MECHANI CAL TUBE WAVE SOURCES AND METHODS OF USE FOR LI QUI D FI LLED BOREHOLES
BACKGROUND [ 0001] The statenents in this section nerely provide background
i nfornmat iwo 2oel@eed to the present disclosure and may neCTaBmdi/Niode3e pri or
art. [0002] Tube waves, otherw se known as Stonel ey waves, are plane
pressure waves that propagate through a tubular medium or an annulus. In
sone cases, these waves reflect fromchanges in the characteristic

i npedance of the medium Exanples of such changes include: pipe dianeter,

cl osed end, free surface, gas bubble, conpressibility, density, speed of
sound, pipe elastic nodul us, pipe supporting material (or |ack thereof),
holes with fl ow capacity, etc. Wth sonme know edge of the well bore geonetry
and/ or the speed of the tube wave, the conplex reflection patterns can be
interpreted to yield useful information about the wellbore. Sone exanpl es

cetting of SbaH AR HAR ShUBEEPa PBTE QR P s FaRE L Ry 1 ui o
confirmng shifting of control RalBEBOREMCAESNg coil ed tubing relative to

downhol e features, etc. One particul ar advantage of using nethods based
upon tube waves, is information about the bottom of the well can be gl eaned
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move the daHidh inBlude:Ghiss BRmeldr CobdedObnddiRE SuAB, [gBs HRbBIL AkdingrBesidilyi d under
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therefor esprég %1“ trrlg?ut}ehvsavfe,et%teucgr%ploe];( réfpe%ticgneggtte?rpsec%lnrtggri]hterpreted to yield useful
information about the wellbore. Some examples of such information include locating the
top of cement, identifying the setting of cement, locating which perforations in a well are
passing fluid, confirming shifting of control valves, locating coiled tubing relative to
downhole features, etc. One particular advantage of using methods based upon tube
waves, is information about the bottom of the well can be gleaned using only surface
equipment. A particular challenge in applying these techniques is developing a
repeatable and reliable means to generate useful tube wave forms. Figures of merit for
these sources include rate of pressure change, frequency spectrum, peak power, total

energy, repeatability, and reliability.

[0003] U.S. Patent No. 3254524 discloses a method and apparatus for testing tubular
equipment such as a pipe. A mechanical shock wave is generated by suddenly
obstructing a moving fluid, causing a local expansion of the fluid followed by a reversely
directed pressure or shock wave that is propagated through the fluid, a phenomenon
commonly referred to as “water hammer”. A centrifugal pump is employed to move the
fluid in a closed circuit of pipes and to maintain the fluid under a constant pressure. A
fast-acting valve is connected to the pipe line downstream from the test specimen. A
sudden close of the valve generates a shock wave that propagates reversely through the
test specimen and therefore measures the feature of the test specimen.



[0004] U.S. Patent No. 3979724 discloses a nmethod and apparatus for

determ ning the position of the bottomend of a long pipe in a deep

wat er - fi IwWeaotiavedsol e. A shock wave is first generated POTIHRE1WAI0893 at t he
surface end of the pipe. The shock wave travels down the pipe to the bottom
end of the pipe and passes into the liquid in the borehole, generating an
expandi ng seismc wave in the earth. A plurality of geophones is set out at
the surface of the earth to detect the arrival of the seismc wave, based
on which the position of the end of the pipe is calculated. In sone

enbodi nents, a chanber filled with a conbustible m xture is detonated by a
spark plug to nake the shock wave. In sone other enbodi nents, a chanber
contai ning one or nore explosive materials is detonated to produce the
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string. Alternatively, an air gun can be used to transmit a positive pressure pulse
through the fluid in the casing string. Alternatively, a pump can be operated in a manner
to transmit a pressure pulse, such as by varying the pump’s motor speed or by
momentarily disengaging the motor from the pump, etc.

[0006] As disclosed in published U.S. Pat. App. No. 20080239872 A1, achieving
accurate, real-time measurements during well completion and stimulation treatments has
long been a goal in the oil and gas industry. Accurate measurement of bottom hole
pressure during fracture treatments, for example, would allow an operator to observe
fracture growth trends in real-time, and change treatment conditions accordingly.
Similarly, location of balls seated in perforations would facilitate acid diversion

treatments. However, real-time measurements of borehole completion and stimulation



[0007] U.S. Pat. App. No. 20090159272 Al discloses that tube waves may be
used for detection and nonitoring of feature state to enhance stinul ation
oper at i orsOand/meseedi ate failure conditions. For exanpl ecTpBmpensoseal i ng of
perforations may be confirmed based on |lack of a reflection of a tube wave
by the perforations. Alternatively, at |east one of anplitude, frequency,
attenuation, dispersion and travel tinme associated with a tube wave and
reflection nay be used to determ ne feature state. If a sealant fails
during treatnment then the failure condition is indicated by appearance of a
tube wave reflection. Consequently, the stinulation operation can be
stopped in a tinely manner, and renedi ation by neans, for exanple, of
punpi ng diversion fluid or dropping of balls, can be reinitiated until the
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measured by the mstrument along the segment to be stimulated confirm that sealing has
taken place and that stimulation of the intended zone can resume. Further, specific
remediation steps may be selected based on response of the borehole system to tube
waves. The efficacy of the selected remediation steps may also be determined by
response of the borehole system to tube waves during or after execution of those steps.

[0008] U.S. Pat. App. No. 20080236935 A1 discloses that tube waves may be used to
transmit an indication of the depth at which a condition is detected in a well. In
particular, the depth is calculated based on the difference in arrival time at the surface of
a first tube wave which propagates directly upward in the borehole and a second tube
wave which initially travels downward and is then reflected upward. The tube waves
may be generated by a canister designed to implode at a certain pressure.

[0009] W02009086279 discloses methods and systems for measuring acoustic signals
in an annular region. The system includes a tool housed in a tool housing for
deployment downhole in a borehole, and an acoustic transducer mounted on the tool.
The acoustic signals can be measured by sensors mounted on a borehole wall or within
the downhole tool.



[ 0011] According to one aspect, there is provided a system for generating
tube waves in a liquid-filled borehole penetrating a subterranean

f ormat i orwOTBha/®Y&Dem conpri ses an energy storage chanmbecT/IB2oflasi03gper ati ng
val ve connected to the chanber, a pipe connected to the valve and extendi ng
to the liquid-filled borehole, where said energy storage chanmber contains a
first pressure that is substantially different froma second pressure in
the pipe so that a fast operation of the valve generates a tube wave in the
pi pe. In sone enbodi nents, the systemof claim1, wherein the first
pressure is higher than the second pressure and the generated tube wave is
a positive tube wave. In sone other enbodinents, the first pressure is

| ower than the second pressure and the generated tube wave is a negative
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other embodiments, the first pressure is lower than the second pressure and the

generated tube wave is a negative tube wave.

[0012] The energy storage chamber may contain a compressible medium, which may
be selected from a group consisting of air, nitrogen, alcohol, ethyl ether, water, drilling
fluid, cement slurry, oil, and their mixtures. In one example, the compressible medium is

compressed nitrogen.

[0013] In one illustrated embodiment, the energy storage chamber comprises a plurality
of accumulators connected to a common hub, with each accumulator containing
compressed nitrogen. Such Nitrogen may be emplaced at a pressure up to 15,000 psi.
In one embodiment, such nitrogen was emplaced at a pressure up to 5,000 psi.

[0014] The system for generating tube waves in a liquid-filled borehole may optionally
include a charger that is connected to the energy storage chamber for pre-charging the
energy storage chamber. The charger can be a pump, a compressor, a vent line leading
to atmospheric pressure, a plunger that can be moved in or out, or a vacuum, depending
on the system setup.

[0015] In some embodiments, the generated tube wave is at a pressure that is at least
50 psi above or below the pressure in the pipe. In some other embodiments, the
generated tube wave is at a pressure that is at least 200 psi above or below the
pressure in the pipe. In some further embodiments, the generated tube wave is at a



pressure that is at |east 500 psi above or below the pressure in the pipe.
In further enbodi nents where extrene pressure differences are desired, the
gener at edwoava/avess0be near t he vapor pressure of the fl eca/iBro1assod9gh as
the rated working pressure of the tubulars conveying the pressure wave.

[ 0016] Mbreover, the fast operating valve is configured to open or close a
fl ow path of the nediumthrough the valve in less than or equal to
approximately 500 mlliseconds. In sonme enbodi nents, the fast operating
valve is configured to open or close a flow path of the nmediumthrough the
valve in approximately 50 mlliseconds. In sone other enbodi nents, the fast
operating valve is configured to open or close a flow path of the nedi um

t hrough the valve in approxinmately 100 m|liseconds. In some further
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with the control chamber, and a poppet that extends from the control chamber to the
treating chamber and is capable of reciprocating within the control chamber and the
treating chamber. The treating chamber can be connected to the energy storage

chamber via an upstream port and the fluid-filled borehole via a downstream port.

[0018] In one embodiment, the poppet comprises a control piston disposed inside the
control chamber, a treating seat disposed inside the treating chamber, and a stem
connecting the control piston and the treating seat. The control piston divides the control
chamber into an upper sub-chamber and a lower sub-chamber that are not in fluid

communication with each other. The upper sub-chamber is in fluid communication with



[0020] In an inproved version of the poppet valve, a buffering chanber is
provi ded above the control chanber but not in fluid comunication with the
control coNearzbawe92ébhe poppet extends fromthe buffering ecammipissugh t he
control chanber to the treating chanber and is capable of reciprocating
within the buffering chanber, the control chanber, and the treating
chanber. The poppet contains a holl ow passage so that the downstream port
is in fluid communication with the buffering chanber. [0021] In one

enbodi ment, the treating seat has a cross sectional profile that is |arger
than that of the stem of the poppet. In another enbodi nent, the treating
seat has a cross sectional profile that is substantially the sane as that
of the stem of the poppet. In a further enbodi nent, the treating seat has a
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surface of the treating seat of the poppet. In a further case, the treating seat seals off

the fluid passage by a seal disposed in a retaining space formed on an inner side

surface of the downstream port. In an even further case, the treating seat seals off the

fluid passage by engaging a disposable component located at an opening of the

downstream port to the treating chamber. In yet another case, the treating seat seals off

the fluid passage by a disposable component located at a tip of the poppet.



[ 0025] When the regenerative valve is a flow actuated tube wave val ve, it
may conprise an upstream port, a downstream port, and a swi ng check

di sposed woetwse2dche upstream port and the downstream pecT/IBXheo3d#ng check
can be pivotally connected to an inner surface of the valve and is capable
of assum ng one of two positions: a first position where the swing check is
substantially parallel to a longitudinal axis of the valve thereby allow ng
fluids to pass between the upstream port and the downstream port, and a
second position where the swing check is substantially perpendicular to the
| ongi tudi nal axis of the valve thereby obstructing fluids from passing

bet ween the upstream port and the downstream port. [0026] According to

anot her aspect of the application, there is provided a system for
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conprise a spri I Spos Ween t unger omsurtace of the
top end dfe Inrﬂeldppp@matlmwithwét@phmm@amb@ru@easd@mm@krdstfidmé upon the
pl unger. I{190028] According to further aspect of the application, there is
provi ded [R02¢Ethemréaanerpdivie rivengan (#ige \hav@qun-ﬁ@tqumfdtypelw@ whickhol e

penet 1 ati BB E5RARAL IRRRIAM BIE LB SUREMORAIPEHES Aehousi ng

that is connected to a cavity on one end downstream port on the other
end t hat Ypstregiprer@nd dhthewnsired RoHeand QGPQPGF idispesedyp thenranpet %hamb)?ér

di sposed g4 ipdpét *&ﬁar‘ﬂ@é’rsddﬂrgansé@ﬁrséctﬁﬁ'%écréwpéd;b"ei Res s @saiEMibISRsich ol | ow
space around a center nd a piston disposed inside the hollow

space of Pﬁérqswé?ﬂonvmé%cfﬂ%bema@fidvp FRarRkstifog & et 6103 9eCtip BanhBown _
i nsi de thﬁ)sh@ér’nQ)WrtSW&ﬁmb@aﬁb@@o%ﬂ%@h@@bﬁ@ct theapbst to1thd Gewistrggn,povthi ch i n
turn noves OIu ﬁnﬁj downtt ns'dd?ht hethou5| ntg Ot enerate ttube”vvavleg (J n the
downst r ea#fl pc&s e poppet towards the upstream port” A stopper can be optionally included in
the poppet chamber to restrict a movement of the poppet. An orifice can also be
provided around a center of the poppet that allows a fluid to pass but with substantial
restrictions. Moreover, a trigger can be provided so that when the trigger is engaged, it
holds the poppet in a first position, and when the trigger is released, the poppet moves

to a second position.

[0025] When the regenerative valve is a flow actuated tube wave valve, it may comprise
an upstream port, a downstream port, and a swing check disposed between the
upstream port and the downstream port. The swing check can be pivotally connected to
an inner surface of the valve and is capable of assuming one of two positions: a first
position where the swing check is substantially parallel to a longitudinal axis of the valve
thereby allowing fluids to pass between the upstream port and the downstream port, and
a second position where the swing check is substantially perpendicular to the
longitudinal axis of the valve thereby obstructing fluids from passing between the
upstream port and the downstream port.

[0026] According to another aspect of the application, there is provided a system for
generating tube waves in a liquid-filled borehole penetrating a subterranean formation,



[ 0029] The hol |l ow space of the flyer can be further divided into an upper
space and a | ower space that are not in fluid comrunication with each ot her
so that iwpeott/aegeshl ui ds into or depleting fluids out ofPCThB2pp®BIxspace or
the | ower space noves the piston up or down inside the holl ow space of the
flyer. Optionally, the pressure in the cavity is equalized with the
pressure in the downstream port. Optionally, the cavity is nmade of elastic
materials and contains a |low bulk nmodulus fill fluid. Also optionally, a
first spring is provided to connect the flyer to the cavity and a second
spring is provided to connect the flyer to the downstream port. [0030]
According to yet another aspect of the application, there is provided a
system for generating tube waves in a liquid-filled borehole penetrating a
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According to an additional aspect of the application, there is provided an
appar at us[0089] Henkellawi spgce abtheviveesan be furthedivided into el ubperespare apéaet r at i ng
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materi al . gown inside the hollow space of the flyer. Optionally, the pressure in the cavity is
equalized with the pressure in the downstream port. Optionally, the cavity is made of
elastic materials and contains a low bulk modulus fill fluid. Also optionally, a first spring
is provided to connect the flyer to the cavity and a second spring is provided to connect
the flyer to the downstream port.

[0030] According to yet another aspect of the application, there is provided a system for
generating tube waves in a liquid-filled borehole penetrating a subterranean formation,
where the system comprises a pipe that connects an upstream port on one side and a
downstream port on another side; an orifice formed inside the pipe around the juncture



BRI EF DESCRI PTI ON OF THE DRAW NGS [0034] These and ot her features and
advantages will be better understood by reference to the follow ng detail ed
descri pt iwo 20h1em2@0nsi dered in conjunction with the accecparliingsodsaw ngs.
[0035] FIG 1 is a schematic representation of a tube wave generating
system generator according to one enbodi ment of the current application.
[0036] FIG 2A is a diagramshow ng data recorded by using a tube wave
generating system accordi ng to one enbodi mnent of the current application.
[0037] FIG 2B is another diagram showi ng data recorded by using a tube wave
generating system accordi ng to one enbodi mnent of the current application.

of the upstream port and the downstream port; and a deformable object that is
configured to assume a first position wherein the deformable object lodges at the orifice
and blocks a fluid communication between the upstream port and the downstream port
and a second position where the deformable object deforms and passes through the
orifice and reopens the fluid communication between the upstream port and the
downstream port. In one embodiment, the deformable object is made of degradable
material, such as collagen or the plastic poly-lactic acid.

[0031] According to an even further aspect of the application, there is provided a
system for generating tube waves in a liquid-filled borehole penetrating a subterranean
formation, where the system comprises a stinger having a first end and a second end;
an actuator connected to the first end of the stinger; a plate formed at the second end of
the stinger, said plate having a cross-sectional profile that is larger than that of the
stinger; where the actuator is configured to move the stinger up and down in the liquid-
filled borehole and the plate generates tube waves in the liquid-filled borehole. This
system is particularly useful in the liquid-filled borehole having a free liquid surface under
which the second end of the stinger is immersed.

[0032] In some cases, the system further comprises a first pressure transducer that is
positioned proximate to the second end of the stinger and is connected to a ground
surface via a first cable. The first cable can run within an annulus formed between the
borehole and the stinger, and is fastened to an external surface of the tube by a clamp.
In some other cases, the system further comprises a second pressure transducer that is
position at a bottom of the plate and is connected to a ground surface via a second
cable. The second cable may run within the stinger. Optionally, a suspension system is
provided to afford compliance for the stinger to move up and down.

[0033] According to an additional aspect of the application, there is provided an
apparatus for generating tube waves in a liquid-filed borehole penetrating a
subterranean formation, where the apparatus comprises a canister covered by a
microscope slide. In one embodiment, the canister is a glass tube such as a centrifuge
tube. The canister may further contain a weighting material.



[0038] FIG 3 is a cross-sectional view of a regenerative val ve according
to one enbodi nent of the current application. [0039] FIG 4 is a
cr oss- secwpanalo9zésew of a regenerative val ve accordi ng POTAR®B1enIeLE nent of
the current application. [0040] FIG 5 is a cross-sectional view of a
regenerative val ve according to one enbodi nent of the current application.
[0041] FIGs. 6A-6F illustrate various sealing nechanisns that can be
enpl oyed in the enbodi nents of the current application. [0042] FIG 7 is a
cross-sectional view of a regenerative di aphragm val ve according to one
enbodi mrent of the current application. [0043] FIGs. 8A-8C are
cross-sectional views of various pop-safety relief valves according to
enbodi ments of the current application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] These and other features and advantages will be better understood by reference
to the following detailed description when considered in conjunction with the

accompanying drawings.

[0035] FIG. 1 is a schematic representation of a tube wave generating system
generator according to one embodiment of the current application.

[0036] FIG. 2A is a diagram showing data recorded by using a tube wave generating
system according to one embodiment of the current application.

[0037]FIG. 2B is another diagram showing data recorded by using a tube wave
generating system according to one embodiment of the current application.

[0038] FIG. 3 is a cross-sectional view of a regenerative valve according to one
embodiment of the current application.

[0039] FIG. 4 is a cross-sectional view of a regenerative valve according to one
embodiment of the current application.

[0040] FIG. 5 is a cross-sectional view of a regenerative valve according to one
embodiment of the current application.

[0041] FIGs. 6A-6F illustrate various sealing mechanisms that can be employed in the

embodiments of the current application.

[0042] FIG. 7 is a cross-sectional view of a regenerative diaphragm valve according to
one embodiment of the current application.

[0043] FIGs. 8A-8C are cross-sectional views of various pop-safety relief valves
according to embodiments of the current application.

[0044] FIG. 9 is a cross-sectional view of a flow actuated valve according to one
embodiment of the current application.

[0045] FIG. 10 is a cross-sectional view of a hammer source according to one
embodiment of the current application.

[0046] FIG. 11 is a diagram showing data recorded by using a hammer source
according to one embodiment of the current application.
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[0044] FIG 9 is a cross-sectional view of a flow actuated val ve accordi ng
to one enbodi nent of the current application. [0045] FIG 10 is a

cr oss- secwpanalo9zésew of a hamrer source accordi ng to oneCemdwdi/n®ae3 of the
current application. [0046] FIG 11 is a diagram showi ng data recorded by
usi ng a hammer source according to one enbodi ment of the current
application. [0047] FIG 12 is a cross-sectional view of another hanmer
source according to one enbodi nent of the current application. [0048] FIGs.
13A- 13D are cross-sectional views of a systeminvolving punping objects
through an orifice to generate tube waves according to one enbodi nent of
the current application.

[0047] FIG. 12 is a cross-sectional view of another hammer source according to one

embodiment of the current application.

[0048] FIGs. 13A-13D are cross-sectional views of a system involving pumping objects
through an orifice to generate tube waves according to one embodiment of the current

application.

[0049] FIG. 14 is a diagram showing data recorded by using a system involving
pumping objects through an orifice to generate tube waves according to one
embodiment of the current application.

[0050] FIG. 15 is a cross-sectional view of a stinger system according to one

embodiment of the current application.

[0051] FIG. 16 is a cross-sectional view of a system for coupling a tube wave source to
a bore hole according to one embodiment of the current application.

[0052] FIGs. 17A and 17B are diagrams illustrating tube waves generated by systems
of the current application.

[0053] FIGs. 18A-18l illustrate various examples of tube wave manipulation

apparatuses according to embodiments of the current application.

[0054] FIGs. 19A-19C illustrate various examples of tube wave terminators according to

embodiments of the current application.

[0055] FIG. 20 is a cross-sectional view of an imploding apparatus for generating tube

waves according to one embodiment of the current application.

DETAILED DESCRIPTION OF SOME ILLUSTRATIVE EMBODIMENTS

[0056] Embodiments of the current application generally relate to systems and methods
for generating tube waves for use in wellbores penetrating subterranean formations.
The following detailed description illustrates embodiments of the application by way of
example and not by way of limitation. All numbers disclosed herein are approximate
values unless stated otherwise, regardless whether the word "about" or "approximately”
is used in connection therewith. The numbers may vary by up to 1%, 2%, 5%, or
sometimes 10% to 20%. Whenever a numerical range with a lower limit and an upper
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[0049] FIG 14 is a diagram show ng data recorded by using a system

I nvol vi ng punpi ng objects through an orifice to generate tube waves

accor di ngvocoomme@nbodi mrent of the current application. PCOOBDj1/AI0ER3 15 is a
cross-sectional view of a stinger systemaccording to one enbodi ment of the
current application. [0051] FIG 16 is a cross-sectional view of a system
for coupling a tube wave source to a bore hole according to one enbodi nent
of the current application. [0052] FIGs. 17A and 17B are di agrans
illustrating tube waves generated by systens of the current application.
[0053] FIGs. 18A-181 illustrate various exanples of tube wave mani pul ati on
appar at uses according to enbodi nents of the current application. [0054]
FIGs. 19A-19C illustrate various exanples of tube wave term nators

accor di ngintio iscaBOIgsdE Ny fmBdneraling methin fePlang@tis @Pecifically and expressly

disclosed.

[0057] FIG. 1 shows a system 100 for generating tube waves for use in a borehole 10
that penetrates a subterranean formation 20 containing, for example, hydrocarbons.
The system 100 comprises an energy storage chamber 50, a fast operating valve 40
which is connected to the energy storage chamber 50, and a pipe 30 which is connected
to the valve 40 and extends to the wellbore 10. The energy storage chamber 50 may
contain a compressible medium, such as air, nitrogen, alcohol, ethyl ether, water, drilling
fluids, cement slurries, oil, etc. that can be subject to an elevated pressure that is
substantially higher than the pressure in the borehole 10. In such an embodiment, a
rapid opening of the valve 40 may generate a tube wave that starts with a positive or
increasing pressure in the borehole 10 as fluid rapidly moves from the energy storage
chamber 50, through the valve 40 and into the pipe 30 to relieve the high pressure down
to the wellbore pressure. The resulting tube wave is referred to as a positive tube wave.
Alternatively, the energy storage chamber 50 can be substantially vacuum or under a
pressure that is significantly lower than the pressure in the borehole 10. In such an
event, a fast opening of the valve 40 may generate a tube wave that starts with a
negative or falling pressure in the borehole 10 as fluid from the wellbore 10 moves into
the pipe 30 and further through valve 40 to finally bring the pressure in the energy
storage chamber 50 to substantially the wellbore pressure. The resulting tube wave is
referred to as a negative tube wave. In both types of systems the pressure wave
generated frequently consists of a complex waveform of which only the beginning part is
well described by the “positive” and “negative” language above, but this initial pressure
change is what is used to name these waves. Positive is to be interpreted as being
positive with respect to or higher than the wellbore pressure with negative being similarly
interpreted to be lower than the well bore pressure. A further type of wave consists of an
initial peak immediately followed by a peak of opposite sign and similar magnitude.
Such a wave is referred to as a doublet.

[0058] Optionally, system 100 may further comprise a charger 60 that is positioned at
the surface of the wellsite and connected to the energy storage chamber 50 to pre-
charge the energy storage chamber 50 before opening valve 40. When a positive
pressure tube wave is needed, the charger 60 can be a pump, an actuated plunger, or
compressor that compresses the medium contained in the energy storage chamber 50

12



[0055] FIG 20 is a cross-sectional view of an inploding apparatus for
generating tube waves according to one enbodi nent of the current
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met hods for generating tube waves for use in wellbores penetrating
subterranean formations. The follow ng detailed description illustrates
enbodi ments of the application by way of exanple and not by way of
limtation. Al nunbers disclosed herein are approxi mate val ues unl ess
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ener gy stiae ageieasire bthe pipe 30 or the wellbore 10 due to pressure losses in the fast

opening valve 40. In some cases, the pre-charge for an accumulator used to generate

positive tube waves will be pre-charged to approximately 1/3 of the planned charging

pressure. In some cases, this pre-charge pressure will be approximately 5,000 psi in the

case of a chamber rated for 15,000 charging and working pressure. The accumulators

can be charged with external fluid at the wellsite by charger 60 as shown in FIG. 1 of the

application. With the appropriate charger 60 they may also be pre-charged with gas at

the well site. Alternatively, the accumulators can be charged offsite at a factory and
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and increases the pressure in the energy storage chanber 50. Wen a
negative pressure tube wave is desired, the charger 60 may be a suction
devi ce orwe 20amm2dshat depl et es the nmedi um cont ai ned i n PO@/1BGL/GI3SK Or age
chanber 50 to create a pressure below that in the borehole 10. [0059] The
energy storage chanber 50 rmay conprises one or nore sub-chanbers (not
shown) that are in fluid comrunication with each other, either in series or
in parallel. In one enbodi nent, the energy storage chanber 50 conprises a
plurality of nmetal containers (called "accunul ators”) that enclose a
conpressed air, such as nitrogen. The accumul ators can be substantially
cylindrical in shape, with approximately 80 nmin dianeter and 388 mmin

| ength. An internal nechanismis provided to allow a charge of gas or fluid
to be r ett%me&tédnsitﬁ@waeamu Mebaddr Dad tosmeenianistzbaif tHer adel@uRibarige

h t he ext dt t th | at
B fur ¢ MBS f%a%%%ﬁlarlﬁla%ﬁ@ﬂé a5rdofs gher pressure. The f1ufd
that h ch t th t |
modi a %srh%%@iéﬁ%c%?%b&far&ﬁ 10D 1 B il 3P58HR  etelp e Biblereease of

gas as a fprrﬂatiohartglee medésatneédm) Ice:)rrplrveﬁﬂ arleanslat@x|yatigh tpresetﬁretdml @ay during
this cyclr 1Y, RGGUL Q0 atlme WI% & gr\tl\(l)arvt enou p ]Jgr i eresr lrlttle heat
exchange W h Y ne s? %\tu? 8 ?eadr HS to gfg?ﬁ g c%gnd’rg% tsné
t enper at urezagde thhduigas ttwrm)ranqieeﬂmtmajty unilet trigh ereesrgy frdel theeuleielrrartraahe

6 Sche BGRB8 PR BT RSB LR,

i nt ernal ures suc and ope

| i ke meshbeagiie [seprbpagatetar ﬁmuﬂh)betfcwepirl@@li)@ebelﬁe@tthalJuiidn@tf@mmn’\lSCPn t he
case of % FRdlrd)¥Bbe Wiy HRFhBNbd BbIL Yo blofds etﬁ.é.aqmtgemagrramgera.e' s
pre-charge pressure IS sometines atnospheric pressure or the vapor pressure
of the flfaf genseaTip d@’@&trﬁﬁllea'tefﬁc’f?ﬁawa&@m%ﬂnacézﬁmpﬂn'?‘#a)ly tb?é@ﬁ?r@roﬁlﬁﬁeﬁo 15, 000
psi- in th@uringHelwbichgt hecahapgl .ﬂ%n@@%&@ifr&@nﬂgﬁﬁéear%map@fcatdrﬁtre@@ber are

15, 000 psi as IS comon in oi treating equi pnment he chargi ng
pressur e RIEYIEEa A0 Sy StPMOnReERng e W?\V@S\)OBWI@I W@SW%%“UF&"G?' the pi pe

30 or theorvrﬁéré\/ra@beutlwodcuauérrborer pesslre dr agBaIStol user@\}mebbatsso @B MWhih aral ve 40.
I n some cases. %b%re ch e for n accunul at or erate osrtrve

t ube wave%“r%ﬂ”i'ws far t’}’ﬁ %%l”?to“ HpPOXIChat' & 39“'?_ @t‘or?she ‘F&Fﬁ?é ®char gi ng
pr essur e. diffdtesc@@nbassitier gdiitise pr gegabias. ga apbteesemmdrmértt ﬂnereaepromdeaat ely

5,000 psi_i he case_of a r rated ar 00 r rkrng
ot osoub o Miflal BERRREF £f qpReGURTREE felbS ih 3 nrrculs R 3 e At

wel | sit e tbyabohb2g%r (iGlusae) Showtibora rtr?es{sureloobew\reen aq@ptri ¢@Q ipsinto ST bsrt he
appr Op“ n%ru% vé{/gﬁx a.ﬁo h&r%s&ﬁé( T BER & & %%9. V4 @P .Vé}t +Jt> wel |
site. rna 9 ccumulator s can e C d actory
and t rans@@stlredrls @nghera/mrtlcsulare ushiwhinneaitierss under somnet mvrseﬁatbut \Asth@e of the
accunul at e t

o T el a Ahgdtdordiferd tﬁ**“éa%ﬂ&%?%a FOF RIBAEC NG U] prbint | o
bor ehol esb%egfét”ﬂ%ﬂ%?ﬁj (Sudht @,SrW%i eSS Undemimdramtie fragtuting tieaimentherpweltberase

del i ver e%érn@eehdneb@td.metarody QrI?bI/dWr §t$§dt't§rés anfe CREVeY Wil Mdnkelonelly9heener gy
conpared W th tube waves generated for ot ‘her uses. This Is because the

fluid i n Masdeporetstiadly.dn Advrirer ePoadiaent, Htegwsmr@e@q%mer@ﬁnor RS er r anean
formati Of‘?@@fiﬂtrﬁ@ tone acss &ﬁithlldoi’fﬁa@suréttﬁbt RShERS -3090W6 eNguvg Yof twdiBoréaves nay
not be able toeA$ é%agat %r en qgh before it is absorbed by the fluid in
the bor endP&Yr 7310 P &rfd BbESHYe may not be able to produce a
wave %S%hﬁaﬂt%amﬁedﬁ‘@'gét‘ﬁéifpmfg?@% SRREREC oG Gl CPOPCIIg
Accor di ngh¥ pilfiend gueetoatmbertti cornéctiohs tHaeaueLersseﬁbleapahg eantarrmrm) tiban ealvs
provided a net stemfor rat ressure that
P equal TgeTRenaR ARk halte SRS 0! Bt athsrE S Haha el BB abou
50_ psi, vtmstohtearraee@rthemalwe W0dSsliatratane vdlor thaebbérereesanrmtartantdrems @hatgbes, 1. e.
Ut v 0 e B2 S ch S SRR R0 SO Gl 1o
gener at i nifpst'ubmiokavard ‘Wipidi age peed sucannedion wrﬂw metd@eermtlab@trtheZ%I\ta)%bout 20%
(i ol usi vay Sl Bl ESJUNE iy PIDIRED: Gy oF WPt BomBAuPsT

negat i ve.thy msaelurwam@st;)me?thahrtsﬁvnth?r@@r@@r?f ﬁ@ggliltﬁﬁloéfhe;f irpg téﬂ@}lctlon M af the Mb@gr es
under sone services but w thout an extraordi nary anount of noises or

wel | bores having a substantial amount @f background noi ses (such as
wel | bores under hydraulic fracturing treatnent) or well bores having changed
di mensi ons and/or structures, tube waves with higher energy are needed.
Accordr ngly, |n a further enbodr rrent there |s provr ded a met hod or system
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[ 0061] The valve 40 can be a plug valve (sonetines referred to as a hamer
valve in the oilfield due to the end connections that are assenbl ed using a
hanmer ), wokallose@bve, or any ot her type of val ves that paraBuapeisess of
opening/closing in a relatively fast speed. In sone cases, the valve 40 is
a rotary valve that operates on quarter turns, although other variations
can be enployed as well. In this patent application, when the terns "fast"
"quick", and "rapid" are used in connection with the description of the

val ve 40, they generally mean that the valve 40 is capable of opening or
closing the flow path of the nediumin a tinme that is wthin an order of
magni tude of the firing duration of the tube wave, illustrated in for
exanple in FIG 2A as tinme "t". In one enbodi nent, the valve 40 is capable
01;] opeﬂi n?a\@r m@éméon@ f@ﬁ@(aﬁip@r/]mﬁm.?més file t:’recm e ira]rlﬂb@dlmbﬂiltethbwatveimh| essI
than the firi t he tybe wave. I n another, e t he val ve
201 capasPeatdh Stirag Glostiodur HEW PR Tt AL B G TR BT INEna ¢ | e
that is bteémlegldlabmrtoﬂihétablem%/e(ilmehmtsérv@)]bddneerfu uhervglvduoas capabtf oft he tube
wave. [006 ner eratin f.the

appl | oot 1Gning G SRAP Butobiah Bhlre SRR b Py e it SR AP PR SRedi um i n
| ess t han(irolusegLiak fitiog dypticarxofrited by wa@® m | | i seconds. I n one exenpl ary
enbodi ment as illustrated in FIG 2A the firing duration of the tube wave
was appr o9062] lel gerefalnihel fast operdngandlve hod thaswrelpieamlibzutg)nvial capaldle ofas

bl I I
156" 11 rpeaBid el i Aot B FURRT RS ol b ARRAGK' T 1Y
capabl e o¥00opdiseoendsr Iol @i expmptasy fembedivzenh aeflllltshétedﬂdlﬁjﬁl RA, Heplirmgi rrat ely
50 mlli S(ﬁﬁ'é’tﬂ)qsof the tP}é Wa@@ﬁlxgﬁd&f@@ﬁat@ylé %ﬁ%’&g%s ér%otH@ sl sReands. 175

mlliseconds, | seco [Ti seco | I seconds, 350
milli seco\ﬁ?di@ 404'@)@ QﬁDPWPs@é@W orgRgingithe f'@’é@@ih@éthed?*edam'Wﬁﬂﬂr@@é@téhds

[0063] TheovahiacdisCath BfePRebTBIAR] ke PistByetaty Vaiad 140 Bp@arpébl%dof An
actuator (not shown) incorporati nﬂ a spring (not own) that acts _during

the openi Hy"H® <l “d)%ﬁ"}ggthéyf&wep@f‘ qf 'ée%d{%‘ Hba%%{%x”ﬁéteh’s milfsecArdsedSe t he
openi ng ?hmréb@zﬁidatgmpﬂ?ﬁbe@mdsha5uallnmeedt8hds VﬁllBanﬁﬁéeU@rﬁd%r Qog&ywb@cﬁﬁ@é,?ﬁt ed
over pis uat ors for ication n _gen e hi ghe e
ohanber s JIVSESEHR e TliReiRShs Rul Mhisceris opl RbSSanue #0uue o
t he fri ctmiliseéondshe 59ealifisecbloyever, an increased torque typically neans

sl ower opening/cl osing of the valve 40, hence increasing volunes of air or

ot her mac[OOBBIT‘m valge mss:edetplnemugticatmer wadrangicdly. opErate e f (AhEactL@tDerﬁr at or

of ten neeﬁ(}1 car e; baI apnog the ageafC t u%f Lef aetiI nq% uCnO%er Igher
charber pTRLaling PR Rg) 2% RS PERIY R HOSE0406
associ at emj the valve Ue can(bleeassdecﬂo inoragee tmmepmmg ¢recicdirmnereed pé thengdhed 461 ng  of

the val ve),, Aéo‘?&a‘? %%gflg?t&?%% 6&0:"?% bl n{é tgﬂs gﬁ@fcﬁ?’oeﬁ af g%%f Al |

satlsfactory resu n one 'speci |c e t he I'cation,
a st andartde Pighesiheehamoer prasaves, tkrfarn@ee worple iasequited kMpen the Valvs@0ueg val ve

part numbgr PxhGH 8m""f?1§ l\%%‘is%doﬂ-ﬁmiebér anl ‘T\@Fe%ed 186uS ey GRLdn@NsiQhert N€

val ve can be foun ne cat al ogue,
(htt pl i wRRenimetcsiasIf g %GMW$P@P@WY¢W¢WﬂﬁI%rMWt@F Bl ui dCont

roli Fl o  wiskaeipsligh thilehive A0S PrHeRGod@sn bpedidr ®it8s pbéds h@raRRnbdishef the
val ve. This valve has a _ _ _
the benefit of operating under higher chamber pressure (hence higher-energized tube
waves) and the drawback associated with the increased torque (hence the slower
opening/closing of the valve). A proper balance needs to be struck to achieve an overall

satisfactory result.

[0064] In one specific embodiment of the application, a standard 2x1 size 1502 hammer
valve such as the FMC’s ULT 150 plug valve part number P516108 was used as the
actuator. The specification of the valve can be found at FMC’s online catalogue,
(htip:/fiwww fmclechnologies. com/en/FluidControl/ Technologies/~/media/FluidControl/Fip

wline/pdfs/FMC). A spring was used to assist the opening of the valve. This valve has a
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cylindrical plug with a round cross drill for the fluid passage that is

0. 75" bore. The two ports tapered fromthe full bore of the end connections
(1.75") owonotimdeabch t he bore of the plug. Two seal se®CIraRm1wWe30893

di sposed, one on each port such that pressure applied to one port pushes
the plug into the opposite seal section, effecting a seal. Each seal
section had a central hole matching the plug bore. When the plug was
rotated such that the plug bore, the two seal section bores, and the two
val ve port bores are lined up, it was in the open position and provided a
path with at | east 0.75" inside dianmeter through the entire valve. Wen the
plug is rotated 90 degrees this path was cl osed. Wien three accunul ators
were connected to a comon wellsite manifold (not shown), an initial

pressur e &findfzal0flty Pgh avona@noa@rbw&rﬂldoum%tﬂrumsgéget fhet v @l 762 bdfe. THeewact uat or

was then activated to.ra en the valve 40 a, tuybe e of
o ot eyt SRl Sk B e St e TS it o &S
t he currehe pmgplmw‘eemectudﬁwverresllsbbsadf oot baoh pﬁ')XtFI!Elbh mmprelssursrapwwi n FI G
2B of the cwre usﬁ(g h t Oﬂfow{ﬁeo teS a| qu %J‘Fctln SnteramEorllflce

r at her thgﬁﬁ%q I?fembq.ﬁ PR E ?gcgug §%|?r%l i Sﬁ%arlngto
that in I%e@uorﬂmob@caummlemaacmwtbe pogroefd. edhentie flugpwag togatébseihdha. [ 0065]

In sone %g%hfd@@gh&“?ﬂ& §ea| StoYman}ngséﬂéﬂd (Eﬁé.'t\/\%evé?\ﬁeg)/&{; B%%giaﬁegﬁ?egedp?‘iti ve

val ves a USS€ ['ow.” Genera

r egener atwaseinibeg opempasiion @nd pryidsfl apgtly with Iaaleasmb?ﬁe ingidehdiametentra@di ng
force oncge %Htu’e%hbak/vr?etnacﬂ@ ol @n%@é?éd‘go begréss h hAs EBE’é’d Sthre%he
regenerative valve has a noving el enent disp ose t hereln, nDV|n

el ement MReFPMYlarS wese capregtednigr a I(‘@”@i@@o‘é’@@'t@ gnanifpidr got |§B‘?"t’” aﬁd '&'“%’econd

area that prb&u%@@%a@bd Y %a§%ﬁi@%o°@ds‘treawrﬂ% \$a‘-l\l'éj4(f I T8d a@(S@r W§s @Hefnf er ent
fromthe second area so that the noving elenent is held in a cl osed

00Si ti on FRIEHER HurARRGIRENIER ¥aIUm 0| PRGCng B IVRA WaNS OF PRTeXiEBIe &1 RS push

t he novi Meeﬂegme@rtor@wem@rmlé Bm)vﬁemcmd PARGE theﬂéunbhaéppm@af@ﬂt ,Thamesuncr easi ng
force is exer one of the t he

| t ressure in th ort a
L otond el eRerRnL BBt AR B gt qhaiestion el PeBifen and
t he secongagfired, mtbrm@ifraéeatpursmamewam\so m@ el ®Adssti@ agrfauhrbys Qpeprad state.

, which
bomor) saecoiahy fufé 'ﬂgkﬁ%?*”%%ﬁéevﬁﬁe@ﬁr? Ha r%t?&ﬁ@&é?m%e bofeiSle. S0t - 103
di d f 07, .10 d b 103
Cnar Che BBEF eSSt RinoPEitots, s vy PR IE bR RS o

the tr eatam@smsaemmrma@ma%aﬂobaldwel G@nenally bmﬂaﬂmgomganeaatwemalm h‘reaeaah ot her.

For clari J 0 t er 130
side is cg%{? H)?H%?@%nio ﬁ% %tﬁue}%dﬁﬁgggggﬂqg%% %ﬁ@e &f \W?h ?ébl éplﬁ%egll oned

cl ose t o assemed.ealni suyne leasase thel Xeseddve sralaalha@da tnheyingr elamienig dispeded seal
107. Opti uid seal
108 and (haot} 53¢ maRRY el BRES Bphd B e PHRER A8 e kP and &

| ubri cat i ¥8§oncharepthattis @Fpoﬁé(ﬂ e feqand p@dpwb@eﬁ@@ fusiceredis diffarort fisprpe170 and

provi di ngsedo mmaf&rthhfe%afg&nﬁgoekﬁa@me.stﬁé?d mad w@s&pgas.tﬂompaﬂc{h@%eeenal bl e
external ly. [0067] hin the control chamber 130, the poppet 103 further

conpr i sesPo4t lHB'h@ﬁ‘ 81"‘%5‘?‘5@6%? 19 gBplied 42 Pesh bR GOVEGIRISTaRN 4Ry Jopehp &RRNEl ar | y

fromthe chﬁmmtmglﬂ Méme@X bS incieasPl fblke iPerRPRY bi,/Q?ne o e st pdessmrénrofheseal 109
IS provi ed bet ween t he contr ol &)@ton 135 an si de |1s_of the

control cHSREraNE3He SPRAIMRTEFUIS BHRF SLFMY! FP‘HE%BBW?{‘?(S’I”(HW B fiB88Pnt 0 t wo

sub- chanmbg@dshd 8dcond 3zed, thateferieubiDthel Movidguélemestndrd millg apeesd sthteh each ot her
i nsi de the control chanber 130. An upper port 151 is provided to open the

upper s ub[oobarme éxélr&dle of atrbgereanivs ohlve haoieshdnm m hFeBG cynttieH cdrhprisds aA | ower

ort 152 is 0 e -cha 2 of ,the.contr.ol
P amber - 1Bl AR A SRS fHaritRY Thn. Y BORER IR ot L PRI Lo he € op
wal | of tdsfeseelemtovoilOmhraermevldéoBﬂetWGenr eqmpeewmendnﬂtm‘aaWa:Mdyl 1M0ateraibret he

PopPet. 103 bl BLEy HAONRY ARONhAT AN PLALIES B3Hortbays i Heigend o

t he popp fHShi on rather an a upt “I'npact.
communication with each other. For clarity, the seal that is posmoned close to the

control chamber 130 side is called the control fluid seal 108; the seal that is positioned
close to the treating chamber 120 side is called the treating fluid seal 107. Optionally, a
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[0068] Wthin the treating chanber 120, the poppet 103 simlarly conprises
a treating seat 137 that extends substantially perpendicularly fromthe

| ongi t udiweal20exi9%660 Y"' of the poppet 103. Unli ke the conPCONBRI1EHIA3L35 in
the control chanber 130, the treating seat 137 in the treating chanber 120
does not extend all the way to the side walls of the treating chanber 120.
I nstead, the peripheral wall of treating seat 137 may be fully surrounded
by the treating fluid during operation and the treating seat 137 does not
divide the treating chanber 120 into nultiple sub-chanbers. [0069] As used
in this patent application, terns such as "up", "down", "upper, "lower,
"top" and "bottont and other like terns indicate relative positions of the
vari ous enbodi nents of the system and apparatus of the present application

\thi E his pceﬂsssgdri e p.roivﬁea @dt\mnah@gmidn flbib%edlrﬁ}ﬂ @Emhehk@a&rvgaﬂuid islb_aIS houl d
e borne mnd that the system apparatus of the present plication
oan b or | A sp R Ry S it DGR el fasmberien, Beiontst Rana

hor i zont athé yalvepéntiiongndosrotitiag @i patLiiss lcakaesto leave hhd edivssbatgyl 70eindbet 0 a
left to rL%@%, {”%nt to left, or other relationship as appropriate. [0070]
In one enBOAr et = Yhe | ower portion of the treating seat 137 tapers

appl | oat | DISPRALPERES cbnydicRlRer $3bafes REL 388 diheb Rafelfsaa dprbole

treati ng ggab 133hat sxtemitbusudatantiadiynparpleadig@arlyt fogm the longitudinal axis “Y” of the
poppet 103. A control piston seal 109 is provided between the control piston 135 and
the side walls of the control chamber 130, therefore separating the control chamber 130
into two sub-chambers 131, 132 that are not in fluid communication with each other
inside the control chamber 130. An upper port 151 is provided to open the upper sub-
chamber 131 of the control chamber to the control fluid. A lower port 152 is provided to
open the lower sub-chamber 132 of the control chamber 130 to the control fluid. A
cushion 160 can be provided at the top wall of the control chamber 130 to reduce the
mechanical impact of the poppet 103 on the valve 140 by providing an orifice that slows

the end of the poppet’s motion in a gradual fashion rather than by an abrupt impact.

[0068] Within the treating chamber 120, the poppet 103 similarly comprises a treating
seat 137 that extends substantially perpendicularly from the longitudinal axis “Y” of the
poppet 103. Unlike the control piston 135 in the control chamber 130, the treating seat
137 in the treating chamber 120 does not extend all the way to the side walls of the
treating chamber 120. Instead, the peripheral wall of treating seat 137 may be fully
surrounded by the treating fluid during operation and the treating seat 137 does not
divide the treating chamber 120 into multiple sub-chambers.

[0069] As used in this patent application, terms such as "up", "down", "upper", "lower",
"top" and "bottom" and other like terms indicate relative positions of the various
embodiments of the system and apparatus of the present application which is vertically
oriented as shown in the drawings. However, it should be borne in mind that the system
and apparatus of the present application can be oriented vertically, highly deviated from
the vertical, or horizontally. Depending on the circumstances, such terms may refer to a

left to right, right to left, or other relationship as appropriate.

[0070] In one embodiment, the lower portion of the treating seat 137 tapers downwardly
and inwardly, generally indicated as 113 in FIG. 3 of the application. Therefore, the

horizontally cross-sectional area of the treating seat 137 is reduced from a larger top
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surface area to a snmaller bottom surface area. be provided at the bottom
wall of the treating 110 is connected to the treating chanber 120.

downwar dlwotomamesot he downstream port 110 treating seaPCI8B20anosoB$se bott om
wal I of downstream port 110 joins. A conplinmentary but steeper profile can
chanber 120 where a downstream port Therefore, when the poppet 103 noves a
tight seal can be fornmed between the the treating chanber 120 where the
[0071] The treating chanber 120 is further connected to an upstream port
115. During operation, a treating fluid can be introduced into the treating
chanber 120 via the upstream port 115 and, when treating seat 137 is not
engaged with the bottomwall of the treating chanber 120, the treating
fluid flows through the treating chanber 120 and di scharges through the

downst r eadiirfaes bred k0 a s[rTQaﬂ]@th}otlBQf surfage erze Aotorﬁ@fn&fnmyaut Asepés prdfilercahhe
current i cat Cr os

ctiona ea of il on, of the poppet
Chat -ongahaloit gbiestiiod SaRACTEcin b -Rortly 120 Wiird a B e ar ont - of
t he poppet10 |ar¢dnrtdamdaom$éstrsamg|oaarabera’rzﬂa Tierditve, waem thequbyppelf 103heoyesppet i s
called the "ste rea’ er shown in
fra s, D Bl Ro dBRsBaRpBin 1469 B Sk fribodb i eea (A )
of poppettr@ﬂi@g SElat s13f7eanqurtbel ldde tvwallaof zhrpa dreatirggeohembaén @0 owkere ntheof
poppet 10&%)Wnstream port 110 joins.

[0071] The treating chamber 120 is further connected to an upstream port 115. During
operation, a treating fluid can be introduced into the treating chamber 120 via the
upstream port 115 and, when treating seat 137 is not engaged with the bottom wall of
the treating chamber 120, the treating fluid flows through the treating chamber 120 and
discharges through the downstream port 110.

[0072] For the ease of reference, as used in the current application, the cross-sectional
area of the portion of the poppet that engages and seals the downstream port 110 is
called the “seat area” of the poppet, and the cross-sectional area of the main body of the
poppet is called the “stem area” of the poppet. Therefore, in the embodiment shown in
FIG. 3, the seat area (A2) of poppet 103 is larger than the stem area (A1) of poppet 103.
This feature leads to a rapid, regenerative opening of poppet 103.

[0073] Starting with the situation when the poppet 103 is in an opened condition, the
upstream port 115 is in fluid communication with the treating chamber 120 which in turn
is in fluid communication with the downstream port 110, i.e. P1=P2. To close the valve
140, the poppet 103 needs to be moved downwardly to engage the downstream port
110. This can be achieved by introducing the control fluid into the upper sub-chamber
131 of the control chamber 130 via the upper port 161. The control fluid needs to be
supplied at a pressure such that pressure times the area of the control piston 135 is
larger than the P2 pressure times the area of the poppet stem at seal 170. The
increased pressure in the upper sub-chamber 131 pushes down the control piston 135,
which in turn brings down the poppet 103.

[0074] After the poppet 103 engages with and seals off the downstream port 110, the
pressure in the treating chamber 120 is increased by introducing high-pressured treating
fluid via the upstream port 115. The increased pressure in the treating chamber 120
acts to push the poppet 103 down. Eventually, the pressure in the treating chamber 120
is sufficiently high that it is no longer necessary to maintain a positive pressure in the
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[0073] Starting with the situation when the poppet 103 is in an opened
condition, the upstreamport 115 is in fluid communication with the

treati ng wbantg926s80 which in turn is in fluid communi caCiraR2oa/03v3e3he
downstream port 110, i.e. P1=P2. To close the valve 140, the poppet 103
needs to be noved downwardly to engage the downstream port 110. This can be
achi eved by introducing the control fluid into the upper sub-chanber 131 of
the control chanber 130 via the upper port 151. The control fluid needs to
be supplied at a pressure such that pressure tines the area of the control
piston 135 is larger than the P2 pressure tinmes the area of the poppet stem
at seal 170. The increased pressure in the upper sub-chanber 131 pushes
down the control piston 135, which in turn brings down the poppet 103.
[0074] Afidpper slectieneet 3168the RgATS Thinbér ﬁ!(!(be%@@éesthéfpfes%bl@ wlz)wnés; fheam port

110, the pressure the reatj 120,is |ncre duci ng
i gh- pr esSIER SRR AT #8 A7 S BRE TcRBiiera B pEascrhg et bised
pressur e arpatAZe Al aas |pogt dharpbatlvelafesaﬂESnttlme ppuseh §dbe:h|am|bpeu 31.@3n dewn.

Event ual Ic%'ofm ieqq L Sovedr S c% tsre e aﬁ/e f ur an unfr]c ce%lanml y high
that it He' P ORgEY HecesSSra“Fy B ST Pdleg s p%%?% ‘°v8 Peeééﬁﬁ'% Phe upper
sub- chanbibe uppdr ssb-chbmbeoh3 T, Mhlcﬂ:]haabmrrtheeﬁmbemaMSeamlh@ppmlegstthe \Aélxletl nmes

t he annul I ssure P2
timee. T hor b, SIS RYERELE o8y SRR EER ) AEEBIEHR, &Pk R

sub- chanbi? d@eqsedaucib&latme eteesgrenealwwrequmettbrt’ee oppsas sub-shamber 1r369at ive
pressure £aBebiel\AlEQRHEd 1 Nto the upper sub-chanmber 131, which may
further fam?ltate the rapid opening of the valve 140 when it is tine for

the val VqOb?gEf’@Qpenl the VBIVe 346 % &%lti@g\ﬁ?’é}% Q:%H%e n%o@ﬁgﬁj iflo tﬁé‘%w%?sﬁjé sposed

such t hat ressure Is a urre upper sub-chanber 131 to

keep t he shamper éﬁ%@ééﬁe PM’PSPhameﬁp th'éerv%w@'é nga‘é’epl@@ﬁ%qr@éa'blbéssur e
can be i nhiQABESdntbNHhe ddper [sO¥Rhafibdl- ¢MIRr 3 I3Ramf pdifte sho8didriumhanmber

130. Alternatively, a negative pressure can be introduced into the upper
sub- chantshieysq whaagp the dourmardhfoses ererted Ry dofiPTESB e B %t&@ﬁtl@g@aarmn t he

downwar d f2or&ethexppéresiiraye bihte peairidedt P37 istexbbty the eahb g tkhaumer ths20 on

t he upper surf seat i s exact sanme as. the sum
ot he e R execiedty oS BoreDhle Terufiol s of B8 Biee St e Ve e
surface ofeat he7tmmthengo\/se&atforw?exphu@ biyhtie Ypishivel pressae X it iedebyul-he
positive pre Sun he | ower sub-cha 132 qr t.he ssure in
Phe upperTGIBEE 1848 hd SepaR wRe Lot 81 IrpRa Rt o dTE AL b relifing  seat
135 of thmaprbppe:io droBe tled¢teal had efdliie poppet1@3. i ght increase in the positive
pressure in the | ower sub-chanber 132 (or a slight increase in the negative
pressure [0676]1'éhamquer 3 glight merdase il 8ik) pasitive peessorst indhe ddwaaniseb-ci@obeari | |

break the t ' t

the val vl At o i HERRE L 1, REBRRL gl he RERR LubRndNS: 1IRE BB, © OPe"

cor r espongintig erambet dd@ vt brehle tﬂﬁ)@ﬂltﬂimlml andothetmepetrwétwih@egihatﬁﬁmvelzo

where th ‘M’ssttor(g%ﬁ‘tﬁg%lvéjiﬁ? SEl\r/]ufhoﬁ‘ne‘?Fe%rf?ﬁ’g s@atslrﬁ?ld %Hg Hgﬂ]tlkfsrrohp{h@ecl
portion o an

bet ween the taper treating seat bottom wal | of

t he tr eat¢avgseigigestrucioe aAdbe ragitagl yall tOIﬁéhQ ﬁréaﬂﬁ%@h@mﬁ"rb‘eﬁo vheresthgrts to

become '”dJmHéirQarﬁWﬂOC%t EMe¥ibl ha ts'ﬂr%lldé?m@%ﬁ@%ﬂr%f%et\?«é&w thBh%pBFe%SSWe P1
in the dowmnstreamport 110 starts to rise an he pressure P2

treating RMRTHEF thexiealingr et 1137 gentd BigsRot t%r"‘@ﬁv‘efrthevﬁeiqtfng H%‘a@B%reé?%nce of
the snal | A@BRIdNS thd EatRg ichaMbserlo sreato(lems .raﬁu.&%omﬁwuﬁicalorswlubﬂreorres

bject to th Pl t, f
el PGSR OPRIIPner B BeSUEPb D s thrEedl Sar S Ao a1 ng
Zeat 137 e (pﬂé‘esﬂ&pPﬂhr)’iheeK@aimdldhgmibbleﬂh)mwart?l d{eﬁrreeiee exrrésadr, by:rt i{ng? -
ecr easi ressur Sur ce O e a e
et T ooul PoBacs o spal pbRus, BicinuTs bF Blsartentt e A2 HEE T B8omas hushes
t he poppedubfE@Btd theana‘,raia:tnyg oEsadd Ppb5|AB|a)resu[t%éﬂpwﬁ@fwmbxmtedfbwim can be
ANy Ted! kAN bbb 8nhe NELDGBAE BF 3 LBARaT AR BLYrdE (HFLL ' O

forces thereéern, hi'trog en alcoho

silicone, emyeh‘nag:éhebwrmard forheuaxerrhed(bwm@ deeeasmgSpmsslaeIBzz on Hee tupeertu ng
fluid ca i t vity and
exerti ngr]?@rr%?:%gy% er e#'ﬂb tsgﬁl{:ﬁhs ‘fﬁ&ﬂ? %SQIE bsbgﬁg&n}e@gg%@p%!r&% %”%tg@her

wat er, sifpicediat ratigiy pushes snPapipet 183He arfullyi me@(éeos't@m
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[0078] FIG 4 shows an inproved enbodi nent of FIG 3, where an inproved
regenerative valve 240 is provided. The inproved regenerative valve 240
does not wonvaian2@&ocontrol piston 135 that extends all wPrhe/1Bzy1/Hw3Lhe side
wal s of the control chanmber 130, as in FIG 3. Instead, a disc 235 is
provi ded between the poppet 203 and the side walls of the control chanber
230, which divides the control chanber 230 into an upper sub-chanber 231
and a | ower sub-chanber 232. A set of seals 209, 209" are provided at the
side walls of the disc 235 to ensure that the upper sub-chanber 231 and the
| ower sub-chanber 232 are not in fluid comunication wth each other in the
control chanber 230. In one enbodinent, the stem of the poppet 203 is
narrowed at the region where the disc 235 is provided. Therefore, a

shoul der 097 7F Rk b&mtﬁo@ﬁlﬂ’@dcaﬂrbé By Hie@MnPindt e cHUBREDT I&Qﬁg $edidtfintovaen di sk
235 noves downwar ?%%t e disc.235 can make contact with the shoul der 237

and push @hhaphex &reggoeredy. (fuch @A, Q't@%ﬁp%?'o*@éé’ o aRerpPeeded at
the top Oémobh@ mmtboao&l sieeit madured) edic. di Sikil@B5H tﬁmv@amgprmf dbry,betdr@ di sc

235 can mak tact Wi he sto r 236 and oppet . In
Chis: onboBFTANe TR Rl betto PREERAE 2 e Dot areriiL biEes BBER i

upwar dl y ayaudcmrmmhdbmolahjrduamylaeétherpmtengsuwonej byedrohrivant oip nhef m1i>dnﬁes/,al ve is
reduced, cause the disc 235 does not forma portion of the poppet 203.

According y, a faster opening or closing of the valve can be achieved.

00791 1 o8 SE008" IE0L. R NG IRET RBbAERT of SIECTNSGRSR, bR, AvigiRse 250

urn°1s connec upper cont r ol
chanber 280eneTétye cahier 240 fsl updlde@ntTdiuenetwrovndsrpaer@raﬁe vaive 24dndoésonotas a

shock absgnbhl AogTRENARLA a5 Ghat DReriRVAN Hlb P! i 9RPRSIs 40Re ke can

advant ageous because a_separate cu as cu on 1 3) can
be el i m neeader 13IVBSN FIIGG3 Bnsigasing dém(%ﬁe& prpwﬁed)b%twe@mrﬁ@dﬁqmwtméfanldl G 3.

There, a @ %%%Wa‘ﬁs Bﬁhé%ﬁt%l "cﬁzﬂﬁ&ﬂrz%b' WiSictY 8L i¥8s ?h%%ohﬁol%?%bg%o ihtd aTnh' S
enbodi ment, poppet cont ai ns passage wa ds in

downst r eali'ﬁPSbﬁ*ﬂb 8'1&5“*19(5 231 Apgl a W%ﬁub'?hqr@kmr - g set of seals 209, 209’ are
provided at the side walls of the disc 235 to ensure that the upper sub-chamber 231 and

the lower sub-chamber 232 are not in fluid communication with each other in the control
chamber 230. In one embodiment, the stem of the poppet 203 is narrowed at the region
where the disc 235 is provided. Therefore, a shoulder 237 can be formed on the stem of
the poppet 203 so that when disk 235 moves downwardly, the disc 235 can make
contact with the shoulder 237 and push down the poppet 203. Similarly, a stopper 236
can be provided at the top of the poppet 203 so that when disk 235 moves upwardly, the
disc 235 can make contact with the stopper 236 and push up the poppet 203. In this
embodiment, the weight of the poppet 203 that needs to be moved upwardly or
downwardly during an opening or closing motion of the valve is reduced, because the
disc 235 does not form a portion of the poppet 203. Accordingly, a faster opening or

closing of the valve can be achieved.

[0079] In one embodiment, the upper port 251 is connected to a space 260, which in
turn is connected to the upper sub-chamber 231 of the control chamber 230. The
control fluid contained in space 260 can function as a shock absorption mechanism for
the upwardly moving poppet 203. This can advantageous because a separate cushion
(such as cushion 160 in FIG. 3) can be eliminated.

[0080] FIG. 5 shows another improved embodiment of FIG. 3. There, a pressure
balanced regenerative valve 340 is provided. In this embodiment, poppet 303 contains a

passage way 304 for fluids in the downstream port 310 to travel upwardly towards a
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buffering chanber 360 that is |ocated on top of the control chanber 330, as
shown by arrows in FIG 5. The passage way has a first orifice 302 that
opens to wbeodawesdr eam port 310 and a second orifice 3@2T/IBlAl/0WPENS t O

t he buffering chanber 360. Therefore, the buffering chanber 360 is in fluid
communi cation with the downstream port 310, and the pressure in the
buffering chanber 360 is the sane as the pressure in the downstream port
310, i.e. Pl. Hence, the valve 340 in the current enbodinment is called a
"bal anced pressure" val ve. Because one of the treating pressures is

bal anced by being applied to both sides of the poppet 303, a nuch snaller
actuator can be used to operate the valve. A faster actuation may al so be
achi eved. [0081] The buffering chanber 360 is separated fromthe control

chanber 3Rffehyg ahstier 360 30aliS 103dtkd ohlidp antheacap@blt chambefl B3P aBathown by

th bet t he buff t
et aaiiats 10 4 PE etssest Wah G, re5 18 307 30aT opSne Band Seisienanper
330 i s semaroearfdrasadohe otificeadd2h thac bganisdo trﬁaZIﬁhfﬂeplngicisaiﬁbemBﬁe edherelts,, 308

and a por 05 di spased ereb tween. There e contral nber 330
and ¢ he_dPepTrgechEmEE: S5k TR ALY mon R Bt Cometinc STt Rou 06 R

ot her. Qphe omaissluye i tbeaufiegn® bhamber 1360 pis othe desing @sf toei presaire inhthe

al i gnnment 03,i n | e 4 reduce

t he i nmpac (%O(\)Jnfs {rgﬁgwnggéur%eéauﬁgép%rﬁﬁ%ﬂgvsea |gttl}{le§%dérﬁén\é§m§o me@‘@% %)I d

provi di ngg abaldnced tnreasgreorvrar\/raceBeqalemoogtqf mmtre@tmgtmssur@aﬁ traj;armh@r’ﬁyer 320
can be eqy r%o%h)é‘? rtchPl ?qeg R theQMDpRO3d3, 31Ruch IIeF Qc LI&BF bé &ed to
characteristics o e valve and reduce’the si S on e poppet 303.

[ 0082] | ronerate thengbgi mefaster @Q"i@at@ﬂ@ﬂﬁy&*%’d?ww@d sel ect ed i ndependent |y
dependi ng on the purpose one intends to achieve. |If the seat area is larger

t han t he [908H Bhachuffefing chripprit3690 separated Fomnthe Icorteat chipabert I8 Pyraseture in

t he treatéf%arshslmem?»é’rm b Spdnd g’mﬁe.sﬁj@a {hBRbBIWRSA UT Endréfold end BuRsTHGeam
port, i.e. P1). Conversel i seat area Is smaller than the stem

area, t hechﬁm@ﬁb%ﬁ%@sﬁ%mfiu'q aQ'EfHU@P%@dV'WHB% CoMeo! pharBlas 330 hikewiset gat i ng
chanber 3e¥ftrbiscHamiber 33m%rlsetpaaat@rr@maué &rehthd HRainflRVE26 lb?%née@@f teals 367, (P1 >

o uce " B EEro UG et FEapeBlseD, ThaaRar bR b 3O gck PRo3 or

t he body tedatiblpehs@bsre3B®iare Aotsipafed B&ﬂmﬁﬁlﬂathﬁl witte @berd other.t Iaptiopaer a

separ ac e PrBRE Fer bVl & RANBERS 3P Gier] Hafe Bl oL kb ISP seal

309 di spdbedalm%@neanslt(deedwaé theompact@bmermdessprsmtdse @8the sbalsuppBaspealt 351 is

cormuni catt el et Ao it ol LRSS Bt hE teblhd Widhds? a2B b5

| ower porequwzd|V\sth|morf9|tmrdoraﬁ)mma15:a&150w Imptdvetth@cm;mten&tlgbotﬂiemaéfe 332 of

the contr ; configured to closely fit a shoul der
%d r%g'l?c%et{ﬁé sidetbads ﬁ?r%ep%%éel' 303¢

336 for corner o ppet 303 and the control piston 335.

Ther ef or V, wth
the spaca Saor R AEBRBb AL, B REm sl o ohREel IR S Do P EPERR (e
337 i s cofpmEE9Eg opg idersisue achievesifdbapeatiasea s lagar hen thestenpowaei® of the

poppet 30&)ppgpﬁ39%mrlﬁtchtd1%eéj ’m\%ﬁtth@fprésgl‘?reﬂﬁﬁiﬁ@ﬁreé"t% %ﬁb@ﬁﬁ’@lsvﬁgﬁ’éo i's
reduced. |In one enbodj nent, the shoul de de as a separate ring

wi th sonmeln@n BeripRsereoh ”ﬂ%@o‘ﬂiﬁtj’ﬁé’fﬂ Rofte s éﬁ%ﬁ Ff1ﬁa90f“(er§%l¥1 tae seafiargmhiswi t h

space 3%30@?1@ fREURE stehﬁarfe@qwerpﬁiﬁiﬁéltt 3d:§lrnllgét]§|];€br@bémwﬁa¢ lt}ienprags@é |rt nese
parts. trates several di ent t [

e hani Sriediha ChatigeT 20 Ree Lo dne b eene ShisdioRanreb ot e Bof T Bar

appl i cat i lane Ehpydiadeat, fiicsdad eda dsappranimhtely,zerot | i mtations, to the current
application. O her variations are possible and should be consi dered within
t he SCOpe[0083ITtEreIMCé et megphicakitipact. causedypn eapilly ogeirg thg popsa0B8s | n t he

or essur o ThPRE ARG HBF 20 2EB0 T oo SRR OB IR Po B SR PRES T et on

of the fltoedsntrdl chsober 338sebich pesn Fiw.e3, seadparaeaimmnge e anbshamisere

I d; h hi gh
1ol @ ot 1SR RE B Bhorfil B o R 68 oRE R S o Ml BT PR BRER, 0”1
t he seal ;335n /yotmweopbréBSttﬁseﬁpldmmumO@tl@mmth tedpace 3¥hmhigped turh is wone

cases, one or nore conponents of the sealing nechani smare nodul ar so that
they can be di ssenbled and replaced after wear and tear.
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[0085] Referring nowto FIG 6, various different types of sealing
mechani sns are depicted in the context of sealing the poppet 403 and the
downst r eawopRort094660. , al t hough it shoul d be noted that PeuaR20E 830393y
mechani snms nmay be applicable to other locations of the valves as well. In
FIG 6A, a retaining space 412 is provided on the poppet 403 to accommopdate
the seal 411, so as to prevent seal 411 from bei ng extruded or dislocated
fromits original position due to pulsations of the fluids, frictions from
the wall 414 of the downstream port 410, etc. Alternatively, in FIG 6C
the seal 431 and the retaining space 432 can be provided in the inner
surface of wall 414 of the downstream port 410. [0086] To reduce the
frictional force caused by the inner surface of the wall 414 of the
downstr eaﬂnud)@dsmmém@audnnmﬁi fhe @Per bhaecladMer 831 dInbe tbAird €hampéemspespace 422

conl 1 CPuSh Y BA RdRTuERe IS i disonr FRETRaSRe Y Bh R e 1 op
surface odhahtcblerm :spb]:é 307 id doafiglowt &1 ¢leswin ﬂl@réhomiﬂé)r 336rfomhdd alfthet teser seal i ng
systens t exi se e nt ageousl ed to the

o thor t 1o Bopertuds B 1P TRRE P TR L AE L Bt e iR

[ 0087] | nuprla@lly,6iB; steoutdep B3€ eadHges edhenspate 88,Bcneat|r[gamardmdar beficsedinet he

poppef[ 40 nﬁpldﬂt}lcﬁ.'% YNl%'é a %%3%3 Egﬁﬂgggbzﬁ)?ﬁgmjc%% tr%sdl'slrgrﬁ f!)r%et%@%m's! {hléSt rat ed

enmbodi nent, the di s a circul ar
di sc; hovmo\e?rmertboh@e pghmiéﬁ%'a’herb@r@plm inereiol @f thes powplet 303ADr$the valvet 348

L1 ustratieds fbe dlnrﬂﬂétemtﬂd?iﬁn%{tstﬁe ﬂé’hlde? 385 SRR SRANROLS éséﬂ%?é‘t]le%g whthS

created around the openin ownstreamport 410. A's 1 within a
retaini ngeogpfaéléar@ﬂge @arih(b@oamtu %ﬁﬁlﬂuyh thad| 'UG@'@I splétaligre with Hpaee $87aMd t he

wal | 414. ol deth@ rdtjulf8mEhtisr ﬁé&s.mmaaﬁmﬁgmwg@pér& keep the disc 443 in
place. In the illustrated enbodi ment e retaining ring 444 is | odged

i nsi de a [0eBa] MyNe IMRAGRsAIclP CitfeRtht itfhdsNér ¥&iihg ¢RdchanEhS ARatOhay R

shoul der 416 at a location that is above the sea ? 441. Protrusion 446 hel ps
steer t heAMRIieAPIEs e dle faTRRdrPests &F rtaglicuImenl PRRICPIAN. t I "GN AR RIPVIEEY &6t i on.

examples, not limitations, to the current application. Other variations are possible and
should be considered within the scope of the current application. In general, sealing
mechanisms in the current application are susceptible to wear and tear due to the high
pressure in the chambers, fast motion of the poppet, and/or the pulsation of the fluids. In
some cases, positive seal retaining mechanisms are employed; in some other cases,
bonded seals are used. In some cases, high yield stress plastic (such as PEEK) or
other elastic materials are used in the seal; in some other cases, metal to meal seal is
employed. In some cases, one or more components of the sealing mechanism are

modular so that they can be dissembled and replaced after wear and tear.

[0085] Referring now to FIG. 6, various different types of sealing mechanisms are
depicted in the context of sealing the poppet 403 and the downstream port 410. |
although it should be noted that such sealing mechanisms may be applicable to other
locations of the valves as well. In FIG. 6A, a retaining space 412 is provided on the
poppet 403 to accommodate the seal 411, so as to prevent seal 411 from being
extruded or dislocated from its original position due to pulsations of the fluids, frictions
from the wall 414 of the downstream port 410, etc. Alternatively, in FIG. 6C, the seal
431 and the retaining space 432 can be provided in the inner surface of wall 414 of the
downstream port 410.

[0086] To reduce the frictional force caused by the inner surface of the wall 414 of the
downstream port 410, in FIG. 6B, the seal 421 and the retaining space 422 can be
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[0088] FIG 6E shows an inproved version of FIG 6D. There, two shoul ders
416, 417 are created in the wall 414 of the downstream port 410. The first
shoul der woeonavesnodat es t he repl aceabl e di sc 453. A seall/IBH11/H/339x ovi ded
within a retaining space 452, both located in the vertical surface of the
first shoulder 416. Alternatively, the seal may be | ocated on the

repl aceabl e di sc 453. The second shoul der 417 is w der and hi gher conpari ng
to the first shoul der 416, and it accommbdates the stopper 454. Unlike the
stopper 444 in FIG 6D which is |odged inside a retaining space 445, in
FIG 6E, the stopper 454 is |lodged in position by threads. That is, the
outer surface of the stopper 454 conprises a series of threads which can
engage with a series of conplinentary threads |ocated on the vertical wall
gf t he S%F‘]r@ﬂdecﬁ bom&ggttc#ﬂ;sur@u bﬂiﬂfd bMppelﬁl mb@ntrﬁﬁkgmftaéeseéb& teaeat edI |
et ween t and t epl a e disc to, i Y overa
ceal of tHnEeEBRbyom elfiarat e RbpRRARERSH Be b Hdaet hEReTals Ehrer  ros
be sli ghtdlqo\/rstrm@brtm:in It b ofithgbe sedling Bgsterap lirac kil sesiag nbbdber mayr der to
pr oduce e conta r. Iln this case ne or
botn of s BPRRER 5l I5L Babg Butel i B MRel 8 A7 P s iP5 Paftaneens

cont act storthgpepeh that the contact pressure is equal to the yield stress
of the softer of the two materials. [0089] FIG 6F shows a further

i nproved [POB%] lorF16f 6Dhe re@adeahiectoariosentt448tis peavided hesweekn the tpoppet40Bent
appl i catign. C n PRIt i on of
t he poppet 4 el ‘{"%"S{‘Z‘écfﬁ g\t] gt@%é@%ﬁ@ gaﬁﬁ)oi}?qﬁ%glugg&gb icogi'ﬁ?e&t ?]n t he

i |1 ust r atdsblzoebbldi agemwonerd 448 s 468ei shape ehpexicalar dike Howevenmotifer shapgsoppet
403. Ar eé’d%'l.@abﬁ’é §§wé|§3A%3rﬁn*?ﬁe ﬁ{;étﬁ%té& erflss ol oﬁé%%ﬂ:;h&dé?@ee%”d

ret ai ned y a sto ustrat ed enbodi ment opper
engages t4RoNt3 ghay 1496 tCFﬁaéQi’d%rOU%ﬂ tﬁ?&?@ﬁ'”@t%é’?e deudisiream Rogdl@erdsealcan be

utilized g8 Welid o ORIIRNSY 442 BBAe c?&@né@%a@&bd%étmcéh fhel @by g space
462 can be PFOVIded between the tip and t pl aceabl e disc 463. In one

embodi nentall 414 Aneta@inguino-t44 Q?@sbq %melpé%q @&%@t%@ﬁcmé it gigrecénbee disc
463 and tingstredl erddabimént! e @eamsd ha?ammog loddd8 insid ANERWG Slracevasal | seal

i B

t 0 ensur eaq1harrotringtors 848 helgs ateeathefhighepgadpet frars achdiskeditegtibh® ambaslded
area, faci.l |{at| ng the desired regenerative action of the valve. [0090]
FIG 7 sh%ﬁﬁ& o regenerati ve di aphragm val ve 540. The | eft portl on of FIG 7

theri anc[OR8PLn eGRnRREeh yRBRred iR FIE off lBrc i sl U647 e’ ™
val ve 54(arencredted opehe stailt 414 Spéioe fdowastiepm ipnrtt448. dé’pecﬁretdsmwntedlmm , a

di aph '

chanber SsgonrsdaB5 1KE SFaabIRAt, 355708 sy, £ Ghyiels viBH, 2 chEEh, "2,
the treatspage dhantxdn IC&‘a@!dl 8 ﬂmqmrmﬁé@umqerpfath@bm shauder |46t rﬁétemaltlwy rat ed
ermod Tefthe b8 rithARbASE 57 éﬁ@he' | SpISORRRCHSSASY PheSRLSHl SRbidePaife iady of the

chanbers on one I'SC ‘a stopper to a po
Efl onaIIy

on anot hendsfigher campamang E)Stize\m%t ﬁh@ul%rrﬂéﬁaﬁfﬂﬁ ﬁ@cgq;@m@dag%tr@aﬁﬁonp@r é
provi ded beiveasnsbiier dusfinrab. 89 hridhSs %d@@@fn@ﬂ@aﬁ%%mur\@‘%da@e uhs e ng

shows a relatively thick el astoner  di a metal di aphragm {Jtypl cally
corr ugat €25 1112 sigPRey 434 i éQHgédf”bPO%'Vﬁ”sb%@F&%ﬁdée Thebso e quiert vefare PLEEr at ed

enbodi mendtepdeP YBAL c5MPridea S a dsciied SEF- BREAdsOMAIch PEdH iehgadehalithi 8 sdilest@mnti al |y
in the shape of a reve

T'. Th e base provi t area

Lhat o iGN aRG TUBai foraic, Anotp cdab ole ob 1 aecrnd shairo ALl |
equi pped ®@ptichaky, p@ratntea(&rraédwssabeméwd (shesancthepopee 403 bﬂi(ﬁ’ﬂhd%mabe'fable out er
surface which c n_en t opp. 558 and/ he . retai n| di sc 555 of
She. dr aph e A EROmPRIRE: bial SERRE e R ™PY, HurbPSal e RS eh e ihBbeoner of
t he poppetosb(3gy sameatimesnabslightiyt steemayibarothecAnglebafrthd Gsblaceable seat 453 in

order to produce a line contact where the two come together. In this case, one or both

of the elements may be expected to deform slightly to produce a contact strip such that

the contact pressure is equal to the yield stress of the softer of the two materials.
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to be in fluid commnication with the treating chanber 520, albeit with
substantial restrictions. [0092] In operation, the valve 540 can be
regener atwoeby/wp@ned to produce fast onset of tube wavesT/IBat/oioags f rom
the condition when the poppet 503 is in the open state, i.e. right half of
FIG 7, the treating chanber 520 is in fluid comrunication with the
downstream port 510. The control port 507 is then opened to allow fluids
bei ng punped into the control chanber 530. Wen the pressure in the control
chanber 530 is sufficiently high, the diaphragm 550 and the poppet 503 are
pushed down to engage with and seal off the downstream port 510. Once a
seal is achieved, the pressure in the treating chanber 520 rai ses,
partially or conpletely due to fluids passed through the orifice 506 in the

poppet 50{908dPrFid. e §hbﬁls\/aa’fuvtﬂer5r’|‘r8>roxﬁé@merré?én BOthe $e@I meaariin aierad ei t her to
t he at rmsphere or to the Eort 509 of the downstream port 510. \Wen the

pressure {97 diip dne eitg b PPRIcaHe r HE%0 2rTaPIPCealifotRIAPANG " hE$3 'StFP{%V'%’pB%? 503 of f
its seat pdrth:ﬁ—‘l gatheepdppet megerﬁt@éawt biv Bleydaprisam [ 03] 0. Aspreemsang/emr el ef

val ve (no m t i ff i al essur e t he
i apir agriuSaRALtm bRl ool 45T R ciden, & dBbdeiti o HEr pefeet Aih; B
pressur e replavéabis diseva68 leanvbalstid fourstrbe/ed exihditip @66 amd aptaimed byod sibbﬁerval ve.
Mor eover , g no ca (o] I o] t tq the
control ¢ Gg‘nbir? t@%glmv\%teéh r%'/\%otﬂj qehgtpg[ge){ griﬁag gtﬂlﬁ% t@ Ee%r}fﬁﬁetg?ea?%e val ve
by provi dilihgugtethabireansy of engagﬁpleetswrt be ubkmtieistwelbf Optenatipra sedl 46anber
530 duri J [ ]l Pop-sa ellef tyne S o,.he used
o produceeFeE il & Wiifing BRB2IEL ok e TrohpEotgRYr Tne fh, MhBohe

conpr i seseainceabst disth§dp dnons ebodmgpimasiantethsysiore 468§, created betyepiptie chanber

520 formed, I*a@ééﬁ?@&lsé 5?3 érY&’thQWaﬁ %14 6f tﬂ@%@hst%?’n bért ﬂostB‘?r%E%vé iR dRrdine

poppet chanber 520 IS connected sprin on one side,
whi ch in gt 6f r”@s?‘?ﬁﬂmhb\h é” s?@a‘?f these sSRaNg; %/Sﬁ@ﬁw’éd"%é?eaqvﬁ@tams@r eam

port 510 GRMESing Wlé&hbhﬁ\e%féélrﬁé%on@%pbetwg& ﬁl@rpbﬂﬂet%gétr@@aif%JrBﬁr%Qﬁaton the
poppet 503, pushing the poppet 503 towards the upstream port 510. [0095]

Starting Wt%a'ﬂ%areél%éaﬂ PORBR P tAlash asthe H@ﬁh’\dqdnarteﬁechl@?aﬂ'”%éhef d%‘?'reﬂl G 8A

t he poppekg&idativesicorligrame vangeat 512 formed around the opening of the
upstream port 515 to the poppet chanber 520 and seal s the upstream port 515

from t he 00ROEEICE 7agHoRs é?é@enJ@WeeabpmégmtJaWem@ssmeeleiftrpdrthﬁu ORI gam por t
is i and/or the pressure in

515 t . t hanb 0

Seor eased RS lof B 0sS setfia by HbE yale 5l (BB red SBER fhe A sfio810 and
th edf ElcanbelusbBs itbe Subsi torial widai gh th er 40 tHee e d f
exgrltoggpbg 2 Iprulstﬂ S5|04ke SLSEIC% etw:.SOﬁgis@Vgrte:add b Od??n:d ff ?Lge
Sxor e 2 aeliEaibb g st bR RRRACh ddiragh Sa3k bl p8fceh ol | ' I
hi gh pr escambec83f agl & nreaurtgmhaumst 52 fpocdntrblidhadber 530 istesjuipbed @itpaoxi mi ty

to the V\Béonﬁolgﬁort R]%R%% in r 55@95 q‘é‘@)‘p‘éﬁ\/\)‘l tH' :j&)?t 51§0gplih%sﬁ§s?r,a{elae Spr ing

504. The regenerative forc rap|
posi t i on,enapdyheinthe ndiagheagn fH0 |ﬁa¢qnng¢te¢:|t& a&as;rew 551 to the body of the

chambers on one side, and by a disc 555 and a stopper 558 to a poppet 503 on another
side. A seal 552 within a retaining space 553 can be optionally provided between the
disc 555 and the diaphragm 550. While the drawing shows a relatively thick elastomer
diaphragm, a metal diaphragm (typically corrugated) is also suitable for this service.

[0091] In the illustrated embodiment, poppet 503 has a cross-sectional profile that is
substantially in the shape of a reversed “T”. The large base provides a large seat area
that can engage and seal the downstream port 510, which is optionally equipped with a
port 509; the slender stem comprises threads on the outer surface which can engage the
stopper 558 and/or the retaining disc 555 of the diaphragm 5§50. Optionally, an orifice is
provided through the center of the poppet 503, which enables the control chamber 503
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[ 0096] Optionally, a stopper 505 is provided inside the poppet chanber 520
to restrict the notion of the poppet 503 and avoid fully conpressing the
spring 500 2bn/mbesoi | | ustrat ed enbodi nent, the stopper POB/IBB1I/MSBI form
of one or nore extrusions |located on the inner wall of the poppet chanber
520. However, other forns of stoppers can be used as well. Wth the stopper
505 in place, the valve 540 can produce positive pul ses foll owed by sudden
steps at the downstream port 510 and negative pul ses foll owed by sudden
steps at the upstream port 515. The sudden inpact of the poppet on the
stops will tend to forma tube wave with a doublet character in the event
that the stored energy is exhausted in a tinme conparable to the transit
time of the poppet 503 between the seat 512 and the stopper 505. If the
stored engrigy i Suigx@emi@tcdtion awith iR ségingf dhaaibel v2b oaweit withasudstingalt r ansi t
time, port 510 will generally experience a positive tube wave. [0097] FIG
8B shows §5USH"tion to the enbodinent in FIG 8A that acts on a flowing

fluid str at her .th openi a connection between two, areas of

di £ er i nglORPRLDRPELIORHP J5VG 24 &% 6 TegR IV R SPEPd B PR TR A5 | 4
downst r eashtyle waved 0'Startimydir@n [repgeitition anibe theSippet 503 th the bpeestatehiee.t wo
ports. A e 03~ i i.sposed inside e._pappet chanmber 520 he poppet
i's connec gglgq}ah (gf E'&-iﬁgg‘ﬁoﬁeaﬁ%‘ ((;)hr%nbglr dr’gg \ 'Pcﬁ“ﬁg ncofnmur?'crag(%rf s\'\"tl‘rfpgtg1 an
openi ng witemstredre pdd\wet Meanorpol porb3@F isdlmemeEnsd taalbhdlupsgpaty mimgeder 520' .
The spri 504" C o] e.no 03" 4P LN tmﬁ pet 503
away fro%gttoh%éd%oqvw?ﬁrg{ tr("ge?irf]n%pror 5%6& ﬂrgeog%ﬁ&gg dﬁt?‘%g%\?mn?lhg% e rgﬁgn%
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t he poppet chanber 520' and a tr_|gger 507" that transverse the wall of the
poppet cHiaAiBg chamber S3feraisesi gartialyver sanametelnedugpat fluidsnpgseed tsauph thent o t he

poppet chambeso64Pthe bdppetsss aoaid tHeCravD540, [BRIAR PortnsoheancNbeencal t he
poppet 503 and around the outside of g5)oppet 503" towards the downstream

e
port 510' SithehBnWHEHIMPERRGRR Or itd; e port B9 oHifke fewptieadnegrt S49-2 Vlan ke
orifice S586ssurd nahé kot thatiser\83b HalkichBugh @AsUI the poFpct 50D BE itaGEMASHet he
orifice 506'. f\ gressu_re drop is created between the poppet chanber 520
and the d‘(ﬂi\ﬁsﬁ DdePRNGEIely PBENS- [ 0099] When it is tinme to fire the val ve, the
trigger pet. 503 rce. of the spring

Lo |l ed t. I h . The,.

s00°°F s dO0PRLASHy Ee e e PRT b BETRAL R ey Wl EE R Pl oo ppet
508' a% édepn?aigpgﬁé@?j55b|3;|aqLu»'e©biiqnapyltmbkaded,?saescﬁul_ytfdrs]\ﬁ;sdmmi?hrg%mn][eort .
510" . € _poppe "f cones Lnto conta W a ,sea " fornme
around ¢ FET G I ooy Ha st S P o e B0 BF s atde p G Bovetna dsr 520
and seal schalbed gwih show@negnolre optidhallyf cametted tp dipp ednteh ahdreber5530, whphoduci ng
T e e o ety
of f1 ui dscontenprecfdhd camtrot ¢hampeppdt dwingwhening20' to t he downstream port 510',

however the flow path is significantly restricted due to the small size of
t he ori fil®894DBop-safety relief type valves can also be used to produce tube waves. An

example is shown in FIG. 8A. The valve 540 comprises an upstream port 515, a
downstream port 510, and a poppet chamber 520 formed between the two ports. A
poppet 503 is disposed inside the poppet chamber 520. The poppet is connected to a
spring 504 on one side, which in turn rests upon a seat 512 that is formed where the
downstream port 510 connects to the chamber 520. The spring 504 exerts forces on the
poppet 503, pushing the poppet 503 towards the upstream port 510.

[0095] Starting with the “closed” condition as shown in the left half of FIG. 8A, the
poppet 503 rests upon a seat 512 formed around the opening of the upstream port 515
to the poppet chamber 520 and seals the upstream port 515 from the poppet chamber
520. Thereafter, the pressure in the upstream port 515 is increased and/or the pressure
in the poppet chamber 520 is decreased. When the pressure difference between the
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[ 00100] FIG 8C shows a further variation to the enbodinents in FIG 8A and
8B. There, the trigger 507" is renoved. The val ve 540" operates essentially
on the flwDasifddessong fromt he upstream port 515" to thecCuoBral/n#am port
510". Starting fromleft half of FIG 8C where the valve 540" is in a

cl osed position, the fluid flows fromthe upstreamport 515, into the
poppet chanber 520', through an 506" forned in the center of the poppet

503" towards the downstream port 510', shown by arrows in FIG 8C. Due to
the small size of the orifice 506", the fluid flows with significant
restrictions across the orifice 506" in addition to the restriction between
the outside dianeter of the poppet 503" and the housing 520". A pressure
drop is created between the poppet chanber 520" and the downstream port
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the top of the plunger 703. Upon inpact, the kinetic energy fromthe wei ght
760 is transferred to the plunger 703, causing the plunger 703 to nove
downwar dlwoi2nsl/dessbhe port 710. The bottom of the plungecTiBd®1pobes t he
fluids inside the port 710 and generates a positive pulse at the port 710.
This is the firing position of the plunger 703. Thereafter, the weight 760
is pulled back by the actuator 770 and the spring 704 (as well as the
pressure in the port 710) pushes the plunger back to its resting position.
The plunger 703 is now ready for firing again. [00105] It should be noted
that although in the illustrated enbodinment in FIG 10 the spring 704 is
provi ded outside the port 710, it can also be provided inside the port 710,
for exanple, at a location currently occupied by the vented washer 705. In

azchha CaseIGE BB. Epné ) thid bd]alemétofahéigmaasf ab’ fméqﬁlwfk%W§1Wﬁﬁ|swmgﬁént703z
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the port &l& tréeﬂn 388 seEFIRM fﬁ%rﬂop%éth:ﬁaﬁlﬁé(r’ EfZY) %?&u'c?nlg § game tﬁﬂ)@@'é!/é;m

mat eri al s and/ or cont al ns us 1l such as et hyl
al cohol , e éiowyﬁtrfét”h@@rt 540] prAgrasitive tere wavR ingihe L[F@GQ@B]IOON $15yerTh803 is

provi ded WMritD 506 IR altN4Sd anlﬁ%ntlt?%ﬁ‘ﬂﬁieé‘tdﬁb%s%mthé{pgg&t%ﬁéjmﬁé?eﬂﬁ%t 810. A

set of springs 870, 871 are provided to ke t he eneral ly

cent ered ‘Wt WSt Ret iy hawsver|the fipw HGI”I !fs%'g%lf“?& %ﬁ%ﬁ%ﬁt%gﬂlﬂe totPi‘é flyer

803 i s sudpsdiadidd @ltheyortlieklbosv. i N t he center of its body, where a piston 804

is located. In the illustrated enbodi nent, the piston 804 is substantially

in the Sh[@mooIFl@ 80| dhads i £ alrthep daridioh heugh @ﬁﬁwrm@hwmesl@am deuwd as
b ston BOUE'S 16e MeeRPORE evEr. | e BV PRy PRRES PN B S apace
i nsi de t hiowidgyfesm 8@3upstream portBppeto taéaaﬂoﬂstreaafbcﬁWOa ISteeriig fedranddteialf840. A
oAl SO0 TG R e REIAE R N H6H oL SRERA BN b Gd RGEafr T ace
port 515, into the poppet chamber 520°, through an 506’ formed in the center of the
poppet 503’ towards the downstream port 510°, shown by arrows in FIG. 8C. Due to the
small size of the orifice 506”, the fluid flows with significant restrictions across the orifice
506” in addition to the restriction between the outside diameter of the poppet 503" and
the housing 520”’. A pressure drop is created between the poppet chamber 520” and
the downstream port 510”. At a certain point, the pressure drop is sufficiently high so
that the downward force caused by the pressure difference exceeds the upward force
caused by the spring 504”. As the poppet 503" approaches the seat 512", the pressure
drop across the poppet rapidly increases, causing the poppet to be driven toward the
seat faster. The poppet 503” is pushed down to rest upon the seat 512” of the
downstream port 510” abruptly. At this time the flow speed at the upstream port §15” is
suddenly reduced or stopped, generating a negative pulse in the downstream port 510”
and a positive pulse in the upstream port 515”. One or more stoppers 505” can be
provided on the inner surface of the poppet chamber 520” to provide sudden stops to
the poppet 503” and produce a more repeatable switching behavior with flow.
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the flyer 803 to ensure that the upper chanber 830 is not in fluid

comuni cation with the | ower chanber 840. [00109] An upper flyer port 832
i s fornmedvonotimende wall of the flyer 803 to connect wPhE/IBEPEnsdIBanber
830 to the small space | ocated between the housing 805 and the flyer 8083.
An upper housing port 831 is formed on the side wall of the housing 805 to
connect the small space | ocated between the housing 805 and the flyer 803
to the outside of the housing 805. Accordingly, the upper chanber 830 of
the flyer 803 is in fluid comunication with the outside of the housing 805
via the upper flyer port 832, the small space |ocated between the housing
805 and the flyer 803, and then the upper housing port 831. [00110]
Simlarly, a lower flyer port 842 is forned on the side wall of the flyer
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the i nner surface of ousi ng 8 and the outer surface the flyer

803, at 00909 Ih e?eﬁion' %a§W|95' dnBat 6b§ @?%\{eneﬁd"%t H@Sﬁerﬁ?&sﬁﬁd?ﬂ%)f’%t 831 to

ensure that the ﬁﬁtld I njected fromthe upper housin
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803, at a Iongbg ud| | ocati on tth

check can en be restored to its open posmon either by mechanical means or by

reversing the fluid flow path in the conduit 670.

[00103] FIG. 10 discloses one type of hammer source that can also be used to produce
tube waves. In this system, i.e. hammer source 700, kinetic energy from weight 760
driven by actuator 770 is transferred to plunger 703 by impact, which in turn produces
tube waves in port 710. Specifically, in the illustrated embodiment, a plunger 703 is
provided across a top wall 711 of the port 710. A seal 707 is provided between the
plunger 703 and the top wall 711 to prevent the port 710 from being in fluid
communication from the outside. A bearing 714 can be optionally included to improve
the stability of the plunger 703 in the top wall 711 and to reduce pressure pulsations
seen by seal 707. A spring 704 is provided to push the plunger in a resting position
where the bottom of the plunger is substantially adjacent to the top wall 711 of the port
710. Optionally, a vented washer 705 is provided between the bottom of the plunger
703 and the top wall 711 to eliminate the suction created by the bottom of the plunger
703 on the top wall 711 when the plunger 703 moves during firing.

[00104] In operation, the actuator 770 causes the weight 760 to move rapidly towards
the top of the plunger 703. Upon impact, the kinetic energy from the weight 760 is

28



bel ow t he | ower housing port 831 to ensure that the fluid injected fromthe
| ower housing port 831 flows towards the | ower flyer port 832 and enters

t he | owerwohaniyee66830, i nstead of | eaking off to toward®CrhB20p00303810. An
orifice 843 can be optionally included between the | ower seals 847, 848 for
| ubricating purposes and the |like. [00114] In operation, the piston 804 can
be nmoved up and down within the holl ow space of the flyer 803 by injecting
or depleting fluids in the upper chanber 830 or the | ower chanber 840 of
the flyer 803. The noving piston then inpacts the upper inner surface 835
or the Iower inner surface 845 of the flyer 803, causing the flyer 803 to
nove up and down to generate tube waves at the port 810. Mdtions of the
flyer 803 that do not result in inpacts can al so generate tube waves if

they are traa@fesdreeﬂ@uwbmrﬁg%@ia@]caﬁh.ﬁg tHe3pldhgee 1708 &5 maverabhesaraly mdrefhati ng

tub

st s a1 TP ARLERbGohe Siont P aieute isringts s 8008 Ftibe 005,

f\hbal I ?Ogbnleﬁatesné p@ﬂMﬁQdHSemt(md bart Tt Tea i the fiind2d3itoh dfhe dludzer 905 t ovv?r ds
e orifi as s i.n ream por

020 1 1 nitEreh g (A wE ARl S ROleenty RS arld 2ZRARB b it M HSSTTN w ¢

sone restas th'emessucealmsted poyt 1116 poshesitbe pAhQer Tdnkrteatstrestingt positibal IThe03

reaches t [ t tstheflowpath of the fluid fromthe
upstream%@r}q&gg%gt%g%ﬁ Wc}grﬁm a{ga?]n port 910, as depicted in FIG 13B.

00116] T; 0 f N t he
Lal I 9%)3 @gﬁéﬁg?ﬁé@dnggpﬁg%%l tgﬁfél{hgg@ﬁselﬁr Oﬁfsha{eﬁgéﬁédro:& | ce rS%bG Q{sﬁ]shgvm in
FI G 13C.splihe@04 v pravides pitgide Ithe part 7 He it dan@*%af@profllde%msweé% pee71% t he
upstr eam BOblanii at biioaléi burdAty bsoRARGANS [6ified Rhshet PEs IRNISH G&AE PO ¢
910, creating a positive tube wave at downstream port 910,
i1l ustrattéd SPWQZW@GXQGB domwés@bfﬁfﬂea{?rythstﬁ)l'@éeﬂ/\é@ Mé‘éibr'%lédtuﬁh@algwm/rbw n FIG
14, wher ena doWary W?ééee%éfrteéﬂ)?rtﬂé'pF&TsﬁrlerJtQ@(BoﬂsﬂOV\/aﬁlegﬁ&%r M8 Qitabep of a
3000 psi baseline at the end 000 feet of tubing. The bottomtwo

traces shfng ﬁ@“’ﬂ%@%ﬁ%%@%r@?éﬂ ah i resting statigp, PpiRds 28R Bifipeing
pressur e. anidimt bf n;swara ﬁ’d)r'é@s O tHeNSlu i t wviretamely @RS drislin€ 8t mibathsy thal |

| anding int fice. e bottomtwo traces indicated
e barl B cehPeie el g e'egatwoﬁ otferthg8 s ot cat od

pi ezoel ec ressyre tra cer_ that on responds to changi ng
P easur olo0nfsfiBe FhRRE A PRREotTRHEN S e baDine 2R PII S Bt od_as
t he bot t cappkdxirastely Batpsitabe abveaystoplodaer approgigately HBlpsivassdine pleesirat t he
outlet of the well, as was the conventional pressure transducer V1 (mddle
trace). (oOter}riGgnak qwcmesjeewamrﬂe‘rssd)umrthéﬁs(ptreqsutermmceMaSthdmtm at the
inlet to the cailded tubin ved strokes a was_ar ound
11 T7a oo IR SR PRuboys o 3 YR eBiERIER | A& G0 PR R et e
t he bal | érarahidrig ai port 31® @r theioter eheim d)rteeermmnhmérrtothe pressmmetineavilydR0st oppi ng

reaches Lol e i O Biealeerl by BRGo! NF eI Ahb 88y ossd BE (1 he

bi g hunmp negative's aces were the
bal | poppmadﬁ phekaa@nmatetnalsmd/ca Cwlﬁialr@ é dow thiulk mpthdvs Ehduidf sucheascethyled

t ubi ng toa|&p]%1ard}égy§ ?@e,r &l e(')”o Jhessure. [00117] It should be noted that

the orifice may b cate e surface, downhol e, or both. NUItipIe
orifi Ces %A 'fly%ﬁ%ob'?s B@Qﬂb%@lthlﬁ%@h&% BB BEMEER YR &%fd%f’o éﬁd‘@'e

bal | s. shaped ects are lustrated in ects of
ot her sha(i!ﬁii"s81 y\%éoh%@gsag? 7l arepyPEeeeto, kegp theriyer @%Wﬁ'yﬁémtﬁ@ﬂ/ obj ects

may be usgihit e REESHRS 805, h%m\& HEsEREE AbeGimRAL /1R fl§7‘é’r08@h lseqipsi@tial) ects in
the wel | I n one enbodi nent, degradable balls such as the col|l

a
"bi obal | SIR¥LR e ceBIEr & disi PPGb’r AEETR Pnlfstep 4 iSolRsatad-e Isthg, '”léﬁ%'étefjhe bal | s

are fed lélhlﬁbdirﬁ@nttig@q;lélwa 804 i rsg@uastanﬂaly ih It Ehepener éDQJfllhdﬁHaOEtﬁJ?ralthdU@P t ube
wave creatjon can be conducte the surface, ile
Fobi g, GINSERES GRoroe an el Afieeelarosd ha NS oare e b o
and shoul akidef teopisiod B0@da witdular extehsiors Isd@r@emrfthzﬁthmndmrthehbllo&m;dabeafsld@n

the flyer 803 into an upper chamber 830 and a lower chamber 840. A seal 860 is

provided between the circular extension and the inner surface of the hollow space inside

29



[00118] FIG 15 discloses a stinger 1003 that is specially suited for
provi di ng tube waves when a free surface 1015 is available. In the

i |l ustratwo 2eniioekicnent, the stinger 1003 conprises a stPCRgBWA1/HIBSs (such
as PVC pipes) that is connected to a piece of surface equi pnent (such as an
actuator) on one end and hangs freely inside a well bore on the other end.
In the illustrated enbodi nent, an actuator 1080 is configured to nove the
stinger 1003 up and down, and the stinger end 1004 has an enl arged
cross-sectional area conpared to the remaining portion of the stinger 1003.
Therefore, when the stinger 1003 noves up and down in a wellbore 1001
containing fluids 1002, tube waves can be produced in the wellbore 1001.
Produci ng tube waves near free surfaces is particularly difficult because
of the |itAkfysBoBegaihduvethat BeBpE habblyg3ohie nbyid maditedintunvaésswitietheet ween
the free surf t he tube wave generator. In general, the deeper the

t ube waveP ﬁ%‘gPHPSF ¥ be placed, the larger the anplitude of wave that

can be pr 00119 a first pressure t sducer 1009 is

o ovi den P1PgEAn bonzs Brer o eaBores hhkstibatiicd T tRNEEE R 8¢ 1 o1
cabl e 10ldppeocledretbrig3gitol ehet i;realhgd)dce\nom iegtwedn tHeenasising (BO5 ahGQBe fidrso, a
second PraRe Wb ARVETEIRLS BRlG5 PRI o QNS5 dndto ABRe8 o7 el
surface of “t he I'nger, ~t 0 but
upst r eam the smatl kpacstlocedet b@wderntbﬁmouﬂ‘h@ 882 enntheglyes8d to the auisideoéthel012 i s

connecte h ur - agse 1944 I b a ned to
the sti ng]eoﬁjg'féogoiy é?%ﬁ%@é{ym@ 8?%%1%%ﬂspengﬁé gfhsep?‘r%g f%0&'6,%@087 can
be opti onc@nMmunicatipn @l thecoytsida ofdiee bausila 80dcka theupperdlyst parg@d2, teGanallo nove
up and doyce id&afélaeb @%thhg‘ﬁ%smg% BE5 SHS BRNREPB0S Ynk 4hgh ﬂa@ﬁ%perlr%% ingl ©
springs. I'n another e di nment he suspension systens 108 1087 are air
bags. | n &t her enbodi ment, the suspension systenms 1086, 1087 are inner
tubes. [00121] FIG 16 discloses a nethod of coupling a tube wave source
1103 t hr d94A1@] $imderlys @rlpwerellyet parti8dRds formedion the |8|d@d~a/{}eq>f|tb@ﬁléer1810ﬁ4to I'n

general , é&ﬁﬁe&%lbwgﬂcr%%e%m?@rfﬁé br%ﬁﬁsp?acéﬁddaféﬂ tRtwdenies h&ﬂs@% do3ainghas two
ends: the first end is connected to the wave source 1103 | ocated on the

surface ofe#Y&idi0Psif lawer husig PoRP4A igiforaed ap dientds walbpiihe RoYsng $4uied of the
wel | bore cohhdct the said@ Habe Woaest betivbén Wﬁ(ﬁlﬁkl@dos)bn@ hige lﬂy@eeoleZthféorrpr i ses

o e ity P diopaino BObe Mo dsfP Bolater oo fao OEHE Wb 908 % M) e

with fl uifiid Jsmﬁmumcatnhrmmn@dutbme@f therﬁbuilihgﬁos hraabghbv&rwyér\mrtlﬂt’Q?thbr om a
reservoir 06, all ted on the sur e well.site val ve 1009 can
e opt | oriAyHask e B¥Par dus aushd 8% Bud InednfE o3 peni o {fedt e
1102. A vfa:(uammppﬂrsm(not shown) can al so be optionally included to
facilitate the process of filing the tube 1102. The conpliance of the bag
1105 al | o@®11 hA pead Brie patvided beswrenaibe inper shrdadeudiehavboesirgp80sicandlih@3 t o be

hi gh t i i | f f
Cud ote 1iler it B ot B o ot oA B0 Bhwell (1Fe EYRI TG 2 e
1103, t hepanelpthe apperewsiaing peidB31cand @) the Igeaeiyer edrt 8d2/theclower ficus®gof t he

D .
t ube wvgqo?ufgape 'ﬂlﬂjepéoﬁéOW#léijP\@ p%QP{% Ghy upPé'f‘ E&ﬁ@f §HV b ﬁ\te A o3 tﬁg e

wor ki ng In the case of water as a Int t'ube,

surface 1PIWleigly seprsatad &AM tae §ow Rath tatherlaugr dhamaey §49«f thayenB@® source 1103
for it to %roduce useful tube waves wi thout the presence of the bag 1105.
[00122] 11Q03KE] & sBbal wener seelRB37) &% is Arovided thgheenithy inngrisvEagmAkings t he

fluidin ﬁdﬂj@lng%ﬂ?shéﬂoeth%létﬁer dUMaRE O gy fIRyEudi 'é?'atloné t'&@lnﬁi lébéhdnnthéth% t ube
1102 is slightly lower in densit mpared with the fluid he downhol e

1110. WhedPorpehe &B@er\/\,a%'@oa?r&é%deseﬂsgrer fhagdhe élu'f’uBléC‘\%\f@”bri%aaa%res down
tube 1102hcuBigGars3d floag tdwilas tie epdenngeraioet mrﬁﬁdaefrﬂersttrh'tﬁﬂﬁj‘e@rcﬁarﬁ@étm ing

Compl ot o SaieFaBio! e OTost QBRSSO 101 AP S eB e TNy be

included between the upper seals 837, 838 for lubricating purposes and the like.

[00113] Similarly, a set of lower seals 847, 848 is provided between the inner surface of
the housing 805 and the outer surface of the flyer 803, at a longitudinal location that is
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provi ded above bag 1105. Optionally, a pressure transducer 1111 nmay be
attached to tube 1102 with cable 1113 optionally attached to tube 1102 by
devi ce 1M0.20{1001638] FI G 17 shows the effect of using &CraBz11/030828 ar
chanmber whose tube wave transit tine is conparable to the physical |ength
of the pressure pulse. This is directly anal ogous to el ectrical

transm ssion lines. In general, it is not desirable to have the pul se

| ength and the chanber length to be conparable, as optimzed storage
chanbers are generally larger in dianeter than the conduit connected to
them and tend to have a chanber length |l ess than 20 to 30 tinmes their bore.
Such a structure would be used to produce tube waves of a particul ar shape.
If this is desired, an optim zed storage chanber may be placed at one or
more | oc aﬁdr@mmeab\@érgwoasrhg poit 83 0to RuRBthathe Guid ijéRel from i IBwEeKAUskHg.

Appropri at e ace s in inpeda of th oytl et pipe nma so be
100 T o pitt b SRS oG 15 o e Rz Sercehrs dbe Sl PRebRne ca

| ocat i on in§teddhef Ipaalesgsuffm towaris de pors 810. 2n oar.ceam @hn b dpishallyahoheleds

di sposed bet wee

oo vgern e Jeit? 3415 BAT Sé‘ﬁi%‘f'rbé'aat?nﬁgwrp hﬁ@@t&@%’ © el boed

pi pevvork n| D essure duce HFhes ur| ed to PO
The outI g‘el aq'gs*surll%'atanfééﬁp es Vﬁi U'OTﬂnd é?aph tshnovvs? tcﬁlg "t our
pressure :tpaaeev’sthesﬂyet BO® by Thectiha st deratbtu@ iltstOIpethedpaer dhambeﬂ' 83Gkndthes
assured {0, 0060 |- 8apBF 1A%BVEH | 9% MO, bBlhET 8 uppedfitkT2, Vhen
it opens, ere 1's an Pate risein pressure trans o | evel
P2 and a %mfaﬁeg%wdhe@wwmpetwrtaceﬁéﬁgfdm ﬂ@r@@mausngé\ﬁe‘lyem% eover essur e
wave travgl fnd QA B §drapsid Hfb%rﬁav%s%‘t‘%e‘lpcﬁﬁ%fd‘eMBtrst%fWM%w iyngigpat ed
schemat i cal the arrows. At tine ressure wave reaches
transduce'?o"Be%.'l’idj1 'W@%r%%@ﬁ@@e@ﬁréﬁﬁ’sIU*tQ)W?‘@?éﬂth@QareAaF?'@?P@@thed wave returns
fromtransducer 3 toward transducer 2. Simlarly, the initial wave reaches
t ransducel0041 élFlﬁ A8 disclospheh Mmatiagl plageanating: e praves (yepyraping opiscts2 and a

reflect ecthmgﬁ ah @kitiéd1SIn tN&némbbcﬁlﬁrehﬂﬁus@r‘éte%daN\@MﬁbefSMb% Tchﬁ/R)%G%GJn iAndreaches
transducer 2 the pressure chis still above P1 due to

cont i nued®uegs &f # It‘dﬁﬁ 90\5h|/§ B'rl 3%&'@%&?&?%@?0 ther yrstrea@ ReE\V20; ofttee fube pipe to
t r ansducegosAtowiie Ahd b@nctelsmt ad Shidveciheric\Wese Rt tie ﬁtbﬁh@ﬁldtl@tﬁps‘ﬂfeérﬂ hes

transduce 2. at e drops to P4 be e uaI to
b 1T e cbagtis i W cormpat ol S e PRt et A1D el B UEaRE) - as
the fl ow muthct(ﬁnstcbesehyls)t e drieise Slmpmﬁdebﬂmmbafalll9p3 rédehel ItHiéSbrrfroefSMeCt i on

e S R e A
present beart HoeandepidbdimtIGDIIRrans simlar to these are famliar to those
skilled in the art of nodeling electrical transm ssion |lines. The methods
of nodel i [0§116HTEPressuna in thaempsimeam Ipert @20 diognl increpgds, duicing theubs! 3Bvte | i nes
once thi sy ' . 4 of
arrangenene?%ﬁ{ ﬁﬁp%riﬂ&&%@%i‘rgg@ﬁbth%%géget l’J':de%,tshségwg .éﬁkf%%% arcﬁéllﬁmg'ﬁ f/a, and/ or
pr opagat i sightbf furthgsencieasef theagresisuse intthe upsteearn mrhgﬂosﬂhﬁ haAIr908yis b@tnﬁéen t ube
waves an t L Ve i i onshrps
e ot e B A B e on
of the tu¥é. ﬁ&\“és’f@ﬁ%@l iBdles13b AN exennlanapulse #8s o egranmsh@\gn a‘r@GnM

previ ouslt/hér@%besmmctsr apﬁrr&ur@tewmotr §§|\@a%e§erfelﬂﬁe(§ Yo e eav yal ent  of
a transmssion line te pacitor at its upper end. The tube

wave systREFIA heaend 91 2. QS’QH%%%FUW@ ar h@ch?ﬁP""éW? Ughas N e YIRVRA of a

pi pe. Congyneate®whmytheeop trave dmﬂmsbyurap.ﬁgawetsyurtel htreehrwgptketdrethtettt@ttm fluid
(as shovvn o the | e ator

he ri ght FIG 18B
Shows. ¢ hemPuineoninsBelst i BRLIPOGR Thire it 16 STPPY AEKE di Hier el WPt b
shorted etfui)esan(ﬂd:alé(fdts'dbdll [Dbp@ng Elhrﬁrghl% shfives & slcugmee'atnarwéd 3330 with
adensrtytha k her .t han H h?q transm ssion |ines.
The sl ug A336 focls® &%‘r?pﬁﬁ?&f’sﬂﬁre @”3%‘1%%8 %t&éﬁ%”%‘& B0 RESHEF he t ube
1301 wi t ht ddes niInsssurercoafinuooe ptasberewai@iswas illustretedead tdi bottoin, tradeehat! ug 1330
is used t [ I t |, a en two
tanem sofasa @%ﬁ&%ro%e tB’%%‘?ch ‘%%H \’Aféagt}éaté’é a?‘”hé pﬁ'ﬁé‘i oﬁ%@%ﬂ gggvé% chows a
t ube 13010dmamt|®galaaresseee ts;zansria@@ Vii3addie &pce) hé:qrwpnt@hatMeswtﬂ)earlseioqer The
free surface 1340 functions equivalently to an open circuited end on a
transm ssion line. By way of exanple, a positive tube wave inpinging on

this boundary wll rebound as a negatiyfe tube wave. In the case of a
transm ssion line, a positive pulse inpinging on an open-circuited
transmssion line end will reflect as a negative pulse.. FIG 18E shows a

tube 1301 havr ng a reduced di arret er tovvar ds a sectr on 1350 further

. Y Y . o A N A N I o



[00126] FIG 18G shows a porous material 1370 inside the tube 1301. The
porous material 1370 provides a lousy reflector, in a manner simlar to two
t ransm sswonoivmesoconnect ed together with a resistor. PCGIBABHIIBBAS a
tube 1301 having a perforation 1381 forned on the side wall of the tubing
1301. In the illustrated enbodi nent, the perforation 1381 is connected to
an enl arged area of enclosure 1380, which resenbles a subterranean
formati on under hydraulic fracturing, for exanple. This provides a | ousy
reflector in a slightly different configuration and is equivalent to two
transm ssion lines joined together wwth a | oad resistor placed across the
transmssion line termnals FIG 181 shows a side branch 1391 connected to
a pipe 1301 through a full-bore port 1391. This is electrically equival ent
to L vvlo t rwma@r? géde()ﬂ/abild’tﬁ&dja@ith”d |ﬁ%t w‘sthélﬁmeuhw.ﬂb ettt dos&®ed bmng Rirskesase Ej he
stu i ne u i.te u st an e ysed t rovide

i npedance®Wal'ghid iy at 1612{3 érof“r bgu 'E?es i! pﬁ?@\'fi‘ E%Ea'?(fé/guency
sel ect i vendiedtbe ttieoball rﬁheyigam ¢heabifer efvaen ¢ Weveiﬂomtﬂ:lbnftﬁ]d flew stopp09127] FI G

2t tenuat dp15s MRS o e fOrE R le! MeChReE Sfep &7 o€ Mo B8 MEflodMent s
di scl osesnexeslgarp nggaytlvbespdspplondla?é)beitqnmt\m tracesatéra ghepbdlspappogsthionghy dir aul i ¢
fract urt NoPRRRR i1 TR SIERISIG. Y RS O ddR LEARLUILND T ul ds

may be danmagi ng system mnators are equival'ent to the
t t RV
transm sSogn e e 9“0@?2“‘353@% e P BB o el BB, BB oy 1

FIG 19A M@Wuwpbmﬁceﬁtmay h%wiseﬁgina@atﬂllalstedlll@mdjlgmﬂrlﬂbwsmreW@mgdia"@arti cles
ar e m xedaBag! BAY sea Rkt %etrét@&.rﬁmc%%tﬁ@é@ef Quertéh% bl g boend 1414
and the side Wwal the tub first ty artlc es is
dense par\sed|assvellq 1Moregyps, @rééréﬁl?&? @TW)@' W'OWW@J%¥§W?BCP% uped @dﬁﬁleé%%ihﬁl e

particles Lﬂébléengraf%ddsﬁ@@r RSl bRy IobjedtCan thélwagai Inséneasdborintd, and the
i nner waII of the tube 1401. The conpressible particles 1411 allow the pack

to nove LOKAGERE tfaﬁ?ﬁWW@%tﬁPﬁOM%@”t%@”M@ﬁfdaﬁ%ﬁeal%%'f‘BraPWQ”%BP%fé“%ﬁer gy. In
one enbodirg®Béd, atnbehes:@énarae@fddbhte tlﬁkﬁfubb(bk/%straljﬂfbﬂaalaffa%ttﬁlﬁ@@élﬁ&ro@ber' awebul k

nodul us. anot her e onpr.essi bl e iC 411 are
modulUe B DR T e BOTRREse P e BATtLCles KA S8 L g

density ohe@ne oira omlr pippardthel esgiatisnscangsssb possitae ynd rsamwenreyccﬁheuﬂsdexa packed
at the cl ol ed %nd 14]T heto }eo ?nsioty at the opposite end. Such a structure
woul d ni nf" rktg PEtT et oY QV%Q‘P ?1 {'he instance that the characteristic

resi st anc ck i s not e chara ter.jst e of the
one a3 iat e q%t?fzféoa?ar. 3§ SR 1ob s SHREAAL ShieRL o BTG
consi der edawsstwiien & free swciape 1015 tshaaratiahler ehntthejlllss:tracb%erebodﬁtnentkm stinger

character [ ' it 0 o5 t
[o0125] | miRPmeBRd shiE sk udelRRE SRRl AN AfeBRY)ER SRRV ¢y
1424 as isuriase eauipentrisyh@s aro®tyaon) an ene ph@en@aanﬁfm@ ingifle hm&jjhor@t her
shaped c 1 | ai nt
fluid can trg)él?gr%geﬁg Wﬁ?'"{h‘%rétt ee@g(?/(?lﬁ]eht gpgbﬁjgﬁhh@slggf)wu ei coho etc. A
por ous plt0g stingel 1983 yir aid ¢, PRG m@é%t'ﬂ@fé etndlﬂ@o‘lﬂ@’blan gitlarged @@é%‘ﬁ@(ﬁlop?ﬁ'om mat e

to the caybs Yorkfabd olhe ré}ﬁélﬁlHé pBHiEE o#ﬂm@%tlﬁ‘gj’é}ﬁb& PcteeBe, @vh@r’i’{r@%n@@rt erial
comonly known in the art. por ous Pé%’ﬁ together wth the

conpl i anct003pes 4P and dopa "&aweﬂ'WﬂQQ a'f"l'}ﬁél’t”idﬁ 002 tubp WaESEN\PE
t er m nat gsro@dcety hibfheVWéﬂﬁére 10012 Ffrétldch@rtul%m%srméé? freé BEfAREW patidulsigvi ty can

conpri se umul atgr to reduce th ui red vol stem Such a
el | B ETRE o ois G AL eseh i Paae: St dios AP AT PSS

conbi nat i wedn the rﬂeelsatr@cre anckha turpedict geherafic n gerieeslmhaategperttas tube
frequency res ons [@erlitlc t hat

i S tte uat e tbfre uenci es and
doles not ‘%ﬁ"&e Gﬁ‘%a OrICSUv ?P G '@Egergﬂﬁaﬁ“%' d&r?&’a%?%éﬂ?f‘ °R3 t"& ui val ently
o easor etomngeEbional Bt st imb Lot S Bt Bt ST HE STt B MM 10c

shows anas leennectdoleto Waes surfdce g taufirst. cableet0d 1 lagatert inSide ¢helABlbwi center efithed | nsi de
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cavitation 1435 is created behind the orifice 1431. This cavitation 1435 is
effective in bl ocking tube waves traveling fromthe downstream chanber 1433
towards the upstream chanber 1432, butgnot tube waves traveling in the
reverse direction. By varying the flowrate and/or the orifice size, this
structure may be made to either allow passage or bl ock passage of tube
waves in one



direction while always passing tube waves in the other direction.
Electrically, this structure is simlar to either two transm ssion |ines
coupl ed byoaodimesoi n series, or a directional coupler [POOABINFDIIB3I9R20
illustrates another source of tube waves that involves an inploding device
such as a canister 1500. In the depicted enbodi nent, a sinple canister 1500
in the cross-sectional viewincludes a hollow body 1502 whi ch defines an

i nner chanber 1504. The chanber 1504 may be a vacuum or be filled with gas
at zero to | ow pressure. The cani ster body 1502 can be nmade from any
crushable and/or drillable material, such as frangi ble gl ass, tenpered

gl ass, or ordinary glass. In one enbodi nent, the canister body 1502 is a

gl ass centrifugal tube. Although in FIG 20 a tubular body is depicted,
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much lower than'the height of the tube wave source 1103, the negative pressure that

could be generated at the surface of the tube wave source 1103 would be severely
limited by cavitation of the working fluid. In the case of water as a fill fluid in the tube,
the free surface 1115 must be much less than 32 feet below the tube wave source 1103
for it to produce useful tube waves without the presence of the bag 1105.

[00122] In one embodiment, the fluid in the tube 1102 is the same as the fluid in the
downhole 1110. In another embodiment, the fluid in the tube 1102 is slightly lower in
density compared with the fluid in the downhole 1110. When the tube wave source 1003
is fired, a tube wave propagates down tube 1102 and causes bag 1105 to expand and
contract, therefore coupling the tube wave source to the wellbore 1114. Optionally, a
partial or complete seal (not shown) between the wellbore and the tubes 1102 may be
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W claim 1. A systemconprising: an energy storage chanber; a fast
operating val ve connected to the energy storage chanber; a pipe
connect edwoaotiim26sal ve and extending to a |iquid-fill edPoonBiiol/es0393
penetrating a subterranean formation;

provided above bag 1105. Optionally, a pressure transducer 1111 may be attached to
tube 1102 with cable 1113 optionally attached to tube 1102 by device 1112.

[00123] FIG. 17 shows the effect of using a long, tubular chamber whose tube wave
transit time is comparable to the physical length of the pressure pulse. This is directly
analogous to electrical transmission lines. In general, it is not desirable to have the
pulse length and the chamber length to be comparable, as optimized storage chambers
are generally larger in diameter than the conduit connected to them and tend to have a
chamber length less than 20 to 30 times their bore. Such a structure would be used to
produce tube waves of a particular shape. If this is desired, an optimized storage
chamber may be placed at one or more locations along a length of normal pipe suited to
this service. Appropriately placed changes in impedance of the outlet pipe may also be
used to perform this sort of wave shaping. FIG. 17A shows the physical location of the
pressure transducers 1, 2, 3, and 4. A fast valve is disposed between transducers 1 and
2. The length of pipe leading to transducer 3 is shorter than that leading to transducer 4.
The closed pipework containing pressure transducers 2, 3, and 4 is pressurized to PO.
The outlet pipe is pressurized to pressure P1. The graph shows the four pressure traces
vs. time. The fast valve is opened at time T1 and is assumed to open in a period much
less than the time between T1 and T2. When it opens, there is an immediate rise in
pressure at transducer 1, to level P2 and a corresponding drop in transducer 2 down to
level P2. The pressure wave travels toward transducers 3 and 4 as the fluid expands,
indicated schematically by the arrows. At time T2, the pressure wave reaches
transducer 3 and its pressure drops to level P2. A reflected wave returns from
transducer 3 toward transducer 2. Similarly, the initial wave reaches transducer 4 at
time T3. When this happens, the pressure falls to P2 and a reflected wave returns.
When the reflected wave from transducer 3 reaches transducer 2 the pressure falls to
P3, which is still above P1 due to continued fluid flow. This produces another reflected
wave into the pipe to transducer 4. When the first reflected wave from transducer 4
reaches transducer 2 at time T5, the pressure drops to P4 (which will be equal to P1 if
the outlet pipe system is much larger than the storage volume), as the flow out of the
system has stopped temporarily. The first reflection from transducer 3 into the line to
transducer 4 produces the short pulse seen between T7 and T9 on transducer 2. Other,
smaller reflections may be present but are not shown. Diagrams similar to these are
familiar to those skilled in the art of modeling electrical transmission lines. The methods
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wherein said energy storage chanber contains a first pressure that
substantially different froma second pressure in the borehole so that a
fast operwOi2on/mébhe val ve generates a tube wave in thecCirimgoidesossd ed

bor ehol e.

2. The systemof claim1l, wherein the energy storage cha

i's

nmber

contains a conpressible nmediumselected fromthe group consisting of air,

ni trogen,
m Xt ures

al cohol, diethyl ether, water, silicone, hydrocarbon oil,
thereof. 3. The systemof claim2, wherein the energy sto

and
rage

chanber conprises a plurality of accunmulators connected to a conmon hub,
wi th each accunul ator containing a fraction of a desired pressure.
systemof claiml1l, wherein the fast operating valve is configured to open

or cl ose

a flow path of the nmediumthrough the valve in a tine that

4. The

is

bet ween adiorbdeling tlansm@msioh liaeé inidynige disali applied ¢ et whe WadeonceSthisThe
%ﬁ4a1n14 mhereln the fast operating valve is configured to open

syst em of
or close
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similarity between tube waves and electromagnetic waves in transmission lines. These
relationships are not generally known and more importantly, the physical configurations
of the tube wave analogues to electrical transmission lines are not previously known as
such. Figure 18A discloses the tube wave equivalent of a transmission line terminated
with a capacitor at its upper end. The tube wave system that has this behavior is a
compliant chamber at the end of a pipe. Compliance may be provided by a cavity filled
with the tubing fluid (as shown on the left) or an accumulator (as shown on the right).
FIG. 18B shows the tube wave equivalent of a transmission line terminated with a
shorted end; a closed end pipe. FIG. 18C shows a slug of material 1330 with a density
that is higher than the fluid hardware and transmission lines. The slug 1330 is
configured to be able to move up and down inside the tube 1301 with the pulsation of the
tube waves. In one embodiment, the slug 1330 is used to produce a lumped equivalent
of an inductance placed between two transmission line segments, in a tube wave

system.

[00125] FIG. 18D shows a tube 1301 having a free surface 1340 near the top of the
tube 1301. The free surface 1340 functions equivalently to an open circuited end on a
transmission line. By way of example, a positive tube wave impinging on this boundary
will rebound as a negative tube wave. In the case of a transmission line, a positive pulse
impinging on an open-circuited transmission line end will reflect as a negative pulse..
FIG. 18E shows a tube 1301 having a reduced diameter towards a section 1350 further
downstream from the surface, therefore creating a shoulder 1351 which may function as
a reflector and as an attenuator. Tube waves coming from side 1301 will be strongly
reflected off of the step in diameter 1351 and only part of the wave amplitude will pass
into the smaller section 1350. The transmission line analogy is a junction between two
transmission lines of different characteristic impedance, such as a 75 Ohm line
connected directly to a 50 ohm line. Just as in the transmission line world, the larger the
step or change in characteristic impedance, the better the reflection and the less signal
passes through. FIG. 18F shows a different version of FIG. 18E where the transition

from the tube 1301 to the downstream section 1360 is by way of a slanted surface 1361
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7. The systemof claim1l1l, wherein the fast operating valve is a rotary

val ve that operates on a quarter turn. 8. The systemof claim1, wherein
t he val vewD=2or/m9egener ati ve val ve, said regenerative valPCe/TBRzni/Ng3e novi ng
el enent di sposed therein, said noving elenent having a first area that is
exposed to a first port and a second area that is exposed to a second
port, wherein said first areais different fromthe second area so that the
noving element is held in a closed position upon the second port until an
external force is applied to push the noving el enment away fromthe second
port, wherein one of the first pressure in the first port and the second
pressure in the second port functions on one of the first area and the
second area to push the noving elenent to a fully opened state. 9. The
syst em ofinstbad 67 8,shebigeei J60t hﬂahuwtmetuiesisaecfuag@netcatm/eamhy@orcmm@réfsi ng a

contr ol nber., a tre i SPOS elow.the control c er but
T ¢ TR g Tos ASEl IR Frtsh PSR RE RS, S Bier cIRRD o

ext ends farroamtrdsqma@emamsﬁd)rmehahbarave ('matyhlﬁae tnadato rgngitvmndiesssathd changsaipabl e of
reci procati nber nd t 10. The

oot o o ApRgari eyl BRpdi8R e BB H ks & Phert A bk BhRATTRT SN cnar oy
st or age ciedwiaT presauraandiypsdaite doe pothe ddfedent mepeidbodes; inithe samd omehelthatvi a a

downst reay F?r%ﬁémission line matching transformer trades between voltage and current to keep
the same power level on both ends. The efficiency of this section increases as the
length of the transition increases, with little transformer action seen for transitions less

than 2 wave length.

[00126] FIG. 18G shows a porous material 1370 inside the tube 1301. The porous
material 1370 provides a lousy reflector, in @ manner similar to two transmission lines
connected together with a resistor. FIG. 18H shows a tube 1301 having a perforation
1381 formed on the side wall of the tubing 1301. In the illustrated embodiment, the
perforation 1381 is connected to an enlarged area of enclosure 1380, which resembles a
subterranean formation under hydraulic fracturing, for example. This provides a lousy
reflector in a slightly different configuration and is equivalent to two transmission lines
joined together with a load resistor placed across the transmission line terminals  FIG.
181 shows a side branch 1391 connected to a pipe 1301 through a full-bore port 1391.
This is electrically equivalent to two transmission lines joining with a third stub line. In
this case the stub line would be open circuited. Such structures can be used to provide
impedance matching at specific frequencies and or to provide a frequency selective
reflector. They are also referred to as stub filters.

[00127]FIG. 19 discloses a number of exemplary terminators that can be used to
attenuate tube waves after use or reduce their reflections. Embodiments discloses
herein may be applicable in attenuating pulsations in hydraulic fracturing operations
where excessive pulsations in the fracturing fluids may be damaging to the pump
system. Such terminators are equivalent to the terminating resistors or terminating

systems commonly employed in transmission line systems to avoid end reflections.

[00128]Specifically, FIG. 19A shows a tube 1401 having a closed end 1414. Two types
of particles are mixed together and packed into the space created by the closed end
1414 and the side walls of the tube 1401. The first type of the particles is dense
particles 1412. The second type of the particle is compressible particles 1411. The
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11. The system of claim 10, wherein the poppet conprises a control piston
di sposed inside the control chanber, a treating seat disposed inside the
treati ng wbantig9266and a st em connecting the control pist®Pom/IB2zd1/03089% reati ng
seat. 12. The systemof claim1l, wherein the control piston is a
nonol i thi c conponent of the poppet. 13. The systemof claim 11, wherein
the control piston is a separate conponent fromthe poppet, and the control
piston is slidingly connected to a narrowed stem of the poppet and is
further restricted by a stopper fastened to a top of the poppet. 14. The
system of 10, wherein the treating seat is configured to engage a structure
at the juncture of the downstream port and the treating chanber and seal

off a fluid passage fromthe treating chanber to the downstream port. 15.
The syst eqeneé péauclemﬂneic@nau@uééuﬁgtid@gh@frwma thé .rméowbni@dtr%bmw@ 14be control

xtends { TSI PGS CRENBER PRAGELI FRE BETLTB) OLRIMBEae bobne
treating m:irﬁndrabaﬂd theSplﬂﬁJa{mlrgy ah oneempommahl g oontphéssibiengartiads Britng
chamber, é[rgesp é)r'ég ro low BL?I[(Tb odulusndln another embodiment, the compressible particles

1411 are encapsulated alcohol or rubber balls. In a third embodiment, the packing

density of one or more particles is caused to vary from very densly packed at the closed

end 1414 to low density at the opposite end. Such a structure would minimize

reflections even in the instance that the characteristic resistance of the pack is not equal

to the characteristic impedance of the tube wave conduit. Other variations can also be

used, and should be considered within the scope of the current disclosure. The key

characteristics being the ability to absorb energy and having porosity.

[00129]In FIG. 19B, a tube 1401 terminates upon a cavity 1424. The cavity 1424 as
illustrated in FIG. 19B is in a spherical shape, although other shaped cavity can be used
in the current application as well. A complaint fluid can be used to fill up the cavity 1424,
such as air, alcohol, etc. A porous plug 1421 is provided inside the tube 1401, at a
location proximate to the cavity 1424. The porous plug 1421 can be made of a porous
material commonly known in the art. The porous plug 1421 together with the
compliance material in the cavity 1424 can function as an effective terminator of tube
waves. In a further embodiment, the compliant cavity can comprise an accumulator to
reduce the required volume of the system. Such a system is equivalent to a
transmission line terminated with a series combination of a resistor and a capacitor.
Such a terminator has a frequency response characteristic that is attenuates high
frequencies and does not attenuate low frequencies. With a large capacitor (or
equivalently a large compliant volume), this system will not attenuate constant pressures

but will strongly attenuate varying pressures.

[00130]FIG. 19C shows another tube wave structure. There, an orifice 1431 is created
inside the tube 1401, which only allows a portion of the fluid to pass from an upstream
chamber 1432 to the downstream chamber 1433. When the fluid flows sufficiently fast,
and/or when the orifice 1431 is of a give size, cavitation 1435 is created behind the
orifice 1431. This cavitation 1435 is effective in blocking tube waves traveling from the
downstream chamber 1433 towards the upstream chamber 1432, but not tube waves
traveling in the reverse direction. By varying the flow rate and/or the orifice size, this
structure may be made to either allow passage or block passage of tube waves in one
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treati ng chanber; and the poppet contains a holl ow passage so that the
downstream port is in fluid comrunication with the buffering chanber. 16.
A fast reygoeneriavese val ve for generating tube waves, coRpTIIBXMYOF3MOVI NQ

el enent di sposed in the valve, said noving el enent conprises a first area
facing a first port, a second area facing a second port, a first seal

di sposed above the first port and a second seal fornmed with the second
port, wherein the first seal and the second seal have a substantially
simlar profile. 17. A fast regenerative valve of claim 16, wherein one of
the first area and the second area is zero. 18. A nethod for generating
tube waves in a liquid-filled borehole penetrating a subterranean
formation, the system conprising: connecting an energy storage chanber with

a fast op@featiomn@hi@lauiysceussiagt tubg idves fidhe Qs adiiebgbry alBygstically, hais
liquid-filled borehqle; . o : : ,
structure 1s similar to either two transmission lines coupled by a diode in series, or a

directional coupler

[00131]FIG. 20 illustrates another source of tube waves that involves an imploding
device such as a canister 1500. In the depicted embodiment, a simple canister 1500 in
the cross-sectional view includes a hollow body 1502 which defines an inner chamber
1504. The chamber 1504 may be a vacuum, or be filled with gas at zero to low
pressure. The canister body 1502 can be made from any crushable and/or drillable
material, such as frangible glass, tempered glass, or ordinary glass. In one
embodiment, the canister body 1502 is a glass centrifugal tube. Although in FIG. 20 a
tubular body is depicted, spherical and other shapes may be utilized. In particular,
canister shape may be selected for ease of movement within the well, and also for
producing particular acoustic characteristics.

[00132]The illustrated canister body has an opening 1507 adapted to receive a
pressure rupture disk 1508. The opening may be threaded such that a pressure rupture
disk with a threaded holder can be mated in the field to yield a canister of selected
implosion value. Alternatively, the disk 1508 is securely fastened to the opening 1507 of
the canister 1500 by a layer of glue 1506, cement, solder, or other attachment methods
familiar to those skilled in the art. Weighing materials 1505 such as bauxite or lead
beads can be packed in the canister chamber 1504 to increase the weight of the canister
1500 so it may descend in the wellbore fluid without making the assembly difficult to drill
with ordinary well drilling tools.

[00133]Several different types of rupture disks 1508 were tested. In some cases, the
rupture disks 1508 were microscope cover slips. In some other cases, the rupture disks
1508 were plastic lids. In some additional cases, the rupture disks 1508 were ceramic
disks. In some further cases, the rupture disks 1508 were glass disks or heavy glass
disks. Among all the disks tested, microscope cover slips performed exceptionally well
because of their precise thickness and consistently high quality.

[00134] FIG. 21 shows an example of data gathered by using a centrifuge tube covered
by a microscope slide. The yellow trace was recorded by a surface hydrophone; the
black trace is recorded by a DVS sensor.
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charging the energy storage chanber to a first pressure that is
substantially different froma second pressure in the borehole; conducting
a fast opeEoavilmeh the val ve to generate a tube wave i RCrhB2thop®hed e.  19.
The nethod of claim 18, wherein the fast operating valve is configured to
open or close a flow path of the mediumthrough the valve in a tine that is
bet ween about 1-3 tinmes of a firing duration of the tube wave. 20. The

met hod of claim 19, wherein the fast operating valve is configured to open
or close a flow path of the nmediumthrough the valve in | ess than or equal
to approximately 500 milliseconds.

[00135] The preceding description has been presented with reference to some
illustrative embodiments of the Inventors’ concept. Persons skilled in the art and
technology to which this application pertains will appreciate that alterations and changes
in the described structures and methods of operation can be practiced without
meaningfully departing from the principle, and scope of this application. Accordingly, the
foregoing description should not be read as pertaining only to the precise structures
described and shown in the accompanying drawings, but rather should be read as
consistent with and as support for the following claims, which are to have their fullest

and fairest scope.
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We claim:

1. A system comprising:

an energy storage chamber;

a fast operating valve connected to the energy storage chamber;

a pipe connected to the valve and extending to a liquid-filled borehole penetrating
a subterranean formation;

wherein said energy storage chamber contains a first pressure that is
substantially different from a second pressure in the borehole so that a fast operation of
the valve generates a tube wave in the liquid-filled borehole.

2. The system of claim 1, wherein the energy storage chamber contains a
compressible medium selected from the group consisting of air, nitrogen, alcohol, diethyl
ether, water, silicone, hydrocarbon oil, and mixtures thereof.

3. The system of claim 2, wherein the energy storage chamber comprises a plurality
of accumulators connected to a common hub, with each accumulator containing a

fraction of a desired pressure.

4. The system of claim 1, wherein the fast operating valve is configured to open or
close a flow path of the medium through the valve in a time that is between about 1-3
times of a firing duration of the tube wave.

5. The system of claim 4, wherein the fast operating valve is configured to open or
close a flow path of the medium through the valve in less than or equal to approximately
500 milliseconds.

0. The system of claim 5, wherein the fast operating valve is configured to open or
close a flow path of the medium through the valve in approximately 120 milliseconds.

7. The system of claim 1, wherein the fast operating valve is a rotary valve that
operates on a quarter turn.

8. The system of claim 1, wherein the valve is a regenerative valve, said
regenerative valve having a moving element disposed therein, said moving element

having a first area that is exposed to a first port and a second area that is exposed to a
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second port, wherein said first area is different from the second area so that the moving
element is held in a closed position upon the second port until an external force is
applied to push the moving element away from the second port, wherein one of the first
pressure in the first port and the second pressure in the second port functions on one of
the first area and the second area to push the moving element to a fully opened state.

9. The system of claim 6, wherein the valve is a regenerative valve comprising a
control chamber, a treating chamber disposed below the control chamber but not in fluid
communication with the control chamber, and a poppet that extends from the control
chamber to the treating chamber and is capable of reciprocating within the control
chamber and the treating chamber.

10. The system of claim 9, wherein the treating chamber is connected to the energy
storage chamber via an upstream port and the fluid-filled borehole via a downstream
port.

11.  The system of claim 10, wherein the poppet comprises a control piston disposed
inside the control chamber, a treating seat disposed inside the treating chamber, and a
stem connecting the control piston and the treating seat.

12. The system of claim 11, wherein the control piston is a monolithic component of
the poppet.

13. The system of claim 11, wherein the control piston is a separate component from
the poppet, and the control piston is slidingly connected to a narrowed stem of the
poppet and is further restricted by a stopper fastened to a top of the poppet.

14.  The system of 10, wherein the treating seat is configured to engage a structure at
the juncture of the downstream port and the treating chamber and seal off a fluid
passage from the treating chamber to the downstream port.

15. The system of 10, wherein a buffering chamber is provided above the control
chamber but not in fluid communication with the control chamber; the poppet extends
from the buffering chamber through the control chamber to the treating chamber and is
capable of reciprocating within the buffering chamber, the control chamber, and the
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treating chamber; and the poppet contains a hollow passage so that the downstream
port is in fluid communication with the buffering chamber.

16. A fast regenerative valve for generating tube waves, comprising a moving
element disposed in the valve, said moving element comprises a first area facing a first
port, a second area facing a second port, a first seal disposed above the first port and a
second seal formed with the second port, wherein the first seal and the second seal
have a substantially similar profile.

17. A fast regenerative valve of claim 16, wherein one of the first area and the

second area is zero.

18. A method for generating tube waves in a liquid-filled borehole penetrating a
subterranean formation, the system comprising:

connecting an energy storage chamber with a fast operating valve;

connecting the fast operating valve to the liquid-filled borehole;

charging the energy storage chamber to a first pressure that is substantially
different from a second pressure in the borehole;

conducting a fast operation of the valve to generate a tube wave in the borehole.

19. The method of claim 18, wherein the fast operating valve is configured to open or
close a flow path of the medium through the valve in a time that is between about 1-3
times of a firing duration of the tube wave.

20. The method of claim 19, wherein the fast operating valve is configured to open or
close a flow path of the medium through the valve in less than or equal to approximately
500 milliseconds.
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