] An apparatus, according to the invention, may
also include a pneumatic energy storage element oper-
atively connected for storing energy generated during
downward movement of the vertically movable element,
and utilizing the stored energy for aiding upward vertical
movement of the vertically movable element. In forms of
the invention including a rack and pinion, the pneumatic
energy storage element may be operatively connected
for storing energy generated during the downward move-
ment of the rack, and releasing the stored energy for
aiding upward movement of the rack.

[0045] Insomeforms ofthe invention, aspringmember
is operatively positioned below the lower end of the rack
and configured for engaging and applying an upwardly
directed force to the lower end of the rack when the lower
end of the rack has moved beyond a normal lower posi-
tion of the rack during a pump stroke. In some forms of
the invention, a spring member operatively positioned
below the lower end of the rack may be positioned and
configured for engaging and applying an upwardly direct-
ed force to the lower end of the rack during a portion of
each pump stroke.

[0046] Some forms of the invention include an oil sump
disposed around the lower end of the rack and configured
for containing a volume of lubricant therein and for re-
ceiving a portion of the rack adjacent the lower end of
the rack to thereby apply the lubricant to the rack. The
sump and the volume of lubricant therein may be config-
ured and positioned such that the portion of the rack is
immersed into the lubricant during at least a portion of
each stroke of the pump. The sump may include an inner
and outer longitudinally extending, radially spaced tubu-
lar wall, sealingly connected at lower ends thereof to de-
fine an annular-shaped cavity therebetween, for receipt
within the cavity of the volume of lubricant, and terminat-
ing in an annular-shaped opening between the upper
ends of the inner and outer tubular walls. The inner tu-
bular wall of the sump may have, an inner periphery
thereof disposed about the pump rod, and an outer pe-
riphery thereof disposed within the opening in the rack.
The outer tubular wall of the sump may have an inner
periphery thereof disposed about the rack.

[0047] In an apparatus having a sump, according to
the invention, the apparatus may further include a spring
member operatively positioned within the cavity in the
sump below the lower end of the rack and configured for
engaging and applying an upwardly directed forced to
the lower end of the rack when the lower end of the rack
has moved beyond a normal position of the rack during
a pump stroke. In some forms of the invention, such a
spring member, operatively positioned within the cavity

10

15

20

25

30

35

40

45

50

55

of the sump below the lower end of the rack, may be
configured for engaging and applying an upwardly direct-
ed force to the lower end of the rack during a portion of
each pump stroke.

[0048] Some forms of the invention include a position
sensing arrangement for sensing a position of the rack
along the pump axis. The position sensing arrangement
may include a stationary position sensor and a sensor
flag. The stationary position sensor is disposed adjacent
the rack substantially at a mid-stroke position along the
pumping axis. The sensor flag is attached to the rack and
disposed such that the flag is juxtaposed with, and
sensed by, the sensor during each pumping stroke.
[0049] In some forms of sensing arrangements, ac-
cording to the invention, an upper sensor flag and a lower
sensor flag are axially spaced from one another along
the rack, to form a gap between the upper and lower
flags, with the gap being substantially centrally disposed
along the rack. The upper sensor flag extends substan-
tially from the upper end of the rack to a lower edge of
the upper sensor flag defining an upper end of the gap
between the upper and lower sensor flags, and the lower
sensor flag extends substantially from the lower end of
therack to an upper edge of the lower sensor flag defining
the lower end of the gap between the upper and lower
sensor flags. With such an arrangement, the sensor may
produce an output having a substantially square-wave
shape, with a step change from a first state, whereat one
or the other of the flags is juxtaposed with the sensor, to
a second state whereat the gap is juxtaposed with the
sensor.

[0050] The invention may also be practiced in the form
of a method for constructing, operating, maintaining, or
replacing a linear rod pumping apparatus according to
the invention.

[0051] In one form of the invention, a method is pro-
vided for operating a linear rod pumping apparatus in-
cluding a linear mechanical actuator arrangement and a
reversible motor, where the linear mechanical actuator
has a substantially vertically movable member adapted
for attachment thereto of the rod of a sucker-rod pump,
for parting and controlling vertical motion of the rod of
the sucker-rod pump. The reversible motor has arevers-
ibly rotatable element thereof, operatively connected to
the substantially vertical member ofthe linear mechanical
actuator arrangement in a manner establishing a fixed
relationship between the rotational position of the rotat-
able element of the motor and the vertical position of the
vertically movable member, with the method including,
operating the motor in a manner imparting reciprocating
substantially vertical motion to the vertically movable
member. The method may further include determining
dynamic operation of the pump rod, and controlling the
motor in accordance with the dynamic operation of the
pump rod.

[0052] A method, according to the invention, may in-
clude operating the motor in a driving mode, for applying
torque to the rotatable element of the motor in a first di-
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rection to urge rotation of the rotatable element in the
first direction and upward movement of the vertically
movable member on an upward portion of a stroke of the
pump rod. A method, according to the invention, may
further include operating the motor in a braking mode,
for applying a net torque to the rotatable element in the
first direction, for resisting rotation of the rotatable ele-
ment in the opposite direction during downward move-
ment of the vertically movable member on a downward
portion of the stroke of the pump rod.

[0053] In some forms of the invention, the motor gen-
erates energy during the braking mode, and a method,
according to the invention, may further include extracting
atleast a portion of the generated energy during the brak-
ing mode of operation. The extracted energy may be uti-
lized, in some forms of the invention, to assist in driving
the motor during at least one of the driving and braking
modes. Alternatively, the energy generated during the
braking mode of operation of the motor may be dissipat-
ed.

[0054] The invention may also include controlling the
motor in accordance with sensed values of one or more
parameters selected from the group of parameters con-
sisting of, linear position of the vertically movable mem-
ber, rotational position of the rotatable element of the
motor, motor torque, motor speed, motor acceleration,
and motor input power. In some forms of the invention,
one or more of the sensed values of parameters used
for controlling the motor are sensed above-ground, rather
than through the use of down-hole sensors. In some
forms of the invention, all sensed values of the parame-
ters used for controlling the motor are sensed above-
ground.

[0055] Some forms of the invention may include de-
tecting a fault condition, and taking corrective action.
Some forms of the invention may include detecting a fault
condition from the group of faults consisting of, loss of
power to the motor, invalid or missed position reference,
loss of control of the motor, non-filling of the pump, break-
age and/or separation of the pump rod, and overheating
of the motor.

[0056] In some forms of the invention, the corrective
action taken may be one of a group of corrective actions
from the group consisting of, applying braking, changing
pump stroke length, changing pump stroke frequency,
dwelling in a non-pumping state, operating the motor to
slowly lower the rack to the lower mechanical limit of trav-
el, and entering a start-up mode of operation.

[0057] In some forms of the invention, where a linear
rod pumping apparatus, according to the invention, in-
cludes a position sensing arrangement having a station-
ary position sensor disposed adjacent the vertically mov-
able member, approximately at a mid-stroke position
thereof along the pumping axis, and a sensor flag at-
tached to the vertically movable member and disposed
such that the flag is juxtaposed with, and sensed by, the
sensor during each pumping stroke, a method, according
to the invention, may include detecting the vertical posi-

10

15

20

25

30

35

40

45

50

55

tion of the vertically movable member by detecting jux-
taposition of the flag with the sensor during each pump
stroke.

[0058] In some forms of the invention, a sensing ar-
rangement includes an upper sensor flag and a lower
sensor flag, axially spaced from one another along the
rack, to form a gap between the upper and lower flags,
with the gap being substantially centrally longitudinally
disposed along the rack. The upper sensor flag may ex-
tend substantially from the upper end of the rack to a
lower edge of the upper sensor flag, defining an upper
end of the gap between the upper and lower flags. In
similar fashion, the lower sensor flag may extend sub-
stantially from the lower end of the rack to an upper edge
of the lower sensor flag, to thereby define the lower end
of the gap between the upper and lower sensor flags.
Where such an arrangement is provided, a method, ac-
cording to the invention, may include detecting the ver-
tical position of the vertically movable member by detect-
ing juxtaposition of the sensor with at least one of the
upper and lower sensor flags during each pump stroke.
A method may further include detecting an output of the
sensor having a substantially square-wave shape, with
a step change form a first state while one or the other of
the lower flags is juxtapose with the sensor, to a second
state when the gap is juxtapose with the sensor.

[0059] In one form of the invention, a method is pro-
vided for extending the operating life of a hydrocarbon
well where the well has a walking beam apparatus oper-
atively connected to the well for imparting reciprocating
substantially vertical motion to a rod of a sucker-rod pump
stroke. The method may include disconnecting the rod
from the walking beam apparatus, and operatively con-
necting the rod to a linear rod pumping apparatus includ-
ing a linear mechanical actuator arrangement and a re-
versible motor, according to the invention. The linear me-
chanical actuator arrangement may include a substan-
tially vertically movable member configured for attach-
ment to the rod of the sucker-rod pump for imparting and
controlling vertical motion of the rod of the sucker-rod
pump. The motor may include a reversibly rotatable el-
ement thereof, operatively connected to the substantially
vertically movable member of the linear mechanical ac-
tuator arrangement in a manner establishing a fixed re-
lationship between the rotational position of the motor
and the linear position of the vertically movable member.
[0060] A method for extending the operating life of a
hydrocarbon well may further include mounting the linear
rod pumping apparatus directly on the well head of the
well, to thereby preclude the need for a separate mount-
ing structure for the linear rod pumping apparatus. In
some forms of a method, according to the invention, the
walking beam apparatus is leftin place adjacent the well.
Some forms of a method, according to the invention, may
include removal of the walking beam pump, while oper-
ating the well with the linear rod pumping apparatus.
[0061] A method for operating a hydrocarbon well, in
accordance with the invention, may include the steps of:
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installing a first linear rod pumping apparatus on a well
head of the well; operating the well for a period of time
with the first linear rod pumping apparatus; removing the
first linear rod pumping apparatus from the well head,
substantially without disassembly of the first linear rod
pumping apparatus; and replacing the first linear rod
pumping apparatus with a second substantially assem-
bled linear pumping rod apparatus; and operating the
well with the second linear rod pumping apparatus. The
method may further include disposing of the first linear
rod pumping rod apparatus. Alternatively, a method may
include repairing and/or refurbishing of the first linear rod
pumping apparatus offline, while the well is being oper-
ated with the second linear pumping rod apparatus.
[0062] Other aspects, objects and advantages of the
invention will be apparent from the following detailed de-
scription and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0063]

FIG. 1, labeled as prior art, is a schematic illustration
of a typical walking-beam-type pumping mechanism,
mounted on a foundation located adjacent a well
head of a hydrocarbon well, and attached to pump
fluid from the hydrocarbon well.

FIG. 2 is a schematic illustration of a first exemplary
embodiment of a linear rod pumping apparatus, ac-
cording to the invention, mounted on the well head
of a hydrocarbon well.

FIG. 3 is a schematic illustration of a second exem-
plary embodiment of alinear rod pumping apparatus,
according to the invention, mounted on the well head
of the well shown in FIG. 1, and operatively connect-
ed for pumping fluid from the well, instead of the walk-
ing beam apparatus, with the linear rod pumping ap-
paratus and walking beam pumping apparatus being
drawn to the same scale, to illustrate the substantial
reduction in size and complexity of the linear rod
pumping apparatus, according to the invention, as
compared to a walking beam apparatus which was
providing similar pumping output as the second ex-
emplary embodiment of the linear rod pumping ap-
paratus, according to the invention.

FIG. 4 is an external perspective view of the second
exemplary embodiment of the linear pumping appa-
ratus, according to the invention, shown in FIG. 3.

FIG. 5 is a partially cut-away perspective illustration
of the second exemplary embodiment of a linear
pumping apparatus, according to the invention,
shown in FIG. 4.

FIG. 6 is an exterior orthographic illustration of the
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second exemplary embodiment of the linear pump-
ing apparatus, according to the invention, shown in
FIGS. 3-5.

FIG. 7 is a partial cross-sectional illustration of the
second exemplary embodiment of the linear rod
pumping apparatus, according to the invention,
shown in FIG. 6.

FIG. 8 is a schematic cross-section view of the sec-
ond exemplary embodiment of the linear pumping
apparatus, according to the invention, shown in
FIGS. 3-7.

FIG. 9 is an enlarged, partial cross-sectional, sche-
matic illustration of a variation of the second exem-
plary embodiment having a tubular-shaped spacer
disposed between a rod clamp and the upper end of
a rack of a rack and pinion arrangement of the sec-
ond exemplary embodiment of the invention.

FIG. 10 is a schematic cross-sectional illustration,
taken along line 10-10 in FIG. 8.

FIG. 11 is a graphical illustration of an exemplary
substantially square-wave output produced by a
sensing mechanism, according to the invention, of
the second exemplary embodiment of the linear rod
pumping apparatus, according to the invention, as
shown in FIGS. 8 and 10.

FIG. 12 is a schematic cross-section of a third ex-
emplary embodiment of a linear rod pumping appa-
ratus, according to the invention.

FIG. 13 is a schematic cross-sectional illustration of
afourth exemplary embodiment of a linear rod pump-
ing apparatus, according to the invention, which in-
cludes a pneumatic storage apparatus and regula-
tor, for supply a counter-balance force to elements
of the linear rod pumping apparatus.

FIG. 14 shows a first exemplary embodiment of a
motor drive, for use in a control arrangement in em-
bodiments of the invention having an electric motor.

FIG. 15 shows a second exemplary embodiment of
a motor drive, for use with an electric motor in prac-
ticing the invention.

[0064] While the invention will be described in connec-
tion with certain preferred embodiments, there is nointent
to limit it to those embodiments. On the contrary, the in-
tent is to cover all alternatives, modifications and equiv-
alents as included within the spirit and scope of the in-
vention.
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DETAILED DESCRIPTION OF THE INVENTION

[0065] FIG. 2is a schematicillustration of a first exem-
plary embodiment of a linear rod pumping apparatus 100
mounted on the well head 54 of a hydrocarbon well 56.
The well includes a casing 60 which extends downward
into the ground through a subterranean formation 62 to
a depth sufficient to reach an oil reservoir 64. The casing
60 includes a series of perforations 66, through which
fluid from the hydrocarbon reservoir enter into the casing
60, to thereby provide a source of fluid for a down-hole
pumping apparatus 68, installed at the bottom of a length
of tubing 70 which terminates in an fluid outlet 72 at a
point above the surface 74 of the ground. The casing 60
terminates in a gas outlet 76 above the surface of the
ground 74.

[0066] The down-hole pumping apparatus 68 includes
a stationary valve 78, and a traveling valve 80. The
traveling valve 80 is attached to a rod string 82 extending
upward through the tubing 70 and exiting the well head
54 at the polished rod 52. Those having skill in the art
will recognize that the down-hole pumping apparatus 68,
in the exemplary embodiment of the invention, forms a
traditional sucker-rod pump arrangement for lifting fluid
from the bottom of the well 56 as the polished rod 52
imparts reciprocal motion to rod string 82 and the rod
string 82 in turn causes reciprocal motion of the traveling
valve 80 through a pump stroke 84. In a typical hydro-
carbon well, the rod string 82 may be several thousand
feet long and the pump stroke 84 may be several feet
long.

[0067] Asshownin FIG. 2, the first exemplary embod-
iment of a linear rod pump apparatus 100, according to
the invention, includes a linear mechanical actuator ar-
rangement 102, a reversible motor 104, and a control
arrangement 106, with the control arrangement 106 in-
cluding a controller 108 and a motor drive 110. In all forms
of the invention, the linear mechanical actuator arrange-
ment 102 includes a substantially vertically movable
member attached to the polished rod 52 for imparting
and controlling vertical motion of the rod string 82 and
the sucker-rod pump 68. The reversible motor of a linear
rod pump apparatus, according to the invention, includes
a reversibly rotatable element thereof, operatively con-
nected to the substantially vertically movable member of
the linear mechanical actuator arrangement 102 in a
manner establishing a fixed relationship between the ro-
tational position of the motor 104 and the vertical position
of the rack 206. As will be understood, by those having
skill in the art, having a fixed relationship between the
rotational position of the motor 104 and the vertical po-
sition of the polished rod 52 provides a number of signif-
icant advantages in the construction and operation of a
sucker-rod pump apparatus, according to the invention.
[0068] FIG. 3 shows a second exemplary embodiment
of a linear rod pumping apparatus 200, according to the
invention, mounted on a standoff 202 to the well head
54, and operatively connected for driving the polished
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rod 52. In FIG. 3, the second exemplary embodiment of
the linear rod pumping apparatus 200 is illustrated to
scale, adjacent to the walking beam pumping apparatus
50, to show the substantial reduction in size, weight, and
complexity afforded through practice of the invention, as
compared to prior approaches utilizing walking beam ap-
paratuses 50.

[0069] It will be noted that an arrangement such as the
one illustrated in FIG. 3, in which a linear rod pumping
apparatus 200 is mounted adjacent a walking beam ap-
paratus 50, might actually be observed in practicing the
invention where the walking beam apparatus 50 is dis-
connected from the polished rod 52 and replaced by the
linear rod pumping apparatus 200 to extend the life of
the well 56 by utilizing the linear rod pumping apparatus
200 to pump at a slower rate than is possible through
use of the walking beam apparatus 50.

[0070] Itwill be appreciated by those having skill in the
art, that where a linear rod pumping apparatus 200 is
used to replace a walking beam apparatus, or a previ-
ously installed embodiment of a linear rod pumping ap-
paratus according to the invention, the replacement lin-
ear rod pumping apparatus 200 can be installed in a fully
assembled form, or in a substantially fully assembled
form, with only a minimal number of components, such
as the upper section 214 of a housing, for example, being
installed after the linear rod pumping apparatus 200 is
installed on the well head 54. As will also be understood
from the following description and inspection of the draw-
ings, it may be desirable, in practicing the invention, to
ship an otherwise substantially fully assembled linear rod
pumping apparatus, according to the invention, with com-
ponents such as the upper housing section 214 not in-
stalled, to thereby reduce the physical size of the linear
rod pump 200 in a manner that is more compact to facil-
itate shipping and handling. As will be further understood,
the compact size of a linear rod pumping apparatus ac-
cording to the invention allows the linear rod pumping
apparatus that is being replaced to be conveniently re-
moved in a fully assembled or a substantially fully as-
sembled form.

[0071] As shown in FIGS. 3-8, the second exemplary
embodiment of the linear rod pumping apparatus 200,
according to the invention, includes a linear mechanical
actuator arrangement 204 which, in turn, includes a rack
and pinion gearing arrangement having a rack 206 and
a pinion 208 operatively connected through a gearbox
210 to be driven by a reversible electric motor 212 in a
manner described in more detail below.

[0072] Asshownschematicallyin FIG. 8,the linear me-
chanical actuator arrangement 204 of the second exem-
plary embodiment of the linear rod pumping apparatus
200 includes a rack and pinion gearing arrangement 206,
208 with the rack 206 being disposed for operation in a
substantially vertical direction for reciprocating motion
within a three piece housing having an upper, middle and
lower section 214, 216, 218 along a substantially verti-
cally oriented pumping axis 220. The rack 206 is opera-
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tively connected in gear mesh relationship with pinion
208 and the pinion 208 is operatively connected to a ro-
tating output shaft 222 of the motor 212 (see FIG. 7) such
that rotation of the motor output shaft in a first direction
is accompanied by a substantially vertically upward mo-
tion of the rack 206 along the pumping axis 220, and such
that a substantially vertically downward motion of the rack
206 along the pumping axis 220 is accompanied by ro-
tation of the motor output shaft 222 in a second direction
opposite the first direction. The rack 206 is also opera-
tively connected to the polished rod 52 of the sucker-rod
pump 68, such that the rack 206 cannot exert a substan-
tially vertically downward directed force on the polished
rod 52.

[0073] AsshowninFIG.9, which is a section view tak-
en along line 9-9in FIG. 8, the rack 206 of the exemplary
embodiment 200 has a substantially U-shaped cross-
section, with first and second legs 224, 226 extending
from a bight section 228 in such a manner that the legs
and bight 224, 226, 228 define a longitudinally extending
opening in the rack 206 in the form of an open channel
230 disposed about the pumping axis 220. An outer sur-
face 232 of the bight 228, facing substantially oppositely
from the legs 226, 228 of the rack 206, is configured to
form gear teeth of the rack 206 for engagement with cor-
responding gear teeth in the pinion 208.

[0074] The longitudinally directed channel 230 in the
rack 206 extends along the pumping axis 220 from a
bottom end 234 of the rack 206 to a top end 236 of the
rack 206, with the upper end 236 of the rack 206 being
adapted for operative attachment thereto of the polished
rod 52. Specifically, as shown in FIG. 8, the upper end
236 of the rack 206 includes a top plate 238 having a
hole 240 extending therethrough and defining an upper
load bearing surface 241 of the upper end 236 of the rack
206.

[0075] The linear mechanical actuator apparatus 204,
of the second exemplary embodiment of the linear rod
pumping apparatus 200, also includes an actuator rod
242, having a lower end 244 thereof fixedly attached to
the top end of the polished rod 52 by a threaded joint or
other appropriate type of coupling. The actuator rod 242
extends upward from the lower end 244, through the
channel 230 in the rack 206 and the hole 240 in the top
plate 238 of the rack 206, and terminates at and upper
end 246 of the actuator rod 242 which is disposed above
the bearing surface 241 on the upper surface of the top
plate 238 of the rack 236. A rod clamp 248 is fixedly
attached below the upper end 246 of the actuator rod
242 and above the upper end 236 of the rack 206. The
clamp 248 has a lower load bearing surface thereof
adapted for bearing contact with the upper load bearing
surface 241 of the upper end 236 of the rack 206, for
transferring force between the actuator rod 242 and the
upper end 236 of the rack 206 when the lower load bear-
ing surface of the clamp 248 is in contact with the upper
load bearing surface 241 on the upper end 236 of the
rack 206.
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[0076] The clamp 248, of the exemplary embodiment
200 forms an expanded upper end of the actuator rod
242 having a configuration that is incapable of entry into
or passage through the hole 240 in the upper end 236 of
the rack 206. It will be further appreciated that, to facilitate
installation of the linear rod pumping apparatus 200 on
the well head 54, the actuator rod 242 may be allowed
to extend some distance beyond the collar 248, to thereby
provide some measure of adjustment to accommodate
variations in the positioning of the upper end of the pol-
ished rod 52, with respect to the lower end of the lower
section 218 of the housing of the linear mechanical ac-
tuator arrangement 204. The upper section 214, of the
housing of the linear mechanical actuator arrangement
204 includes sufficient head space to accommodate a
portion of the actuator rod 242 extending above the clamp
248. It will be appreciated that, in some embodiments of
the invention, a linear rod pumping apparatus 200 may
be formed without the actuator rod 242 such that the pol-
ished rod 52, or an extension thereof, may be fed longi-
tudinally entirely through the rack 206 and clamped
above the upper end 236 of the rack 206 with a clamp
248. It is contemplated, however, that the addition of the
actuator rod 242 will substantially facilitate installation of
a linear rod pumping apparatus according to the inven-
tion.

[0077] As shown in FIG. 9, some forms of the second
exemplary embodiment 200 of the invention may also
include a tubular-shaped spacer 249 disposed about the
actuator 242 between the clamp 248 and the top plate
238 of the rack 206. Such a spacer 249 may be utilized
when practicing the invention with a clamp 248 having a
peripheral dimension which is larger than an opening 217
in the center section 216 of the housing.

[0078] As shownin FIGS. 7, 8 and 10, the linear me-
chanical actuator arrangement 204 of the second exem-
plary embodiment 200 of the invention includes four
guide rollers 250 arranged in two pairs, attached to the
center section 216 of the housing substantially opposite
the pinion 208, and configured to bear against the longi-
tudinally extending distal edges of the legs 226, 228 of
the rack 206 for urging the rack 206 into a gear mesh
relationship with the pinion 208. Two guide bars 252,
operatively extending from the middle section 216 of the
housing and substantially opposite from one another, are
provided for urging the rack 206 into alignment with the
pinion 208.

[0079] The middle section 216 of the housing functions
as a pinion housing, having a longitudinally extending
opening 254 (see FIG. 10) disposed about the pumping
axis 220 for passage therethrough of the rack 206, and
defining a rotational axis 256 of the pinion 208, with the
pinion axis 256 being laterally offset from, and extending
substantially perpendicularly to, the pumping axis 220.
[0080] A first, anti-drive end of the pinion 208 is jour-
naled in a pinion bearing 258 disposed in, and mounted
to, the pinion housing 216. The second, drive end 260 of
the pinion 208, in the linear mechanical actuator 204 of
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the second exemplary embodiment 200, is adapted for
connection to an output element 262 of the gearbox 210
and is supported by an output bearing 264 of the gearbox
210. By virtue of this arrangement, the output bearing
264 ofthe gearbox 210 serves two functions and provides
a more compact assembly than would be achievable in
an embodiment of the invention having an additional
bearing attached to the middle housing 216 for support-
ing the drive end 260 of the pinion 208. In other embod-
iments of the invention, however, an additional bearing
may be provided for supporting the drive end 260 of the
pinion 208.

[0081] To further reduce the size of the second exem-
plary embodiment of the linear rod pumping apparatus
200, the gearbox 210 is a right angle gear box having
input and output elements 266, 262 (see FIGS. 7 and 10)
arranged substantially at a right angle to one another,
with the output element 262 being oriented for alignment
with, and rotation substantially about, the pinion axis 256,
and the input element 266 of the gearbox 210 and the
rotatable shaft 222 of the motor 212 being oriented sub-
stantially parallel to the pumping axis 220. It will be un-
derstood that, in other embodiments of the invention, a
motor 212 may be operatively attached to the pinion 208
by a variety of other means and in other relative orienta-
tions.

[0082] As best seen in FIG. 8, the linear mechanical
actuator arrangement 204, of the second exemplary em-
bodiment 200 of the invention, also includes an oil sump,
formed by the lower section 218 of the housing, and con-
figured for containing a sufficient volume of lubricant
therein, such that a lower portion of the rack 206 is im-
mersed into the lubricant during at least a portion of each
stroke 84 of the pump 68 (FIG. 2). The sump includes
inner and outer longitudinally extending radially spaced
tubular walls 270, 272 sealingly connected at lower ends
thereof by the bottom end of the lower section 218 of the
housing, to thereby define an annular-shaped cavity ther-
ebetween, for receipt within the cavity of the volume of
the lubricant, and terminating in an annular-shaped open-
ing between upper ends of the inner and outer tubular
walls 270, 272. As will be understood from an examina-
tion of FIGS. 8 and 9, the inner tubular wall 270 of the
sump 268 has an inner periphery thereof disposed about
the actuator rod 242, and an outer periphery thereof dis-
posed within the channel 230 in the rack 206. The outer
tubular wall 272 of the sump 268 has an inner periphery
thereof disposed about the rack 206.

[0083] As shown in FIG. 8, the inner tubular wall 270
extends substantially above a fluid level 274 of the lubri-
cant within the sump 268, even when the rack 206 is
positioned in a maximum downward location thereof, so
that the lubricant is precluded from flowing over the top
end 275 of the inner tubular wall 270. By virtue of this
arrangement, it is not necessary, in the exemplary em-
bodiment 204 of the linear actuator arrangement of the
second exemplary embodiment 200 of the invention, to
provide any sort of packing between the lower end of the
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lower section 218 of the housing and the polished rod
52, or the actuator rod 242. It will be noted, however, that
in other embodiments of the invention, other arrange-
ments for providing lubrication of the rack in a sump may
be utilized, wherein it would be desirable to provide a
packing between the rod 52, 242 and the lower end of
the lower section 218 of the housing of the linear me-
chanical actuator arrangement 204.

[0084] With reference to FIG. 7, it is further contem-
plated that, in some embodiments of the invention, it may
be desirable to have the cross-sectional area of the sump
268 match the cross-sectional area of the rack 206, or a
lower end plate 276 (see FIG. 8) closely enough so that
immersion of the rack into the sump 268 generates hy-
draulic damping of the movement of the rack 206.
[0085] As shownin FIGS. 7 and 8, the linear mechan-
ical actuator arrangement, in the second exemplary em-
bodiment of a linear pumping apparatus 200 according
to the invention, includes a pair of nested helical com-
pression springs 278, 280, operatively positioned within
the annular cavity in the bottom of the sump 268, below
the lower end 234 of the rack 206, and configured for
engaging and applying an upwardly directed force to the
lower plate 276 on the lower end 234 of the rack 206,
when the lower end plate 276 comes into contact with a
longitudinally movable spring contact plate 282 config-
ured to rest on an upper end of the springs 278, 280 and
move longitudinally along the inner tubular wall 270 as
the springs 278, 280 act on the lower end 234 of the rack
206.

[0086] In the exemplary embodiment 200, the springs
278, 280 are configured for engaging and applying an
upwardly directed force to the lower end 236 of the rack
206 only when the lower end 234 of the rack 206 has
moved beyond a normal lower position of the rack 206
during a pump stroke. Such an arrangement provides a
safety cushion to safely bring the rack and rod string slow-
ly to a halt in the event that a fault condition should result
in the rack 206 moving downward to a longitudinal posi-
tion lower than would be attained during a normal pump
stroke. By virtue of this arrangement, a potentially dam-
aging impact between components of the linear mechan-
ical actuator arrangement and/or between the stationary
and traveling members of the pump 68 is precluded.
[0087] In other embodiments of the invention, howev-
er, the springs 278, 280 may be configured in such a
manner that they engage and apply an upwardly directed
force to the lower end of the rack during a portion of each
pump stroke, to thereby recover a portion of the kinetic
energy generated by the weight of the rod string and
pump during the downward portion of the pump stroke
under the force of gravity and utilize that stored energy
in the springs 278, 280 for aiding the action of the linear
rod pumping apparatus during the upward portion of the
stroke, in addition to precluding mechanical damage the
rack 206 or other components at the bottom of each
pumping stroke.

[0088] As best seen in FIGS. 8 and 10, the second
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exemplary embodiment of a linear rod pumping appara-
tus 200 also includes a position sensing arrangement for
sensing a position of the rack 206 along the pump axis
220. Specifically, the position sensing arrangement of
the second exemplary embodiment 200 includes a sta-
tionary position sensor 284 disposed adjacent the rack
206 at a mid-stroke position along the pumping axis 220
in combination with upper and a lower sensor flags 286,
288 attached to the rack 206, respectively, at the upper
and lower ends 236, 234 of the rack 206. The first and
second sensor flags 286, 288 are positioned along the
first leg 244 of the rack 206 in such a manner that the
flags 286, 288 are brought into juxtaposition with, and
sensed by, the sensor 284 during each complete pump-
ing stroke.

[0089] The upper sensor flag 286 and lower sensor
flag 288 are axially spaced from one another along the
rack 286 to form a gap between the upper and lower flags
286, 288 with the gap being substantially centrally longi-
tudinally disposed along the rack 206. The upper sensor
flag 286 extends substantially from the upper end 236 of
the rack 206 to a lower edge 290 of the upper sensor flag
286, which defines an upper end of the gap between the
upper and lower sensor flags 286, 288. The lower sensor
flag 288 extends substantially from the lower end of the
rack 206 to an upper edge 292 of the lower sensor flag
288, to thereby define the lower end of the gap between
the upper and lower sensor flags 286, 288.

[0090] By virtue of this arrangement, the sensor 284
produces an output, as shown in FIG. 11, having a sub-
stantially square wave 294 shape, with a step change
from a first state 296, while one or the other of the flags
286, 288 is juxtapose with the sensor 284, to a second
state 298, when the gap is juxtapose with the sensor 284.
[0091] The sensing arrangement described above, in
relation to the second exemplary embodiment 200 of the
invention, can be used with great efficacy in combination
with control apparatuses and methods of the type de-
scribedin commonly assigned U.S. PatentNo. 7,168,924
B2, to provide a highly precise, accurate, effective and
efficient calculation of the polished rod position and con-
trol of the linear rod pumping apparatus 200. The exem-
plary embodiment of the sensing arrangement described
above can also be utilized to control the motor 212 in
such a manner that downward motion of the rack 206 is
slowed as the bottom of the pump stroke is approached
through braking action of the motor 212, to thereby pro-
vide an electrically controlled velocity profile, which may
be used in addition to, or in place of, the springs 278, 280
of the second exemplary embodiment of a linear rod
pumping apparatus 200.

[0092] FIG. 12 shows a third exemplary embodiment
of a linear rod pumping apparatus, according to the in-
vention, having a linear mechanical actuator apparatus
302, including a rack 304 and pinion 306 gear train ar-
rangement, similar to the rack and pinion arrangement
of the second exemplary embodiment 200 described
above. The linear mechanical actuator 302, of the third
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exemplary embodiment 300, as shown in FIG. 11, is
mounted directly to the well head 54, through a standoff
arrangement 308.

[0093] The third exemplary embodiment of a linear rod
pumping apparatus 300, according to the invention, is
similar in many respects to the second exemplary em-
bodiment 200, described above, with several exceptions.
In the third exemplary embodiment 300, the polished rod
52 is shown as extending completely through the rack
304 along the pumping axis 220, and is secured at both
the upper and lower ends of the rack 304 by upper and
lower end plate and clamp arrangements 310, 312. A
stop block 314 is fixedly attached to the middle section
316 of the housing, in such a manner that the end plate
and clamping arrangements 310, 312 will contact the
stop block 314, and arrest further movement of the rack
304, to preclude having the rack 304 run off of the pinion
306.

[0094] The third exemplary embodiment of the linear
pumping rod apparatus 300 also includes only a single
pair of guide rollers 318, disposed for urging the rack 304
into a gear mesh arrangement with the pinion 306.
[0095] In the form illustrated in FIG. 12, the linear me-
chanical actuator arrangement 302 of the third exemplary
embodiment of the linear rod pumping apparatus 300
further, does not include the oil sump 268 or the springs
278, 280 of the second exemplary embodiment. It will be
understood, however, that in alternate embodiments of
the invention, various features of the exemplary embod-
iment shown herein can be used, omitted, or combined
together in forms other than the exemplary embodiments
of the invention shown in the drawings and specifically
described herein.

[0096] FIG. 13 shows a fourth exemplary embodiment
of a linear rod pumping apparatus 400, according to the
invention, in which a linear mechanical actuator arrange-
ment 402 that is substantially identical to the linear me-
chanicalactuator arrangement 302 of the third exemplary
embodiment 300 of the invention described above, in-
cludes a piston plate 404 attached to the lower end of
the rack 406 of the rack 406 and pinion 408 arrangement,
and the lower end of the lower section 410 of the housing
is cooperatively configured with the piston plate 404 in
such a manner that a gas tight cylinder is provided, below
the piston plate 404. A pneumatic storage apparatus 414,
such as an accumulator, is connected to the pneumatic
cylinder chamber 412 through a conduit 416, and a reg-
ulator 418 is disposed between the accumulator 414 and
the cylinder 412 for regulating pressure and volume of
the gas stored in the pneumatic cylinder and accumulator
412, 414.

[0097] By virtue of this arrangement, a counter-bal-
ance force may be applied to the lower end of the rack
406. Although only a singular accumulator 414 and reg-
ulating valve 418 are illustrated in FIG. 12, in some em-
bodiments of the invention it may be desirable to have
multiple accumulators and/or regulating valves 414, 416,
to aid in adjusting the counter-balance force applied to
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the lower end of the rack. Some embodiments of the in-
vention may also include venting part, or all of the pres-
sure generated in the pneumatic cylinder cavity 412 on
the downstroke. In the exemplary embodiment shown in
FIG. 13, the interior of the lower section 410 of the hous-
ing is vented to atmosphere above the highest level of
travel of the piston plate 404.

[0098] It will be understood, that the pneumatic coun-
ter-balancing arrangement of the fourth exemplary em-
bodiment 400 of the invention may also be incorporated
into other embodiments of the invention, including some
or all of the features of the first and second exemplary
embodiments 100, 200 of the invention described above.
[0099] FIG. 14 shows a first exemplary embodiment of
a motor drive 500 for use in a control arrangement in
embodiments of the invention having an electric motor.
The motor drive 500 includes a rectifier bus charging sec-
tion 502, a capacitor bank section 504, a dynamic braking
section 506, and an inverter motor output section 508
connected along common bus rails 510, 512, for con-
necting a three phase power input R, S, T to a three
phase output U, V, W, provided to the motor.

[0100] When the motor is drawing power, diodes in the
charging section 502 charge the capacitor bank 504 and
an IGBT bridge arrangement in the inverter motor output
section 508 modulates capacitor voltage to control cur-
rent in the motor windings.

[0101] When the motor is regenerating power, due to
braking action, as the rod string pulls the rack downward
on the return/fill portion of the pump stroke, for example,
diodes in the inverter motor output section 508 transfer
power to the capacitor bank 504, causing capacitor bank
voltage to rise. The first exemplary embodiment of the
motor drive 500 provides two options for dealing with the
energy that is transferred to the capacitor bank during
braking. In some forms of the invention, the capacitor
bank 504 includes sufficient capacitance to store the en-
ergy generated during braking action, without exceeding
voltage limits on the rails 510, 512. Alternatively, a dy-
namic braking IGBT 514 in the dynamic braking section
506 may be turned on to allow the energy generated dur-
ing braking action to be dissipated across a dynamic
braking resistor 516 of the dynamic braking section 506.
[0102] FIG. 15 shows a second exemplary embodi-
ment of a motor drive 600 for use with an electric motor
in practicing the invention. The second exemplary em-
bodiment of the motor drive 600 is substantially identical
to the first exemplary embodiment of the motor drive 500,
as described above, except that an IGBT switching
bridge is provided in parallel with the diodes in the rectifier
section to provide a regenerative bus charging section
602, a capacitor bank section 604, a dynamic braking
section 606 and an inverter motor output section 608
disposed across a pair of common rails 610, 612 for con-
necting a three phase R, S, T input to the motor drive to
a three phase U, V, W connection to the motor.

[0103] In the second exemplary embodiment of the
motor drive 600, when the motor is drawing power the
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diodes in the regenerative bus charging section 602
charge capacitors in the capacitor bank 604 and an IGBT
bridge in the inverter motor output section 608 modulates
capacitor voltage in the capacitor bank section 604 to
control current in the motor windings.

[0104] In the second exemplary embodiment of the
motor drive 600, when the motor regenerates power due
to braking action, diodes in the inverter motor output sec-
tion transfer power to the capacitor bank 604, causing
capacitor bank voltage to rise. The second exemplary
embodiment of the motor drive 600 provides three op-
tions for dealing with the energy being transferred to the
capacitor bank.

[0105] In one option, the capacitor bank section 604
has sufficient capacitance to store the energy generated
during braking, without exceeding voltage limits.

[0106] With the second option, a dynamic braking 1G-
BT 614 of the dynamic braking section 606 is turned on,
and all, or a portion of the energy generated during brak-
ing, is dissipated across a dynamic braking resistor 616
of the dynamic braking section 606.

[0107] In the third optional mode of operation, the IG-
BTs in the regenerative bus charging section are
switched to modulate the capacitor voltage of the capac-
itor bank section in such a manner as to allow a transfer
of the power generated during braking back to the incom-
ing three phase R, S, T source.

[0108] Those having skill in the art will recognize that,
through practice of the invention, significant advantages
are provided as compared to prior pumping apparatuses
and methods, such as the control of a walking-beam-
type, or a belt-driven, pumping apparatus controlled by
a rod pump control system as disclosed in the above
-referenced, commonly assigned, U.S. Patent No.
7,168,924 B2, to Beck et al, titled "Rod Pump Control
System Including Parameter Estimator." It will be further
recognized that a rod pump control system, including pa-
rameter estimation, of the type disclosed in Beck et al.,
U.S. 7,168,924 B2, may be used with considerable effi-
cacy in combination with a linear rod pumping apparatus,
according to the present invention.

[0109] For example, it will be readily appreciated that
in a linear rod pumping apparatus, according to the in-
vention, the surface position of the pump rod, and the
current load on the pump rod above the surface of the
ground may be readily determined, without the need for
down-hole sensors, by virtue of the elegantly simple con-
struction of the linear mechanical actuator arrangement
and the direct relationship that exists between the vertical
position of the vertically movably member of the linear
mechanical actuator arrangement and the rotatable ele-
ment of the motor. Where the motor is an electric motor,
forexample, the vertical position of the vertically movable
member can be directly determined from the

angular rotational position of the motor shaft, and the
load on the rod above the surface of the ground can be
readily determined from motor current and voltage, in
accordance with the apparatuses and methods of a rod
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pump control system including parameter estimation, as
taught by Beck et al., or through the use of other appli-
cable methods and apparatuses in accordance with the
teachings with the present invention. Other parameters
useful for controlling a linear rod pumping apparatus, in
accordance with the invention, such as direction and
speed of the vertical member and/or the motor shaft, and
the magnitude and direction of motor torque can also
readily be obtained through use of a rod pump control
system according to Beck et al., or any other appropriate
apparatus and method in accordance with the presence
invention.

[0110] Once the above-ground parameters, such as
surface rod position and load are determined for a linear
rod pumping apparatus, according to the invention, a
model of dynamic rod performance, of the type disclosed
in Beck etal., orany other appropriate apparatus or meth-
od for modeling the dynamic performance of the pump
rod, may be utilized to determine a down-hole pump po-
sition and load. The pump dynamic model may then also
be utilized to determine pump "fillage" as a percentage
of the total capacity of the sucker-rod pump, in real time.
[0111] Operation of the linear rod pumping apparatus
can then be controlled and adjusted to provide a vertical
stroke length and speed of the vertically movable mem-
ber of the linear rod pumping apparatus, according to the
invention, to achieve a target desired pump fillage per-
centage. Practice of the invention also contemplates con-
trolling the linear rod pumping apparatus in a manner
consistent with optimizing other performance parameters
of a particular well installation, such as minimizing power
consumption by the motor for a given volume of pumped
fluid, or minimizing variation in the level of input power
draw in a manner which might be desirable in hydrocar-
bon well installations wherein the motor of the linear rod
pumping apparatus receives input power from an engine-
driven generator.

[0112] Those having skill in the art will readily recog-
nize that the elegantly simple construction of a linear rod
pumping apparatus, according to the invention, results
in the operating members having very low inertias, as
compared to prior pumping apparatuses.

[0113] Those having skill in the art will further recog-
nize that the elegant simplicity of construction and oper-
ation of a linear rod pumping apparatus, according to the
invention, is inherently much more readily controllable
than walking-beam-type apparatuses in which complex
kinematic motions and large inertias of multiple intercon-
nected parts must be taken into consideration, in the
manner disclosed, for example, in the Beck et al. U.S.
Patent No. 7,168,924 B2, in order to determine the
present position and loading on the pumping apparatus
and control the input being provided by the pumping ap-
paratus to the pump rod. The complexities, and in par-
ticular the high inertias, of prior pumping apparatuses
also make it difficult to efficiently and effectively provide
control inputs for modifying performance of the down-
hole pump in real time.
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[0114] The low inertia of a linear rod pumping appara-
tus, according to the invention, provides particular ad-
vantages in affecting real time control of the pumping
apparatus, in a manner consistent with achieving a de-
sired performance from the sucker-rod pump. In some
modes of operation, however, the low inertia of a linear
rod pumping apparatus, according to the invention, must
be taken into account and compensated for, to preclude
having the weight of the rod string and fluid load accel-
erate the vertically movable member of the linear rod
pump downward more rapidly than is desirable during
the downward portion of the pump stroke under condi-
tions such as a loss of power to the motor, for example,
or periods of operation in which the traveling valve of the
sucker-rod pumpis notimmersed in fluid having sufficient
viscosity to provide hydraulic damping of the downward
movement of the traveling valve and rod string. Under
such operating conditions, the controlled stop provisions
at the bottom of the motion of the apparatus, as described
above, as provided mechanically through spring ele-
ments, or electrically through braking of the motor are
provided by the present invention, for use in combination
with a rod pump control system such as the one described
in Beck et al., or another appropriate control system to
preclude having the rod string drive the vertically movable
member of a linear rod pumping apparatus, according to
the invention, at an undesirably high speed and/or accel-
eration rate, and to preclude damaging of the down-hole
pump components by preventing "tagging" of the stand-
ing valve by the traveling valve.

[0115] With specific reference to the second exempla-
ry embodiment of a linear pumping rod apparatus 200,
according to the invention, as described above, a method
of operating a linear rod pumping apparatus, according
to the invention, might include the following eight steps.
During all eight steps, the instantaneous vertical velocity
of the rack 206 is calculated from the instantaneous an-
gular velocity of the motor shaft 222, and the position of
the actuator rod 242 is calculated by integration using
the instantaneous vertical velocity of the actuator rod
242.

Step 1. Begin with the actuator rod 242, in a fully
lowered position, and attached to the upper end of
the polished rod 52

Step 2. The motor 212 is then energized to acceler-
ate the rod to a predetermined "UP SPEED."

Step 3. As the motor 212 drives the rack 206 upward,
to thereby accelerate the actuator rod 242 to UP
SPEED, the output signal 294 (see FIG. 10) of the
stationary position sensor 284 is monitored to detect
the rising edge of the square-wave 294 caused by
the upper edge 292 of the lower reference flag 288
coming into juxtaposition with the position sensor
284.

If the upper edge 292 is detected before the rod 242
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reaches a calculated vertical rod position, corre-
sponding to a desired pump stroke, where the upper
edge 292 is within a predetermined reference posi-
tion window, or where the upper edge 292 is not de-
tected within a predetermined period of time or a
predetermined angular rotation of the motor shaft
222, a fault condition is identified and the motor 212
is operated in such a manner that the rack 206 and
actuator rod 242 are lowered to the fully lowered po-
sition at a very slow speed. Once the fully lowered
position is achieved, the method may begin again
by returning to step 1.

If the upper edge 292 of the lower reference flag 288
is detected, however, while the calculated rod posi-
tion is within the predetermined raised rod reference
position window, the calculated rod position is set to
the raised rod reference position value, and the in-
stantaneous vertical position of the actuator rod 242
is calculated by integration using the upward velocity
of the actuator rod 242.

Step 4. Asthe actuatorrod 242 approaches a desired
top of stroke position, the motor 212 is operated in
such a manner that the upward speed of the rod 242
decelerates so that the upward velocity is reduced
to substantially zero at the desired top of stroke po-
sition.

Step 5. From the top of stroke position, the motor
212 is operated in such a manner that the actuator
rod 242 accelerates to a "DOWN SLOW SPEED."
From the foregoing description of exemplary embod-
iments, it will be understood that during downward
motion of the actuator rod 242, the motor 212 is op-
erated in a braking mode, by commanding the motor
212 to drive the pinion 208 at a slower rotational
speed than the pinion 208 would otherwise achieve
due to the downward forces on the rack 206 caused
by the weight of the rod string and any fluid loads
acting on the sucker-pump apparatus, so that a net
braking torque is applied to the pinion 208.

Step 6. As the rod 242 moves downward, at DOWN
SLOW SPEED, the output of the position sensor 282
is monitored to detect a rising edge of the reference
signal 294 caused by the lower end 290 of the upper
reference flag 286 coming into juxtaposition with the
position sensor 282. If this edge 290 is detected be-
fore apredetermined calculated rod position whereat
the rod 242 is within a lowered rod reference position
window, or is not detected, a fault condition is iden-
tified and the motor 212 is operated in such a manner
that the actuator rod 242 is lowered to the fully low-
ered position at a very low speed. Once the actuator
rod 242 has reached the fully lowered position, the
method may thenreturn to step 1 above. If, however,
the lower edge 290 of the upper reference flag 286
is detected, while the calculated rod position is within
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a desired lower rod reference position window, the
calculated rod position is reset to the measured low-
ered rod reference position value, and the rod 242
is allowed to continue downward, while rod position
is calculated by integration of the downward velocity
of the rod 242.

As the actuatorrod 242 is lowered, load on the down-
hole pump is determined, by monitoring motor
torque, for example. When the load on the down-
hole pump drops to a very low level, i.e. drops below
a predetermined threshold indicating that the
traveling valve has opened, the motor 212 is oper-
ated such that the actuator rod 242 can accelerate
to a"DOWN FAST SPEED."

Step 7. As the actuator rod 242 continues downward
at DOWN FAST SPEED, the vertical position of the
actuator rod 242 is monitored, and the down-hole
position of the traveling valve is calculated. As the
actuator rod 242 approaches a predetermined bot-
tom of stroke position, which may be vertically above
the fully lowered position of the actuator rod 242, the
motor 212 is operated in a braking mode, to provide
a velocity profile, such that the actuator rod 242 is
decelerated to substantially zero velocity at the de-
sired bottom of stroke position.

Step 8. Once the actuator rod 242 has reached the
desired bottom of stroke position, operation of the
linear rod pumping apparatus 200 is continued by
returning to step 2 above, and repeating steps 2-8
for each pump stroke.

With reference to FIGS. 2 and 13, operation, accord-
ing to the invention, of a linear pumping apparatus
having an electric motor driven by a motor drive 110,
500 controlled by a controller 108 will be described,
fora"power loss" fault condition, wherein the method
may include the following four steps:

Step A. The controller 108 detects a loss of line pow-
er whenever voltage across the common power
busses 510, 512 drops below a predetermined min-
imum threshold value.

Step B. If the actuator rod 242 is moving upward, at
the time that a line power loss is detected, the con-
troller 108 commands the motor 104, 212 to enter a
reverse braking mode in which the motor 104, 212
acts as a generator as the rack 206 continues to
move upward, due to inertia in the linear rod pumping
apparatus, to keep the voltage across the busses
510, 512 at a level which would allow the motor drive
110, 500 to continue to control the motor 104, 212.

Step C. If the actuator rod 242 is moving downward,
at the time that a line power loss is detected or after
braking action of Step B has caused the actuator rod
242 to begin downward motion, the controller 108
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commands the motor 212 to operate in a braking
mode, to limit the lowering speed of the actuator rod
242 in such a manner thatimpact forces are reduced
when the rack 206 contacts the springs 278, 280,
and also causing the motor 104, 212 to act as a gen-
erator and keep the voltage across the busses 310,
312 at a level which allows the motor drive 110, 500
to continue to control the motor 104, 212.

Step D. When the actuator rod 242 has reached a
fully lowered position, the voltage across the busses
310, 312 will decay and the motor drive 110, 500 is
turned off until line power is restored.

[0116] Those having skill in the art will recognize, that
the above-described exemplary embodiments of normal
operation and various fault conditions, for exemplary em-
bodiments of the invention, are provided solely for the
purpose of helping the reader to more fully understand
the invention, and are by no means intended to limit the
scope of the invention. It will be further understood, that
the invention may be practiced in a wide array of other
forms, within the scope of the invention.

[0117] Those having skill in the art will also appreciate,
that a linear rod pump apparatus and/or method, accord-
ing to the invention, provides significant advantages, in
addition to being physically smaller, in comparison to
both a conventional walking beam pumping apparatus,
and other prior pumping apparatuses, such as the hy-
draulic motor driven pump jack device of Saruwatari.
[0118] The use of the terms "a" and "an" and "the" and
similar referents in the context of describing the invention
(especially in the context of the following claims) is to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. The terms "comprising," "having," "including," and
"containing" are to be construed as open-ended terms
(i.e., meaning "including, but not limited to,") unless oth-
erwise noted. Recitation of ranges of values herein are
merely intended to serve as a shorthand method of re-
ferring individually to each separate value falling within
the range, unless otherwise indicated herein, and each
separate value is incorporated into the specification as
if it were individually recited herein. All methods de-
scribed herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples,
or exemplary language (e.g., "such as") provided herein,
is intended merely to better illuminate the invention and
does not pose a limitation on the scope of the invention
unless otherwise claimed. No language in the specifica-
tion should be construed as indicating any non- claimed
element as essential to the practice of the invention.
[0119] Preferred embodiments of this invention are de-
scribed herein, including the best mode known to the
inventors for carrying out the invention. Variations of
those preferred embodiments may become apparent to
those of ordinary skillin the art upon reading the foregoing
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description. The inventors expect skilled artisans to em-
ploy such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention
includes all modifications and equivalents of the subject
matter recited in the claims appended hereto as permit-
ted by applicable law. Moreover, any combination of the
above-described elements in all possible variations
thereof is encompassed by the invention unless other-
wise indicated herein or otherwise clearly contradicted
by context.

Claims

1. Alinear rod pumping apparatus (100), for imparting
reciprocating substantially vertical motion to a rod
(52) of asucker-rod pump (68) having a pump stroke,
the apparatus comprising:

alinear mechanical actuator arrangement (102),
having a substantially vertically movable mem-
ber attached to the rod of the sucker-rod pump
for imparting and controlling reciprocating verti-
cal motion of the rod of the sucker-rod pump; and
a reversible motor (104) having a reversibly ro-
tatable element thereof operatively connected
to the substantially vertically movable member
of the linear mechanical actuator arrangement
in a manner establishing a fixed relationship be-
tween the rotational position of the motor and
the vertical movement of the vertically movable
member as the reversibly rotatable motor is al-
ternately rotated in a first direction for a first por-
tion of the pump stroke and then in a second
opposite direction during a second portion of the
pump stroke;

the linear mechanical actuator arrangement in-
cluding a rack (206) and pinion (208) gearing
arrangement, with the rack being disposed for
operation in a substantially vertical direction for
reciprocating motion along a pumping axis;

the rack being operatively connected in gear
mesh relationship with the pinion, and the pinion
being operatively connected to the rotating out-
put of the motor, such that rotation of the motor
in afirst direction is accompanied by a substan-
tially vertically upward motion of the rack along
the pumping axis, and such that a substantially
vertically downward motion of the rack along the
pumping axis is accompanied by rotation of the
motor rotatable element in a second direction
opposite the first direction;

the rack (206) also being operatively connected
to the rod (52) of the sucker- rod pump for im-
parting vertically upward motion to the rod of the
sucker-rod pump along the pumping axis when
the rack is moving upward; and
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the rack further being operatively connected to
the rod of the sucker-rod pump such that the rod
of the sucker-rod pump exerts a substantially
vertically downward directed force on the rack,
acting substantially along the pumping axis, dur-
ing a portion of the pump stroke;

the rack having a longitudinally directed opening
(230) therein extending along the pumping axis
from a bottom end (234) of the rack to a top end
(236) of the rack, when the linear mechanical
actuatoris operatively disposed above the suck-
er-rod pump;

the rack also having an upper end thereof adapt-
ed for operative attachment of the rod thereto;
the upper end of the rack defines a hole (240)
therethrough and an upper load bearing surface
(241) thereof;

the rod has an upper end thereof slideably ex-
tending through the hole in the upper end of the
rack; and

the linear mechanical actuator arrangement fur-
ther including a rod securing clamp (248) fixedly
attached to the upper end of the rod above the
upper end of the rack;

the rod securing clamp having a lower load bear-
ing surface thereof adapted for bearing contact
with the upper load bearing surface of the upper
end of the rack, for transferring force between
the rod and the upper end of the rack when the
lower load bearing surface of the clamp is in con-
tact with the upper load bearing surface on the
upper end of the rack; the rack having a sub-
stantially U-shaped cross section, with first and
second legs (224,226) extending from a bight
section (228) in such a manner that the legs and
bightdefine the longitudinally extending opening
(230) in the rack, in the form of an open channel
disposed about the pumping axis, with an outer
surface of the bight, facing substantially oppo-
sitely from the legs including gear teeth of the
rack (206) for engagement with corresponding
gear teeth of the pinion (208); the liner rod pump-
ing apparatus also having one or more guide
rollers (250) bearing against longitudinally ex-
tending distal edges of the legs (224,226) of the
rack, substantially opposite the pinion (208), for
urging the rack into gear mesh relationship with
the pinion;

characterised in that the linear rod pumping appa-
ratus further having a pair of guide bars (252) bearing
against the legs of the rack, substantially opposite
from one another, for urging the rack (206) into axial
gear mesh relationship with the pinion (208).

The apparatus of claim 1, further comprising, a pinion
housing (216) having a longitudinally extending
opening (254) therein disposed about the pumping
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axis (220) for passage therethrough of the rack
(206), and defining a rotational axis (256) of the pin-
ion, with the rotational axis of the pinion being later-
ally offset from and extending substantially perpen-
dicularly to the pumping axis.

The apparatus of claim 2, wherein:

a first anti-drive end of the pinion (208) is jour-
naled in a pinion bearing (258) disposed in and
mounted to the pinion housing (216);

asecond drive-end (260) of the pinion is adapted
for connection to an output element (262)of a
gearbox (210), and for being supported by an
output bearing of the gearbox.

4. The apparatus of claim 3, further comprising:

agearbox (210) operatively connected between
the motor (212) and the linear mechanical actu-
ator (204) apparatus;

the gearbox having an input element (266)
thereof operatively attached to the rotatable el-
ement of the motor for rotation therewith;

the gearbox also having an output element (262)
thereof operatively attached to the pinion for ro-
tation therewith.

The apparatus of claim 4, wherein, the input and out-
put elements (266, 262) of the gearbox are arranged
substantially at a right angle to one another, with the
output element being oriented for alignment with and
rotation substantially about the pinion axis (256), and
the input element of the gearbox and the rotatable
element of the motor being oriented substantially
parallel to the pumping axis (220).

The apparatus of claim 1, further comprising, a con-
trol arrangement (106) operatively connected to the
motor (104), for controlling the motor, wherein: the
control arrangement operates the motor in a driving
mode to urge upward movement of the rack on an
upward portion of the stroke of the pump rod; and

the control arrangement operates the motor in a
braking mode during downward movement of the
rack on a downward portion of the stroke of the pump
rod; and wherein, the control arrangement includes
an energy storage element for storing energy gen-
erated during the braking mode of operation of the
motor, wherein, the control arrangement is config-
ured for utilizing the stored energy in the energy stor-
age element to assist in driving the motor during the
driving mode, and wherein, the control arrangement
also includes an energy dissipation element for dis-
sipating energy generated during the braking mode
of operation of the motor, and the control arrange-
ment is selectively configurable for operation of one
or the other of the energy storage and energy dissi-
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The apparatus of claim 1, further comprising, an oil
sump disposed below the lower end of the rack (206)
and configured for containing a volume of lubricant
therein and for receiving a portion of the rack adja-
cent the lower end of the rack, to thereby apply the
lubricant to the rack.

The apparatus of claim 7, wherein, the sump and the
volume of lubricant therein are configured and posi-
tioned such that the portion of the rack (206) is im-
mersed into the lubricant during at least a portion of
each stroke (84) of the pump (68).

The apparatus of claim 8, wherein:

the sump includes inner and outer longitudinally
extending radially spaced tubular walls (270,
272) sealingly connected at lower ends thereof,
defining an annular shaped cavity therebe-
tween, for receipt within the cavity of the volume
of lubricant, and terminating in an annular
shaped opening between upper ends of the in-
ner and outer tubular walls;

the inner tubular wall of the sump has an inner
periphery thereof disposed about the pump rod
and an outer periphery thereof disposed within
the opening in the rack; and

the outer tubular wall of the sump has an inner
periphery thereof disposed about the rack.

The apparatus of claim 9, further comprising, a
spring member operatively positioned within the cav-
ity in the sump, below the lower end of the rack (206),
and configured for engaging and applying an up-
wardly directed force to the lower end of the rack
when the lower end of the rack has moved beyond
a normal lower position of the rack during a pump
stroke (84).

The apparatus of claim 9, further comprising, a
spring member operatively positioned within the cav-
ity below the lower end of the rack (206), and con-
figured for engaging and applying an upwardly di-
rected force to the lower end of the rack during a
portion of each pump stroke (84).

A method for operating a linear rod pumping appa-
ratus (100) including a linear mechanical actuator
arrangement (102) and a reversible motor (104),
wherein the linear mechanical actuator has a sub-
stantially vertically movable member adapted for at-
tachment to a rod of a sucker-rod pump for imparting
and controlling vertical motion of the rod of the suck-
er-rod pump, and the reversible motor is operatively
connected to the substantially vertically movable
member of the linear mechanical actuator arrange-
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ment with a pinion gear operatively coupled to the
rotating output of the motor establishing a fixed re-
lationship between the rotational position of the mo-
tor and the vertical position of the vertically movable
member, the method comprising:

operating the motor (104) in a manner imparting re-
ciprocating substantially vertical motion to the verti-
cally movable member, with the motor configured to
exert a force on the vertically movable member in
one direction and in another opposite direction;

operating the motor (104) in a driving mode, for
applying torque to the pinion gear in a first di-
rection to urge rotation of the pinion gear in the
first direction and upward movement of the ver-
tically movable member on an upward portion
of a stroke (84) of the sucker-pump rod; and
charaterised by operating the motor (104) in a
braking mode, for applying a net torque to the
pinion gear in the first direction for resisting ro-
tation of the pinion gear in the opposite direction
during downward movement of the vertically
movable member on a downward portion of the
stroke (84) of the sucker-pump rod.

The method of claim 12, further comprising, deter-
mining dynamic operation of the pump rod (52) and
controlling the motor (104) in accordance with the
dynamic operation of the pump rod.

The method of claim 12, wherein, the motor gener-
ates energy during the braking mode, and the meth-
od further comprises, extracting at least a portion of
the generated energy during the braking mode.

The method of claim 14, further comprising, utilizing
the extracted energy to assist in driving the motor
(104) during at least one of the driving and braking
modes.

The method of 14, further comprising, dissipating the
energy generated during the braking mode of oper-
ation of the motor.

The method of claim 12, further comprising, control-
ling the motor (104) in accordance with sensed val-
ues of one or more parameters of the group of pa-
rameters consisting of: linear position of the vertically
movable member; rotational position of the rotatable
element of the motor; motor torque; motor speed;
motor acceleration; and motor input power.

The method of claim 12, further comprising:

detecting a fault condition from the group of
faults consisting of, loss of power to the motor,
loss of control of the motor, non-filling of the
pump, breakage of the rod, overheating of the
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motor; and
taking corrective action.

The method of claim 18, comprising, controlling the
motor (104) to affect the corrective action.

The method of claim 18, wherein, the corrective ac-
tion taken is one of a group of corrective actions from
the group consisting of: applying braking; changing
pump stroke length; changing pump stroke frequen-
cy; dwelling in a non-pumping state; entering a mode
of operation in which the pump rod is slowly lowered
to a resting position; and, entering a start-up mode
of operation.

The method of claim 12, further comprising, sensing
a vertical position of the vertically movable member
along a pumping axis, and controlling the motor ac-
cording to the sensed vertical position.

The method of claim 21, wherein:

the linear rod pumping apparatus includes a po-
sition sensing arrangement comprising, a sta-
tionary position sensor disposed adjacent the
vertically movable member at a mid-stroke po-
sition thereof along the pumping axis (220), and
a sensor flag attached to the vertically movable
member and disposed such that the flag is jux-
taposed with and sensed by the sensor during
each pumping stroke; and

the method further comprises, detecting the ver-
tical position of the vertically movable member
by detecting juxtaposition of the flag with the
sensor during each pump stroke (84).

The method of claim 22, wherein:

the sensing arrangement further comprises, an
upper sensor flag and a lower sensor flag axially
spaced from one another along the rack to form
a gap between the upper and lower flags, with
the gap being substantially centrally longitudi-
nally disposed along the rack (206);

the upper sensor flag extends substantially from
the upper end of the rack to a lower edge of the
upper sensor flag defining an upper end of the
gap between the upper and lower sensor flags;
the lower sensor flag extends substantially from
the lower end of the rack to an upper edge of
the lower sensor flag defining the lower end of
the gap between the upper and lower sensor
flags; and

the method further comprises, detecting the ver-
tical position of the vertically movable member
by detecting juxtaposition of the sensor with at
least one of the upper and lower sensor flags
during each pump stroke.
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The method of claim 23, further comprising, detect-
ing an output of the sensor having a substantially
square wave shape with a step change from a first
state while one or the other of the upper and lower
flags is juxtaposed with the sensor, to a second state
when the gap is juxtaposed with the sensor.

A method for extending the operating life of a hydro-
carbon well having walking beam apparatus (50) op-
eratively connected thereto for imparting reciprocat-
ing substantially vertical motion to a rod (52) of a
sucker-rod pump having a pump stroke (84) dis-
posed in the well, the method comprising:

disconnecting the rod from the walking beam
apparatus, and operatively connecting the rod
to a linear rod pumping apparatus (100) includ-
ing a linear mechanical actuator arrangement
(102) and a reversible motor (104);

operating the linear rod pumping apparatus at a
slower stroke rate than the stroke rate of the
walking beam pump prior to its replacement by
the linear rod pump;

wherein the linear mechanical actuator arrange-
ment, has a substantially vertically movable
member attached to the rod of the sucker-rod
pump for imparting and controlling vertical mo-
tion of the rod of the sucker-rod pump; and

the reversible motor has a reversibly rotatable
element thereof operatively connected to the
substantially vertically movable member of the
linear mechanical actuator arrangement in a
manner establishing a fixed relationship be-
tween the rotational position of the motor and
the pump stroke.

The method of claim 25, further comprising, leaving
the walking beam apparatus in place adjacent the
well.

The method of claim 25, further comprising, remov-
ing the walking beam pump while operating the well
with the linear rod pumping apparatus.

The method of claim 25 or claim 27, further compris-
ing, mounting the linear rod pumping apparatus on
a well head of the well, to thereby preclude the need
for a separate mounting structure for the linear rod
pumping apparatus.

Patentanspriiche

1.

Lineare Kolbenstangenpumpe (100) zur Ubermitt-
lung einer im Wesentlichen vertikalen Hin- und Her-
bewegung zu einer Kolbenstange (52) einer einen
Pumpenhub aufweisenden Pferdekopfpumpe (68),
wobei die Pumpe Folgendes umfasst:
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eine lineare mechanische Betatigeranordnung
(102), die ein im Wesentlichen vertikal beweg-
bares Element aufweist, das an der Kolbenstan-
ge der Pferdekopfpumpe angebracht ist, um ei-
ne vertikale Hin- und Herbewegung der Kolben-
stange der Pferdekopfpumpe zu Ubermitteln
und zu steuern, und

einen umschaltbaren Motor (104), der ein um-
schaltbar drehbares Element desselben auf-
weist, das mit dem im Wesentlichen vertikal be-
wegbaren Element der linearen mechanischen
Betatigeranordnung auf eine Weise wirkverbun-
den ist, dass ein festes Verhaltnis zwischen der
Drehposition des Motors und der vertikalen Be-
wegung des vertikal bewegbaren Elements her-
gestellt wird, wahrend der umschaltbar drehba-
re Motor abwechselnd fiir einen ersten Teil des
Pumpenhubs in einer ersten Richtung und an-
schlieRend wahrend eines zweiten Teils des
Pumpenhubs in einer zweiten entgegengesetz-
ten Richtung gedreht wird,

wobei die lineare mechanische Betatigeranord-
nung eine Getriebeanordnung mit einer Zahn-
stange (206) und einem Ritzel (208) aufweist,
wobei die Zahnstange flr den Betrieb in einer
im Wesentlichen vertikalen Richtung zur Hin-
und Herbewegung entlang einer Pumpachse
angeordnet ist,

wobei die Zahnstange in einem Eingriffsverhalt-
nis mit dem Ritzel wirkverbunden ist und das
Ritzel mit dem drehenden Abtrieb des Motors
wirkverbunden ist, und zwar auf eine solche
Weise, dass eine Drehung des Motors in einer
ersten Richtung von einer im Wesentlichen ver-
tikalen, nach oben gerichteten Bewegung der
Zahnstange entlang der Pumpachse begleitet
wird, und auf eine solche Weise, dass eine im
Wesentliche vertikale nach unten gerichtete Be-
wegung der Zahnstange entlang der Pumpach-
se von einer Drehung des drehbaren Motorele-
ments in einer entgegengesetzt zu der ersten
Richtung verlaufenden zweiten Richtung beglei-
tet wird,

wobei die Zahnstange (206) auBerdem mit der
Kolbenstange (52) der Pferdekopfpumpe wirk-
verbunden ist, um eine vertikale, nach oben ge-
richtete Bewegung zu der Kolbenstange der
Pferdekopfpumpe entlang der Pumpachse zu
Ubermitteln, wenn sich die Zahnstange nach
oben bewegt, und

wobei die Zahnstange ferner mit der Kolben-
stange der Pferdekopfpumpe auf eine solche
Weise wirkverbunden ist, dass die Kolbenstan-
ge der Pferdekopfpumpe wahrend eines Teils
des Pumpenhubs eine im Wesentlichen vertika-
le, nach unten gerichtete Kraft auf die Zahnstan-
ge ausibt, die im Wesentlichen entlang der
Pumpachse wirkt,
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wobei die Zahnstange eine in Langsrichtung
verlaufende Offnung (230) in derselben auf-
weist, die sich entlang der Pumpachse von ei-
nem unteren Ende (234) der Zahnstange zu ei-
nem oberen Ende (236) der Zahnstange er-
streckt, wenn derlineare mechanische Betatiger
Uber der Pferdekopfpumpe wirkangeordnet ist,
wobei die Zahnstange aulRerdem ein oberes En-
de derselben aufweist, das fir eine Wirkanbrin-
gung der Kolbenstange an demselben geeignet
ist,

wobei das obere Ende der Zahnstange ein Loch
(240) durch dasselbe und eine obere tragende
Flache (241) derselben festlegt,

wobei die Stange ein oberes Ende derselben
aufweist, das sich durch das Lochin dem oberen
Ende der Zahnstange erstreckt, und

wobei die lineare mechanische Betatigeranord-
nung ferner eine Kolbenstangensicherungs-
klemme (248) umfasst, die fest an dem oberen
Ende der Kolbenstange tiber dem oberen Ende
der Zahnstange angebracht ist,

wobei die Kolbenstangensicherungsklemme ei-
ne untere tragende Flache derselben aufweist,
die fir einen tragenden Kontakt mit der oberen
tragenden Flache des oberen Endes der Zahn-
stange geeignet ist, um eine Kraft zwischen der
Kolbenstange und dem oberen Ende der Zahn-
stange zu Ubertragen, wenn sich die untere tra-
gende Flache der Klemme in Kontakt mit der
oberen tragenden Flache an dem oberen Ende
der Zahnstange befindet, wobei die Zahnstange
einen im Wesentlichen U-férmigen Querschnitt
aufweist, wobei sich ein erster und ein zweiter
Schenkel (224, 226) von einem Biegungsab-
schnitt (228) auf eine solche Weise erstrecken,
dass die Schenkel und die Biegung die sich in
Langsrichtung erstreckende Offnung (230) in
der Zahnstange in Form eines um die Pumpach-
se angeordneten offenen Kanals festlegen, wo-
bei eine AuRRenflache der Biegung im Wesentli-
chen gegeniiber den Schenkeln abgewandt ist
und eine Verzahnung der Zahnstange (206)
zum Eingriff mit einer entsprechenden Verzah-
nung des Ritzels (208) umfasst, wobei die line-
are Kolbenstangenpumpe aul3erdem eine oder
mehrere Fihrungsrollen (250) aufweist, die an
den sich in Langsrichtung erstreckenden ent-
fernt gelegenen Réandern der Schenkel (224,
226) der Zahnstange im Wesentlichen gegeni-
ber dem Ritzel (208) anliegen, um die Zahnstan-
ge in ein Eingriffsverhaltnis mit dem Ritzel zu
zwingen,

dadurch gekennzeichnet, dass die lineare
Kolbenstangenpumpe ferner ein Paar Fuh-
rungsschienen (252) aufweist, die im Wesentli-
chen sich gegenuberliegend an den Schenkeln
der Zahnstange anliegen, um die Zahnstange
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(206) in ein axiales Eingriffsverhaltnis mit dem
Ritzel (208) zu zwingen.

Pumpe nach Anspruch 1, ferner umfassend ein Rit-
zelgehause (216), das eine sich in Langsrichtung
erstreckende Offnung (254) aufweist, die in demsel-
ben um die Pumpachse (220) angeordnet ist, um die
Zahnstange (206) durch dieselbe zu fiihren, und eine
Drehachse (256) des Ritzels festlegt, wobei die
Drehachse des Ritzels seitlich von der Pumpachse
abgesetzt ist und sich im Wesentlichen rechtwinklig
zu dieser erstreckt.

Pumpe nach Anspruch 2, wobei:

ein erstes nicht antreibendes Ende des Ritzels
(208) in einem Ritzellager (258) verzapftist, das
in dem Ritzelgehduse (216) angeordnet und an
demselben befestigt ist,

ein zweites antreibendes Ende (260) des Ritzels
geeignet ist, mit einem Abtriebselement (262)
eines Getriebes (210) verbunden zu werden und
von einem Abtriebslager des Getriebes gehal-
ten zu werden.

4. Pumpe nach Anspruch 3, ferner umfassend:

ein Getriebe (210), das zwischen dem Motor
(212) und der linearen mechanischen Betatiger-
vorrichtung (204) wirkgeschaltet ist,

das Getriebe ein Antriebselement (266) dessel-
ben aufweist, das an dem drehbaren Element
des Motors zur Drehung mit demselben wirkan-
gebracht ist,

das Getriebe aulRerdem ein Abtriebselement
(262) desselben aufweist, das an dem Ritzel zur
Drehung mit demselben wirkangebracht ist.

Pumpe nach Anspruch 4, wobei das Antriebs- und
das Abtriebselement (266, 262) des Getriebes im
Wesentlichen in einem rechten Winkel zueinander
angeordnet sind, wobei das Abtriebselement zur An-
ordnung in einer Linie mit der Ritzelachse (256) und
im Wesentlichen zur Drehung um dieselbe ausge-
richtet ist und das Antriebselement des Getriebes
und das drehbare Element des Motors im Wesent-
lichen parallel zu der Pumpachse (220) ausgerichtet
sind.

Pumpe nach Anspruch 1, ferner umfassend eine
Steueranordnung (106), die zur Steuerung des Mo-
tors mit dem Motor (104) wirkverbunden ist, wobei
die Steueranordnung den Motor in einem Antriebs-
modus betreibt, um eine nach oben gerichtete Be-
wegung der Zahnstange bei einem nach oben ge-
richteten Teil des Hubs der Pumpenstange zu er-
zwingen, und

die Steueranordnung den Motor in einem Bremsmo-
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dus wahrend einer nach unten gerichteten Bewe-
gung der Zahnstange bei einem nach unten gerich-
teten Teil des Hubs der Pumpenstange betreibt und
wobei die Steueranordnung ein Energiespeichere-
lement zur Speicherung der Energie umfasst, die in
dem Bremsbetriebsmodus des Motors erzeugt wird,
wobei die Steueranordnung dazu ausgelegt ist, die
in dem Energiespeicherelement gespeicherte Ener-
gie zu nutzen, um das Antreiben des Motors in dem
Antriebsmodus zu unterstiitzen, und wobei die Steu-
eranordnung aulerdem ein Energieableitelement
zur Ableitung der Energie umfasst, die in dem
Bremsbetriebsmodus des Motors erzeugt wird, und
die Steueranordnung gezielt dazu ausgelegt werden
kann, das Energiespeicherelement oder das Ener-
gieableitelement zu betreiben.

Pumpe nach Anspruch 1, ferner umfassend einen
Olsumpf, der unter dem unteren Ende der Zahnstan-
ge (206) angeordnet und dazu ausgelegt ist, eine
Schmiermittelmenge in demselben zu enthalten und
einen an das untere Ende der Zahnstange angren-
zenden Abschnitt der Zahnstange aufzunehmen, um
dadurch das Schmiermittel auf die Zahnstange zu
applizieren.

Pumpe nach Anspruch 7, wobei der Sumpf und die
darin enthaltene Schmiermittelmenge dazu ausge-
legt und auf eine solche Weise positioniert sind, dass
der Abschnitt der Zahnstange (206) wahrend we-
nigstens einem Teil jedes Hubs (84) der Pumpe (68)
in das Schmiermittel eingetaucht wird.

Pumpe nach Anspruch 8, wobei:

der Sumpf eine réhrenférmige Innenwand und
eine réhrenférmige Auflenwand (270, 272) um-
fasst, die sich in Langsrichtung erstrecken und
radial beabstandet sind und die an unteren En-
den derselben auf dichtende Weise verbunden
sind und einenringférmigen Hohlraum zwischen
denselben zur Aufnahme der Schmiermittel-
menge in dem Hohlraum festlegen und in einer
ringférmigen Offnung zwischen den oberen En-
den derréhrenférmigen Innenwand und der réh-
renfdrmigen AuRenwand enden,

die réhrenférmige Innenwand des Sumpfs einen
Innenumfang derselben, der um die Pumpen-
kolbenstange angeordnet ist, und einen AuRen-
umfang derselben aufweist, der innerhalb der
Offnung in der Zahnstange angeordnet ist, und
die réhrenférmige Auflenwand des Sumpfs ei-
nen Innenumfang derselben aufweist, der um
die Zahnstange angeordnet ist.

10. Pumpe nach Anspruch 9, ferner umfassend ein Fe-

derelement, das in dem Hohlraum in dem Sumpf un-
ter dem unteren Ende der Zahnstange (206) wirkpo-
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sitioniert und dazu ausgelegt ist, mit dem unteren
Ende der Zahnstange einzugreifen und eine nach
oben gerichtete Kraft auf dasselbe auszuiiben, wenn
sich das untere Ende der Zahnstange wahrend eines
Pumpenhubs (84) tiber eine normale untere Position
der Zahnstange hinaus bewegt hat.

Pumpe nach Anspruch 9, ferner umfassend ein Fe-
derelement, dasin dem Hohlraum unterdem unteren
Ende der Zahnstange (206) wirkpositioniert und da-
zu ausgelegt ist, wahrend eines Teils jedes Pum-
penhubs (84) mitdem unteren Ende der Zahnstange
einzugreifen und eine nach oben gerichtete Kraft auf
dasselbe auszulben.

Verfahren zum Betreiben einer linearen Kolbenstan-
genpumpe (100), die eine lineare mechanische Be-
tatigeranordnung (102) und einen umschaltbaren
Motor (104) umfasst, wobei der lineare mechanische
Betatiger ein im Wesentlichen vertikal bewegbares
Element aufweist, das zur Anbringung an eine Kol-
benstange einer Pferdekopfpumpe geeignet ist, um
eine vertikale Bewegung der Kolbenstange der Pfer-
dekopfpumpe zu Ubermitteln und zu steuern, und
der umschaltbare Motor mit dem im Wesentlichen
vertikal bewegbaren Element der linearen mechani-
schen Betatigeranordnung wirkverbunden ist, wobei
ein an den sich drehenden Abtrieb des Motors wirk-
gekoppeltes Ritzel ein festes Verhaltnis zwischen
der Drehposition des Motors und der vertikalen Po-
sition des vertikal bewegbaren Elements herstellt,
wobei das Verfahren Folgendes umfasst:

Betreiben des Motors (104) auf eine solche Wei-
se, dass eine im Wesentlichen vertikale Hin- und
Herbewegung zu dem vertikal bewegbaren Ele-
ment Ubermittelt wird, wobei der Motor dazu
ausgelegtist, in einer Richtung und in einer wei-
teren entgegengesetzten Richtung eine Kraft
aufdas vertikal bewegbare Element auszuliben,
Betreiben des Motors (104) in einem Antriebs-
modus, um ein Drehmoment an das Ritzel in
einer ersten Richtung anzulegen, um eine Dre-
hung des Ritzels in der ersten Richtung und eine
nach oben gerichtete Bewegung des vertikal be-
wegbaren Elements bei einem nach oben ge-
richteten Teil eines Hubs (84) der Pferdekopf-
pumpe zu erzwingen, und

gekennzeichnet durch das Betreiben des Mo-
tors (104) in einem Bremsmodus, um ein Netto-
drehmoment an das Ritzel in der ersten Rich-
tung anzulegen, um einer Drehung des Ritzels
in der entgegengesetzten Richtung wahrend ei-
ner nach unten gerichteten Bewegung des ver-
tikal bewegbaren Elements bei einem nach un-
ten gerichteten Teil des Hubs (84) der Pferde-
kopfpumpe zu widerstehen.
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Verfahren nach Anspruch 12, ferner umfassend das
Bestimmen eines dynamischen Betriebs der Pum-
penkolbenstange (52) und das Steuern des Motors
(104) in Ubereinstimmung mit dem dynamischen Be-
trieb der Pumpenkolbenstange.

Verfahren nach Anspruch 12, wobei der Motor in
dem Bremsmodus Energie erzeugt und das Verfah-
ren ferner das Gewinnen wenigstens eines Teils der
in dem Bremsmodus erzeugten Energie umfasst.

Verfahren nach Anspruch 14, ferner umfassend das
Nutzen der gewonnenen Energie, um das Antreiben
des Motors (104) in dem Antriebsmodus und/oder
dem Bremsmodus zu unterstiitzen.

Verfahren nach Anspruch 14, ferner umfassend das
Ableiten der Energie, die in dem Bremsbetriebsmo-
dus des Motors erzeugt worden ist.

Verfahren nach Anspruch 12, ferner umfassend das
Steuern des Motors (104) in Ubereinstimmung mit
den erfassten Werten eines oder mehrerer Parame-
ter aus der Gruppe von Parametern, die aus der Li-
nearposition des vertikal bewegbaren Elements, der
Drehposition des drehbaren Elements des Motors,
dem Motordrehmoment, der Motordrehzahl, der Mo-
torbeschleunigung und der Motoreingangsleistung
besteht.

Verfahren nach Anspruch 12, ferner umfassend:

Erkennen eines Fehlerzustands aus der Gruppe
von Fehlern, die aus einem Verlust der Strom-
versorgung des Motors, einem Verlust der Steu-
erung des Motors, einer Nichtbefiillung der
Pumpe, einem Bruch der Kolbenstange, einer
Uberhitzung des Motors besteht, und

Ergreifen von AbhilfemaRnahmen.

Verfahren nach Anspruch 18, umfassend das Steu-
ern des Motors (104), um die AbhilfemalRnahme zu
beeinflussen.

Verfahren nach Anspruch 18, wobei die ergriffene
AbhilfemaRnahme eine aus einer Gruppe von Abhil-
femalRnahmen aus der Gruppe ist, die aus einem
Betatigen der Bremse, einem Andern der Lénge des
Pumpenhubs, einem Andern der Frequenz des
Pumpenhubs, dem Verweilen in einem nicht pum-
penden Zustand, einem Wechseln in einen Betriebs-
modus, in dem die Pumpenkolbenstange langsam
in eine Ruheposition abgesenkt wird, und einem
Wechseln in einen Inbetriebsetzungsmodus be-
steht.

Verfahren nach Anspruch 12, ferner umfassend das
Erfassen einer vertikalen Position des vertikal be-
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wegbaren Elements entlang einer Pumpachse und
das Steuern des Motors in Ubereinstimmung mit der
erfassten vertikalen Position.

22. Verfahren nach Anspruch 21, wobei:

die lineare Kolbenstangenpumpe eine Positi-
onserfassungsanordnung, die einen festste-
henden Positionsfihler, der angrenzend an das
vertikal bewegbare Element in einer auf halber
Hoéhe des Hubs befindlichen Position desselben
entlang der Pumpachse (220) angeordnet ist,
und eine Fuhlermarkierung umfasst, die an dem
vertikal bewegbaren Element angebracht und
auf eine solche Weise angeordnet ist, dass die
Markierung bei jedem Pumpenhub neben dem
Fuhler liegt und von diesem erfasst wird, und
das Verfahren ferner das Erkennen der vertika-
len Position des vertikal bewegbaren Elements
durch Erkennen des Nebeneinanderliegens der
Markierung und dem Fihler bei jedem Pumpen-
hub (84) umfasst.

23. Verfahren nach Anspruch 22, wobei:

die Erfassungsanordnung ferner eine obere
Fihlermarkierung und eine untere Fihlermar-
kierung umfasst, die entlang der Zahnstange
axial voneinander beabstandet sind, um einen
Spaltzwischen der oberen und der unteren Mar-
kierung zu bilden, wobei der Spalt im Wesentli-
chen mittig in Langsrichtung entlang der Zahn-
stange (206) angeordnet ist,

sich die obere Fuhlermarkierung im Wesentli-
chen von dem oberen Ende der Zahnstange zu
einem unteren Rand der oberen Fihlermarkie-
rung erstreckt und dadurch ein oberes Ende des
Spalts zwischen der oberen und der unteren
Fuhlermarkierung festlegt,

sich die untere Fihlermarkierung im Wesentli-
chen von dem unteren Ende der Zahnstange zu
einem oberen Rand der unteren Fihlermarkie-
rung erstreckt und dadurch das untere Ende des
Spalts zwischen der oberen und der unteren
Fuhlermarkierung festlegt, und

das Verfahren ferner das Erkennen der vertika-
len Position des vertikal bewegbaren Elements
durch Erkennen des Nebeneinanderliegens des
Fihlers und der oberen und/oder der oberen
Fuhlermarkierung bei jedem Pumpenhub um-
fasst.

24. Verfahren nach Anspruch 23, ferner umfassend das

Erkennen, dass ein Ausgang des Fihlers eine im
Wesentlichen rechteckige Wellenform aufweist, wo-
bei ein Sprung aus einem ersten Zustand, in dem
die obere oder die untere Markierung neben dem
Fuhler liegt, in einen zweiten Zustand, in dem der
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Spalt neben dem Fhler liegt, erfolgt.

Verfahren zum Verlangern der Lebensdauer eines
Kohlenwasserstoffbohrlochs, aufweisend eine
Schwengelvorrichtung (50), die mit demselben wirk-
verbunden ist, um eine im Wesentlichen vertikale
Hin- und Herbewegung zu einer Kolbenstange (52)
einer Pferdekopfpumpe zu Gbermitteln, die einen in
dem Bohrloch angeordneten Pumpenhub (84) auf-
weist, wobei das Verfahren Folgendes umfasst:

Trennen der Kolbenstange von der Schwengel-
vorrichtung und Wirkverbinden der Kolbenstan-
ge mit einer linearen Kolbenstangenpumpe
(100), die eine lineare mechanische Betatiger-
anordnung (102) und einen umschaltbaren Mo-
tor (104) umfasst,

Betreiben der linearen Kolbenstangenpumpe
mit einer langsameren Hubrate als der Hubrate
der Schwengelpumpe vor deren Austausch
durch die lineare Kolbenstangenpumpe,

wobei die lineare mechanische Betatigeranord-
nung ein im Wesentlichen vertikal bewegbares
Element aufweist, das an der Kolbenstange der
Pferdekopfpumpe angebracht ist, um eine ver-
tikale Bewegung der Kolbenstange der Pferde-
kopfpumpe zu Ubermitteln und zu steuern, und
wobei der umschaltbare Motor ein umschaltbar
drehbares Element desselben aufweist, das mit
dem im Wesentlichen vertikal bewegbaren Ele-
ment der linearen mechanischen Betéatigeran-
ordnung auf eine Weise wirkverbunden ist, dass
ein festes Verhaltnis zwischen der Drehposition
des Motors und dem Pumpenhub hergestellt
wird.

Verfahren nach Anspruch 25, ferner umfassend das
Belassen der Schwengelvorrichtung an Ort und Stel-
le angrenzend an das Bohrloch.

Verfahren nach Anspruch 25, ferner umfassend das
Entfernen der Schwengelpumpe, wahrend das
Bohrloch mit der linearen Kolbenstangenpumpe be-
trieben wird.

Verfahren nach Anspruch 25 oder Anspruch 27, fer-
ner umfassend das Befestigen der linearen Kolben-
stangenpumpe an einer Bohrlochmiindung des
Bohrlochs, um dadurch die Notwendigkeit einer se-
paraten Befestigungsstruktur fur die lineare Kolben-
stangenpumpe auszuschliel3en.

Revendications

1.

Appareil de pompage a tige linéaire (100) destiné a
conférer un mouvement alternatif sensiblement ver-
tical a une tige (52) d’'une pompe a tige de pompage



(68)
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ayant une course de pompe, lappareil

comprenant :

un agencement d’actionneur mécanique linéai-
re (102), ayant un organe déplagable sensible-
ment verticalement attaché ala tige de lapompe
atige de pompage pour conférer et commander
un mouvement alternatif vertical de la tige de la
pompe a tige de pompage ; et

un moteur réversible (104) dont un élément a
rotation réversible est connecté fonctionnelle-
ment a I'organe déplagable sensiblement verti-
calement de 'agencement d’actionneur méca-
nique linéaire de maniére a établir une relation
fixe entre la position de rotation du moteur et le
mouvement vertical de I'organe déplagable ver-
ticalement a mesure que le moteur a rotation
réversible esttourné en alternance dans un pre-
mier sens pour une premiére partie de la course
de pompe puis dans un deuxiéme sens opposé
au cours d’'une deuxiéme partie de la course de
pompe ;

'agencement d’actionneur mécanique linéaire
comportant un agencement d’engrenage a cré-
maillére (206) et pignon (208), la crémaillere
étant disposée de maniére a fonctionner dans
une direction sensiblement verticale en vue d’'un
mouvement alternatif le long d’'un axe de
pompe ;

la crémaillere étant connectée fonctionnelle-
ment en relation d’engrénement avec le pignon,
et le pignon étant connecté fonctionnellement a
la sortie rotative du moteur, de telle sorte que la
rotation du moteur dans un premier sens s’ac-
compagne d’'un mouvement sensiblement ver-
tical vers le haut de la crémaillére le long de I'axe
de pompage, et qu’'un mouvement sensiblement
vertical vers le bas de la crémaillere le long de
'axe de pompage s’accompagne de la rotation
de I'élément rotatif du moteur dans un deuxiéme
Sens opposé au premier sens ;

la crémaillére (206) étant également connectée
fonctionnellement a la tige (52) de la pompe a
tige de pompage pour conférer un mouvement
vertical vers le haut a la tige de la pompe a tige
de pompage le long de I'axe de pompage lors-
que la crémaillere se déplace vers le haut ; et
la crémaillére étant en outre connectée fonction-
nellement a la tige de la pompe a tige de pom-
page de telle sorte que la tige de la pompe a
tige de pompage exerce une force orientée sen-
siblement verticalement vers le bas sur la cré-
maillére, agissant sensiblement le long de I'axe
de pompage, au cours d’une partie de la course
de pompe ;

la crémaillere ayant une ouverture orientée lon-
gitudinalement (230) dans celle-ci s’étendant le
long de I'axe de pompage depuis une extrémité
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inférieure (234) de la crémaillére jusqu’a une ex-
trémité supérieure (236) de la crémaillére,
quand l'actionneur mécanique linéaire est dis-
posé fonctionnellement au-dessus de la pompe
a tige de pompage ;

la crémaillere ayant également une extrémité
supérieure de celle-ci prévue pour attacher
fonctionnellement la tige a celle-ci ;

I'extrémité supérieure de la crémaillere définis-
sant un trou (240) a travers elle et une surface
porteuse de charge (241) de celle-ci ;

la tige ayant une extrémité supérieure de celle-
ci s’étendant de maniére a pouvoir coulisser a
travers le trou dans I'extrémité supérieure de la
crémaillére ; et

I'agencement d’actionneur mécanique linéaire
comportant en outre une pince de fixation de
tige (248) attachée fixement a I'extrémité supé-
rieure de la tige au-dessus de I'extrémité supé-
rieure de la crémaillére ;

la pince de fixation de tige ayant une surface
porteuse de charge inférieure de celle-ci prévue
pour venir en contact de support avec la surface
de support de charge supérieure de I'extrémité
supérieure de lacrémaillére, pour transférer une
force entre la tige et I'extrémité supérieure de la
crémaillere lorsque la surface porteuse de char-
ge inférieure de la pince est en contact avec la
surface porteuse de charge supérieure sur I'ex-
trémité supérieure de la crémaillére ; la cré-
maillere ayant une section transversale sensi-
blement en forme de U, les premiére et deuxié-
me branches (224, 226) s’étendant depuis une
section d’anse (228) de telle sorte que les bran-
ches et 'anse définissent 'ouverture s’étendant
longitudinalement (230) dans la crémaillére,
sous la forme d’'un canal ouvert disposé autour
de 'axe de pompage, une surface extérieure de
I'anse, orientée sensiblement a I'opposé des
branches, comportant des dents d’engrenage
de la créemaillere (206) destinées a s’engager
avec des dents d’engrenage correspondantes
du pignon (208) ; I'appareil de pompage a tige
linéaire ayant également un ou plusieurs rou-
leaux de guidage (250) pressant contre des
bords distaux s’étendant longitudinalement des
branches (224, 226) de la crémaillére, sensible-
ment a 'opposé du pignon (208), destinés a for-
cer la crémaillere en engagement d’engrenage
avec le pignon ;

caractérisé en ce que I'appareil de pompage
a tige linéaire présente en outre une paire de
barres de guidage (252) pressant contre les
branches de la crémaillére, sensiblement a I'op-
posé l'une de l'autre, pour forcer la crémaillére
(206) en relation d’engrenage axial avec le pi-
gnon (208).
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Appareil selon la revendication 1, comprenant en
outre un logement de pignon (216) ayant une ouver-
ture s’étendant longitudinalement (254) dans celui-
ci, disposée autour de I'axe de pompage (220) pour
permettre le passage a travers elle de la crémaillére
(206), et définissant un axe de rotation (256) du pi-
gnon, I'axe de rotation du pignon étant décalé laté-
ralement par rapport a 'axe de pompage et s’éten-
dant sensiblement perpendiculairement a celui-ci.

Appareil selon la revendication 2, dans lequel :

une premiere extrémité anti-entrainement du pi-
gnon (208) est tourillonnée dans un palier de
pignon (258) disposé dans le logement de pi-
gnon (216) et monté sur celui-ci ;

une deuxieme extrémité d’entrainement (260)
du pignon est prévue pour étre connectée a un
élément de sortie (262) d’une boite de vitesses
(210), et pour étre supportée par un palier de
sortie de la boite de vitesses.

4. Appareil selon la revendication 3, comprenant en

outre :

une boite de vitesses (210) connectée fonction-
nellement entre le moteur (212) et I'appareil
d’actionneur mécanique linéaire (204) ;

la boite de vitesses ayant un élément d’entrée
(266) de celle-ci attaché fonctionnellement a
I'élément rotatif du moteur, en vue de tourner
avec celui-ci ;

la boite de vitesses ayant également un élément
de sortie (262) de celle-ci attaché fonctionnelle-
ment au pignon en vue de tourner avec celui-ci.

Appareil selon la revendication 4, dans lequel les
éléments d’entrée et de sortie (266, 262) de la boite
de vitesses sontdisposés sensiblement a angle droit
I'un par rapport a l'autre, I'élément de sortie étant
orienté de maniére a s’aligner avec I'axe (256) du
pignon et a tourner sensiblement autour de celui-ci,
etl'élémentd’entrée de boite de vitesses et I'élément
rotatif du moteur étant orientés sensiblement paral-
lelement a 'axe de pompage (220).

Appareil selon la revendication 1, comprenant en
outre un agencement de commande (106) connecté
fonctionnellement au moteur (104), pour comman-
der le moteur, dans lequel : 'agencement de com-
mande fait fonctionner le moteur dans un mode d’en-
trainement afin de forcer le mouvement vers le haut
de la crémaillére sur une partie montante de la cour-
se de la tige de pompe ; et

un agencementde commande fait fonctionner le mo-
teur dans un mode de freinage au cours du mouve-
ment vers le bas de la crémaillere sur une partie
descendante de la course de la tige de pompe ; et
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dans lequel 'agencement de commande comporte
un élément de stockage d’énergie pour stocker de
I’énergie générée au cours du mode de fonctionne-
ment de freinage du moteur, 'agencement de com-
mande étant configuré pour utiliser I'énergie stockée
dans I'élément de stockage d’énergie de maniere a
faciliter I'entrainement du moteur au cours du mode
d’entrainement, et dans lequel 'agencement de
commande comporte également un élément de dis-
sipation d’énergie pour dissiper I'énergie générée au
cours du mode de fonctionnement de freinage du
moteur, et 'agencement de commande peut étre
configuré de maniére sélective pourfaire fonctionner
I'un ou l'autre des éléments de stockage d’énergie
et de dissipation d’énergie.

Appareil selon la revendication 1, comprenant en
outre un carter d’huile disposé en dessous de I'ex-
trémité inférieure de la crémaillere (206) et configuré
pour contenir un volume de lubrifiant dans celui-ci
et pour recevoir une partie de la crémaillére en po-
sition adjacente a I'extrémité inférieure de la cré-
maillére, pour ainsi appliquer le lubrifiant a la cré-
maillére.

Appareil selon la revendication 7, dans lequel le car-
ter et le volume de lubrifiant dans celui-ci sont con-
figurés et positionnés de telle sorte que la partie de
la crémaillere (206) soit immergée dans le lubrifiant
au cours d’au moins une partie de chaque course
(84) de la pompe (68).

Appareil selon la revendication 8, dans lequel :

le carter comporte des parois tubulaires intérieu-
re et extérieure (270, 272) s’étendant longitudi-
nalement, espacées radialement, connectées
de maniére étanche au niveau d’extrémités in-
férieures de celles-ci, définissant une cavité de
forme annulaire entre elles, destinées a recevoir
a lintérieur de la cavité le volume de lubrifiant
et se terminant par une ouverture de forme an-
nulaire entre des extrémités supérieures des pa-
rois tubulaires intérieure et extérieure ;

la paroi tubulaire intérieure du carter présente
une périphérie intérieure de celle-ci disposée
autour de la tige de pompe et une périphérie
extérieure de celle-ci disposée a l'intérieur de
I'ouverture dans la crémaillére ; et

la paroi tubulaire extérieure du carter présente
une périphérie intérieure de celle-ci disposée
autour de la crémaillére.

10. Appareil selon la revendication 9, comprenant en

outre un organe de ressort positionné fonctionnelle-
ment a I'intérieur de la cavité dans le carter, en des-
sous de I'extrémité inférieure de la crémaillére (206),
et configuré pour s’engager avec I'extrémité inférieu-
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re de la crémaillere et appliquer une force orientée
vers le haut a celle-ci lorsque I'extrémité inférieure
de la crémaillére se déplace au-dela d’une position
inférieure normale de la crémaillére au cours d’'une
course de la pompe (84).

Appareil selon la revendication 9, comprenant en
outre un organe de ressort positionné fonctionnelle-
ment a l'intérieur de la cavité en dessous de I'extré-
mité inférieure de la crémaillére (206), et configuré
pour s’engager avec I'extrémité inférieure de la cré-
maillére et appliquer une force orientée vers le haut
a celle-ci au cours d’'une partie de chaque course de
la pompe (84).

Procédé pour faire fonctionner un appareil de pom-
page atigelinéaire (100) comportantun agencement
d’actionneur mécanique linéaire (102) et un moteur
réversible (104), l'actionneur mécanique linéaire
présentant un organe déplagable sensiblement ver-
ticalement prévu pour étre attaché a une tige d’'une
pompe atige de pompage pour conférer etcomman-
der un mouvement vertical de la tige de la pompe a
tige de pompage, et le moteur réversible étant con-
necté fonctionnellement a I'organe déplagable sen-
siblement verticalement de 'agencement d’action-
neur mécanique linéaire, avec un pignon accouplé
fonctionnellement a la sortie rotative du moteur, éta-
blissant une relation fixe entre la position de rotation
du moteur et la position verticale de I'organe dépla-
cable verticalement, le procédé comprenant les éta-
pes consistant a :

faire fonctionner le moteur (104) de maniére a
conférer un mouvement alternatif sensiblement
vertical a I'organe déplagable verticalement, le
moteur étant configuré pour exercer une force
sur 'organe déplagable verticalement dans un
sens et dans un autre sens opposé ;

faire fonctionner le moteur (104) dans un mode
d’entrainement pour appliquer un couple au pi-
gnon dans un premier sens afin de forcer la ro-
tation du pignon dans le premier sens et le mou-
vement vers le haut de I'organe déplagable ver-
ticalement sur une partie montante d’'une course
(84) de la tige de pompage de la pompe ; et
caractérisé par le fonctionnement du moteur
(104) dans un mode de freinage pour appliquer
un couple net au pignon dans le premier sens
afin de résister a la rotation du pignon dans le
sens opposé au cours d’'un mouvement descen-
dant de I'organe déplagable verticalement sur
une partie descendante de la course (84) de la
tige de pompage de la pompe.

Procédé selon la revendication 12, comprenant en
outre I'étape consistant a déterminer le fonctionne-
ment dynamique de la tige de pompe (52) et a com-
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mander le moteur (104) en fonction du fonctionne-
ment dynamique de la tige de pompe.

Procédé selon la revendication 12, dans lequel le
moteur génere de I'énergie au cours du mode de
freinage, et le procédé comprend en outre I'extrac-
tion d’au moins une partie de I'énergie générée au
cours du mode de freinage.

Procédé selon la revendication 14, comprenant en
outre I'utilisation de I'énergie extraite pour faciliter
I'entrainement du moteur (104) au cours d’au moins
I'un des modes d’entrainement et de freinage.

Procédé selon la revendication 14, comprenant en
outre la dissipation de I'énergie générée au cours du
mode de fonctionnement de freinage du moteur.

Procédé selon la revendication 12, comprenant en
outre I'étape consistant a commander le moteur
(104) en fonction de valeurs détectées d’un ou plu-
sieurs parametres du groupe de parameétres
comprenant : la position linéaire de I'organe dépla-
cable verticalement ; la position rotative de I'élément
rotatif du moteur ; le couple du moteur ; la vitesse
du moteur ;I'accélération du moteur ; etla puissance
d’entrée du moteur.

Procédé selon la revendication 12, comprenant en
outre :

la détection d’un état de panne parmi le groupe
de pannes comprenant la perte de puissance
du moteur, la perte de commande du moteur, le
non-remplissage de la pompe, la rupture de la
tige, la surchauffe du moteur ; et

le fait de prendre des mesures correctives.

Procédé selon la revendication 18, comprenant la
commande du moteur (104) de maniéere a affecter
la mesure corrective.

Procédé selon la revendication 18, dans lequel la
mesure corrective prise est 'une d’'une mesure cor-
rective parmi le groupe comprenant :

I'application d’un freinage ; le changement de la lon-
gueur de course de la pompe ; le changement de la
fréquence de la course de la pompe ; le maintien
dans un état sans pompage ; I'entrée dans un mode
de fonctionnement dans lequel la tige de pompe est
légérement abaissée dans une position de repos ;
et 'entrée dans un mode de fonctionnement de dé-
marrage.

Procédé selon la revendication 12, comprenant en
outre la détection d’une position verticale de 'organe
déplagable verticalement le long d’'un axe de pom-
page, et la commande du moteur en fonction de la
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position verticale détectée.

22. Procédé selon la revendication 21, dans lequel :

I'appareil de pompage a tige linéaire comporte
un agencement de détection de position com-
prenant un capteur de position stationnaire dis-
posé a cété de I'organe déplagable verticale-
ment dans une position a mi-course de celui-ci
le long de I'axe de pompage (220), et un fanion
de capteur attaché a I'organe déplagable verti-
calement et disposé de telle sorte que le fanion
soit juxtaposé avec le capteur et soit détecté par
celui-ci au cours de chaque course de
pompage ; et

le procédé comprend en outre la détection de la
position verticale de I'organe déplacable verti-
calement en détectant la juxtaposition du fanion
avec le capteur au cours de chaque course de
la pompe (84).

23. Procédé selon la revendication 22, dans lequel :

'agencement de détection comprend en outre
un fanion de capteur supérieur et un fanion de
capteur inférieur espacés axialement I'un de
l'autre le long de la crémaillére pour former un
espace entre les fanions supérieur et inférieur,
I'espace étant disposé sensiblement centrale-
ment et longitudinalement le long de la cré-
maillére (206) ;

le fanion de capteur supérieur s’étend sensible-
ment depuis I'extrémité supérieure de la cré-
maillére jusqu’a un bord inférieur du fanion de
capteur supérieur définissant une extrémité su-
périeure de I'espace entre les fanions de capteur
supérieur et inférieur ;

le fanion de capteur inférieur s’étend sensible-
ment depuis I'extrémité inférieure de la cré-
maillére jusqu’a un bord supérieur du fanion de
capteur inférieur définissant I'extrémité inférieu-
re de I'espace entre les fanions de capteur su-
périeur et inférieur ; et

le procédé comprend en outre la détection de la
position verticale de I'organe déplacable verti-
calement en détectant la juxtaposition du cap-
teur avec au moins I'un des fanions de capteur
supérieur etinférieur au cours de chaque course
de la pompe.

24. Procédé selon la revendication 23, comprenant en

outre la détection d’'une sortie du capteur ayant une
forme d’onde sensiblement carrée avec un change-
ment étagé d’'un premier état tandis que I'un ou
l'autre des fanions supérieur et inférieur est juxtapo-
sé avec le capteur, a un deuxiéme état dans lequel
'espace est juxtaposé avec le capteur.
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25.

26.

27.

28.

54

Procédé pour prolonger la vie utile d’un puits a hy-
drocarbures ayant un appareil a balancier (50) con-
necté fonctionnellement a celui-ci pour conférer un
mouvement alternatif sensiblement vertical a une ti-
ge (52) d’'une pompe a tige de pompage ayant une
course de pompe (84), disposée dans le puits, le
procédé comprenant les étapes consistant a :

déconnecter la tige de 'appareil a balancier et
connecter fonctionnellement la tige a un appa-
reil de pompage a tige linéaire (100) comportant
un agencement d’actionneur mécanique linéai-
re (102) et un moteur réversible (104) ;

faire fonctionner I'appareil de pompage a tige
linéaire a une vitesse de course inférieure a la
vitesse de course de la pompe a balancier avant
son remplacement par la pompe a tige linéaire ;
I'agencement d’actionneur mécanique linéaire
présentant un organe déplacgable sensiblement
verticalement attaché a la tige de la pompe a
tige de pompage pour conférer et commander
un mouvement vertical de la tige de la pompe a
tige de pompage; et

le moteur réversible ayant un élément rotatif de
maniére réversible de celui-ci connecté fonc-
tionnellement a I'organe déplagable sensible-
ment verticalement de I'actionneur mécanique
linéaire de maniére a établir une relation fixe en-
tre la position de rotation du moteur et la course
de la pompe.

Procédé selon la revendication 25, comprenant en
outre I'étape consistant a laisser I'appareil a balan-
cier en place a c6té du puits.

Procédé selon la revendication 25, comprenant en
outre I'étape consistant a enlever la pompe a balan-
cier pendant le fonctionnement du puits avec l'ap-
pareil de pompage a tige linéaire.

Procédé selon la revendication 25 ou la revendica-
tion 27, comprenant en outre le montage de I'appa-
reil de pompage a tige linéaire sur une téte de puits
du puits, pour ainsi éviter de devoir prévoir une struc-
ture de montage séparée pour I'appareil de pompa-
ge a tige linéaire.
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