1 22 February 2007 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

i mproving fluid communi cati on between a reservoir

formati on and a wel | bore and nore specifically to

reduci ng gas pressure in the perforating gun during
perforating operations. BACKGROUND [002] Perfor

is a reservoir conpletion oﬂeration t hat providegikg%“my2007
fluid conmuni cati on between a subterranean geol ogi ca
formation and a wel |l bore, which in turn connects the

METHSODVAND APPARATURFOR REBUCTIAGE PRESSURIRIN IASPERFORATING
acilitate conirolTe ow of the ul ds between the
reservoir formation and tf&MNel | bore. [003]
Perforating operations are acconplished by running a
perforating gun sgiEnp OPWHE INVENTIONE! | bore
proxi mate the desited reservoir formation and firing
of explosive charges. The explosive charges deposit
[001] STl preped rinventian golaten dn sensaly osiEIRing GHIGAY QR between a
m croseconds. [004] While successfully connecting the
reservoiesfermaion gl mhweltwiré mod emorehspepifically 4e itedpcingeges prassure in the
be detrinental to the formation's |ocalized pore
perfortingutindueing perforaaini opekationand, hence, the productivity
of the formati on. The damage to this shock region is
typically mtigated by surge flow, wherein
BACKGROUND

[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
pressure is less than the reservoir pressure. 2 22
February 2007 [005] However, underbal ance perforating
is not always effective. It has recently been
determ ned that one of the reasons that underba
perforating may not be effective is due to the
"under bal anced environnment"” tenporarily becom ng
over bal anced resulting in flow of fluid into the

[005] I Eo@ieval rundeduianéd merfotatnglds i noe calwhyparifagiveur de Hab owcently been
Thi s "dynam c overbal ance"” is due to the

deterrRinGd tHAf B85S Bf BieF8iohd it BR¥rAlMeE perfdigtingehP abebe effective is due to
pressure. In other words, the perforating gun has

. r = # ing in fl f fluid
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into ﬂ%grg%eréﬁ%ihgeg%{]gﬁgigﬁ GEdfled’ élgzﬁﬁt'i‘gr sz.lrréesﬂ SR l@lman@E overbalance” is due

ofr mng an ective pertorating
operation. [006] Therefore, it is a desire.to previde -

to theRghspicstin s Db renarar e welbyrk rgeitfc B Al oy (RS pertoreting
perforating gqun during a perforating operation. It is

gun hgs theen He herg ‘PfPéleS]SCtﬁ‘g Sompenent r@tﬁs&%ﬁﬁaﬂngy%qvgmw- Accurate
reducing the pressure in a perforating gun )

consimtond@tdmmbg of e mumaressaveyis XgeentialSigmdasigniog apfdiperforming an

I NVENTI ON [007] In view of the foregoing and ot her
effectb@petfdmtiag operstiort he present invention relates to

QB.CP%bruary 2007

[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.



enhancing the fluid communi cati on between a wel | bore
and a formation by reducing the post- detonation
pressure in a perforating gun. [008] It is a desire of
the present invention to rapidly mnimze the
post-detonation pressure generated inside a
perforating gun carrier. The reduction of
post - det onati on pressure reduces the tendency t
i ncrease the post-detonatioﬁymellbore pressur e. 32 February 2007
Additionally, a sufficiently | ow gun pressure can
produce surge of fluid flowinto the gun, thus causing
a wel | bore that mgUMMARY OF THE DNWENTIGNced to
qui ckl'y become under bal anced. These techni ques are
referred .t "dynanm c . under bal ance.’ [009] Pressure

10071, 5% iy f e Tareeaing G, el FrieokestibiS el PR AREetioh Selates to
function of its tenperature an nmol ar densjty (nymher

entangiigghe i) CQMMBECHIoN TV EenVEIROFS 219 a, GHBRION Ry TECRRIE the post-
a gas's pressure a mnechanismnust be used to reduce

detonative pgessure in a ppeerating guand/ or nol ar density. [0010] The
primary source of in-gun pressure is the charges'
expl osi ve. The "useful " proportion of the explosive's

[008] ¢ fteii acddsire rod thyy present anmentiom to rapidly jnaininkive) el post-delpgaiion pressure
which in turn displaces target material, hence

generfte@ fisldeq pelforadiag igue dampier. f Thicadetmution fi pedt-detddalidr mrassure reduces the
energy is deposited into the charge's confining case

tendendy tb icréRE Mcdposkiatshdtion SVdIbe présitiee 'AddRtignalipt eduifficibntly low gun
significant, ~energy can be deposited into the |iner

presmg'ﬁ gérgﬁroﬁﬁéeesdrr]%b’ Stuifl 2o ifo Be %ﬁn,cﬂi@s dsiAR 2SRl ePEEmay initially

heat | plastic strain and fracture. Residua

be m%%a?eﬂl%gd @ cgﬁadg %Eg%‘ne Lﬁd@%’ﬁiaﬁg&f edl"ﬂetgkh '?&Ihmcfﬁg% gﬁ'e referred to as

pressure gas, s can exit e gun
"“nressure up’, the wellbore. It is desired to
“dynangc un el#ba?ancg.”

[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 4 22

February 2007 does eventually dissipate via heat

transfer mechani sns, but nmuch of it remains during the

time scale (tens of mlliseconds) relevant to surge

flow Typically, the residual detonation gas inside a
perforating gun possesses approximately 30 perce

the explosive's initial cherfical energy (prior géfg ary 2007
heat transfer). The remaining 70 percent is

partitioned roughly to the liner, 30 percent, and the

does &R5@ally BisEiste & heak GadsEr Methapismpaa smeh ofdsmmanisi duning the time
"energy efficiency"” is defined herein as the quantity

scale géerfs Jfﬁﬁhlﬁ@@dndg)v\@%%%t t6 B&E YioW) THAcall! MBRdsidiial Gétbnation gas inside

ative to the explosive s initial Undetonated

%‘D'%%L Rg%?gesgée/ %%’19}{1%%?3} %ﬁércaﬁroff %eaédfg?&gﬁfékkai%gﬁf chemical energy
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val‘ues*on t he or
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charge desi gn changes such as increasing the case
meﬂﬁhﬂ@ﬁh%@@F: cenktrength, and/or ductility. It is a
desire of the present invention to further reduce the

wast e energy thus reducing the in;gu ost-detonation .
(0011}, Fes, upeses odssFriptiono R EnaR SEIHERY O PRI hasn s the Yhantity of

i nvention the post-detonation pressure is redqced_gf
residughb (weste) énesgy v thendetonatiogyeasergtative i the explepiye'y iy undetonated
the gas. Cooling leads directly to de- pressurizing.
chemicflOsh3tgyl rCanvestivmabiperfibatitionahatges ExHibié waste soergy values on the order of
i nvention, the detonation gas pressure is reduced
30 percent. The 30 percent waste energy may be reduced 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
conmpounds. [0014] Anot her enbodi nent of the present
i nvention includes reducing post-detonation gas
pressure of the gun by reducing the tenperature and
the nolar density of the detpnation gas. One 5 2
February 2007 nethod is thégconbination of a faé?%bmawzo07
acting heat sink, such as illustrated in the first
enbodi nent, and utilizing a reactant to reduce the

methodds e daibimibh @ a Tisd deririgshdadsifikrsivls ad illisteaiedmuthel first @mbodiment,
illustrated in the second enbodi nent. Another nethod

and uﬁﬁzih% alUehdthrk Qo re@ucsahit end?iededdnation Pesdudisifo foRhksolid compounds as
[ 0015] Accordingly, an apparatus for reducing the

ilustrR8d in %%&9&%' b oRlrEss UG odkr el iOfAkilR tiiiastd Snergy to perform
provi ded. e apparatus 1 ncluding a perforating gun

carrying at | east one explosive charge, wherein when

't he expl osive charge is detonated the expl osive charge

produces a pressurized detonation gas, and a

chani sm for reducin he essur . 0 ' :

oot REEG s aveskats [P e EBatEobid e R blRgaing gun
. pressure i s desirab), redl%ced inatine fr losive char
is progided cng pparaius- 2 AEFHDIINEE W, ARG B (R ogfprplosive charge,

creating a dynam c underbal ance condition to :
whereim sthen ithe explosive glarss Isodeteratad the explostye (haree guadusst g pressurized

into a well bore. [0016] The pressure reduction .
detonatiomhga] s aregchanisnufie redusing the pyessire iofi thegdatanation ges proximate the

heat sink to reduce the tenperature of the detonation
perforlgfig gan.r The Hetohation gae pesshirads désirhblyreducediit atimegfiame sufficient to

work

"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

density of the detonation gas. 6 22 February 2007

[0017] The foregoing has outlined the features and

techni cal advantages of the present invention i

order that the detailed desctiption of the invenE@gﬁh”m72007
that follows may be better understood. The present

i nvention discloses nmethods and apparatus for reducing

[0017] T8e BREioiflehAAliRE (BfeaRi S8l iehnichl dlvatades o thegeguninvention
carrier via tenperature reduction and/or nolar density

in ordeLRYCHE QBralid RGN e he BYERN ithad YolighRThay e better understood. The

ormat1on. Additi'onal features and advantages of the

e B P B Ao ARF AR e BB RS g prec
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i PE pujE %%iﬁ?fevgﬁtewe%%ﬁr lza?cﬁsflsz @?‘ffﬁ‘é‘%ﬂf?@? peféft:s]m&? frcilitate
e present |1 nventl an € Des ersio W. . .

surge (e FORE 5% BTHEETE oAIGIORY) eS| 86 BEBERES Tohe GFvegton will be

speci fic enbodi nent of the invention, when read in
describehherpivafterwhich formibe subieshptthg Flaumepiib myentiopher ei n:
[0019] Figure 1 is a graph of the first 20
m|liseconds upon detonation of an expl osive charge in
a cl osed bonb experinment utilizing various heat sink
materials; [0020] Figure 2 is a graph of the first
second upon detonation of an explosive charge in a
cl osed



bonb experinment utilizing various heat sink materials;

[0021] Figure 3Ais a partial, cross-sectional view of

an enbodi rent of a perforating gun of the present

invention utilizing an added heat sink; [0022] Figure

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

of a perforating gun of the present invention

utilizing an added heat sink; [0023] Figure 3C

partial, cross-sectional vighlof an enbodi nment O?Z}EhmmyZOU?
perforating gun of the present invention utilizing an

added heat sink; [0024] Figure 4A is a partial,

cross-sect i BRIEF DESCRIPITOMNOBNHE DRAWINGS:r f or at i ng

gun of the present 1nvention including a reactant;
2 Fiqure 4B is.a partial, crossnhsectional Vvi. ]
o018}, 3¢ Hsipide dopiney” SRRREY 2 peGlir o, ebelf HaushipH i be best
i nvention_includin reactant; .8 22. February. .200 )
underytppbwjth refgisnge tache 30133%% dptailed é%%@!%g{% Fedifics ent of the
an enbodi nent of a perforating gun of the present
invention, athen sradiin eoniwnctign avithahe tesAMPaTyIRERWHIZEIVRETSA: | s a
schemati c drawi ng of a perforating gun of the present
i nvention including a mechanical conpression sectiaon, .
[0019h Figuirend iga graph of theditpt 2smilliseconss goon detgration of @d explosive charge in
[0028] Figure 5B is a schematic drawi ng of a
a clospEbdmb axperighegtintiliding vaciops kenesink mateeials; on i ncl uding a
mechani cal conpression section, at tine 2 defined as
within mlliseconds after an expl osive
[0020] Figure 2 is a graph of the first 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;



charge is detonated; and [0029] Figure 5Cis a
graphical illustration of the pressure drop of the
detonation gas and the increase of the pressure on
t he nechani cal conpression material fromthe tinme of
detonati on of the charges through severa
mlliseconds after the detonation of the explosive
charges. 9 22 February 2007 _ DETAI LED DESCRI PTI ) February 2007
[ 0030] Refer nowto the dr avf ngs wherein depicte eoruary
el enents are not necessarily shown to scale and
wherein like or simlar elenents are designated by the
[0026} Bigare 4Cds @ parial) epass-aéctiohaloteh of ixeembediment of\ai pevorating gun of the
[ 0031] In one enbodi nent of the present invention the
prese,g@@enggﬁﬁeﬁlum@mﬁﬁure is reduced by wutilizing a
fast acting energy heat sink that rapidly cools the
gas. Cooling leads directly to de- pressurizing. An

[0027?%&& 8AGk ak%a%ﬁdutc defwingef b perfbrating\gun ¢ tROpieddnt invention including

condensi ng out of any water vapor, ~which is well
hf BBLE Eiarg is'dBfenated;

s mecffll b SpROIBL Letfiof sE L0 VIR SHHISEN Ml s iBOnaced:

gi ven sufficient heat transfer rates, wll
[0028i {F%yr]; '5%?5'5&411%\9@ rd{rMiﬁg §F£ ?erfor&@x%l'%lln She gltehé&ﬁ i&@fion including

possess nsi c ertie rapid
eat absor 1 on ondu t.|

a me a@ (i:oﬁ[g)rr jon egﬁ ag{na]F %ﬁwgg gu e%%ﬂ?n Qﬁer an explosive

capacity can be rranlfest ed in speC|f| c heat capamty
Chal’gﬁﬁdj'e&na%ﬁa@'@ change enthal py. Exanple materials

exhi biting high thermal conductivities, high heat

%p cities, and/or high phase change enth |ﬂ?l SS .
[0029] Figure 5C is a graphical illustration of the pressure drop of the detonation 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.



i nclude, but are not limted to, steel, copper,
silver, nickel and water. [0033] O the netals, copper
exhi bits the best conbi nation of high conductivity
(rapid 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 I
conmon naterials, conducti ng9aheat 40 percent fas?érFebmaryzom
than silver and 50 percent faster than pure copper.
Wat er al so possesses a very high volunetric specific
heat capacity, abopETAILEIEDESORIPTHON: than that of
steel or copper. Additionally, water exhibits a very
' heat of  vaporization (2.2 kJ/q). |t is thi
r0030f' Ry PR ctp B g et icied aliofth e ot s iy shown to scale
tenperatures 10 22 February 20 typi cal Iy exceed
and whexegy like pfosimiilaclgments ,ar%%ﬁﬂ%atpg @ﬂiﬂaﬁ ?@lwﬁmﬁawem dhrough the
boiling point of the netals, that nost significantly
severalivewisngui shes water fromthe other materials. [0034]
In addition to these intrinsic properties, physical
configuration is also inportant. Proximty of the |
[0031h &abne Emkodimenthef the tpoesant inrerginn  the ppst-sletwnsiinr prsesurg saeduced by
and total quantity of the heat sink material greatly
utiliziflg aefldriadng beer@X hea kinkrtatrrapidlyodoolsrihe gys. t Cavlifgeleads directly to de-
Experi ments have denonstrated the efficacy of various

pressitSito. SANKRiBdnafibdnekit of doBRKIEIsNBe pdientietsdahdigNo@as any water vapor,
pressure. Experinents were conducted in "closed bonb"

whiclE1SRGEN ggg% é(‘i‘]"{agﬁl fr%%bl f@%@hﬁ’ qikatiEASE the Gfefdiaion YAR Condensation

record Ity of “expl osive was

det onat ed wi,t hin ' k

recucfe GR AR Pl Vel o ke TR Fhes, I sfRRARARPER P Bitioure.
nmeasured gas pressure

[0032] Effective heat sinks must possess two intrinsic properties: 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



was used as an indicator of energy-absorbing

ef fectiveness. [0035] Figures 1 and 2 show pressure
data fromthese experinments. Figure 1 graphically
shows the first 20 mlliseconds upon detonation.
Figure 2 graphically shows a full second upon
detonation. In each test, the expl osive detonation was

conpl ete by approximtely 1Q_m croseconds, by 3
mlliseconds the shock trandfPents subsided and sﬁggFgwmyz0°7

equi libriumwas reached. [0036] Wth reference to
Figures 1 and 2, four curves are shown illustrating

typicallpexeBaANGatel’S bolifpSHOIAE WhiR' refrialfing @vellf low Ihpdoiing point of the
tests. [0037] Curve 1, the top curve, represents the

metald, ARl rdost égénjf?_%gﬂlg ;ﬂt;sgg'%@%eg Gater fonmMhb GtheP attgials. Si Nk

was added: e in the experinent decayed due
to the "closed bonb" housing itself 11 22 February

- : :  Thie \ _
[0034§§'giagg1?1%}1' 9 tl%%% gngﬁa?fgcﬁil‘oggmeg: bysical (o8iAREEdH R€ also important.

which t eness Of additional heat
.Si.nk .S eV I X ' ;
provif 0 e Rl Rk Bl O SERSO G Bty of
chanber... Curye 2, secgnd curve.from.the t .
heat SRR EOPIRCIRPRNEE I UK b IS U Egh Sapstef o fRiments have
The copper_ powder effectively redyced, pressure w.thin
demonsiiater he eiTisagyotrrions isal sk auighly EedrGmEShe iFigiton gds pressure.

[0039] In the third experinment, water was, introduced
Experimerds teee aindueted o ftlossh dehdr’ exmrimends wherein the evolving gas pressure

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



vol unme tested was identical to the total copper vol une

utilized in the second experinent. For the quantities

in the configuration tested, water reduced gas

pressure, curve 3, nore effectively than copper and

did so within the first 2 to 5 mlliseconds. [00401 In

the fourth experinent, mcroencapsul ated water beads

were introduced into the C;ﬁ ed bonb. The beads £ 2007

essentially a fine powder rein each powder parltifEPRary

is athin plastic shell filled with water. The

guantity of water contained in the powder was the sane

acting®$ athRet stk aTHis isyth@basehukeesgaitseathich thehsffectivenass of additional heat sinks
experiment. The pressure over tine, curve 4, is shown

is evaR@eiop of curve 3. [0041] Figure 3Ais a partial,

cross-sectional view of an enbodi nent of a perforating

gun 10 of the present invention. Perforating gun 10

[0038Lﬂ?|th@§§coﬁdg eRAkhl & cdppet PoRdes vis So&itRADiRto U closed bomb

xpl osive charges 14, charge carriers 14a and an

chamlge'?.' CvE 320 cru?\%uﬁg 'th% q%é, EE&E%E%O&E ure $VAF time for copper

pressure Tt educer 1s a hea | Sposed proximate

ch es 14 and,wi thin perforatin un. .1 ruaday. .1
powdgin0 e cppiB et s ie B irabied il 1€ g B fOimiltiscconds
the tenperature of and therefore the pressure of the
after defqngHen.i on gas from expl osi ve charges 14. [0042]
Figure 3Aillustrates the heat sink material 16

di sposed within gun chamber 18 or onnected (o, or
(0039 i B b PHISSTERE AT etk prescabintg {hegiipes Gope chamber. The water
recogni zed that heat sink 16 may be forned or_ pl aced
volumertesteshwesidenticobtmtthotetal gepper Nelumeaibreskinghe serpndapenment. For the
and the resultant )
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



detonati on gas (not shown, but which, substantially

fills gun chanber 18). Exanples, without Ilimtation,

of various |ocations for placenent of heat sink 16 are
illustrated in the various Figures. [0043] Figure 3B

is a partial, cross-sectional view of another

enbodi nent of a perforating gun 10 of the present

invention including an added_heat sink 16. In thi

embodi ment, heat sink 16 is12incorporated into a2§$ﬂgnmy2007
20 that is positioned proximate the front face 22 of

expl osive charge 14. [0044] Figure 3Cis a partial,

10 HEdt Qfnks Bembbainaé reduésns)ale redaie s tegipemeiraef indtherefore the pressure of
perforating gun 10 of the present invention including

d feRtx bé'i‘{ﬁec"lﬁr LAgt his enbodi ment, heat sink
the e?@aa&gg%ncorpﬁat ed |neo charge case 1l4a of expl osi ve
charges 14. [0045] Wth reference to Figures 3A

[0042’Tg g?ﬂ‘@af& ﬁ:ln ustrii€s MR heat! S nfiBRfiaP a6 &E}S@E’d Qfiti@0Y%un chamber 18 or

aving one or nDre of the follow ng
{
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limted to fined SO|IdS powders, and _no

detongtisin gas Snptrebowa; Byt whickrsubsiapidy fHls gn l
materials. The heat sink 16 13 22 February 2007

limitatia,cof wariovaylotasicnsrifer glacemeit yfokeati sink B arcoHivstated) in ghe various
the perforating charge case 14a, the gun carrier 12,

Figurgun chanber 18, the | oading tube (not shown) or other
portions of gun 10.

Wles without

[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



[0046] In another enbodi nent of the present invention

t he post-detonation gas pressure is reduced by a

pressure reducer that reduces the nolar density of the

gas (nolar density reducer). For purposes of this

di sclosure, at late tinmes the final equilibrium gas

pressure is determned by its nolar density since the

gas tenperature will be equal to the prevailing

vel | bore tenperature. Therdfore, the only nmanner2{gbruary 2007
reduce |l ate-tine pressure is to reduce the late-tine

nmol ar density. Further, for the present enbodinent, a

materfal ¥@¢ b8 ¥fibeddedPdisptRed SScEnifiBted Bahd paforatinpadiargeioase 14a, the gun
nol ar density 1s synonynous with a reduction in the

carrief! Rmi2 93 8L RAdin@ B hSIGHbRA) o dk fbrticak ofgun
perforating gun systemhaving an infinitely fast heat
transfer, wherein the detonation gas instantly cools

[00461%1 el Fl'r @%%Ml;r%gte}ﬁ?lﬂg@ FeSerlt SiAP&GBR URE  pobiDfettaBiSS Wal pressure is

S|rab y highif its nolar density is

reduc%i%g] fegs&ggédggé/r th%ﬁ"él&ucg ﬁl@%&ﬁr &e?xs ?f‘ e a? olﬁpﬁensny reducer).

I NCr ease ga ure

For pyPeeS §f i fr B8eB tiﬁaémsf %“%fqat "%rﬁ %ﬁt""w‘@%‘m s fetermined by
heat transfer t he present enti ef fectivel
its malardlfpely YRS the E3SIGRBCTHES il b gaglfp W5 SFvaineyqibore temperature.
scal e of interest. The present enbodiment may al so be
Therefiire, | the eelyimannentogedcsriateitims RIpyHIecatq BHYcs e ﬂ?éauef@ “molar density.
|ate-tinme pressure. [0048] In general, ideal (CHNO
Further fiirabé preserd enbopingat, tzofixsdosysten yolimmais hspumed so that a reduction in
followi ng nolecular species: N2, H2O C02, CO and C.
molarAlehsifif i€ s gRAMOGs Witk @ péduttien mahéamnnbsnhf gis rhsles, pe i aley.
solid graphite (soot). Qther trace gas species exist,
but these conprise the majority of the detonation

[0047P FOH UC herBstating Qun SHREAM haling 086 infiriRly fas0thday transfer, wherein the
calculations it is assuned that N2

detonation gas instantly cools to the prevailing wellbore temperature, the pressure may still be

(4

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: N, H0, 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 N,



14 22 February 2007 and H20 each conpri se

approxi mately 40 percent and CO2 and CO conprise the
remai ni ng 20 percent. [0049] The present enbodi nent

di scl oses reducing quantities of the prinmary gaseous

speci es by reconbining the constituent atons with

ot her reactants produci ng one or nore of the follow ng

cl asses of solid conpounds ny of which are wel

known ceramcs): nitrides; ggades hydr oxi des; ghgdwmnyzmn
hydri des. For a system of fixed volune, t he present

enbodi nent produces the result of reducing the nolar

and HOORGEH YorBprisehppeiaimatellyi 40npegeeat and069lndXiGesmpriteche remaining 20
tollowi ng reactants form oxi des nore stable than CO

perceft®, or H2O (the nost favored conpound for each is
I ndi cated by parenthesis): A (A1203), B (B2G3), Ba
(BaQ), Ca (CaO, Fe (Fe3®™¥), K (K20, Li (Li20, M

; ol b
o iyl g B G or B i i

rcontli tha?onét?fﬁ g b g e o o gy s
classe;vg! F‘ﬁ teI %}&%Igl(ngapr C?f;wgb 00%1}3/ 18:[ ?%gm?ﬂg? nitrides; oxides;

ydrOX|des and/ or conbi i,on reof for |des
hydroTidgs dng PO 19) osutPRACARAC JBLuRSs Fifreseat P EUEpafraduces the
than the basic oxides: K2B407, KOH, Na2B407, and NaCH.
result Of rrdiciag greemeler depsity piilie dPBRION Sahi ch are | ess stabl e
than their oxides (but still nore stable than water):

A, Ba, Ca, Fe, Li, M,
[0050] Oxides. The followmg reactants form oxides more stable than CO, CO,, or HO (the

most favored compound for each is indicated by parenthesis): Al (Al,0;3), B (B2O3), Ba (BaO),
Ca (Ca0), Fe (Fe;0s), K (K;0), Li (Li,0), Mg (MgO0), Mn (MnO), Mo (Mo0O), Na (N2;0), Si
(Si0y), Sn (Sn0y), Ta (Ta,0s), Ti (Ti0), V (V203), W (WOy), Zn (Zn0), Zr (ZrOy). 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;B407, 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,0, 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 15 22 February
2007 favored conpound for each is indicated by
parenthesis): Al (A1H3), Ca (CaH2), Li (LiH, M
(MH2), K (KH), Na (NaH), Ta.(TazH), Ti (TiH2),
(ZrH2). Consuning al | oxygeﬁsand hydr ogen woul d%5February2007
reduce the total gas nolar density by approximtely 60
percent. [0053] Nitrides. The followi ng reactants form
favoredt @hppund fér elRE if irdicatgishy parenthesis)c AingAalH, Co(Caldichi (LiH), Mg
is indicated by parenthesis): Al (AIN, B (BN), Ca
M %'Fm{, Na @NabGNra (WBH)MISNRH,), Fr (ZrH, B NDonsuring TaNbxygen and
( gH%)i ( iN)), V((V , Zr( (Zr) .mCon%um' gg gFI nitrogen
g%% wqizha fdimbt¥1 yPeRRseRoenrat el y
hydro pgygg%ﬁgg%géﬁﬂg%?%omt e g’b ve lists, 'we identify
speci es which form stable nitrides, oxides, and
Ld AL Bt iffi € flvoded d f
0053 K39 51 Ve LB B bR e B Bk componnd o

onsune essen
R RCI DN T C S e T
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Energy: Free, Energ4y: kJ/ mol - O) kJ/ nol - H kJ/ nol
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

1.

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

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

Al AL Os; -527 AYOH); -435 |AlH; ? AIN;  -287

Ca CaQ;  -603 Ca(OH),; -449 CaH,; -72 CazNg; 7?7

Li Li,O; -561 LiOH; -439 | LiH; -68 Li;N;  -129

Mg | Mg0O; -569 Mg(OH),; -417 | MgH,; -18 Mg;N;; -201

Ta Ta,0s; -382 Ta,H; -69 TaN; ?

Ti TiQ;  -495 TiHy;, -53 TiN; -244

Zr ZrQ,;  -522 ZtH,; -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



Al A12CB; -527 AI(OH)3; -435 ALH3; ? AIN, -287 Ca
CaQ -603 Ca(OH)2; -449 CaHz2; -72 Ca3N2; ?? Li Li20
-561 LiOH, -439 LiH -68 Li3N, -129 M MO -569
My(OH) 2; -417 MgH2; -18 M 3N2; -201 Ta Ta206; -382
Ta2H, -69 TaN, ? Ti TiQ -495 TiH2; -53 TiN, -244 Zr
Zr@2; -522 ZrH2; -65 ZrN, -337 TABLE 1 [0055] The
formati on ent hal py of a conpound is roughly
proportional to the G bbs fiBe energy, so the 22 February2007
magni tude of the G bbs function (stability) indicates

the magni tude of the exotherm (and attendant

enthalpieg loF tHeSFrott@Y it featiabifs) indibdte thkChdt erbtheryn. The ideal reactant 24 is
di fference between the formation 16 22 February 2007

one W{ﬁ%ﬁg&ﬁ&§ aOhidifel SldREtial 68 Wwhithda ERAK %]gﬁk}tfsﬁ Jis Eéﬂﬁir@@(tﬁ minimize

t exotherm The ideal reactant one whic

impacPbP J46ERioR 3%9%% Wi s ffordddl (H0n& SR} detiGhtiit drkdy.

'S require fmze 1npact on detonat’ on
performance), and which is afforded the necessary

i vat i . e i ti: an:
0056 s L O B o, ROVERY P PombIFORRR 24 B BR ot e
of the . detonation, gas .from expl osive.charge 14 :
detongtigny i SHEICCHF RGAER oo HHE GROGHIRE S ity of the following
reactants 24 within the undetonat edaéx%&s% ve char gf 1 b
reactants 24\withipithg yndetpnated gxplgsive shargs L4 ilav or 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.



are not limted to Al, Ca, Li, My, Ta, Ti and Zr.
[0057] It should be recognized that the quantity of
reactant 24 mght vary depending on the operative
ki netics, desired nolar density reduction, and the
desire to mnimze the inpact on the detonation
performance. Exenpl ary enbodi nents of the present
invention utilizing reactants to reduce the n0|35Ft> 2007
density of the detonation gd¢ are illustrated in#%* T ebroary
Fi gures 4A through 4C. [0058] Figure 4A is a partial,
cross-sectional view of an enbodi nent of a perforating
[005999@&&4}91‘15 a phdial) lcBe Bctionrlevitw of ahsthérudhbrgiment ed af penforating gun
24 as the in-gun pressure reducer. As shown in Figure

10 of% ?k%@ hﬁ%hn&fluicﬁma%sa bdaOaRI02 4 PigufPAR MRk irvRtant 24 included

ge 14. Reactant Z4 may be positioned wthin

w1th1n qﬁa%ﬁe &mec% o or enbedded in gun carrier 12
sp dSedHn ot Iocations proxi mte the vicinity

of t he detonatlon gas resulting fromthe detonation of
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vi ew of anot her errbodl ment of a perforating gun 10 of
embedded ingp daeFPlgSHEShREB A4 ncl udi ng a reactant 24. Figure
4B illustrates reactant 24 |ncluded Wi thin ca5|ng 14a

expl osi ve charge 14. [0060], ure 4C i s agggr d lud
[0061l:|[1b§§0@1éi:ten¥‘§’ﬁélm ol &e Eﬁﬁﬁnhél“ B PRREGTRURS mdy include

perforating gun 10 of the present invention including
mechanisnesafor astucing boki the tempetatintel andttheymelar dergitynfth Qnoszrépﬁegatwn gun

pressure. One example is combining features disclosed in Figures 3 and 4. An example is
illustrated in Figure 4A. It should be 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. If the gas’s specific heat capacity is constant, this expansion is isothermal.

[0064] From the ideal gas law, P = R*(n/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.



enbedded into the expl osive charge 14. [0061] In

anot her enbodi nent of the present invention,

perforating gun 10 may include rmechanisns for

reduci ng both the tenperature and the nolar density of

the post-detonation gun pressure. One exanple is

conbi ning features disclosed in Figures 3 and 4. An

exanple is illustrated in Fygure 4A. It should

realized that heat sink naté#ial 16 and reactant?sifb“““y2007

can be incorporated into perforating gun 10 of the

present invention to reduce the post-detonation
[0065PHeSSVErewhén bl expatingreas dosy warky atis giving @iD&RYgyTtvethe surroundings

post - detonation pressure may al so be reduced by

on WH?&PR g4 %%%E @ﬁérg%h iahéebvatidf dedtbPihat tRvexpietind 8&Ncools. When an
realized 06 en an ideal gas expands
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oes n

ossesse essent | he ener after
the ol S Brment (araRBEteR | st ISR WHRE OHFE ERisgp.  Thus, Jsentropic
capacity is constant, this expansi on [ s j sot Per mal..
expanﬁleeezqdumsml?wrsne@&m Rygssurexop than dpesi al eXpapsign
expansi on woul d only reduce pressure by redu0|ng
mol ar density, P2 = Pl * (VIN2). Here, n is constan
[0066hAe effestium wiorking! exnansien meedynPhbe AENFERIG 05 RYeD adfabatic, as other
enbodi nent illustrated in Figures 4A, 4B and 4C 18 22
irrevefsifiie pancyss@08T ocp 00 abdeetiowel processhedo avsuedwringiiha dnifjelsexpansion of
does work, it is giving up energy to the surroundi ngs
deton&tibnVidts X6 ﬂshodkshdbﬁﬁgipi@tic Elvev, pyre colmpsevaf thercast andatimer, etc.). The
that the expandi ng gas cools. Wen an
present invention and embodiment addresses converting the gas’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, i.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 sealably separates 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




i deal gas expands isentropically, its pressure drops
as follows: P2 =PI * (M/V2)"y, whereiny is the
adi abati c exponent (approxinmately 1.4 for air and many
ot her gasses). Thus, isentropic expansion produces a
nore significant pressure drop than does isothernal
expansi on. [0066] An effective "working" expansion
need not be isentropic or even adiabatic, as other
irreversible processes can décur. |Indeed, such 22 February 2007
processes do occur during the initial expansion of
detonation gas 26 (shock heating, plastic flow, pore

include® bl capfpeessiblel gteASIO ABH ak ia@Mmpra3kible) gas D enatqaiat saclt as a spring or
i nventi on and enbodi nent addresses converting the

other 9ffon SI}'EQH@ﬂEé alCofdphR5iBR! hateRQr WYmMLAHR copipi@kible GRBMOthe wellbore
Vi a (pressure appl ied tinmes vol unme change) work.

envirohRerit {r %ﬁ(%kﬁt gﬁ\ﬁ&g L gtidde onﬁ?eéﬂ%ﬂlﬁ% %lliﬁ s Bf»on detonation of the

concurrent vifa any n nechani sms,
h
e fe“@ws@ﬁzz&r S A e s
i to th f t ffi t
i BRSSO BT L ST M "

charges 14 to realize the benefit of reduced gun

ressure 0067] Figure 5A i s schemati c .drawi n a oy s
[0068 E}%’r 24 ﬁ[j ﬁ{@ﬁgsmer rating. gyp ol &t Wﬁeefw o the ﬁeﬁ%o‘?fng” within
a pressure reducer identified as ressi on section
microggonds of detensioarnexplosivp ghiraes 145(5? igies ng Bd b Dsfosetipnygas 26 has
gun 10 includes a gun carrier 12 and a gun chanber 18.
filled @umclanatebé8. 18 is functionally connected to a
conpressi on chanber 36 defined by a conpression
section 28. A conpression barrier 34 seal ably
[0069% Ejzaura 5BsillgstrateshperfieatinkSguan th @b tipree? §2hna thenwithin3@illiseconds of
Conpression barrier 34 is noveable into conpression
deton St THE the38xpl S5WE EIRE £4. O D dddMatiberga826NMBas 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.



be slidably noveabl e and/ or defornmabl e such as a

di aphragm Conpressi on chanber 36 19 22 February 2007
i ncludes a conpressible material 30 such as a
conpressi ble gas or material such as a spring or

ot her piston type device. Conpressible material 30
must be conpressible within the well bore environnent
for which it subjected and npressi ble within
m | 1iseconds upon detonatio§80f the explosive 22 February2007
charges. Conpressible material 20 may include a

nmechani cal apparatus such as a spring, a conpressible

[0072] ITHE hreddald ARGucer ORay Ghiclhdeqdi libat Ginkal€ doprehisingl the temperature of
solid. [0068] Figure 5A illustrates perforating gun 10

detonéﬁont gd!eml anlifol a rfeliQarti 7¥BfoR fredRingMht Nhélar BREItP TFCRAMSton gas 16,
détonati on of explosive charges 14 (Figures 3 and

and/oli 60%@1ﬁ1'%§§%d g&g%ﬁ_s qz% hadse i ha?or A Jbafg’%orﬂgthus reducing the

I gure ustrates pe g gun 10 at
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of the reduction of the post- detonatlon pressure of
includingswatgn copper oo pthgapproprisltengferialand t he i ncrease in the
pressure on the conpreSS|bIe naterlal during the
relevant time fromof "tl" and "t2." [0071] Wth
[0074} dhe rident acactanti2guis cane 1whinh queduces a misiAddexetherag g€ ivich a small
post - det onati on gas 26
quantity is required (to minimize impact on detonation performance), and which is afforded the

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

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



pressure of a perforating gun 10 to facilitate surge
flowis described. A perforating gun 10 is provided
havi ng expl osi ve charges 14 and pressure reducing
mechani sm for reducing the pressure of the detonation
gas 26 resulting fromthe detonation of the explosive
charges 14. 20 22 February 2007 [0072] The pressure
reducer may include a heat gink 16 for reducing
tenperature of detonation 335 16, and/or a reac?gﬁémmmy2007
24 for reducing the nolar density of detonation gas
16, and/or a conpression section 28 to cause the

[0075] Etommake Goregrng idetailad dedchiption ofl spédific emboditrenisesfatheriavention, it
and increasing the volunme of gun 10 to reduce the

shouldWeaippd s ithat- a [sYS] forlentrsllinl the dyaaflics pAsQfe transient during a
proxi mat e expl osi ve charges 14. Heat sink 16 nay be

perfmgg%g’gg&%noﬁla! RGlES R be@h‘%&ﬂse& ' mlth&ijght eciiticsbodiments of the

powders, and nonolithic vo umes |nclud|ng

invenﬁi.\%t l?alrvg &?Jlo&%ﬁ h{g,xte ﬁl s%H‘B rdgﬁﬁ' eglr dﬁ%%olewg il purposes of

reac one
xot her of whi ntlt S e
descrifing vaigws f ﬁwsﬁﬁan ol "ﬁjatl‘? bf?!r Hispets e Yo qw“““g with
i s afforded necessar actlvatjo Reac
respec) 40 g seeﬁﬁpPit e GVRRfiAnar Fyr samaie.ctpH: fe 005'9}{664 it in-gun”
not limted to, Al, Ca, Li, My, Ta, Ti_ and Zr. 21 22
pressure Biclidles thequyssutegneaigd inrthergamas Vell agpiowinale the suspnd references to

description of specific enbodinents of the invention,
disposetl insitowhoedxel @pthargantintlndes teingy s tperhdf dhe perforating igny string or in
the dynami c pressure transient during a
functional connection with the perforating gun such that disposed in the gun includes being part
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.



perforating operation that is novel has been

di scl osed. Al though specific enbodi nents of the

i nvention have been disclosed herein in sone detail,
this has been done solely for the purposes of
descri bing various features and aspects of the
invention, and is not intgnded to be limting w.th
respect to the scope of tﬁg i nvention. For exé%%ﬁ&mﬁ%m7

Wﬂﬁﬁﬂfﬁjbﬂﬁﬁﬂfﬁ‘iﬁgm zed that "in-gun" pressure includes

e pressure created in the gun as well as proxi mate
the gun and references to disposed in or connected to
t A apperatus dbrdderingsthe gost-detonatiasf pressurend afnsriarating guwythe
string or in functional connection with the
pepparstas comgpriging: such t hat di sposed in the gun includes
being part of the gun carrier or formng an extension
t @ pefBrafifg beN edriyip 40¢kst drle dxplogiad Lh¥RE, a¥tRekil Makn the explosive
various substitutions, alterations, and/or
modi fi eRlrhORetdnBtel Wl GgldRHE cﬁé}ge blodé8 @ préstri R etonation gas;
i npl ementation variations which nay havé been
suggest,e¢ herein, may be made to the disclosed
enbodi néents wi thout departing fromthe spirit and

scope of the i.nyent.ion as defin b

C et gHiLEr P SRR B el B 4Rpebibf Rl R epessure reducer
%?{ Nggtcg}géql i gl%wéngpgsaglﬁ?ap part%s g:? rf %%@Ergggg ‘%itpﬂlbet (gq?ﬂp’aﬁ?]ﬁ gas to reduce the
apparatus conprising: a perforating gun carrying at

| east omdardlepsitysaihe datenaljan gdher ei n when the expl osi ve

charge is detonated the expl osive charge produces a
pressurized detonation gas;

The apparatus of claim 1 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 3 wherein the compression section includes a compressible

material.
The apparatus of claim 4 wherein the compressible material is a spring.

The apparatus of claim 4 wherein the compressible material is a solid.



and a pressure reducer in functional connection with

the perforating gun, the pressure reducer including a

react ant adapted for reconmbining with the detonation

gas to reduce the nolar density of the detonation

gas. 2. The apparatus of claim1l wherein in the

reactant is selected fro he group consistin f. Al

Ca, Li, My, Ta, Ti, Zr, g%% combi nat i ons ther%%?#”¥HYKM7

T80 hRRLAL Wil F by OENGEQYEMaRERES iifid cducer

I ncludes a pressure conpression section in functiona

connection with a gun. 4. The apparatus of claim3

wherei n the conpression section includes a

c ressible, materjal. 5. The apparatus of claim4

i BP B LAY b bindts preRratiker i Topfionts Srofiniap the

apparatus of claim4 wherein the conpressible nmateri al

i HeAOIZHNG guN. 23 22 February 2007 7. The apparatus of

claim4 wherein the conpressible material is a fluid.

8. The apparatus of claim 1l wherein the pressure

reducer is positioned proxinmate the perforating gun.

9 Thé hppaagpsaextiaim Hivheremi the gresdues milucer sgpopitiesedpreximate the

reducer is positioned proximte the perforating gun.
perforating gun.

The apparatus of claim 1 wherein the pressure reducer is positioned in the perforating

gun.

The apparatus of claim 4 wherein the pressure reducer is positioned in the perforating

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

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



14,

13

16.

17.

18.

19.

10. The apparatus of claim1 wherein the pressure
reducer is positioned in the perforating gun. 11. The
apparatus of claim4 wherein the pressure reducer is
positioned in the perforating gun. 12. The apparatus
of claim1l wherein the pressure reducer is part of the

perforating gun. 13. The24apparat us of cl ai m‘b%ﬁ{a&%b’/
the pressure reducer is part of the perforating gun.

2%11%1%%5%*&5 3 ¥z dhe t-d@t@nﬁ%@i}'@sﬁ% of @ bex‘f@ﬁﬁﬁ% Eﬁeh,tﬂtée

post -detonati on pressure of a perforating gun,

apparatus _conprising: a perforating gun carrying at
|§15j0 a%%sn‘@n?igﬁlgsi ve charge, wherein when the expl osive

charge i.s detonated. the expl asi.ve .char todyuces a .

o ULt BB GRS S RE xRSy S AR PRPE Y B P SrRlosive
functional connectign with the perfqratin un, ,the i
t enper ehaigeds detgnated the explogiye pharss E’Bg‘é‘ieﬁﬁ P?Eﬁgmed detonation gas;
tenperature of the detonation gas; and a nolar density

r @ trumperating reduser indhrdtiond vaaraction Withthe pasortmereypothe frgiperature
gun, the nolar density reducer adapted for reducing

t he notedncatadaited/footedubing thet temperatire ofdtbe detomationtges; and
apparatus of claim 14 wherein the tenperature reducer

| 8 nitdri dehityaddiepin fidtnhln@nnéveivh eitittheperfuatinglgim, haenolar
apparatus of claim 14 wherein the tenperature reducer

I's pospidsAPediubdt abfted for reducing the molar density of the detonation gas.

The apparatus of claim 14 wherein the temperature reducer is positioned proximate the

perforating gun.

The apparatus of claim 14 wherein the temperature reducer is positioned in the

perforating gun.
The apparatus of claim 14 wherein the temperature reducer is part of the perforating gun.

The apparatus of claim 14 wherein the molar density reducer is positioned proximate the

perforating gun.

The apparatus of claim 14 wherein the molar density reducer is positioned in the

perforating gun.



20.

21

22

23.

24,

25.

26.

27.

28.

perforating gun. 17. The apparatus of claim 14 wherein
the tenperature reducer is part of the perforating

gun. 18. The apparatus of claim 14 wherein the nol ar
density reducer is positioned proximte the

perforating gun. 19. The apparatus of claim 14 wherein
the nol ar density reducer,ds positioned in th 07
perforating gun. 25 22 Fe%iyary 2007 20. Th_e%zFebrmy20
aﬁ’g@ﬁ Lt Bl 1P xJ-}ﬁeré’iﬁ HeGhilat DisiiPledliced §SH of the perforating
reducer 21. The

I's part of the perforating ™ gun.

aﬁgfratus of claim 14 wherein the tenperature reducer

[ ‘udes a heat sink adapted for rapidly reducing the
tenperature of the detonation gas. 22. The apparatus
of claim21 wherein the heat sink has a high thermal
conductivity,  .23. The ,apparatus of ¢laim wherein

¢ B pRRATatas ofielaiasl v essin derfemperatugs asflpaps inshidestp et sink adapted
apparatus of claim 21 wherein the heat sink includes

c &ypanidly redicinptibe teppparature of & detosstianZBSwher ei n t he

heat sink includes water. 26. The apparatus of claim
21 wherein the heat sink includes m croencapsul at ed
wat er beads. 27. The apparatus of claim 14 wherein

t MBe ApadtusCetsdiin2 1 vathaéie thel HeabsinlclRatadtigh theandl ednduetivity.
reconbining with the detonation gas to form solids.

The apparatus of claim 21 wherein the heat sink has a large heat capacity.
The apparatus of claim 21 wherein the heat sink includes copper.
The apparatus of claim 21 wherein the heat sink includes water.

The apparatus of claim 21 wherein the heat sink includes microencapsulated water beads.

The apparatus of claim 14 wherein the molar density reducer is a reactant adapted for

recombining with the detonation gas to form solids.

The apparatus of claim 21 wherein the molar density reducer is a reactant adapted for

recombining with the detonation gas to form solids.



29.

30.

31.

32.

28. The apparatus of claim 21 wherein the nolar

density reducer is a reactant adapted for reconbining
with the detonation gas to formsolids. 26 22 February
2007 29. The apparatus of claim 14 wherein the
tenperature reducer and the nolar density reducer
include a pressure conpregsion section in fungtiQnal 2007
connection with a gun chanber. 30. The apparatus o

Clral Eﬂé%%nglgfcﬁuﬂ lhh:ﬁlelgﬁﬂg{le.q&ﬁ. QIRECHLRP and b WS Rnsity reducer

conpr mat eri al . e apparatus of claim 27
V”ﬁlgfu%'e 9 p}JL&Ir% %H@S&'&‘&i&ﬁ SoliGHIRRct R dolifiedtiBh Hith3SRR! dn¥mber.
reduceér © Tnclhude®™a pressure conpression section Tn
functional connection with a gun chanber. 32. The
apparatus of claim 28 wherein the tenperature reducer

and the nolar density reducer include a,pressure bl
c SRRt Piglaim; 2§ wherein e copprespiop ameﬁciﬁwsﬂmawm ¢
gun chanber. 27 22 February 2007 33. A nethod of

r suiegithg t he post-detonation pressure of a perforating
gun conprising the steps of. providing a perforating
gun havi ng expl osi ve charges; detonating the expl osive
charges produci ng a pressurized detonati on gas; and

r THeIGppagatis e clitindTavhepsin grtemperames redmgr binkthemicar density reducer
density of the detonation gas. 34. The nethod of claim

A6hoWAe 'a Prddsiird RompRBsiON sdcBS i ffictione] cd@hetioh math L@ chamber.
pressuré further

The apparatus of claim 28 wherein the temperature reducer and the molar density reducer

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



33

34,

35.

36.

37.

38.

39.

i ncludes providing a heat sink in functiona

connection with the perforating gun adapted for

reduci ng the tenperature of the detonation gas. 35.

The nmethod of claim 33 wherein the step of reducing

the gas pressure further includes providing a

conpressi on section in fupctional connection @Qﬁ@n&ggmﬂ
perforating gun for reducCing the pressure of the

dgt ' eﬁ@eﬁ, t ' | g8 8rhtih @émprising the
i%b ﬂ§§$gfﬁ e 5%@%p%%“%?%@?%ﬁﬁgﬁgﬁﬁgggggﬁt agggﬁedngor s
rggon@ining Wi th the detonation gas to formsolids.
37Phe method of claim 34 wherein the heat sink

i ncl udes copper. 38. .The t.ho f claim 34 wherein
¢ ROV » Berfaratirie gl ?“&éf‘@s?‘“’%g’?a?%ﬁ?e method of cf aim

35 wherein the conpression section i.ncludes. .a .
c Ostpnatisgthy GXPigspie cGaresEPouGg,} B@Fi}lﬂz%%t%“"%ﬁ%& and
met hod of claim 35 wherein the conpression sectign
i rrslucia g hezdetanatip gasi by redycing the molpr densify ofghelstprgiion gas.
claim 35 wherein the conpression section includes a
conpressi ble solid. 42. The nmethod of claim 36
wherein in the reactant is selected fromthe group
C QRS hietliod @f ofaim Ab whegsin thie stepf réBacing ithe détonatiomigas pressure further
conbi nati ons t hereof.

includes providing a heat sink in functional connection with the perforating gun adapted

for reducing the temperature of the detonation gas.
The method of claim 33 wherein the step of reducing the gas pressure further includes
providing a compression section in functional connection with the perforating gun for

reducing the pressure of the detonation gas.

The method of claim 33 further including the step of providing a reactant adapted for

recombining with the detonation gas to form solids.
The method of claim 34 wherein the heat sink includes copper.
The method of claim 34 wherein the heat sink includes water.

The method of claim 35 wherein the compression section includes a compressible spring.



40,

41.

42.

28 22 February 2007

The method of claim 35 wherein the compression section includes a compressible fluid.

The method of claim 35 wherein the compression section includes a compressible solid.

The method of claim 36 wherein in the reactant is selected from the group consisting of

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



