AUTOFRETTAGE PROCESS FOR A PUMP FLUID END FIELD OF THE

INVENTION The present invention relates generally to an autofrettage

process for mechanically pre-treating the fluid end of a multi-cylinder

reciprocating pump in order to induce residual compressive stresses in

the cylindarsrofFRES fibEEe IRRBAC K GRE UN UMpd LUz Hraguying of

downhole formations is a critical activity for well stimulation. Typically this

. is done b)g um ig%guids downhole at relatively high pressures so as to

Iiraduire the eatth’and rotks adjacent to the wellbore. Oil can then

migidte. to thewellbore throaigh Lthese fractures to significantlenhance an
auwelpredughvityy ;ReGiRECcating pumps, andd mene, specificallylripleyy  the
2 pumps, are generallyused.to pump the high pressure fracturing fluids,
~~downhole. Howéver, reb“éai:é/ y exposing the fitid™ end of the Bunmp to” £ 4%*
Lo higkrpresstifes chilses theeytddrsdn sthesfRie endto besusteptislens of
théatigueifailarel As such, a need exists to increase fatigue resistance in the

fluid end cylinders of a multi-cylinder reciprocating pump. SUMMARY In

accordance with a first aspect of the present invention, there is provided a
BAW@%@? autofrettage process for pre treating a triplex pump fluid end

comipyisingia centrakreydinder and two sidesylinders, Wwherein the prodess a
creomprises . autofrettaging the.¢enteal ; gylinder..and autofrettaging the, two : -
aoSide cylinders, wherein said autofretta I(ﬂ%ff the centra thpger IS

berformed iRdependently of $aid autSfiettagifg of the thG~*-+ve-y  nign
pressures so as to fracture the esarth and rocks adjacent to

the wellbore. 01l can then migrate to the wellbore through
these fractures to significantly senhance well productivity.
Reclprocating pumps, and more specifically triplex pumps,
are generally used to pump the high pressure fracturing
fluids downhole. However, repeatedly exposing the fluild

7oy
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n

end of the pump to high pressures causes the cylinder
the fluid end to be susceptible to fatigues faillure. As
such, & need exists to increase fatigue resistance in the

filuid end cylinders of a multi-cylinder reciprocating pump.

SUMMARY

In accordance with a first aspect of the present

e

inventicn, there 1s ©provided muiti~ste auvtofrettag

o

a

Drocess for pre-treating a triplex pump filuid end
cemprising  a central coyvlinder and twe  side cylinders,
wherein the process comprises: autofrettaging the central
cvlinder; and autofrettaging the two side coylinders,
wherein said autofrettaging of the centrel c¢vlinder 1is
performed independently of saild autofrettaging of the two

side cylinders.



side cylinders. In accordance with a second aspect of the present

invention, there is provided a multi-step process for pre- treating a triplex

pump fluid end comprising a central cylinder and two side cylinders,

wherein the process comprises: applying a hydrostatic pressure on the

cenfral eydinderitocreate compressiveresiduakstressesitherelne present
in&%‘ﬁ@%@ﬂ{th%ﬁ‘é@@s@ﬂ LQ%@réao%thﬁhpﬁBlrﬁé E)é@dﬁfio@@%’ingo% pre-
y_gggrpstatlc pressure on the two sjde C)éllnder$ to create c_prgresswe e
“Trésidlial stressés theréinFahd” refeasing thé RydrGStafic préssurd off e =2~
cyhioside cylindersywhereinsaidcapplyingrof saidvhydroStatict peessbre6aS S
coklie central cylindsriis pedformed-independently- etsaid applyingof saiflzra1
vaggg}atlg pressure on the two. side cylinders, In accordance with a third

., COom ; = L = 1n;
* aspect of the present invention, there is provjltg(wélogl1 a msuﬁtjl:-%tesp guto#eetjfgg]é1

Te pfgeeseTor pre-tEating adhili-cyiidér isciprocatiy pomip eomprisitg s -/
appentrakcylinderdandsatleast two:setsiof side cylindersowheremn thelinders
o Process comprises: aulgfrettaging.the central cylinder; autafretiaging a 4

first set of the at least two sets of side cylinders; and autofrettaginga =
L& 4EE5rT et of'the at BASEIWG Sets of Hidé Eyiiders Wwherdifi said™®  S+4°
cy autofrattagingioftheicentrak tylinderid performed independentlyof saick t i c
orautafrettaging of the-first and second set otthe.atfeastiwo sets of side « 1 y
. =cylinders. An.autofrettage gr%cdes]gr may be used to create compressive
“reSidual stresses’in the inside walls of the Huid end 6f'& rﬁ"u‘lti-cfl]linaer

s 1elscigrochlifig jpump, such that

In accerdance with a third aspect of the present
invention, <There 1s provided a multi-stepr autofrettage
process for pre-ireating a nulti-cylinder reciprocating

pump comprising a central cylinder and at least two sets of

side cylinders, wherelin the pProcess comprises:
autofrettaging the central cyliinder; autofrettaging a first
set o©of the at lLeast twce sets o¢f side c¢ylinders; and

autofrettaging & second set ¢f the at least two sets of
side cylinders, wherein saild autofrettaging of the central
cylinder is performed independently of said autcfrettaging
of the first and second set of the at least two sets of
side cylinders.

An autofrettage process may Dbe used to creats
compressive residual stresses 1in the inside walls of th
fluid end of a multi-cylinder reciprocating pump, such that
the tensile stress that the fiuild end experliences durin
the pumping cycle 1is minimal. During autoefrettage, the
cylindrical bores of the fluid end are expossd to high
hyvdrostatic pressures, which may lead tTo plastic yielding
in the inside zregions of the fluid end, while the
defcrmation 1in the outside region 1is =elastic. When ths

rr

®

gsure 1s remcved, the outside region of the fluid

L&



the tensile stress that the fluid end experiences during the pumping cycle

is minimal. During autofrettage, the cylindrical bores of the fluid end are

exposed to high hydrostatic pressures, which may lead to plastic yielding

in the inside regions of the fluid end, while the deformation in the outside
entegien is-elastc.\Whenatheypressuie: istremoved; the eutsideregiom of the «
p1 fuid;1a end refums glastically, while the inside regians thatwere s 1pie

plastically deformed are now in compressive stress. This compressive .
COLRESS falfenfiante theTatigue rediktanckbt thé flufiénd” ifore @nce  ©F
thembodiment.df the present invention, there is included a multi-step

autofrettage pragess for pre-treating .a multi-cylinder, (egiprocating- gump ;s
, .fuid end that hﬁ‘% a central c Jingeg_ggd at least two side cylinders, .
FAWhersin t%e%%césss Inciudes au gf“reﬁgaihgi?ﬁg %%ﬁt’ral*’gylinaér@f ang® "9
a Jutefréttagihgtie at least o sileicylindersrin fthis progess, theat has a
ceadtoirettaging-efdhe gentral cylinges is petormertindependently, of the rein
_,.autofettaging of . least twa side cylinders. BRIEF DESCRIPTION OF
o O I THae antl St s ifes nd avaiCages ot e - e
aNfFre&eit° imventivh Wil bé bettet undérstdod By reférétice o tHe' 46Gwing 1™
thdetailed deseriptiore whenconsidetred iy cohjunietionsvith-the cylinder is
pe@companying drawings wherein: Fig.JJs perspactiveviewpf s wne  ac
__multi-cylinder reciprocating pump for use in an autofrettage process
Le5édordiny to'fhie 6&\3%%” ntion. Fig. 2 is a cross-sectional view of one

of the fluid

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages o©f the present
inventicn will be better understood by reference. to  the
following detailed description when considered in
conjunction with the accompanying drawings wherein:

Fig. & 1is perspective wiew of a mnmulti~cylinde

i8]

-

reciprocating pump for use in  an autcfrettage proces

.

i

according toc the present invention.

Flg. 2 1s & cross—-sectional wview of one of the fluild
end cvlinders of the mult:i-cvlinder reciprocating pump of
Fig. 1.

Fig. 3 is a diagram of one embodiment of an
T

3

autoirettage process according to the present invention.
Fig. 4 1s a schematic view of another multi-cyiinder
reclpraocating pump for use in  an autofrettage process
according to the present invention.
Fig. 5 1s a diagram <¢f another embodiment of an

e process according tTo the present invention.

g E
Fig. & 1is & diagram of vet another embodiment of an
g

2 process according to the present invention.

>



end cylinders of the multi-cylinder reciprocating pump of Fig. 1. Fig. 3is a
diagram of one embodiment of an autofrettage process according to the
present invention. Fig. 4 is a schematic view of another multi-cylinder
reciprocating pump for use in an autofrettage process according to the

presentinvention, Fig, 5| iagram of another embodiment of an
autofrettage ﬁ%@&éﬁf@%ﬁdﬁ% he prasentihvention EiET €15 a
diagram;b“f NG ePitddimett of &h autdfrettageproeess dctordingnder

to Itheimesemtim‘gemim@sDE}FAIh@@i@EﬁQRhPsE@N@%E*MBQQW ENdSure
OF THEJNYEN TN As discussed above,in olland gas wells, .o
mtg,lln-cylllnder reciprocating pumps are typlcaﬂy used to pump%gﬁ ’
pres€ure” rafing Hufd G8RIHOle TS'REMIMaRs well prodiuctvigiarigla: o
shigvis dardxarplanemibedimentiof suctpa pump 19. inithesdepiated having

erhodiment; thapunp 1A triplexpump Having dyee cylinders 1 ger
1%§§L_21(;]Ceacgvvgg5| ac rresgooenigin%_%lunger 14A-14C movably disposed”

with respect thereto! For the” purposé of thisa8eGmenrt th central §or  the
thBSERArEe ¢V liRtiets discraterred tbhas tvacentrat Cytinder 12B;candihiénders
reisaining: 1wl cylinders:ake efareshtogs side eylinders,12A3%2C rama ining

However, ag diseussed furlber below, (e pump.1Q may fe & pump wih,
C T

g dre . . inders
any appropriate number of cylinders, such as five “cylinder pump (a

quintipiek pdrhp)'s-8sien c%ﬁ’ﬁﬁé?ﬁdﬁ%%ﬁr héptaplespdimpipn tie a pump
depicted @mbodimentthe-pump:tBcontains twa i saetiens, a pewerendsive
16 anchadluid.end 18 The powersnd 16, confains 3 crankshaft,20
powered b‘v;;a motor gssembly (not shown) to drive the pu¥np p(fungéjrs
1§ﬁ?f28];“ andHe filid end

In the depicted embodiment, the pump 10 contains two
sections, a power end 16 and a fluid end 18. The power end 16
contains a crankshaft 20 powered by a motor asgembly {not
shown} to drive the pump plungers 14A-14C; and the fluid end
18 contains the cylinders 12A-12¢ into which the plungers 14A-
14C reciprocate to draw in a fluid at low pressure and to
discharge the fluid at a high pressure, as described further
below.

For simplicity, Fig. 2 shows a cross section of cnly one
cylinder 12 of the fluid end of a reciprocating pump.
However, the iliustrated cylinder 12 is representative of any
one of the c¢ylinders in a muiti-cylinder reciprocating pump,
such as a triplex pump, a guintuplex pump cr a heptaplex punp,
among other appropriate pumps. As such, any discussion below
referring to the fluid end cylinder 12 applies equally to all
three cylinders 12A-12C of the triplex pump 10 of Fig. 1, or
any of the cylinders in a quintuplex pump or a heptaplex pump;
and any discussion below referring to the plunger 14 applies

equally well to all three plungers 14A-14C of the triplex pump



18 contains the cylinders 12A-12C into which the plungers 14A- 14C
reciprocate to draw in a fluid at low pressure and to discharge the fluid at
a high pressure, as described further below. For simplicity, Fig. 2 shows a
cross section of only one cylinder 12 of the fluid end of a reciprocating

pump.cHawgver, the.illustated cylinder, 175 represenfative of any, one of
th%g}gl&ré%%sxin ammulti-cylinder reciprocating pump, such as a triplex

pump, a quintupleX pump or a heptaplex pump, among other appropriate
pumps. AS st any distassibn Belowd referrngtorthecfluid erdeylindesh o
12@ppliéstﬂqua:}yéto:§ﬂiHH@ﬁaCyﬂBﬁieﬂ?iézlﬁil%@@fégﬁﬂﬁ%@( F%?ET}H&Q o)
Fig.ol, ot~apyQf the cylinders in a quintuplex pump or a heptaplex pump;
an%arﬁ/ 9iscues%sior1 bge}illégvgrgeﬁer?idr?é t%!]rtgée%ﬁﬁha%%?f 13%6&%‘% Gty wrepect
to allThre8 plunbdrs E4AYIAC Tt BisleX punis 13 167sfigr inor mmpokes,
;hémda@r@@%' iﬁzt %imUMﬁpumpnﬁa ?heptﬁlpl%phémainé;@mvm i Eithhes
., B d:gHSELS SR et belo 1 id end cylinders 12A-12C in
the Q?&Egtcejfi triplex gl]pgsloxi\f{rjl}ff%gesqa %?Eﬁag%%fﬁAylﬁ rﬁ%@gbfiﬁun{;‘er 1
dids?pqse with réspect " therefd” TYRically, ANerCtdaa t6r wel rdtitbrimgi (12
pdtposes, the size of each plunger 14A-14C is approximately 4.5 inches

to appromﬁnatﬁiyrﬁ.imchg@,in %;af@%qowgﬁ %pl?%}qrnéﬁugggeggti%guid
pres of.yp to oximate : Si (12 Ksi.) As shown in Fig. 2,
each%;%%%deﬁryiz in%%%esp g%ﬁgé crzila'gr)nﬁé? JEARRDITRGEE §4 i& ShbABIy: ts
moUhtEdRERTH s Cortagpendidgicinder i2rforattiprosatingrmetiohin the
withint thecHftuidchamber 28 Thedesipracating motion.ofthe.plunger 14 - 14

acts to change the volume of fluid in the fluid chamber 22Z.
The cylinder 12 further includes check valves, such as a
suction valve 24 and a discharge wvalve 26, that control the
flow of fluid into and out of the fluid chamber 22 as the
plunger 14 reciprocates,

As mentioned above, the reciprocating motion of the
plunger 14 may be generated by a motor driven rotating
crankshaft 20. The suction valve 24 and the discharge wvalve
26 are actuated by fluid and spring forces. The suction valve
24, for example, is biased toward a suction valve seat 28,
i.e. toward a closed positicen, by a spring 30 positioned
between the suction valve 24 and a spring stop 32. Similarly,
the discharge valve 26 is biased toward a discharge valve seat
34, i.e. toward a closed position, by a discharge valve spring
36 positioned between the discharge wvalve 26 and a Spring stop
38.

When the plunger 14 moves outwardly (to the left in FIG.

-2} through a packing bore 40, a drop in pressure is created
within the fluid chamber 22. This drop in pressure causes ths

suction valve 24 to move against the bias of spring 30 to an



acts to change the volume of fluid in the fluid chamber 22. The cylinder
12 further includes check valves, such as a suction valve 24 and a
discharge valve 26, that control the flow of fluid into and out of the fluid
chamber 22 as the plunger 14 reciprocates. As mentioned above, the

reoimﬁca:tmg tmetion:qf tBQu@JﬁmgﬁrulL%i may @?cgpr{%r%ggj}pyaﬁ nﬂg]ﬁ%rke pipe
driven rofating, crankshaft 20. The suction valve 24 and the discharge
valve 26 are actuated by fllid ‘and spring forcas. ThE%Suchion VaNE sAamber

fof Bxampld Sisthiagedtbward & sueton verseano8, entdwandaclosedto
paosition, by @t springt30 ypasitioned between the suction valve 24 and a

spring smgztﬁ;nw%yyg the,disgharge valve 26 is biased toward a
disgh%r@e jyalv seat 34,ei.e. towacr)d a closed proes‘irt(:l’lcfrsl,eb§/ijll araf%%h%r?géto the

valve spring 36 posifioned BtiRert e dicharge vake 26%and hssprngt ion
stBp138. Y¥hér theplemder Thmores outwardly(to the deftia FIS.12) reased
threugha packiagdered0, adropipdressure is.crgated within the fluid .,
chamber 22, This drop in %resgure causes the suction valve 24 to move

against the bias of spring 30 t6'3R" 4 Bpén Posificn Andicausedmiuido £1uid
fIGRARFEEGH Andhtire Pipe t 25O toughethdisudtionvalel 24 & into thet &
fldigectiamier p2g= This phase oiiberplupgeridvaoyementcan beefered .

t a rsyglion stroke.” n the plunger 14 moves in a reverse
dc?;}e%tionp?%% '[Q}]%} ri %tf in_é{l%l.te %q%?opugﬂgtheaﬁ)fc ing bor8 45, the SudiorR LY
vaRR o418 25dad by hé shringPao cshapredsurlisiinétedsedt i tHa fiitl in
chfier gz, Theriheredse in pressiisyeapses the cdischargevalve 26 t0ger
ODEHaﬁﬂiﬁ%ﬁﬁjhﬂﬁﬁom%gE%ﬂu@luid is discharged through the
discharge valve 26, is known as a “discharge stroke."

Given a pumping frequency of 2 Hz ({i.e., 2 pressure
cycles per second), the fluid end 18 can experience very large
number of stress cycles within a relatively short operational
Lifespan. These stress cycles induce fatigue failure of the
fluid end 18. Fatigue involves a failure process where small
Cracks initiate at the free surface of a component under
cyclic stress. The cracks grow at a rate defined by the
cyclic stress and the material properties until they are large
enough to warrant failure of the component . Since fatigue
cracks generally initiate at the surface, a strategy to
counter such failure mechanism is to pre-stress the surface in
compression,

This can be done through an autofrettage process, which
involves a mechanical pre—-treatment of the fluid end 18 in
order to induce residual compressive stresses at the internal
free surfaces thereof {i.e. the surfaces that are exposed to
the fracturing fluid in the fluid end cylinder 12}, During

auiofrettage, the fluid end cylinder 12 is exposed to a high



chamber 22 outwardly through the discharge valve 26 and out a

discharge pipe 35. The discharge valve 26 remains open while the

plunger 14 continues to apply pressure (typically approximately 2 Ksi to
approximately 12 Ksi) to the fluid in the fluid chamber 22. This
high-pressure phase.af the plunger_ 14 movement, in which fluid is
di%gl?a@@gcd thr&@, the %éi(eschbg?g%e Sélﬁlsésél ,eis%r%vr\lfr"n as a2 |§Eﬁ§?’gee causes
stroke." Giver a pumping reduncy’ BF 2'Hz (EE1 2 pressuré heyclésyger  end
secohid) e fidid-end 18 caii expetience vesy fargey AlLnber of stessss the
cyeias withicarrelatjvely shaeoperational Jifespan. These stress cycles .,
induee fatigue failyre of the, fluid end 18. Fatigue involves a failure .
process where small cracks initiate at the frée sUHACE6F hicormpéaenee 15

uld8P &lic SBs<L U cratksogrowodt attate defibed byrthe toycliestressto
aitiehe materialadropertiegunatilithey are large enough to warrant failure

of the campansnt. §m§eggggy§ £racks %nerall initiate at the surface, a
strategy o .counter such failure mec ar?%mofémteoé{prjér}gﬁéssrﬁ% Liifradé inthe
compression. THiS tairbe d8né tHfdnjahiaitofrettage prosass, whichinner

ifshesa méchdicakpietreatment dfthiifluidendy18hneerder toinduce
residuiaheompsapsivessesses at dhe internal free surfaces thereof (ie.

the sugfaces that are exposed fo ttipe fract‘urir?g %u?d in the Tlui %Sndél’lﬁameS
cylinder 12?. During “atofrettage, the it end ylindBe 1206k poseats ©f
ahigh? stRydrestage pressare. Thegprdssure dudng-autofrettage catsesdus 1

prasticyieldinghef therinnernegions.of.the; fluid gnd cylinder 12 walls.
Since tbgestrg%gﬂgltq%gys across the wall thickness, the deformation
the

process involves a single hydrostatic

of the outer regions of th
pressure step applied to each of the cylinders of a multi-

cylinder pump, i.e. all three cylinders in the case of a
triplex pump are deformed concurrently. The pressure depends
on the pump size, for example in a multi-cylinder
reciprocating pump having 5.5 inch diameter plungers, an
autofrettage pressure of approximately 55 Ksi may be used.

However, computer models have shown this one - step
autofrettage process to be sub-optimal, leading to relatively
low compressive residual stress in the central cylinder of the
fluid end. This is due to the fact that the deformation of
the central cylinder is constrained by the co-deforming side
cylinders of the multi-cylinder pump leading to relatively low
plastic strain in the central cylinder during autofrettage,
and low residual compressive stress afterwards. As a result,
the tensile stresses in the central cylinder can be relatively
high, leading to relatively short operational lifespans fer
the fluid end 18.

In one embodiment, the above described autofrettage

process on the fluid end 18 of a muiti-cylinder pump 10



walls is still elastic. When the hydrostatic pressure is removed, the outer
regions of the walls tend to revert to their original configuration. However,
the plastically deformed inner regions of the same walls constrain this
deformation. As a result, the inner regions of the walls of the fluid end

cyinder 12.nheria, esidual sompiessiye stess, This compressive siess |
enmqg%se 3:theig%tiggg resitstance of the fluid end. The effectiveness of tIFle. )
autofrettage process depends dn ftfs Extahb of e tasiduar siess b ing

infél wWilRrand: tHeit Afagritublel Oneaatofrettagerprecessinvolves-anaining
singleihydrestatic rpressure step applied to;gach af the gylinders pf g~ .
multi-gylinder pump, e, all three cylinders in the case of a triplex pump

are deformed %%ncur?eniflly].f@r e(i fessm??én ependd SR the Pufip Ys&fof hat
example'in g tuitis)/ RGBT retigrottingLputip Hawving S35 inch diameteress
pléhgersbahiautofrettage pressurenaf approximately 55 Ksi may beused.eq

Howeusya computermedels; have shown this one step autofrettage
process.to be §ubﬁ[ﬂtimal, leading to relatively low compressive residual

stress in the central ¢yIha&r of thé Huid e Pring te tirt to tfe Prcahas 300
the defdthtaticic of ke céimtral dyllinder isrconstained by thea-eefermingie r
side- gylinders of tt:@m@éi-%indggpgg@lp leading; to, dgeilati\égly'ecllgwl PlastiGe o
st e nder during autofrettage, and low residua _

cgﬁ%r&%\%egst@rggs% tEer\Jiv%rggfeAgag’?eglﬁt,t e fendic&r858Es 1 trd Fi9-
céntral derasss be Feldtively highetbating-torielativelynshortn the pump
operatiénalfifgspans fars thedluidend:i8. In ong,embadiment, he.above . e

Sﬁ%@gﬁ%&%%ret}ﬁ%e@@c%% on; the flyid end 1859Irgtmuslttl-ecgl linder et
invelives autofrettaging the central cylinder 12B separately
from the remaining cylinders, in this case side cylinders
12A,12C. This step 310 involves applying a hydrostatic
pressure on the central cylinder 128 only, and then releasing
the hydrostatic pressure. 1In one embodiment, this hydrestatic
pressure may be in the range of approximately 55 Ksi to
approximately 65 Ksi.

A second step 320 involves autofrettaging the remaining
cylinders, in this case side cylinders 12a,12C, concurrently,
without autofrettaging the central cylinder 12B. This step
320 involves applying a hydrostatic pressure on the side
cylinders 12A,12C only, and then releasing the hydrostatic
pressure. In one embodiment, this hydrostatic pressure may be
in the range of approximately 55 Ksi to approximately 65 Ksi.

In one embodiment the order of the above steps, steps 310
and 320, may be reversed, 1i.e. step 320 where the side
cylinders 12A,12C are autofrettaged can be performed first;
and step 310 where the central cylinder 12B is autofrettaged

can be performed second. In either ordering of the steps, the



6 involves a two step process where in one step the central cylinder 12B
is autofrettaged separately from the remaining cylinders 12A,12C, and in
another step either the remaining cylinders 12A,12C or all of the cylinders
12A-12C are autofrettaged concurrently. Computer models have shown

that, such a.wQ step progess leads 10 an improved residual stress
di%t_ri utiontir%’%ﬁe f?uid end 18, V\%i%kleéadse ?g gﬁﬁncrg%g eﬁfe:%gn fory be
the filid end ' T8. FifF 3 MUSHATRS"4 FRullE5Ep Hitofféttdde prockss 306 &t s
pré<tedtifig thé fiuid ewd 8ol multicyintes treciprocating:pump 10 given

haiageat |%&bmr%§wmr§técyy%§%'%g in,the,¢ <£ ol those
triglex; pAMRA. 10 ng'fci%'e 1QaThe process of Fig. 3 used in conjunction with

the pump 10 of Fig. 1 1s a5 1dlfows. 1A oR&entBEaMiERPthet Atitctetiye ™
protESETS06aRRIUGES AT stép 380 thatinvdlves autofrettaging theomputer
centralleylinderch2B separately fermihe remainpgrinders Hinthis case o¢
sidgcylindess , Is step, 310, involve lying a hydrostatic
pressure on thﬁn%%?ga?r%ér 1%% oﬁ@f"a%n %%Qrs‘?gle sli(r)lcg)é?ﬁe pressure,
hydrostatic prESSur8™ it 6nd MibBIaRAERE hEeHy dreseatic spressarp gy in
bé&lif théwbhgeof approxinately 55:Kshte . approximately 65 Ksi. A

secondzﬁte&l &gigy@g/egﬂggyglt_@gggg E%@Qinﬁ{}% CMI&j}ndaeEggig_n this |
case ps]ig%c Ilrgders 1 A31%C, goncu}_rlrenty, Wlthou_t autofrettagin t?le .
central cylinder 13B. Thid$t8p’ 300 hisives Epplying shydrostatiers. with
pPedstire GAtnE dide leylitrdere 1A 1IXC oaly@ndathearelgasingthe steps.
hydrostatieppegssnie.. In onerembodiment.this; Ry drstatic-Rresswe may .
be: i §he [angeqof gpproximalely, 55 Ksi to approximately O K sers a128-
24128. The multi-step autofrettage process 500 of Fig. 5 shows
one embodiment of steps involved in the autofrettage of such a
DUmp .

As shown, in one embodiment a first step 510 involves
autofrettaging the central cylinder 412¢C separately from the
remaining cylinders. In this case the remaining cylinders
include a first set of side cylinders 412B,412D, which are
immediately adjacent to the central cylinder 412C and a second
set of cylinders 4122,412E, which are one cylinder removed
from the central cylinder 412C. This step 510 dinvolves
applying a hydrostatic pressure on the central cylinder 412C
only, and then releasing the hydrostatic pressure. In one
embodiment, this hydrostatic pressure may be in the range of
approximately 55 Ksi to approximately 65 Ksi.

A second step 520 involves autofrettaging the first set
of side c¢ylinders 412B,412D concurrently and without
autefrettaging the central cylinder 412¢ and the second set of
side cylinders 412A,412E. This step 520 involves applying a

hydrostatic pressure only on the first set of side cylinders



In one embodiment the order of the above steps, steps 310 and 320, may
be reversed, i.e. step 320 where the side cylinders 12A,12C are
autofrettaged can be performed first; and step 310 where the central
cylinder 12B is autofrettaged can be performed second. In either ordering

of the stepspthec fcautofiettage pIESSUFg QN th@f&m@fylmﬂ LoBMA ;¢
beppéglgg; than the autofre eftage | pressure on the scl)d(-gt %b%?/%% ?Jﬁ 8?91%“%’ he

Although exemplar%[ auto rettage pressures g ardy gj:lven
applopriaté Présstite S PRAY bE'ASEHY ebenfthbsee cursite e abbyeSanys. .
In one embddintentithe afizoptimabautofrettagerprassuieds g;eéergél@@,dd set

frora su@a@l-:e campytel, models, Z\IXhlt?flelke En{)tgc%cr%ount the me%han ho .
pro es of the fluid end material, the autofrettaged process ressure

Te areasg\Nﬁ%ré: tive 8ﬁ%ﬁ8ﬁa§é’&%%§uﬁel?§aﬁﬁﬁe&h? tl%é’*f‘ﬁ}ldseL of
en’ﬁ‘dL d&méhbl@ﬂfé”rsfaétlﬁ& Aldilti-steplautefrattageoprocessvaay ieolving a

appliecbte & tEplex PuR O tonpupmas With sare than three cylinders, with.

a gowesponding increase. in the number of autofrettage steps. For
example, Fig. ACI%S 1oWs a sgtYémaahcg:egresenta?%eaﬁflﬂ"‘r’e filia ehd4tg Gt e

a gGimttiptéx pupHavifgRveieyiidersd 32 Avd1PE. sThe muktisstep: may be
autoftdttageprocessHQ0 of hig:s shawskene@mbogiment of stepss ki .
involved,in they auigiretiage pf.such.a pyump. As shown,inone . .~

embodiment a first step 510 mvolves autofr ettaglng thg centréﬁ cylinder
4PoCEERAI Ry O e Féthaififng cyimdEns IRdRiS caberthe Femaiiingral
cylitderde inéiitfe a first sekoksideddylindernshdl 2B4:k2 D s which aﬁeve sLeps

immediatety agjiacesnt o mgyceﬂgalx%\d%cfllggd?gg a5 P&qn 1r1 any
c%hréders 41gf?i412Eh which are one cylinder removed

exemplary autofrettage pressures are given
above, other appropriate pressures may be used, even those
outside the above range. In one embodiment, an optimal
autofrettage pressure is determined from suitable computer
models, as described above.

Fig. €& illustrates a muiti-step autcfrettage process 600
for pre-treating the fluid end 18 of a multi-cylinder
reciprocating pump having at least three fiuid end cylinders.
As shown, in one embodiment a first step 610 involves
autofrettaging all of the cylinders in the fluid end
concurrently (for example, all of the cylinders 12A-12C in the
triplex pump of Fig. 1, or all of the cylinders 412A-412ZE in
the quintuplex pump of Fig. 4.} This step 610 involves
applying a hydrostatic pressure on all of the cylinders
concurrently, and then releasing the hydrostatic pressure. 1In
one embodiment, this hydrostatic pressure may be in the range
of approximately 55 Ksi to approximately 65 Ksi.

A second step 620 involves autofrettaging only the

central cylinder (for example, the central cylinder 12B in the



from the central cylinder 412C. This step 510 involves applying a
hydrostatic pressure on the central cylinder 412C only, and then releasing
the hydrostatic pressure. In one embodiment, this hydrostatic pressure
may be in the range of approximately 55 Ksi to approximately 65 Ksi. A

second eien eaf iavolves autofreliaging the ltstset.of side YINCRIS ., .
4 Al2 "ecxoncugﬂrrentfly Pd without au_tofrettagln%t e central cylinder
412C ané)the decond set of “side cyliftiets 319A A12E. "FRis S p BP0 ving 2
inVERESEPplyind B PR)Bstatic pressarsonil o therfirst setofysidend then
Cwmdmsni894325,4&2&@@151@1?@%?9@1@@ releasing %Eﬁqmr?ﬁic this
pressuLe e.gembadiment, this hydrostatic pressure may be_in the

IORS t«LR:?@ _pqr g'emegy ’oe 11 .%Le L%éxgﬁ(Sol.fA?F%/# %ﬁéﬁ%y 55

range of approximately 55 Ksi'to approximately

involves alBHatagmgthe S8cdiid set bt dide &ylinders 410A 41pBfrettage
coresrrenty antwithout autofrettagingthementralicyindere4i2c-anddber.
first sef %v@@&%lgéd%{&%l%@%'a-ggii?"eStggn%%Q im{{(?llv%%gp%z%gégi?nent ,

hxg}rosct)%gc ressyre on the second set of side cylinders 4124,41
concurrently; and then réleasfiig the fyarsStatic® pre8&urdldh g ned  from

effbdditiént thisthydreseicpressure maytbel indtesrange of
approximately &5 Ksido approximately:65 &si. Amaddition.autofrettage:  1qe

sieR caphae performed for each progressiye further set of side cylinders
from the central Gylinder 41 C.?ﬁﬁonéeésrﬁ“%diﬁ“nnenf' the'SFiet Githe ahove !

steps H16/ 1556 4Hd 530 Aayrbe reverses anefoppraformetbirpany dotdert he
Aithorigh exespplarycautofretiager prassutes ake given saboye, other central

approRHate pIRRSUTes Mmay be used, even those, outside the above range.
In one embodiment, an optimal autofrettage pressure is de ermined from
sE|%tn§?ﬂﬁﬁ%EneFtress that the fluid end experiences during

pumping and leads to an extension of the fluid end operatiocnal
i1ifespan. Note that although the above discussion focuses
primarily on use of a multi-step autofrettage process for pre-
treating a multi-cylinder pump that is a well fracturing
application, such a pre-treated pump may be used in any other
appropriate application, For example, exemplary applications
in the o0il well industry include coiled tubing applications,
and cementing applications, among other appropriate
applications.

The preceding description has been presented with
reference to presently preferred embodiments of the invention.
Persons skilled in the art and technology to which this
invention pertains will appreciate that alterations and
changes in the described structures and methods of operation
can be practiced without meaningfully departing from the
principle, and scope of this invention. Accordingly, the
foregoing description should not be read as pertaining only to

the precise structures described and shown in the accompanying
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models, as described above. Fig. 6 illustrates a multi-step autofrettage
process 600 for pre-treating the fluid end 18 of a multi-cylinder
reciprocating pump having at least three fluid end cylinders. As shown, in
one embodiment a first step 610 involves autofrettaging all of the
Cy&iﬂﬁﬁfﬁiﬁIh%rﬂtliQ@ﬂ%ﬁ%}%ﬁ%“tB/e(f%Séa%' &3l ol 1 mgﬁf ind a5
12A:; 120C;:%n tpe tr@)ex mp of Fig. 1, or all of the cylinders 412A-412E
the iintuplex pump of EI‘"SJ']PF?]S %tlap“éio inUbiv8s Hpplyifig 427e their
%‘sﬁfﬁc présdare 6ﬁtal%‘ﬂfﬁe cylinders concurrently, and then
releasmg the hydrostatic pressure. In one embodiment, this hydrostatic
pressure may be in the range of approximately 55 Ksi to approximately
65 Ksi. A second step 620 involves autofrettaging only the central
cylinder (for example, the central cylinder 12B in the 9 triplex pump of Fig.
1, or the central cylinder 412C in the quintuplex pump of Fig. 4.) This step
620 involves applying a hydrostatic pressure on the central cylinder only,
and then releasing the hydrostatic pressure. In one embodiment, this
hydrostatic pressure may be in the range of approximately 55 Ksi to
approximately 65 Ksi. Although exemplary autofrettage pressures are
given above, other appropriate pressures may be used, even those
outside the above range. In one embodiment, an optimal autofrettage
pressure can be determined from suitable computer models, as described
above. Each of the above described multi step autofrettage processes
300, 500 and 600 result in an improved residual stress distribution in the
pre-treated pump as compared to the single step procedure, with larger
areas in the central

i1



cylinder under residual compressive stress. This minimizes the tensile
stress that the fluid end experiences during pumping and leads to an
extension of the fluid end operational lifespan. Note that although the

above discussion focuses primarily on use of a multi-step autofrettage
processifar pre- treating a multi-cylinder pump that is a well fracturing
application, sughm%ﬂg-mtr%ated pump may be used in any other _
appropriate application. For exampie, exémpldry Sspitcatiohs iR thesgit ing =
welF irffsStryAReRIdel Bbile ¢ tdbingrapplications, end cementingider and two
applicationsj ameeng otherappropsiaiecapplications. The.preceding

description.has heen presented with. reference to presently preferred
embodiments of the |nv§ntion. ngrs}gin% § %&‘%ﬁﬁhe‘aﬁﬁ and technology

to whichthiS ihERtiBh Bertiilis wirapprésiate tidtiatertionsiandein  said
chiafges: i thertiescribed! structures-andmethods of pparations canberormed

prastiegenuithent, meaningfully departing,from the, ;principle, and scope of
this invention. Accordingly, the foregoing description shou d not b rea )
as pertaining only to the precise structures described and shown in the
accompanying "0 Brawiigs dSutrathier sShoultde:tead ascconsistentiwithing

andas tsuppar for dheifedoning cipims dvhich arg tohave theit fullest . o 4
ang fairgst §6aRe. J L GLAIMS: 1. A multi-step autofrettage process for '
pre-treating a triplex pump?l'uid end comprising a central cylinder and two
side cylinders, wherein the process comprises: autofrettaging the central

cylinded and The process of claims 1 or 2, wherein  an
autofrettage pressure applied to the central cylinder during
said autofrettaging of the central cylinder is greater than an
autofrettage pressure applied to the two side cylinders during

said autofrettaging of the two side cylinders.

4. The process of any one of the preceding claims,
wherein said step of autofrettaging the central cylinder is
performed before said step of autofrettaging the two side

cylinders.

5. The process of claims 1 to 3, wherein said step of
autofrettaging the two side cylinders is performed before =said

step of autofrettaging the central cylinder.

6. A multi-step process for pre-treating a triplex pump
fluid end comprising a central cylinder and two side
cylinders, wherein the process comprises:

applying a hydrostatic pressure on the central cylinder

to create compressive residual stresses therein;

iz



autofrettaging the two side cylinders, wherein said autofrettaging of the
central cylinder is performed independently of said autofettaging of the
two side cylinders. 2. The process of claim 1, wherein said autofrettaging
the two side cylinders comprises concurrently autofrettaging the two side

cylinders=3c%befrocess of glaims.1.ar;2, wherein an. autofrettage .,
prg?%g}%applied to the central cylinder during said autofrettaging of the

central cycfin'der is greater than an autofrettage pressure applied to the

two side*EYlindérs during saferalitofrertagingeobthettveo side cytinders.idders
The proeess ofainy-opeickthe-preseding:¢laims s wherinsaig-step of
autofrettagi he central cylinder is_performed before said step of

auto retiﬂ%ﬁgiﬂggfwgt é?de){%:%/frno e%%.cTh%rﬁr%sc%%% of @Iain%tl%gl (¢ side
whereiR A8 st8pBFe Abtctrefaging the five Sidecylinbieds os periornmed ssure
beforetsaid cstepreflautefretiaging: thegemealeyinderd & mulirstepr said

prosessifeq presrealinga t%p&erépym@c_fluyr%@%?@p%%ng agental  oiqe
cycl%JIlenrd%r}cj3 two side cylinders, wherein the process comprises: app(Tymg

a hydrostatic pressure on the central cylinder to create compressive
residual stresses therein; 12 releasing the hydrostatic pressure on the

central Tylindei:applyinga hydrostatie pegssyre po;ithe fwoyside gylinders v,

ta,create.compressive residual stresses therein; and releasing the _
hygrostatic press%rg on the two sie%e cylifders \RerSh <A ASpIyiRGRSH o¢

safYarsetati¥ presseny said hydrostatic pressure on the two

side cylinders.

8. The ©process of claims 6 or 7, wherein the
hydrostatic pressure applied to the central cylinder is
greater than the hydrostatic pressure applied to either of the

two side cylinders.

9. The process of claims 6 to 8, wherein said steps of
applying and releasing the hydrostatic pressure on the central
cylinder is performed before said steps of applying and

releasing the hydrostatic pressure on the two side cylinders.

10. The process of claims 6 to 8, wherein sald steps of
applying and releasing the hydrostatic pressure on the two
side cylinders is performed before said steps of applying and

releasing the hydrostatic pressure on the central cylinder.

1i. A multi-step autofrettage process for pre-treating a
muiti-cylinder reciprocating pump comprising a central
cylinder and at least two sets of side cylinders, wherein the

process comprises:
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on the central cylinder is performed independently of said applying of said
hydrostatic pressure on the two side cylinders. 7. The process of claim 6,
wherein said applying the hydrostatic pressure on the two side cylinders
comprises concurrently applying said hydrostatic pressure on the two

side cylindess-8: Theiprpaess et.claims 6.ar;7,wherein the hydrostatic
pressure applied to the cegtraéic linder is greater than the hydrostatic
pressure applied to aither 6f the” two Side 2ylindets 29, THE prodess 6Fts ©f

cI&TS 6710 B Aerein said steps of applying and releasing the hydrostatic
pressurewrvthe cenitial gcyinderds pestormed hefore said-stapsQl, sers of
apalying and ,releasin ydrostatic pressure qn the two side cylinders.
10. '[he (%tolcess %?{:Ia?ln%%%%g&%ﬁére?n%g%rgt%asgép g‘ap|8 yin(;é;hé\%/ndc entral
refdasing the Ry PG &t Hressife i tid ths Sifie tylifdersipaioniey of
béfore Saith Stepscof applying snd ¢leasingdhe hydeastatic pressure;on side
theygentrak-eylinder. 11. A multi-step autofrettage process for pre-treating
a multi-cylinder reciprocating pump comprising a central cylinder and at
least two sets of side cylinders, wherein the process comprises: 13
autofrettaging fife E&rtraPeylinderiainofidttagimg wefirst set of the-at least of
twosets ofeside eylinders; apd autefreliaging.a secongselaf thesat lgast; 4o
t [ linder. erein said, autofrettaging of the central
cv)%;i%h%elej{ra gpé#f?%%%&?r%i%ge%}dae%?f of g&?\|‘-’il1p§llﬂit‘%of%tgfagnélorfSt sitde of the
Central = cylinder, and a second side cylinder disposed

immediately adjacent to a second side of the central cylinder.

13. The process of claims 11 or 12, wherein said second
set of the at least two sets of side cylinders comprises a
third side cylinder disposed immediately adjacent to a side of
the first side cylinder, and a forth side cylinder disposed

immediately adjacent to a side of the second side cylinder.

14. The process of claim 13, wherein the first and
second side c¢ylinders are autofrettaged concurrently, and
wherein the third and forth side cylinders are autofrettaged
concurrently, and wherein the first and second side cylinders
are autofrettaged independently of the third and forth side

cylinders.

15. The oprocess of claims 11 to 14, wherein an
autofrettage pressure applied to the central cylinder during
said autofrettaging of the central cylinder is greater than an
autofrettage pressure applied to the first and second set of
side cylinders during said autofrettaging of the first and

second set of side cylinders.
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the first and second set of the at least two sets of side cylinders. 12. The
process of claim 11, wherein said first set of the at least two sets of side
cylinders comprises a first side cylinder disposed immediately adjacent to
a first side of the central cylinder, and a second side cylinder disposed
immediately adjacent to a second side of the central cylinder. 13. The
process of claims 11 or 12, wherein said second set of the at least two
sets qf side.gylinders camprises  fhird side cylinder.dispased 4 step of
immediately adjacent to a side of the first side cylinder, and a forth side
2ubYfikGer abpesed itnniediatély atjacetad a'sidesF e Setormtesie® sa1d
steyknder. 14uTheprocessof claim 13 iwhereiarthe firstantd second side ide
Xlir&%%rss are autofrettaged concurrently, and wherein the third and forth
ide cylinders are autofrettaged concurrently, and wherein the first and
second side cylinders are autofrettaged independently of the third and
forthiside cylinders.ck5.<The proeess of claims 14, tot4 rwhereinan multi-
o Juiofietiage pressure, appliedto the central evlinder duyjng said
Yauto rettaglnglO of the central cﬁindserc?s%reater*t ah an futofrettage
pressure applied to the first and second set of side cylinders during said
autofrettaging.ofthefirst and seeand set ot sideaylinders.itd 46; Iheul i~
rocess of clgimgcla t% 15 ylvnklleregn ga@estgg ql;e gut%fiaettaging the central
Cycf/“lli'lnt?er i*seﬁ:e“r?é“rme Jbegllo;)e Shid” steps of auto rettggln%'the first and
second set of side cylinders. 17. The process of claims 11 to 16, wherein
said multi-

£
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cylinder reciprocating pump is a quintuples pump. 18. The process of
claims 11 to 16, wherein said multi- cylinder reciprocating pump is a
heptaplex pump. 15 AUTOFRETTAGE PROCESS FOR A PUMP FLUID
END ABSTRACT OF THE DISCLOSURE A multi-step autofrettage

process for prerieatag-erAonticyHRGer §8RIPLOAIRI AUDP fiid end that
has a central cylinder and at least two side cylinders is provided that

includes autofrettaging the central cylinder; and autofrettaging the at least
tworside EYlinte sl ivhefgir@RBR Autofrettaging of the central cylinder is

performed independeptly afiherautofgiaging ot the atleastiuoSide ing a
thﬁggiscﬁﬂgn&er reciprocating pump fluid end that has a central
cylinder and at least two side cylinders 1is provided that
includes autofrettaging the central cylindar; and
autofrettaging the at least two side cylinders, wherein the
autofrettaging of the central cylinder is performed
independently of the autofettaging of the at least two side

cylinders.

Fig. 1
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