ATTORNEY DOCKET NO.: UTILITY PATENT 22.1537 1 METHOD

AND APPARATUS FOR REDUCI NG PRESSURE | N A PERFORATI NG

GUN FI ELD OF THE | NVENTI ON [ 001] The present invention

relates in general to inproving fluid comrunicati
ATTORNEX RREKET NGioservoir formatjon and a wel | bore anh’%pﬁﬁla‘gPATENT
221537 specifically to reducing ga$ pressure in the
perforating gun during perforating operations.
BACKGROUND [002] Perforating is a reservoir
conpl etion operation that provides fluid comunication
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earth's surface. The goal GeNto facilitate controlled
flow of the fluids between the reservoir formation

and the wel |l bore. [003] Perforating gperations are
acconpl i shed by = DhQFT i un string down
into the wellbore proxinmate the desired reservoir
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expl osi ve charges deposit significant energy into the
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t he perforating event gan be detrinental to the
perforating gygdugag SerfpRbNg SRE2e structure (per meability)
and, hence, the productivity of the formation. The
damage to this shock region is tlfi cally mtigated by
surge flow, wherein BACKGRO
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[002] Perforating is a reservoir completion operation that provides fluid communication
between a subterranean geological formation and a wellbore, which in turn connects the reservoir
to the earth’s surface. The goal is to facilitate controlled flow of the fluids between the reservoir

formation and the wellbore.

[003] Perforating operations are accomplished by running a perforating gun string down into
the wellbore proximate the desired reservoir formation and firing of explosive charges. The

explosive charges deposit significant energy into the reservoir formation within microseconds.

[004] While successfully connecting the reservoir to the wellbore, the perforating event can be
detrimental to the formation’s localized pore structure (permeability) and, hence, the productivity
of the formation. The damage to this shock region is typically mitigated by surge flow, wherein
the damaged rock is quickly “sucked” into the wellbore. The surge flow is operationally
achieved by underbalanced perforating, wherein the wellbore pressure is less than the reservoir

pressure.



t he damaged rock is quickly "sucked" into the
wel | bore. The surge flow is operationally achieved by
under bal anced perforating, wherein the well bore
ressure is less than the reservoir pressure.
ATTORNEFRQKIET NOGKET NO.: UTI LI TY PATENT 22. 1537 2 [ §3BjITY PATENT
221537 However, underbal ance perfofating is not al ways
effective. It has recently been determ ned that one
of the reasons that underbal ance perforating may not
be effective is due to the "underbal anced
o) SRS RS RSl , RRLHBURCER o sy b
preventing the desired c|eaning sur o
detennmeé;ﬁh%rrﬁr@ \the Kemsanicibel padefplancE perindtng g'i*ﬁbfplﬂfég?u‘?féecaxg is due to
that may affect the well bore pressure. In other words,
the “undefimlaneed envitonment'yiemposasilp decrmingavetbalaneed resyltiagtindlow of fluid
conponent of the perforating environnent. Accurate
into the ERBSbEPrétentiy titdesiddd fledning surbeflow: Jhis ‘flyaamiy everlsalance” is due
essential for designing and performng an effective
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f
o R e BRSBTS, ncr

stem for .reduci ng the pressur n.,a.perfor
conﬂderauﬂn 364 coBeloplaitieo- SURTreRsNER SresesaERY (g5 detisaypg ‘peftiming an

PATENT 22.1537 3 SUWARY OF THE INVENTICN
effective perforating operation.

[006] Therefore, it is a desire to provide a method and system for controlling the pressure in a
perforating gun during a perforating operation. It is a further desire to provide a method and

system for reducing the pressure in a perforating gun post-detonation.



[007] In view of the foregoing and ot her
consi derations, the present invention relates to
enhancing the fluid communi cati on between a wel | bore
and a formation by reducing the post- detonation
ATTORNEYRQECKET NQ-:q perforating gun. [008] It is a desPTHAGY PATENT
22.1537 the present invention to ra%rdly mnimze the
post - detonation pressure generated inside a
perforating gun carrier. The reduction of
post-detonation pressure reduces the tendency to
i ncrease the post; | | ) ure.
Additionally, a s ure can
produce surge of fluid flowinto the gun, thus causing
[007] 18 VieWw! BPfkie tf&%gmﬂg)/aﬂdnbﬂlieﬁ|cbﬂsidéteticmsg rthe [paesesd invention relates to
gui ckly becone under bal anced. These techniques are
enhancnééef e iGd cBﬁmﬂﬁucatﬂ)i%ﬂr@enua{‘%ﬂpﬁje%ﬁea orm3fS] bYE&&MELthe post-
in a gas at any glven time 1s a deternrnls ic
detonai uncti on. of s te rature and nolar density (nunber
eonal@?pﬁ§§“ﬁﬂr%gﬂ: 'nit vol ume). Therefore to reduce
a gas S pressure a nechani smnmust be used to reduce
s tenperature and/ or density. [00 he
[008] Ibrﬁ ﬁgiﬁwfs BliheepTgtent h“‘@&ﬁo‘b Fféé%ﬁlﬂé( minipe the é’r["été‘ie%naﬂon pressure
expl osive. The "useful" proportion of the explosive's
generatedhusiile a perforating givs carom cPhexednetion ¢imoskdsienationanessyp reduces the
which in turn displaces target material, hence
tendenc¥ teinkiaage thegogieddtsetiopavdlbort pressutal nﬁédlitioﬂalt}i, nisoffadiently low gun
energy is deposited into the charge's confining case

pressurel dn Aﬁ‘@dtfce MR o fHIRE Ho® ﬁﬂﬁﬂhG?un L@§ e5usirpid wellb&tthalrhyy initially
sig frcant energy can be deposited into the liner

t r du I
be overBfihete RESCKY aForof; eBiealdiBha, [(Poced ROREAGR RARGpred o
“ det gnat n gas energy is mani fested in hot, high-
dynmnﬁr P Bas, some of which can exit the gun and
pressure up" the wellbore. It is desired to

[009] Pressure within a gas at any given time is a deterministic function of its temperature and
molar density (number of gas molecules per unit volume). Therefore to reduce a gas’s pressure a

mechanism must be used to reduce the gas’s temperature and/or molar density.

[0010] The primary source of in-gun pressure is the charges’ explosive. The “useful” proportion
of the explosive’s chemical energy is converted into jet kinetic energy, which in turn displaces
target material, hence creating the desired perforation tunnel. Additional energy is deposited into
the charge’s confining case in the form of kinetic energy. Lesser, but potentially significant,
energy can be deposited into the liner and/or case in the form of heat due to pore collapse, shock
heating, plastic strain and fracture. Residual detonation gas energy is manifested in hot, high-
pressure gas, some of which can exit the gun and “pressure up” the wellbore. It is desired to

minimize the pressure of this residual explosive energy or “waste energy.” The waste energy



m nimze the pressure of this residual explosive

energy or "waste energy." The waste energy ATTORNEY

DOCKET NO.: UTILITY PATENT 22.1537 4 does eventually

di ssi pate via heat transfer mechani sns, but nuch IE‘ISTK(
ATTORNEBORKEFNOhg the time scale (tens of millisec f) PATENT
221537 r gl evant to surge flow Typfcally, the residual

detonation gas inside a perforating gun possesses

approxi mately 30 percent of the explosive' s initial

chem cal energy (prior to any heat transfer). The
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energy in the detonation gas relative to the )
a perforatiqg gt pessessih Bppraxirnﬁmiﬁﬁgmtt@dt oftherexplgsiveiscinijipl chemical energy
Conventional perforating charges exhibit waste energy
(prior 1 ahyi®8atOtiariskee). O rTlhe rre@binid) 7@ gerent is fdrdtiGiedpeugklytto the liner, 30
waste energy may be reduced slightly, to approximtely
percent,2ndREE &RBI140 pdi¥eneP!l Oyi ng charge desi gn changes such
as increasing the case thickness, mass, strength,
and/or ductility. It is a desire of the present
\Y : o Si.€ : i
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tonat’i on pressure.
., _Jn one enbodinment of the present ipvention t.he . ..
residualp Guaslle TSP TRV AECLHID BE Fdielp BYF CURPHYCY, iifia) undetonated
_acting energy_ heat sink to rapidly cool the gas
chemicabenergyg Gesyartionial perforgting chasgesxbiu Waste gRerey g@luss on the order of

a second enbodi nent of the present invention, the
30 percetett ThaB0 percgaiswpste esergp may eetdoed slightly, to approximately 25 percent,

by employing charge design changes such as increasing the case thickness, mass, strength, and/or
ductility. It is a desire of the present invention to further reduce the waste energy thus reducing

the in-gun post-detonation pressure.

[0012] In one embodiment of the present invention the post-detonation pressure is reduced by
using a fast acting energy heat sink to rapidly cool the gas. Cooling leads directly to de-

pressurizing.

[0013] In a second embodiment of the present invention, the detonation gas pressure is reduced
by reducing the molar density of the gas. The molar density of the detonation gas is reduced by

reacting the gaseous detonation products to form solid compounds.

[0014] Another embodiment of the present invention includes reducing post-detonation gas

pressure of the gun by reducing the temperature and the molar density of the detonation gas. One




by reducing the nolar density of the gas. The nol ar

density of the detonation gas is reduced by reacting

t he gaseous detonation products to formsolid

conpounds. [00141 Anot her enbodi nent of the present
ATTORNEX ROCKER NOvc| udes reduci ng_post - det onati on gas UTHATY PATENT
221537 pressure of the gun by reduding the tenperature and

the nolar density of the detonation gas. One ATTORNEY

DOCKET NO.: UTILITY PATENT 22.1537 5 nethod is the

conmbi nation of a fast acting heat sink, such as

illustrated in.t first, enhodi nent_ . . ta |4 Zi :
method |s b BofBifion Bi it kT RRD S e e R pé P efbodiment,
Jormsolid conmpounds as , illustrated.in th seco.g
and. utiligiAgoH TRRSEAT! IPTERYGEr herdRHlIFeNation RTOCts 19 e dahe compounds as
energy to perform work. [00151 Accordingly, an
illustratesbipathe seronfl mboduit.n dunothsr pethoddis te ptilizothe pyastsenesgivto perform
a perforating gun is provided. The apparatus
work. i ncluding a perforating gun carrying at |east one
expl osi ve charge, wherein when the expl osive charge
is detonated the expl osive charge produces a

[0015] RERSEHEIyZ Rt apfh@ated frireduciiSthe POSt-detREBA PrEBurkWT a perforating gun
reduci ng the pressure of the detonation gas proxi mate

« . I | .
s providdl; TRCRRPERN ARt o BRCREREMAh Al BCw BERE BUE Exbibsive charee
. "suck" wellbore fluid into .t gun.cr.eatjng a_dynam ¢ .

wherein FHG Bl SHLS NSO ATES nafprareeL i PGS Eitge ridigly g pressurized
fluid fromthe reservoir into a well bore. [00]16] The |

detonatipn gas; wind a meehenissh foreedusing thepagssniecef the dsiongiinheas prgximate the
in conbination a heat sink .to reduce the tenperature

perforatinz gune et detendtion ggapressureds desirablyt @dneadoints imeviranke sufficient to
the reactant gas and

"suck” wellbore fluid into the gun creating a dynamic underbalance condition to facilitate a surge

flow of fluid from the reservoir into a wellbore.

[0016] The pressure reduction mechanism may include singularly or in combination a heat sink
to reduce the temperature of the detonation gas, a reactant to recombine with the reactant gas and
reduce the molar density of the detonation gas, and a physical compression mechanism to utilize

the waste energy of the detonation gas to create work reducing the temperature of the gas and

reduce the molar density of the detonation gas.




reduce the nolar density of the detonation gas, and a

physi cal conpressi on nechanismto utilize the waste

energy of the detonation gas to create work reducing

the tenperature of the gas and reduce the nolar
ATTORNEYSPQGKBT NOkte det onation gas. ATTORNEY DOCKET NOUTILITY PATENT
22.1537UTI LI TY PATENT 22.1537 6 [0817] The foregoi ng has

outlined the features and technical advantages of the

present invention in order that the detail ed

description of the invention that foll ows may be

better understoqd. . The resent invention discloses . .
[0017] Kher{grreommechas gptinsd e feafires i ¢rabigicah Vﬁsgatg%%# {8 &Fssgpt invention
) gas pressure in a perforating gun carrier via
in order ghab Breadetailed desniiption of tisdnwention|that fallorss may bebgier wderstood. The

to facilitate surge flow fromthe fornmation.
presentAidértionndisclésea metiesisand apparatus dgerededing e past-detonaion gas pressure

will be described hereinafter which formthe subject

ina pe%ra‘ti'ﬁ% g&h daffer Ha ehPetalite Réduetion AdVERNGNr BERdy Tredidtion to facilitate
UTI LI PATENT 22. 1537 7 BRI EF DESCRI PTI ON O THE

surge 504t § O% Q{;’%@Jﬁoﬁh eAE?i'iiSQ{di f%&u?&d%{alt Ftﬁ{)ag{aggi B @5 &fdntion will be

aspec present 1 nvention

~understood with reference to.the.follow.n ai | ed
descrity SEFT Rt st ok ST Rb Bfirapt BF iihatish

i nvention, when read in conjunction with the

acconmpanyi ng drawi ngs, wherein: [0019] Figure 1 is a

graph of the first 20 mlliseconds upon detonation of

an expl osive charge in a closed bonb experi nent

utilizing various heat sink materials;



[0020] Figure 2 is a graph of the first second upon

detonati on of an explosive charge in a cl osed bonb

experiment utilizing various heat sink materials;

0021] Figure 3Ais a partial, cross-sectional view of
ATTORgWYe‘?é 'Eg Rt of a perforating gun of the present UTILITY PATENT
221537 nvention utilizing an added’ heat sink: [0022] Figure

3B is a partial, cross-sectional view of an enbodi ment

of a perforating gun of the present invention

utilizing an added heat si nk [ 0023] Fi gure 3Cis a

partial, crq _

perforat|ng iean Simeie :

added heat si nk; [0024] Figure 4Ais a part| al,

[0018] dhesforeiiig @ﬁ@|otld&reWaﬁlﬁ‘esamcEthﬁﬂhmfpraemerﬂvenﬁcm wgll be best
gun of the present invention including a reactant;

understo88 %A njoh %E&Hﬁ& 38l BoiRwRRE Bbdlled Hés%ﬁﬁﬁ&%f i OPhfi/ b:ABb@Hnent of the

an e I ment a perforating gun of the present

R A L e

parti al, cross sectional view of an enbodi nent of a

rforaI| u present jnventjon jincluding.,a. .
100151 Higuus oot e i 20 T iseeonds iR daBratich abd Giiive charec in
perforating gun of the present invention including a
acloseﬁb@mamxﬁmmemmﬂlémmogwai sink materiglsie 1 when an
expl osive charge is detonated; [0028] Figure 5B is a

schematic drawi ng of a perforati ng gun of the present
[0020] iFigwaret2 Bra graph ofitha dirst second upon detonation of an explosive charge in a closed

bomb experiment utilizing various heat sink materials;

[0021] Figure 3A is a partial, cross-sectional view of an embodiment of a perforating gun of the

present invention utilizing an added heat sink;

[0022] Figure 3B is a partial, cross-sectional view of an embodiment of a perforating gun of the

present invention utilizing an added heat sink;

[0023] Figure 3C is a partial, cross-sectional view of an embodiment of a perforating gun of the

present invention utilizing an added heat sink;

[0024] Figure 4A is a partial, cross-sectional view of an embodiment of a perforating gun of the

present invention including a reactant;

[0025] Figure 4B is a partial, cross-sectional view of an embodiment of a perforating gun of the

present invention including a reactant;



a mechani cal conpression section, at tinme 2 defined as

within mlliseconds after an explosive charge is

detonated; and [0029] Figure 5Cis a graphi cal

i |lustration of the pressure drop of the detonatign
ATTORMNEY DRGKERNO-; ncrease of the pressure on the UTILITY PATENT
22.1537echani cal conpression mater$al fromthe time of

detonation of the charges through several

mlliseconds after the detonation of the explosive

charges. ATTORNEY DOCKET NO.: UTILITY PATENT 22.1537

.DETA| L.ED DESCRI PTI ON Ref er
100261 RIS . BDN CHaR A C BRI e R oS cpadipishit REE perdoratipg gun of the
shown to scale and wherein like or simlar elenents
P“ﬁemaﬂéﬂHE@HQﬁH¢EEaﬂ?“ﬁ%% sanme reference nuneral through
the several views. [0031] In one enbodi nent of the
present invention the post-detonation pressure is
[0027] r%gutee@lA bya seheimatie drayving b6 s perforating gum of the nresent dvgption including
that rapidly cools the gas. Cooling leads directly to
a mechdficalPdonsiedsion segtiordat fndiltwitemadn dxpluahvietchafgedodétomayed;s
t he potential condensing out of any water vapor,
which is well known to conprise a significant quantity

(0028] qf‘lgﬁmsw%@miehﬁﬁc Asvinond pegatatial guh 0fURgFe@asinvention including
density and given sufficient heat transfer rates, wll

a mecl’?é!ng'{é\ Ebrﬁ@'{&él& sOcMoh, Bf ﬁﬁl%bﬂ Seﬁﬂeg%z&ltﬁﬁflﬁﬁﬁée\é&&e@er an explosive

ossess two Intrinsic properties: ra
ion (high thermal conductivity), and
chmgep%&agmgﬁgpﬁé energy storage capacity. Energy storage
capaC|ty can be manifested in specific heat capacity

nd/ or _phase change enthal p mat e
[0029] Flgure 5C is a graphical illustration 0¥ the pressure dr ofr dsétonauon gas and the

increase of the pressure on the mechanical compression material from the time of detonation of

the charges through several milliseconds after the detonation of the explosive charges.



exhi biting high thermal conductivities, high heat
capacities, and/or high phase change enthal pi es
include, but are not limted to, steel, copper,
ilver, nickel and water. [0033] O the net al s, %P
ATT°R§@¥Q9¢§ETH9 ‘best combi nation of high conduct|V|tV LITY PATENT
221537 api d heat absorption) and®heat capacity (quantity
of heat absorbed). For this discussion all materi al
properties are taken at standard conditions. Water
possesses the greatest thermal conductivity of al
common material s, !;-rcent faster
than silver and 50 FH 2 pure copper.
Wat er al so possesses a very hlgh vol unetric specific

[0030] IResdiér a9 &cthie\drawidgsi whdrkin Aejiced eldfcpbieire nbafedebmatilypfhown to scale
steel or copper. Additionally, water exhibits a very

and wHar&h 118 ¥ sﬁﬁllarvcﬁﬁﬂéﬂtg%te' gﬁxgteg t}é"]tﬁg)samé trefefenbd hi@meral through the
I nal characteristic, t that in-gun gas
eratures ATTORNEY DOCKET NO. : UTILITY PATENT
severaLZVég%%? 10 typically exceed water's boiling point,
whi | e renai ni ng vveII bel ow the boiling point of the
tal s nlflcant I stingui shes wa
10031115 e nbodiinet ShibePrars i gissk e ﬂ?°%¥o‘%t‘i‘}aé‘ﬂ“tp6“§ﬁfés‘é reduced by
intrinsic properti es physi cal configuration is als
utilizingrgpfast 2ating enpreyyhioat ﬁlyk dhat rapidiyeepolssibg gas.o Goghing leads dlrectly to de-
det onati on gas, exposed surface area, and total
pressurigingit Ahadditiohflebenbfdtadf codlikg isahepaotential cemdenyind eutofdnyevater vapor,
the extent and rate of energy transfer. Experinents

which RA¥RI11 18RWRNGL Edhithet D 8ighifichitGiantly ¥R eO8GonRh SisNkSondensation
at qui ckly reducing the detonatlon gas pressure.

e [1]
reducegg%ec[rebﬁ%lgﬁ %:fﬁéelf sél.ﬁﬁgl?ﬁtgﬁeggtg fer%t%sc‘ eﬁll@@ﬁcmﬂy lower pressure.
recor ded mhen a smal | quantlty of epr03|ve was

[0032] dﬁ{"ecplv eat sutllpsI thus gc?sasleses b 1n[tTr1bnsw propertles rapid heat absorption (high

thermal conductivity), and large thermal energy storage capacity. Energy storage capacity can
be manifested in specific heat capacity and/or phase change enthalpy. Example materials
exhibiting high thermal conductivities, high heat capacities, and/or high phase change enthalpies

include, but are not limited to, steel, copper, silver, nickel and water,

[0033] Of the metals, copper exhibits the best combination of high conductivity (rapid heat
absorption) and heat capacity (quantity of heat absorbed). For this discussion all material
properties are taken at standard conditions. Water possesses the greatest thermal conductivity of
all common materials, conducting heat 40 percent faster than silver and 50 percent faster than
pure copper. Water also possesses a very high volumetric specific heat capacity, about 23
percent higher than that of steel or copper. Additionally, water exhibits a very high heat of

vaporization (2.2 kJ/g). It is this final characteristic, and the fact that in-gun gas temperatures



each experinment a different heat sink candi date was
eval uated, and the neasured gas pressure was used as
an indicator of energy-absorbing effectiveness. [0035]

Figures 1 and 2 show pressure data fromthese
ATTOR@(’%EPFFF@M@" Figure 1 graphically shows the firdt/TFYPATENT
221537 i | | i seconds upon detonatid® Figure 2 graphically

shows a full second upon detonation. In each test,
t he expl osive detonation was conpl ete by approxi nately
10 mcroseconds, by 3 to 5 mlliseconds the shock

typicallth %gg%gg&aﬁgggﬁﬁﬁ {q%iﬁﬁg?/ﬁiﬁ)eatrfi:rgz!ﬁ ) lélkrélll bore.io%gnt%gggoiii,ng point of the

erence 1o ures

four curves are shown jllustrating the change in
metals, thabmestsigrafieantly;drgiingpishesgygiers ﬁaartﬁ? @E?fe@?@.ﬂg‘ﬁoosn
Curve 1, the top curve, represents the results of the
basel ine test in which no heat sink was_added. The
[0034] Iyr edditipe ton these iaxjnsia proneriégRse Bpasicely sonfigurgiion d§ sy important.
bonmb" housing itself ATTORNEY DOCKET NO.: UTILITY
ProximiRAGHNE heaPsiflb & thkldetmtation gas eaposedtsusfackared vl total ghantity of the
basel i ne agai nst which the effectiveness of additional

heat sinR§AhtefAlNgatlyd d&¥RhiHa R extbMORR rateot irgeeander. Experiments have

experinment, ‘a copper powder was introduced into the

anons 8 S5 GRS po S RSSO, AR s

, repres

. powder. The copper, .powder effect.ive educed pressure
ExperinfgR e RDOnT PR ColBG | PREHESHL BaFRdRe Vol & pressure
det onati on.
was recorded when a small quantity of explosive was detonated within a sealed chamber. In

each experiment a different heat sink candidate was evaluated, and the measured gas pressure

was used as an indicator of energy-absorbing effectiveness.

[0035] Figures 1 and 2 show pressure data from these experiments. Figure 1 graphically shows
the first 20 milliseconds upon detonation. Figure 2 graphically shows a full second upon
detonation. In each test, the explosive detonation was complete by approximately 10
microseconds, by 3 to 5 milliseconds the shock transients subsided and spatial equilibrium was

reached.

[0036] With reference to Figures 1 and 2, four curves are shown illustrating the change in

pressure over time for four separate tests.

[0037] Curve 1, the top curve, represents the results of the baseline test in which no heat sink

was added. The pressure in the experiment decayed due to the “closed bomb” housing itself




[0039] In the third experinment, water was introduced

into the closed bonb chanber. The water volune tested

was identical to the total copper volunme utilized in

t he second experinent. For the quantities in th
ATTORNEXPOGKEING tested, water. reduced gas pressure O TILITY PATENT
221537 cyrve 3, nore effectively tHan copper and did so

within the first 2 to 5 mlliseconds. [0040] In the

fourth experinment, mcroencapsul ated water beads were

introduced into the closed bonb. The beads are

. essentially.a.fin wder . whekei r £.1 :
wcting P ERER it B AP Pl B RSy BRE b St s
. uantity of water contained in the powler was the sane
1Sevah“’g@ithe quantity of water used in the third
experinment. The pressure over tine, curve 4, is shown
on top of curve 3. [0041] Figure 3Ais a partial

[0038] lor thessecond | axparimente\a GPPRET ROVSTI Weh intsrduged dptoo thgr clpged bomb
gun 10 of the present invention. Perforating gun 10

chambet. nCuncke 8, seogud chiaver frem the thpr repragemts ghen podssurbeyved 8ime for copper
expl osi ve charges 14, charge carriers 1l4a and an

powder.] Th8WRpPErascvitlce cFREtikedy redubed PicSsuerRaghinTed!t first 5he 10 milliseconds
pressure reducer is a heat sink 16 di sposed proxi mate

es 14 and within perforating gun ATTORNEY DOCKET
aﬂerde@%?‘g UTI LI TY PATENT 22.1537 12 10 Heat sinks
(tenperature reducers) 16 reduce the tenperature of

0051 8 R RSB PR e i 5L SRR BB e

heat sink material 16 di sposed w thin.gyn chanper 18
volume stedwttrigentical odhe fotel sBBRRTAE I W1 .ngﬂw seefid; cgperfpent. For the
It should be recognized that heat sink 16 nag )
quantities in the configuration tested, water reduced gas pressure, curve 3, more effectively than

copper and did so within the first 2 to 5 milliseconds.

[0040] In the fourth experiment, microencapsulated water beads were introduced into the closed
bomb. The beads are essentially a fine powder wherein each powder particle is a thin plastic
shell filled with water. The quantity of water contained in the powder was the same as the
quantity of water used in the third experiment. The pressure over time, curve 4, is shown on top

of curve 3.

[0041] Figure 3A is a partial, cross-sectional view of an embodiment of a perforating gun 10 of
the present invention. Perforating gun 10 includes a gun carrier 12 forming a gun chamber 18,
explosive charges 14, charge carriers 14a and an in-gun pressure reducer. In this embodiment,

the pressure reducer is a heat sink 16 disposed proximate charges 14 and within perforating gun



be formed or placed in nunerous |ocations proximate

expl osive charges 14 and the resultant detonation gas

(not shown, but which, substantially fills gun chamber

18). Exanples, without Iimtation, of various
ATTORN‘B%:%?FEH? r placement of heat sink 16 are UTILITY PATENT
221537 j | |ustrated in the various 12Fi gures. [0043] Figure 3B

is a partial, cross-sectional view of another

enbodi ment of a perforating gun 10 of the present

i nvention including an added heat sink 16. In this

odi ment .. heat. si 16 .1 s ..incorparat [ i
10 HeabFRR R perayBE R S ot ot BERRRpRE fanThefyé e bressure of
expl osive charge 14. [0044] Figure 3Cis a partial,
the detopatipngas dkom SHAPSIVE GIAtEss 14not her enbodi nent of a
perforating gun 10 of the present invention including
an added heat sink 16. In this enbodi nent, heat sink
[0042] Riguies3A| ilustrasor sheebicdtnsink anaterdad thnslispoasd #ithin gupsghamber 18 or
charges 14. [0045] Wth reference to Figures 3A
connectédwont@mbzdded ineo tiergersianies 10n sheufddyamedogfizelrthat heat sink 16 may
mat erial having one or nore of the follow ng

be forme@ T §1ARA! iAldgSorok BRANGAR! proRiRaE Eﬂﬁ)lGﬁP@%hﬁﬂgés h&aind the resultant
capacity and/or phase change enthal py), high thernal

cconas LS S, Ay LB P A ARG, 9 g, o

. ....limted to fined solids, powders, and,_nonolithic, . .
limitatiop Of ACIoN APSHIORY TWEPEASETERp e hods STtk Hérafsplh}%t&t?daf% the various
] materials. The heat sink 16 ATTORNEY DOCKET NO. :
Figures.UTI LI TY PATENT 22.1537 13 material may be enbedded,
di sposed in or connected to the perforating charge
case l1l4a, the gun
[0043] Figure 3B is a partial, cross-sectional view of another embodiment of a perforating gun

10 of the present invention including an added heat sink 16. In this embodiment, heat sink 16 is
incorporated into a cover 20 that is positioned proximate the front face 22 of explosive charge

14.

[0044] Figure 3C is a partial, cross-sectional view of another embodiment of a perforating gun
10 of the present invention including an added heat sink 16. In this embodiment, heat sink 16 is

incorporated into charge case 14a of explosive charges 14.

[0045] With reference to Figures 3A through 3C, the heat sinks may be formed of any material
having one or more of the following characteristics, high heat capacity (specific heat capacity
and/or phase change enthalpy), high thermal conductivity, high surface area, high vaporization
enthalpy. Heat sink 16 materials include, but are not limited to fined solids, powders, and

monolithic volumes including water, copper or other appropriate materials. The heat sink 16



carrier 12, gun chanber 18, the |oadi ng tube (not

shown) or other portions of gun 10. [0046] In anot her

enbodi ment of the present invention the

ost-det onati on gas pressure is reduced by a pressur

ATTORNEGRREKET N} r educes the nolar density of the gayTHJﬁ%PATENT
221537 (ol ar density reducer). r purposes of this

di scl osure, at late tinmes the final equilibrium gas

pressure is determned by its nolar density since the

gas tenperature will be equal to the prevailing

ore, t e

. | : .. TIh f h |2
vt ROl R AP B EL A P RRS 1. o
| d ity. F her, f th t enbodj
crien PSS ¥ Bt b o B A HRSL Rl

nmol ar density is synonynous with a reduction in the

nunber of gas noles, or nolecules. [0047] For a .
[0046] Tnearfathert émbodjments P tthenpresentn inventiom then pogitdetanatipn (gagtpressure 1s

transfer, wherein the detonation gas instantly cools
reducedthy 4 presquirevaiutérnpatvethdes ties inokup demdityrof, the pas (melssdensity reducer).

may still be wundesirably high if its nolar density is

For purptis@of ik di8@bir¥, at MRaktintds IS fiRAl danilfbritid gas proshutd R determined by
present enbodi ment may | ncrease gas tenperature in

. 4 t r .
ts molab dEn ik 5 b REUBRT SRR BIQC 2Bl Shellborp temperature
heat transfer the present invention effeciively .
Therefofks - 5 fhncy BUGHE TFiraiab PreRBir i togeaics e it fime molar density
scale of interest. The present enbodinent nmay also be . |
Further, for thezprgsent crbadivesnt.or Sked gyssm VoS israssyrged, s@ fhe a reduction in
| ate-tinme pressure. [0048] In general, ideal (CHNO
molar densjtly éssyneayecowjih aeedustipn drthe auptbenaff gdsymales; or molecules.
follow ng nolecular species: N2, H20, C02, CO and C
Al'l are gaseous except the carbon, which is generally

[0047] B&Y hOp&fapiig &uaSORiem HAIRS ah riadaitggsimspdrhte sransfest wherein the
but these conprise the majority of the detonation

detonatiBh QY tlstHRE cooly tosﬂigzh?él}éﬁgltg ‘?‘@iﬁ)o‘i@ kSnsialie ke pressure may still be
calculations it Is assunedthat N2

undesirably high if its molar density is high. In reality, heat transfer is finite, and the present

embodiment may increase gas temperature in the short term, perhaps enough to produce a net

pressure increase. However, with sufficiently rapid heat transfer the present invention

effectively reduces the pressure inside the gun over the time scale of interest. The present

embodiment may also be utilized in non-perforating applications to reduce late-time pressure.

[0048] In general, ideal (CHNO) explosives decompose to produce primarily the following
molecular species: Ni, H,O, CO;, CO and C. All are gaseous except the carbon, which is
generally solid graphite (soot). Other trace gas species exist, but these comprise the majority of

the detonation product gas. For subsequent gas mole quantity calculations it is assumed that Ny



ATTORNEY DOCKET NO.: UTILITY PATENT 22.1537 14 and

H20O each conprise approxi mately 40 percent and CO2 and

CO conprise the renmaining 20 percent. [0049] The

present enbodi nment di scloses reducing quantities of

ATTORHW%PBFKHEPW’gaseous speci es by reconbining the UTILITYPATENT
22.1537 constituent atons with ot hd? reactants produci ng one

or nore of the following classes of solid conpounds

(many of which are well known ceramics): nitrides;

oxi des; hydroxi des; and hydrides For a system of

i xed vol une, the S uces th .
and HaG} 6860, GOmiop GO B Bedhirraon qB oy B C01 & 5arisf g pesppinins 20
gas. [0050] Oxides. The follow ng reactants form
percent.oxi des nore stable than CO, CX2, or H20 (the nost
favored conmpound for each is indicat ed by
parenthesis): A (A1203), B (B203), BaO, Ca

[0049] '(lﬁa@):sent:embm) dlsetlosa@@)ucmg qlqamtlze)) of PIIRETy gas@eus species by
(MO, M (M), Na (Na20), Si (Si?), So (Sn02), Ta
recombifithg26b Lonstitudni bfdns With WaEB feactbh{s\ifBducig ofiZ oOmordof the following

(Zr2). Reducing the COand CX2 to C(solid), would

classes DERGE & &Lﬁ’iﬁ@'(}_ﬁ&ﬁ§ P hHicHI QRS el RoWR PERXhI¥E): Shivriddd; oxides;

percent. df oxi des and Hydrides. Several of

o R 3 B e A M s e

sodi ym and potassju € m)re stabl e than t he baS| c
result ofgg WW@W(? n}%ﬁ APHHUOILERS. NaOH. Ot her el enent's
for m hydroxi des which are | ess stable than thei r

ides (but still nore stable than water): Ba, Ca,
[0050] @gldesJ Thitfollowing reactants form oxides more stable than C‘O CO,, or H,O (the

most favored compound for cach is indicated by parenthesis): Al (Al,0s), B (B:03), Ba (BaO),
Ca (Ca0), Fe (Fe;0y), K (K,0), Li (Li,0), Mg (Mg0), Mn (MnO), Mo (McQ3), Na (Na;0), Si
(8i03), Sn (Sn0,), Ta (Ta,0s), Ti (Ti0), V (V203), W (WO0,), Zn (Zn0), Zr (Zr0;). Reducing
the CO and CO; to C(solid), would reduce the total gas molar density by approximately 20

percent.

{0051] Hydroxides and Hydrides. Several of the above elements also form hydroxides, and/or
combinations thereof form oxides. Those produced by sodium and potassium are more stable
than the basic oxides: K,B,05, KOH, Na;B40;, and NaOH. Other elements form hydroxides
which are less stable than their oxides (but still more stable than water): Al, Ba, Ca, Fe, Li, Mg,

Sn, Zn.

[0052] The following reactants form hydrides; none are more stable than H,O, so their formation

would have to be preceded by prior reduction to H; by other means (discussed above) (the most



Sn, Zn. [0052] The follow ng reactants form hydri des;

none are nore stable than H2O, so their formation

woul d have to be preceded by prior reduction to H2 by

ot her nmeans (di scussed above) (the nost ATTORNEY
ATTORNEY R@EKRONO-:UT| LI TY PATENT = 22.1537 15 favored UTILITY PATENT
22.1537 conpound for each is indicdfed by parenthesis): Al

(A1H3), Ca (CaH2), Li (LiH, M3y (MH2), K (KH), Na

(NaH), Ta (Ta2H), Ti (TiH2), Zr (ZrH2). Consum ng all

oxygen and hydrogen woul d reduce the total gas nol ar

densi t appr.oxi jyat e 60 r cent 3 j trides. ..
favored REDPUY i LT S MRGIRLDY RTINS (e B (LIED, Me
favored conpound for each is_indicated b i
(MgHs) pRr Ghas NAHN To ATagED 81 (@) € (Zedanpionumipg;ahpxygen and
My (MgBN2), Si (Si3N4), Ta (TaN), Ti (TiN), V (VN,
hydrogedwduld Mdnchesetai gay nadlhr density e approxinthitel 60 percent. al
gas nolar density by approximately 40 percent. [0054]
Fromthe above lists, we identify species which form

[0053] NitFies Thé foItREng Gedcemss formdstabily Altadésd@ise mostfasotedammpound for
these could theoretically consunme essentially all

each is ijrrﬁﬁ&'i@f ﬁgp%ﬁgg&ﬂ; kea(;m%\g,pﬁcﬂm; ncél (Casy), Ik ’(Li\@l’),l M:gé%MgsNz), Si

I, and rmed conpounds are disclo

(SizNa), iﬂ (%,El‘i]fl“iﬁ,e\?q(%,dfr ((Z%?.b&oﬁéﬁing%ﬂrlﬁégge% V(fgillﬁquuce total gas

molar density by approximately 40 percent.

[0054] From the above lists, we identify species which form stable nitrides, oxides, and
hydroxides or hydrides; these could theoretically consume essentially all detonation product gas

species: Al, Ca, Li, Mg, Ta, Ti, and Zr. The likely formed compounds are disclosed in TABLE

Elem | Oxide (Gibbs Free | Hydroxide (Gibbs | Hydride (Gibbs | Nitride (Gibbs

ent Energy: kJ/mol-Q) | Free Energy: | Free Energy: | Free Energy:
kJ/mol-Q) kJ/mol-H) kJ/mol-N)

Al ALO;; -527 Al(OH);; -435 | AlH; ? AIN;  -287

Ca Ca0; -603 Ca(OH),; -449 CaH,; -72 CasNgy; 7?7

Li Li;Q; -561 LiOH; -439 LiH; -68 LisN;, -129

Mg | MgO; -569 Mg(OH),; -417 | MgH;; -18 MgiN,; -201

Ta Ta205; -382 TazH; -69 TaN; ?

Ti TiO; 495 TiH,; -53 TiN; -244

Zr Z1rQ,;,  -522 ZrH,;; -65 ZrN; -337

TABLE 1

[0055] The formation enthalpy of a compound is roughly proportional to the Gibbs free energy,
so the magnitude of the Gibbs function (stability) indicates the magnitude of the exotherm (and

attendant short-term pressure rise). More accurately, the difference between the formation



Hydride (G bbs Nitride (G bbs entEnergy: kJ/nol-O) Free

Energy: Free Energy: Free Energy:

kJ/ nmol - CkJ/ ol - kJ/ mol - Al A1203; -527AlI (OH) 3; -435A1H3;

?AIN, -287 CaCaO, -603Ca(OH)2; -449CaH2; -72Ca3N2; ??
ATTORNEY POEKETRNOH i OH, - 439Li H, -68Li 3N, -129 MyM;  UTILITY PATENT
221537 _569My( OH) 2; - 417MgH2: - 18MBN2: - 201 TaTa2CH:

-382Ta2H, -69TaN, ? TiTiQ -495Ti H2; -53Ti N, -244

ZrZr02; -5227ZrH2; -65ZrN;, -337 TABLE 1 [0055] The

formati on ent hal py of a conpound is roughly

enthalpiﬁégﬁ ret}lggglgclrt(s& Al b%‘P(Fﬁ g{ Ie on nerg%)tc?th%% Jfﬁe Jdea reactant 24 is

f he magni t ude  of the exot her t t endant

one whigh frodycss i Pregal peotherge of i S quantyy is prauired (to minimize
di fference between the formati on ATTORNEY DOCKET NO. :
impact addatorEviopatEdMmare2), 368 which is afforded the necessary activation energy.

[0056] Thus, the present invention includes the placement of reactants 24 in the vicinity of the
detonation gas from explosive charge 14, including embedding one or more of the following
reactants 24 within the undetonated explosive charge 14. Materials for reactant 24 include, but

are not limited to Al, Ca, Li, Mg, Ta, Ti and Zr.

[0057] It should be recognized that the quantity of reactant 24 might vary depending on the
operative kinetics, desired molar density reduction, and the desire to minimize the impact on the
detonation performance. Exemplary embodiments of the present invention utilizing reactants to

reduce the molar density of the detonation gas are illustrated in Figures 4A through 4C.

[0058] Figure 4A is a partial, cross-sectional view of an embodiment of a perforating gun 10 of
the present invention including a reactant 24 as the in-gun pressure reducer. As shown in Figure
4A, reactant 24 is positioned proximate explosive charge 14. Reactant 24 may be positioned
within chamber 18, connected to or embedded in gun carrier 12 or disposed in other locations
proximate the vicinity of the detonation gas resulting from the detonation of explosive charges
14. Examples, without limitation, of various locations for placement of reactant 24 are

illustrated in the various Figures.



ent hal pi es of the product(s) and reactant(s) indicate

the net exotherm The ideal reactant 24 is one which

produces a mninmal exotherm of which a small quantity

is required (to mnimze inpact on detonation
ATTORWPQ%F@H&‘B)-i and which is afforded the necessaryTHITY PATENT
22.1537 5ctj vation energy. [0056] Thus, the present invention

i ncl udes the placenent of reactants 24 in the vicinity

of the detonation gas from expl osive charge 14,

i ncl udi ng enbeddi ng one or nore of the follow ng

eactants 24 wthin the undetonated ex ! char .
10059) EFE% 765 s Rt PR skfor VB P L Byfpini e ST eftorating gun
limted.to A, Ca, Li, M, Ta, Ti. and Zr 0057] It .
10 of thepresent yepten ieludiee PHS%Ctafnlﬁg‘d'qudE‘l“iet%B Yhusprates geactans 24 included
m ght vary depending on the operative kinetics,
within cgdsing d daloferpdosiveddwirgeyl4 educti on, and the desire to
m nimze the inpact on the detonation performance.
Exenpl ary enbodi nents of the present invention
{0060] Bigutd 40 iga paacl,andss-dectiomb dieseof omthny| embodemsittof aperforating gun
the detonation gas are illustrated in Figures 4A

10 of thd'pRUEHR HGentlPORBIudipdh r8actdht 123, aFRpard U@l illustrates reactant 24 being

cross-sectional view of an enbodi ment of a perforating

o) t r t invention including a reactant
embeddg%ﬁhgéﬁ%%eécpllonsﬁgucﬁ %Ssg"sure reducer. As shown in Figure

4A, reactant 24 is positioned proximte explosive
har 14. .Reactant. 24 nma e. pasitione wi t hi .
oos1) iy 3l Finooa R rie it Grsricibenit Patogaiie b, 10 may include
or disposed in other |ocations_ proxirmate gge vicinity .
mechanjsms; ok redleeing oty hedamperatie and, fhefolay g?%@lta %%P?%’ﬁe@%atm gun
expl osi ve charges 14. Exanples, without limtation, i
pressurof Orer &xaunplé 0T atrhbingg featupésadisclosad iwf Figorest hand 24 Aneexample is
illustrated in the various Figures. ATTORNEY DOCKET
illustrat®iri Fidhtd 4 AY IPABENTbe realized that heat sink material 16 and reactants 24 can be

incorporated into perforating gun 10 of the present invention to reduce the post-detonation

pressure of the perforation operation.

[0062] The post-detonation pressure may also be reduced by mechanical means, which

heretofore have not been realized.

[0063] When an ideal gas expands isenthalpically (i.e. “throttling” — the ideal example is
expansion into a vacuum), the gas does no work, and possesses essentially the same energy after

expansion as before. Ifthe gas’s specific heat capacity is constant, this expansion is isothermal.

[0064] From the ideal gas law, P = R*(@/V)*T, such an expansion would only reduce pressure
by reducing molar density, P2 = P1 * (V1/V2). Here, n is constant and V changes, in contrast

with the previous embodiment illustrated in Figures 4A, 4B and 4C.



22.1537 17 [0059] Figure 4B is a partial,
cross-sectional view of another enbodi nent of a
perforating gun 10 of the present invention including
a reactant 24. Figure 4B illustrates reactant 24
ATTO “thin casing 14a of expl osive charge PAILATY PATENT
221537 [ 0060] Figure 4Cis a partidl, cross-sectional view of
anot her enbodi nent of a perforating gun 10 of the
present invention including a reactant 24. Figure 4C
illustrates reactant 24 being enbedded into the

xpl osi v char t t .
o065 BTt S 00nt A0 Sblb I BT R gy
) chanr reduci n t he erature and th
on whichgf 1 kg ﬁnagytq?e%gewn&gftawaﬁ\g%ﬁga SKPAES R, ools. When an
One exanple is conbining features disclosed in Figures
ideal gagexgaddslisertropelypltepiessure diops as followsi A2 FiRjut EVWA2) 1y wherein y is

shoul d be realized that heat sink material 16 and

the adlabe@& E}?ﬁﬁr&n@ﬂap@?éklﬁﬁtely NROFROGiALRE maiyOother Easad)i NThas)risentropic
the present invention to reduce the

expansidh) pér%ﬂr?@e% %%%98 8%@%@5{%@5@{@%{ Pl't‘ffmoﬂeg NoftlenP expansion.

onat 1 on pressure may
al so be reduced by nechani cal neans, which heretofore

o0ss AT38%s PGRR A SRl RO o NAR R o B ety o o

exanple is expansi on into a vacuum, as, does .n
irreversipls, Ioceaes 496 $$0Ys dudeeds iPEPS5SE K g 5 nifalgpansion of

expansi on as before. If the gas's specific heat
detonatiomgas 26 ((shackdeagng miasticHlav,epqpansilanse iof the gaseeangaliner, etc.). The
[0064] Fromthe ideal gas law, P = R*(n/V)*T, such an
present BXBRH 41 odiddiment dfeestd @onrEsS thegas’s potential (thermal) energy into
kinetic energy via PdV (pressure applied times volume change) work. This kinetic energy may
be subsequently and/or concurrently dissipated via any number of mechanisms, 1.e. viscous
heating, plastic strain, pore collapse, etc. Alternatively, the energy can be released back into the

detonation gas after sufficient time (tens of milliseconds) has elapsed after detonation of charges

14 to realize the benefit of reduced gun pressure.

[0067] Figure 5A is a schematic drawing of a perforating gun 10 of the present invention
including a pressure reducer identified as a compression section 28. With reference to Figures
5A and 5B, perforating gun 10 includes a gun carrier 12 and a gun chamber 18. Gun chamber 18
is functionally connected to a compression chamber 36 defined by a compression section 28. A
compression barrier 34 scalably scparates gun chamber 18 and compression chamber 36.
Compression barrier 34 is moveable into compression chamber 36. Compression barrier 34 may

be slidably moveable and/or deformable such as a diaphragm. Compression chamber 36



by reducing nolar density, P2 = P1 * (V1/V2). Here, n

is constant and V changes, in contrast wth the

previ ous enbodiment illustrated in Figures 4A, 4B and

4C. ATTORNEY DOCKET NO.: UTILITY PATENT 22.1537 _18

ATTORYEHBOLKESW er , when an expandi ng gas does work, URILYTY PATENT
22.1537 gj ving up energy to the surfoundings on which it is

wor ki ng. Energy conservation dictates that the

expandi ng gas cools. Wen an ideal gas expands

i sentropically, its pressure drops as follows: P2 = P1

* "

incudeq & S8agERR eefflé\@&ale’o‘q“ sftigh o SolfpRRR0 oy ERRERTH ch s o spring o
Thus, isentro nsi on roduce a nore

other pigiy g daite. pLEgRERED ’@ﬁtepﬁﬁﬁa ik b SopREsHikle within the wellbore
expansi on. | 0066] An effective "working" expansion

environmentdfon wthidheit swhgettedmidcampressérie adthithauilliseconds wpdnedetonation of the
irreversi bl e processes can occur. |ndeed, such

explosir éiegsesCompassible Mufetialy20 Meay ficludala mepmjﬁdzab rappdratus such as a
detonation gas 26 (shock heating, plastic flow, pore

spring, $ XrhpR&Sb10 flutd&1cAa8 8 ga6r lidii& or aQbfplessibiEsolidl esent
i nventi on and embodi fent addresses converting the

gas's potential (thermal) energy into Kkinetic energy

[0068] I?r’lﬁarepgxné{fl{ls?ﬁ?e%r er‘?&g dﬁd%%- s tv?ngTq 31!12”31%) thivd l%f, or within

ene subsequentl

sSSP Sy FERH SIS 26

etc. At er natively, the energy can be rel eased back
filled gynphgmbeel8.det onati on gas after. sufficient time (tens
of mlliseconds) has el apsed after detonation of
charges 14 to realize the benefit of reduced gun
[0069] Figess B 6lluftefs7erfirging g6n 1Dsat dise Be(id), iactineawithiy williseconds of
perforating gun 10 of the present invention
detonation of the explosive charge. Detonation gas 26 has expanded working against and
compressing compressible material 30, thereby expending the waste energy in detonation gas 26,

reducing the molar density and temperature of detonation gas 26 and thus the pressure.

[0070] Figure 5C is a graphical illustration of the reduction of the post-detonation pressure of the
detonation gas in the gun and the increase in the pressure on the compressible material during the

relevant time from of "t1" and "t2."

[0071] With reference to Figures 1 through 5 a method of reducing post-detonation gas 26
pressure of a perforating gun 10 to facilitate surge flow is described. A perforating gun 10 is
provided having explosive charges 14 and pressure reducing mechanism for reducing the

pressure of the detonation gas 26 resulting from the detonation of the explosive charges 14.



including a pressure reducer identified as a
conpression section 28. Wth reference to Figures 5A
and 513, perforating gun 10 includes a gun carrier 12
and a qun chanber 18. Gun chanber 18 is functional
ATTOBHHHQﬁﬁﬁFRQPé conpr essi on chanber 36 defined by a’l
22.153%onpr essi on section 28. A ¢ ﬁ‘pressi on barrier 34
seal ably separates gun chanber 18 and conpression
chanber 36. Conpression barrier 34 is noveable into
conpressi on chanber 36. Conpression barrier 34 may be

oo PSR L SR A g v of
ot L 225 B bIEHAESPy S BEREG L fonstin s 16

such as a spring or other piston type device. .
and/oiCanperapissshivne seetiay 28| to30ausgsthehdetoraionesas kK everkt Hivg reducing the
the wel l bore environnent for which it subjected and
tempe€tierand Shditing thb ivolufid dfighadondsedupe thedadlanddrison. of
the explosive charges. Conpressible material 20 may
i nclude a mechani cal apparatus such as a spring, a
[0073F SRRY 8%l b6 s fdisoded Yibxinfte eQplSsi0E dhiafliés di4. OrHéat sink 16 may be
conpressi ble solid. [0068] Figure S5Aillustrates
compﬁferdfgf ﬂ{dlﬁlﬂn%uﬁht]&%}aﬁnﬁt%&go 1bid kolidd] SowddFs, Und Mbnolithic volumes
w thin S, O e |

m crdsecon tonation of expl dsive
. harges 14 (Figures 3 and 4). tonati on gas 26 has
includigl VA sGHP s T SRTOPTIO ST o 0 58 i 11 st r at oo
perforating gun 10 at tine 2 (t2), a tinme within
m | liseconds of detonation of the explosive charg%. .
[0074bdhe ideal sraciad b ishare &binth REGUGRS & iTHgIER]aexpthermy, ot which a small
conpressing conpressi ble material 30, thereby o
quantiéx perediing (th eninasize irapaot gy detpndtion perfororange)s apd which is afforded the

1¥JITY PATENT

necessary activation energy. Reactant 24 may comprise singularly or in combination, but is not

limited to, Al, Ca, Li, Mg, Ta, Ti and Zr.



reduci ng the nolar density and tenperature of

detonation gas 26 and thus the pressure. [0070] Figure

5Cis a graphical illustration of the reduction of the

ost -detonation pressure of the detonation gas in_the

ATTORNRY D RHINPAcrease in the pressure on t he UTILITY PATENT
22.153%onpressi bl e material during?the relevant time from

of "tl" and "t2." [0071] Wth reference to Figures 1

through 5 a nmethod of reduci ng post-detonation gas 26

pressure of a perforating gun 10 to facilitate surge

ow i esCr. perforatin S
[0075L§(ﬂnﬁ éﬁ%g’%ﬁeggﬁng cgeézﬂgd @?CEEPO%BE Bgecy;% 210 Pgl Léll ) oF ?lge invention, it
mechani sm f or reduci ngf pr.essure, of the det onat| on
should; s apparey (he§ AgsyBleamiPh SoulEting the fyBAmIT PISTYE pnpient during a
charges 14. ATTORNEY DOCKET NO.: UTILITY PATENT
perforatingl 6pdratién [1RO 72 hovkhdiap besrs diseloseskl uddthowgty speqtficuetabediments of the
heat sink 16 for reducing the tenperature of

inveniile Rvatbeom digeloscbheréin dih dmedétehcthizriias Béerf dunersetblte forghe purposes of
the nol ar density of detonation gas 16, and/or a

descnﬁﬂl aﬁ%ﬁé GaneES Eﬂd)@stp%@ts 1P 15 IEntiRE afl € ORI RRIGPS Eeolumtmg with
k thus reducl ng h tenperature and increasing the

t a. | v ";
e ST, S 00 08 B 808 b rephiad ou o
. t sink 16 may e conpri i ncl udi
pressuginj s thsdpregsurg et ge heqgun ﬁovgé ﬁ%PrOéHaatﬁﬁﬂ%Elm ff references to
vol unmes including water, copper or other appropriate
disposedtinraratonnegted Yol theTaun ingddes beingt 2 part of the perferajiiEgun string or in
produces a mninmal exotherm of which a snal
functioned Rbhfiesctios withothe pefofatiag unisutlzat dippesed dm theegimniatiudes being part
performance), and which is afforded the
of the gun carrier or forming an extension to the perforating gun. It is contemplated that various

substitutions, alterations, and/or modifications, including but not limited to those implementation
variations which may have been suggested herein, may be made to the disclosed embodiments
without departing from the spirit and scope of the invention as defined by the appended claims

which follow.



necessary activation energy. Reactant 24 may conprise

singularly or in conbination, but is not limted to,

Al, Ca, Li, My, Ta, Ti and Zr. ATTORNEY DOCKET NO. :

UTI LI TY PATENT 22.1537 21 [00751 Fromthe foregoin
ATTORNEX DOSHEINR: i ption of specific enbodi ments of tHelLATY PATENT
221537 nyention, it should be appafent that a system for

controlling the dynam c pressure transient during a

perforating operation that is novel has been

di scl osed. Al though specific enbodi nents of the

' [ been di scl osed herein in sone detail,
WHA?@S‘EE%&@R{@:‘%%G solely for the purposes of

descri bing various features and aspects of the
1. | Aviepbaaius fangdidng die post-asoRdion@résurtei ofiatperfgratingun, the

respect to the scope of the invention. For exanple, it

tsﬁ@é!,.gup@mﬁmi zed that "in-gun" pressure includes

pressure created in the gun as well as proxinmate

t he n..and refer.en i [ :

¢ REGHRRR Eph SR B A Red Spe AOGROG e, s WAE 3 diBlosive
string or in  functional connection with the . . )
per f or SharagsglFtPuatrdrhe FERlotlYS HERRPTPAUGeR @ PETRUSIFRd dstRngtion gas;
being part of the gun carrier or form ng an extension

t @ prdseurp aedueemini functipnal connegtionawith beperforsding igan, the pressure reducer
various substitutions, alterations, and/or

modi f i addptaiie, reduvelthisipragsubeidf the detohatidneghst 0 t hose

I mpl ementation variations which may have been

suggested herein, may be nmade to the discl osed

enbodi mrents w thout departing fromthe spirit and

2 SRR TS eI KSR e o
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perforating gun.

3. The apparatus of claim 1 wherein the pressure reducer is positioned disposed in the
perforating gun.

4, The apparatus of claim 1 wherein the pressure reducer is part of the perforating gun.

5. The apparatus of claim 1 wherein the pressure reducer includes a heat sink adapted for

rapidly reducing the temperature of the detonation gas.

6. The apparatus of claim 5 wherein the heat sink has a high thermal conductivity.

7. The apparatus of claim 5 wherein the heat sink has a large heat capacity.



22.1537 22 WHAT IS CLAIMED I'S: 1. An apparatus for
reduci ng the post-detonation pressure of a perforating
gun, the apparatus conprising: a perforating gun

ATTO{%ﬁé{fﬁQ&qgﬁit%éfaSt one expl osive charge, wherein V\ki?ﬂLITYPATENT

charge is detgpated the expl osive

22153t har ge produces a pressurizef® detonation gas; a

10.

11.

12.

13.

14.

15.

16.

pressure reducer in functional connection with the
perforating gun, the pressure reducer adapted to
reduce the pressure of the detonation gas. 2. The
apparatus of claiml1l wherein the pressure reducer is
positioned proxi mate the perforating gun. 3. The

apparatus of _claim 1l wherein th ressure reducer is
pﬁﬁ? BRRSFHS of éﬁlaséav]hewwﬂ’é heﬁfeﬁl‘ﬁb&’ﬁﬁﬁ%ﬁﬁ“ﬁﬁ’ﬂ- 4. The
apparatus of claiml1l wherein the pressure reducer is
part of the perforating gun. 5. The apparatus of claim
1 wherein the pressure reducer includes a heat sink
attaphgshritos of dpindb ywhessd therhgat sk inehydes witer.e of t he
detonation gas. 6. The apparatus of claim5 wherein

the heat sink has a high thermal conductivity. 7. The
apparatus of claim5 wherein the heat sink has a | arge

ggﬁ% g@%ﬁ’%@é ¥ el 3 FRRFein BOHSEsiN redES hicdkderdeaddalted water beads.

The apparatus of claim 1 wherein the pressure reducer includes a reactant adapted for

recombining with the detonation gas to reduce the molar density of the detonation gas.

The apparatus of claim 11 wherein in the reactant is selected from the group consisting of

Al, Ca, Li, Mg, Ta, Ti, Zr, and combinations thereof.

The apparatus of claim 1 wherein the pressure reducer includes a pressure compression

section in functional connection with a gun.

The apparatus of claim 13 wherein the compression section includes a compressible

material.
The apparatus of claim 14 wherein the compressible material is a spring.

The apparatus of claim 14 wherein the compressible material is a solid.



8. The apparatus of claimb5 wherein the heat sink
i ncl udes copper. 9. The apparatus of claimb5 wherein
the heat sink includes water. 10. The apparatus of
claim5b wherein the heat sink includes
ATTOB“EYS%“Egﬂgﬂ?éted wat er beadi 11. The apparat us
22.153%| aim 1 wherein the pressure??educer includes a
reactant adapted for reconbining with the detonation
gas to reduce the nolar density of the detonation gas.
12. The apparatus of claim 11 wherein in the reactant
is selected fromthe group consisting of Al, Ca, Li,
My, Ta, Ti, Zr, and conbinations thereof. 13. The
apparatus of .claim1l wherein the ssure r.edyce
17. ' BF goRaetus 15?@@% whgHTH Bepamrestible material if A AL onal
connection with a gun. 14. The apparatus of claim 13
wherei n the conpression section includes a '
conpressi ble material. 15. The apparatus of claim 14
18. wihe epparitheotcajnn & sdictdie thegiressiuel rediccnisgpsitioged prb@imate the
The apparatus of claim 14 wherein the conpressible
NBér@srhth %@La solid. ATTORNEY DOCKET NO.: UTILITY
PATENT % . 1537 24 17. The apparatus of claim 14
wherein the conpressible material is a fluid. 18. The
apparatus of claim5 wherein the pressure reducer is
pasiti oned Xi e.the perforatin un. 19. The .
19, 3hs phaas b St Tl FhetinPeRb e st potfiond oxjmste the
positioned proximte the
perforating gun.

%}'ILITY PATENT

20.  The apparatus of claim 14 wherein the pressure reducer is positioned proximate the

perforating gun.

21.  The apparatus of claim 5 wherein the pressure reducer is positioned disposed in the

perforating gun.

22.  The apparatus of claim 11 wherein the pressure reducer is positioned disposed in the

perforating gun.

23.  The apparatus of claim 14 wherein the pressure reducer is positioned disposed in the

perforating gurn.

24.  The apparatus of claim 51 wherein the pressure reducer is part of the perforating gun.



ATTO
22.153

25.

26.

perforating gun. 20. The apparatus of claim 14 wherein

the pressure reducer is positioned proxi mate the
perforating gun. 21. The apparatus of claim5 wherein
he pressure reducer is positioned disposed in th

L e
?QFY KETNGtin. 22. The apparatus of claim 11 whefEBLATY PATENT
h

e pressure reducer is posi??oned di sposed in the
perforating gun. 23. The apparatus of claim 14 wherein
the pressure reducer is positioned disposed in the
perforating gun. 24. The apparatus of claim51 wherein
the pressure reducer is part of the perforating gun.
ATTORNEY DOCKET NO.: UTILITY PATENT 22.1537 25 25.
The apparatus of claim 11 wherein the pressure reducer
i $heaprargius ehelaige | b whareinhe grssurs seduppicls pa of The perforating gun.
claim 14 wherein the pressure reducer is part of the
perforating gun. ATTORNEY DOCKET NO.: UTILITY PATENT
22.1537 26 27. An apparatus for reducing the
PGS apiRirA0abT QRinD I £88bifctnh BF plespie radurtr B Pagwi the freeforating gun.
apparatus conprising: a perforating gun carrying at
| east one expl osive charge, wherein when the expl osive



charge is detonated the expl osive charge produces'a
pressuri zed detonation gas; a tenperature reducer in
functional connection with the perforating gun, the

tenperature reducer adapted for reducing the
ATTOFgﬁg

22.1531 educer in functional connec

27.

28.

29.

30.

31.

32.

QNS the det onat | 0fg 92’ and a nol ar denSTETY PATENT

on wth the perforating
gun, the nolar density reducer adapted for reducing
the nol ar density of the detonation gas. 28. The

apparatus of claim 37 wherein the tenperature reducer

: " _clai p ..
¢ SR BpLh 15 el i a P MR oo sPAsghed e B tin (e

cl ai m 37 wherein the tenperature reducer is positioned

i APRAFUUSHEITRIISIS ng gun. 30. The apparatus of claim 37
wherein the tenperature reducer is part of the .
papeiderating gug carrying at lest ene pxplesiveichasge, avhgrai when the explosive
wherein the nolar density reducer is positioned

pr oxi mahargt aletqarddahatipigsigeichar@2prodines appessartized defonation gas;
claim 37 wherein the nolar density reducer is

PRedripRatass deBudeh h RAEAGHAR bbb ot with T FWoYatlXd ] the temperature
NO. : IljUTI LI T$ 1I%ATEI\I'I' éz. 1537 57 Bg.l The appar at us of P

claim ' . ] ' 0
el m St By C A RS bR sl
\gg & %'Sieglgll?y }eﬁgge? rn? ul{lrcﬁorrlaq %Iggferctibg %'lit%qﬁes pgrfcg'g{?ﬁg 3.'1:{,‘ Ifhe molar

density reducer adapted for reducing the molar density of the detonation gas.

The apparatus of claim 37 wherein the temperature reducer is positioned The apparatus of

claim 37 wherein the temperature reducer is positioned

The apparatus of claim 37 wherein the temperature reducer is positioned in the

perforating gun.

The apparatus of claim 37 wherein the temperature reducer is part of the perforating gun.

The apparatus of claim 37 wherein the molar density reducer is positioned proximate the

perforating gun.

The apparatus of claim 37 wherein the molar density reducer is positioned in the

perforating gun.



for rapidly reducing the tenperature of the detonation
gas. 35. The apparatus of claim 34 wherein the heat
sink has a high thermal conductivity. 36. The

t f claim34 wherein the heat sink has a
ATTOﬁgggiﬁﬁéﬁPﬂg%bacity. 37. Thegzpparatus of clai m 34UTILITY PATENT

22'153'\’/\/her ein the heat sink includ

33.

34,

35.

36.

37.

38.

39.

40.

41.

copper. 38. The
apparatus of claim 34 wherein the heat sink includes
water. 39. The apparatus of claim 34 wherein the heat
sink includes m croencapsul ated water beads. 40. The
apparatus of claim27 wherein the nolar density
reducer is a reactant adapted for reconmbining with

e a0 57 el h AP ool PRSPt

reactant adapted for reconbining with the detonation
gas to formsolids. ATTORNEY DOCKET NO.: UTILITY
PATENT 22.1537 28 42. The apparatus of claim 27
wherein the tenperature reducer and the nolar density
reducer include a pressure conpression section in

f whe hppair@hs 60C1RRACLT Mheitinl the dergpitatabereiader iftdudetAheat sink adapted
apparatus of claim42 wherein the conpression section

i agl i e apparatus of
C air%qgg' I&ﬂ@%?ﬁl%ﬁ ep%rgtrrug%éi?thﬁ ragto}létgol? c%?' angpt he nol ar

density reducer include a pressure conpression
section in functional connection with a gun chanber.

45. The apparatus_of claim41l wherein the tenperature,
r 4B¢, amarﬁlggoii Haimt whergghthe byatysink fzasa high thermhl conductivity.

The apparatus of claim 34 wherein the heat sink has a large heat capacity.

The apparatus of claim 34 wherein the heat sink includes copper.

The apparatus of claim 34 wherein the heat sink includes water.

The apparatus of claim 34 wherein the heat sink includes microencapsulated water beads.

The apparatus of claim 27 wherein the molar density reducer is a reactant adapted for

recombining with the detonation gas to form solids.

The apparatus of claim 34 wherein the molar density reducer is a reactant adapted for

recombining with the detonation gas to form solids.




ATTO

42.

43.

45,

RYR¥DOGKFSL ¥Pe  steps of: prgviding a perforating
22.153havi ng expl osi ve charges; de

i nclude a pressure conpression section in functiona
connection with a gun chanber. ATTORNEY DOCKET NO.:
UTI LI TY PATENT 22.1537 29 46. A nethod of reducing
t he post-detonation pressure of a perforating gun ITY PATENT
%nating t he expl osi ve

charges produci ng a pressurized detonati on gas; and

reduci ng the detonation gas pressure proxi mate the
perforating gun to encourage a surge flow froma

reservoir formation. 47. The nethod of cl aim 46

wherein the detonation gas pressure is reduced by

rapi dly reducing the tenperature of the detonatio .

od5e apmaratyner sIeEn oA wheree W A mpeTaivEs tiHow ARS i BREE Agtsity reducer
gas pressure is reduced by reducing the nolar density

ofnclude admessnret dompremion s¢etionindunationakcosheation) with 7 gun chamber.
wherei n the detonation gas pressure is reduced by

reduci ng the nolar density of the detonation gas. 50.

The nmethod of claim46 wherein the step of reducing

{ e dESRAEL bPNaRRT2 REERENIR dofipksdiB sedtioRthélldds ditbssible

sin n functional connection wth the perforating gun

ad%gte? for reducing the tenperature of the
d&t ion gas. ATTORNEY DOCKET NO.: UTILITY PATENT

The apparatus of claim 40 wherein the temperature reducer and the molar density reducer

include a pressure compression section in functional connection with a gun chamber.

The apparatus of claim 41 wherein the temperature reducer and the molar density reducer

include a pressure compression section in functional connection with a gun chamber.



22.1537 30 51. The nethod of claim46 wherein the step
of reducing the gas pressure includes the providing a
conpression section in functional connection with the

rforati un for reducing the pressure of the
ATTO@@F ]9?119 3 52. The method of clai m 46 wherej nUTILITY PATENT

22.1537 nc| ud| ng the step of reduci A the gas pressure

46.

47.

48,

49,

50.

i ncl udes providing a reactant adapted for reconbining
with the detonation gas to formsolids. 53. The

met hod of claim50 wherein the heat sink includes

c e 5 The thod ,of claim 50 rel t.he heat

o PR B el Rl PR dBlonich psile e i Bt LR omprising the
wherei n the conpression section includes a
col§pt @8si bl e spring. 56. The nmethod of claim 51
wherei n the conpression section includes a
c proyiding & pedforfating gun hgving Thosiet bhodgesf cl ai m 51
wherei n the conpression section includes a
C dephatifdl the exi5164iivélcharfd. prddieined pressueized Hetbnatioh gas; and
wherein in the reactant is selected fromthe group

c %ﬁ%bﬁl 'tﬁ‘@d&gnatr%h gagﬁres&{re pMtimdR thelperfofhting®gifh to encourage a surge

conbi nati ons t her eof

flow from a reservoir formation.

The method of claim 46 wherein the detonation gas pressure is reduced by rapidly

reducing the temperature of the detonation gas.

The method of claim 46 wherein the detonation gas pressure is reduced by reducing the

molar density of the detonation gas.

The method of claim 47 wherein the detonation gas pressure is reduced by reducing the

molar density of the detonation gas.

The method of claim 46 wherein the step of reducing the detonation gas pressure includes
providing a heat sink in functional connection with the perforating gun adapted for

reducing the temperature of the detonation gas.
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51.  The method of claim 46 wherein the step of reducing the gas pressure includes the
providing a compression section in functional connection with the perforating gun for

reducing the pressure of the detonation gas.

52.  The method of claim 46 wherein including the step of reducing the gas pressure includes

providing a reactant adapted for recombining with the detonation gas to form solids.

53.  The method of claim 50 wherein the heat sink includes copper.

54. The method of claim 50 wherein the heat sink includes water.

55. The method of claim 51 wherein the compression section includes a compressible spring.

56.  The method of claim 51 wherein the compression section includes a compressible fluid.

57.  The method of claim 51 wherein the compression section includes a compressible solid.

58. The method of claim 51 wherein in the reactant is selected from the group consisting of

Al, Ca, Li, Mg, Ta, Ti, Zr, and combinations thereof.



