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 central cylinder is .

berforiied independently of $5id autofietiaging of the twé “&ide Eyfidders - 9™
PrifasEcriiante Withe sécorf aspect of the présemntd rocks adjacent to

the wellbore. 01l can then migrate to the wellbore through

these fractures to significantly senhance well productivity.

S e

Reclprocating pumps, and more specifically triplex pumps,

are generally used to pump the high pressure fracturing
fluids downhole. However, repeatedly exposing the fluild

7oy

Soid

end of the pump to high pressures causes the cylinder

n

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.



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
central cylinder to create compressive residual stresses therein;
releasingathiechydnostaticpressure orethencentealoeydinder;f apphingaresent
in@é@&%ﬁﬁic preSsure;an thefwo,side $y|HLdP~E51 jgtcggat}grq%ggrgsgigg pre-
- residual stresses therein; and re!fqa5|n the hydrostatic pressure on the :
“TWoside SylinderS, Wwheréin $aid ab%fﬁ%georf%ai& Rbrostafic pressuré'on® -
cvinggentralagyiindéris performeddndepeisdently ohsaidiapplyiRg of saidcess
cohydrostatic pressyreren the e rside gylindegs.dpaceordance with adhird 1
o 23RGELOT the present, invention, there Is provided a multistep autofrettage
rocess for pre-treating a mqltl-cyﬁnder reciprocating pump comprising a
B E@ﬁﬁép&/liﬁﬂ%r e 5 feast to SeES oM STde ey linBérsS Whetéih the - inder:
appiacess comprises:s autafrettagingsthe:central icylinderpautotiettaging aders
=ofirst set of the.af Jeastwo, sets pf side cylinders; and autofrgttaging a4

second set of the at least two sets of side cylinders, wherein said o
L& hfifotetthging 6f the €ERGTAT Eyiinder R péforhied ifidependently 8fsaid 4°
cy autofrattaging iof tiee first and Secad-detiofithe at leasttivb setyof sidetic
oreylinders..An aytofrettage-proeess may:be used-torcreate: COMpressiven -y
. =residual stresses in the.inside walls of the fluid end of a multi-cylinder -~

“ rediprocating pump, such fhat the tensile sStress that tha fluid end

‘s1ldgpéridrcesedigring the pumping cycle is minimal. During autofrettage, the

cylindricah boresiafthe fluidend are expesed to:pigh:- hydrostatie present

m%%?%%% Wtﬁl&ggﬂay iesad Er@@?%%&ielgingmulti—step 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&



in the inside regions of the fluid end, while the deformation in the outside

region is elastic. When the pressure is removed, the outside region. of the

fluid 1a end returns elastically, while the inside regions that were

plastically deformed are now in compressive stress. This compressive
en8tress. may=enrhancei thelfatigueresistance of :thedid-end.dnonegrat were
p1§mbodiment ofthe present inveption, fhere ig included a mulfizstep  7p; ¢

autofrettage process for pre-treating a multi-cylinder reciprocating pump

oM that Ras 8° Berftial cyfifdérand dtEast fwo Side cfiides e ©F

thwheteindthengrocess includes autofrettaging the central cylinder; and

autofrettaging ihe afjleast two.side gylinders, dntthisprogess the there i
. n%gg)tret‘taglnlg ftlfgsqentral cxllngleg s a;I)ean‘ormed erg,pnﬂent%pj the .
- auto?ee‘t%aglng“ Bf the at éfélas?ltlvvg sjfd“e cy %He?sFOE?ﬁIEF D%*Séﬁﬁ TTOT\F@?Z“Q
3 THE DRAWINGSThEsE bhdthér featupdsandladvantaijes of flie has  a
cepresent dventtonwill he betterunderstoad by referenceitodbe sfollawinge : r
thgetglzlreodcggécng I%Q 1‘{@eegn ngr}%@?{%%{naaclovmjung%%n Vglérrll%hre*l cylinder:

accompanying drawings wherein: Fig. | is perspective view ocf a. ~
aNulfiteyfindér régiptdcatifg pdrhp fof tsk infdn adtofréttageprodess - —
thaccardingetosthe presentinvenrtiore Fig.a? isfa cross<sectional vigw ofdsme is
pe0fithefluid end cylinders.of the naulti-cylinder, recipracating pump of-Fig. 5+
. 1. Fig, 3 is a. diagram of one embodiment of an autofrettage process
Le56dordify to'fhe présehtinvantion. Fig. 4 is a schematic view of another

multi-cylinder reciprocating pump for use in an autofrettage process
BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages o©f the present

inventicn will be better understcood 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.

>



according to the present invention. Fig. 5 is a diagram of another
embodiment of an autofrettage process according to the present
invention. Fie. 6 is a diagram of yet another embodiment of an
autofrettage process according to the present invention. DETAILED

DI%%%I ENTS OF THE INVENTION As discussed
above, |r]1F> t;lgl)ll%lr%\l %%E%gﬁ multi %?/ n%i%rNFeuBFogéﬁh&%Wﬂg%%

typlcalIyZl\J%eﬂltt)Cf.'@h‘:’li*r‘ﬁ.%i hitftPBfesstife idctaring fieid dewhhoteio i-cylinder
stimsulate wvelt prodyctivity. afrig. 1 shows Bp exemplasy &m@od{mﬂtﬁessure

SU@Pa%MHgloth ihe @%B!»?x‘i%qgm?‘)d'm% qr‘]atgumvP 1P 'Saa 2 iplex Givicy.

pum% avmg1 three cylinders 12A-12C, eac a corresponding p unger
14A-4C moVably a%p%}é‘:éﬁﬁkﬁﬁyre%@@fiﬂﬁ’?réfo Horte" parposeofithis  In
doduiment, thescerstrabdfi tivege three aylinders isseferred o as thengemal ng

cylindes 128; angethe remaining twe gylinders ate refetred to as side o,
cyjip %e{§C12A 12% However as discussed further below, [che pump f
may be a pump Y Wwith any a%propna?e Hﬁmﬁ&%f’%lmﬁ@%%&h as fivg  the

cylintRe urhp (Erdairtapisepump)ior sevenaylindet pesep (arheptaplexders
pumpdfethe-depictad embodisaent, the pumpL0 @9§ta|Q§<§W9h§eQE9LQ§nlng

a ppwer.end 16 and a fluid.epd 18. The power end 16 contains a
cranksha 20 powered by a mo%(ragss%eﬁbﬁ/ (not s%owﬁ)lfo (gerell\?/sé the ?r 12¢-

pufﬁweb’ﬁﬁ'{géar% TAASPAES AntRE fiideRE 18 Homtaiiethdcylintérs & pump
12At12Canto whichdheiplungensidd- 14€ reciprocade 40 drawein a fluid atye

quy,m@}%@yeﬁmg to, di the, fluid high pressure, scrlbed
L{ﬁrlthf} below. For S|mp icit QIS—‘p l#OVrﬁ\j}é a cross section o? or%y ‘ong
erpff ofth&Hdid end of a reC|procatlng pump. However, the

|Ilustraté€’il cylirderdRiistrepresentativeof any: renerafdhe tylindergings two

MiHt-CYHREer FeplRrecating RYMPnd 2 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



such as a triplex pump, a quintuplex pump or a heptaplex pump, 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 punp; ,and diseusgion,bglow referring to the plynger 14 ~
appli %_a%gggll well toafﬂﬁéhree plun%ers%,{?l%ééthiéi'ﬁ?pquegur%%m% :

10 of Fig. 1, 0 a\nfl3 of the plungers in a quintuplex pump or a heptaplex

pump. A§3hdiin Fig.flisand disoussedsfurthercbelow, leachyof dhe fluidh of
endroylinders 1244 12G1ither-depigted fiplex pump JLQ includes a plunger, ..
14£414G MmENably.dispased with respect thereto. Typically, when used for
wel| fracturing pur%,o%gs, %i%é stliz]%}%&fpéegcﬁ“%ﬁjar%glé/r 1%%—110 fg with respect
approximately 4 5 iHches 1o Uhiitoxiatsteirs. Sinéhed i diambter, witlposes,
eahrplahger 24 generating peessures ofcupito appraximatelt 12,000 pSiches
(12cKshpAscshawmin Eig 2, gach.cylinder 12 includes a fluid chamber

239 (g%cig P}I_%ngerrlé IS slidaﬁly mounted within its).T 'co"F’?Let%lpoer‘ii |ngc%{ﬁ%’c‘érr 4
12" for reciprotating motion withinthe “fluid CRARTBER221 Thé Febitftoduting (12

mbfidn ‘of the plunger 14 acts to change the volume of fluid in the fluid
chamber22shkhe cylinderql2 further includes cheek yalves, suchasa +; .. 4

sugtign.valve 24 and a discharge valye 26, that control the flow of fluid
into and out of ther%l%% cﬁgrthrﬁg?rz.; %{S fiie PrINGE! {4 PaLipredatebt NG its

mentibReanove, the ieepFodatintPmotiont ofrte: plupgeridomayiieiin the
géneretedipynasmotor. driver retating: erapkshatt20: the,sugtien valye 24 1,
and e dischargsvalye 20, g aciyated by fluid and spring forces. The -
Sigion yajve 24, Top example IS biased oliard a sion vafve SE4t 25
ves, 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



i.e. toward a closed position, 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 valve 26

angha:spring: stop: 38.NVhanthe @Wrtjo‘]' Wstglrl%amlgr(t mea !(eft Igplpe
FI&s 2)throy patggckrngtbore 40,.a drop in pressure is created  within
the fluid chamber 22. This drop in pressure callibesthe Shtior Vafedgmber

toTiove HyHnShEbidk GhEphRg 3Tt A4 Aopereposition andcausesd to
fluid te flovwthirougls arcintake pipe 25, through the suction valve 24 and

into the ﬁggcggm%r e T Nig g@g\eg of, theaolunger 14 movement can | be  he

referrg to, as Ea "suction stroke." Whent e plunger 1f mMoves In areverse

dlrec%ogn ({0 the' Fighfin FIEE ¥Pthrddgh tﬁ%cﬁ%&%néa‘%?e AP, thehsuctivpt ion
vaive 22 $icldsed oy thelspririg: 36pandgpressuse ds jnereased in thedlidsed

chambge 221 The inciesse in:pressuie gauses the sdisghargs valve A0 e
opgn and forces fluid from, the fluid chamber 22 outwardly through
discharge valve 26 and outa dischargs pip@%85 STHe distharge vﬁﬂfe Jeuid

reTHATNEGpér vl FéL pluryer bk cohtindés tbapply préssurs (typicallyt a
approximatelyr2 isi 16 .apprexirately d2,Ksiy jothe fhiiddpthe fluidh, oniie

cla@grbe{)ggnélgys high- PLeSSUre Qhas of the nger 14 movement, in
which fluid is discharged throug t e |schagg ValvB 56 Pis now 48 53 11y

"§i8BASFGE alivke “G éoptﬁﬁﬁiﬁgxﬁf@a%%y bt 2K92)(1.69 2tpresBréd in
cyélesiperisectrdphezfiuid end 4 8can expesiance yanstarge pumbenefe,

stress gyclemwithin avrelatively shorf operationa; lifespan. These stress
Mglse&lnduce far%;ue failure of the fluid end 18. Fatlgue |nvoIve§ a“i‘griure
DrOCESS e small2 + 1S 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



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
CQUN@E§U§BJ@”H&%%%3NS%%S %%Qg%ﬁ%@sgéplengugggg Qetta e ~auses
compression, Igi%ggn be done through an autofrettage process, _ |(;ﬁ
involves a méchanical prafrehlifient Bttke fd &t 18°h drder thlinddcesnd

reSitiudl¥ompressivel stresses at theinternal siree surfaces theregf fis the

thessurfacescthes are exposeddorfhe friactwingluid inthe fluidend . .,
cylinger 12).. During aytofreftage, th fluid end cylinder 12 Is exposeé) to
a high 5 hydrostatic pressure. The préssufe durlhg Bitofeltags catises 1o

pIASHRSFEIdinG S tRE ferietions obthe fuid ewd Leylindet 1Rawallsvert to
Sinteithestressdévebdecaysaaress the wall thickness, the deformation

of the ogggrer‘eegg'gnstggthsl walls.is, still gJa%tic. When the hydrostatic
pressure is removed, the outer regié)ns 0 t_ﬁEmV\elélll]lsf‘“trcl':\lrheor toTevertto Heir e
original ‘configuratigh” Fidwélér, e miashtam defdrmad innet regidms ofiner
tHe Baie vedlistdonstrdihthisfdefoemationaAsiedresylt; thednner regiops: a

OfﬂﬁiMﬁﬁ$(Hdh§ﬁ$§§h3@dgwygg§r1¥H@Qe@%ﬁ ?E%QEQ%?%@%ggggvehances
Syﬁésfﬂ'_‘? ngéggglsg,:\g%gteres§ %rglhances the atlgue reS|stance. OF{[}'IG
fluid end. The effectivenass of the aufdffefiag®@procats depeids vrmes of
eXbsntETtherisiadal Btress endtiesinier wallshane theirmagnituder Qnaua 1
attofrettage processiavolses a single hydrogtalic: prgssure step applied
to each,gt.the cylingders of a multi- cSyIinder pymp, i.e. all three (géljnders in
) dge prgcess i ! j

the case of a_triplex pump are deformed conclitrertly tha redsisteestatic
d%iﬁﬁﬁﬁge step applied to each of the cylinders of & 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



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 dowcompressivg residual stregs in the central cylinder of the =
flug':qfflnrgde'l;hisi%duiesto the fi_act that the deformation of the dentral T
cylinder is constrainéd By the ¢co-t&tringrsida “eylindersrof fifg  remaining
mbiiteyfiidér puhpliéadingb retativedy tow plastic straiein theecentalining
cyfintlerdiuring antoftettager anh low fgsidugl.compiessiVEStress _1oc  are

afterwards. As.afesult.. the tepsile stresses in the central cylinder can be
relatively h%% Ieadingctorreelg]t[":\%fy sh%cr)fn Bp&rationar fitespAhEfor iy that

fluid Bhd 187 SiERMBEERTIENt. tHE Bbbve Hestribeeadtofrstiage . stress
prdossion thefluid: endel 8 bf amult-cylindenpump 1046 iIPYOIMES: & dWDs s

stepriekpcasstwhergdn ong stephecentral cylinder 12B is autofrettaged
separatg_%y frogw t{lﬁremainin cylinders 12A,12C, and in another step

either the femaining “Syliidérs F2RMIE GiialPofthECGifides1 PACERESara0 0
atftfretbiged Eontim@entihr Corfputer models have shown thati stehya inder
]E}/vgacsiechf@ﬁesg Ie?;d&po amdmplgg\;@chcelzsliggal sitg;?%% hdi%gi%giogci étﬂéa Ners
' W s.to an increased_lifespan for the fluid end 18. Fig.
Sﬁﬁgt?a%% a E%sﬁ%’; éﬂt(?f?éetté:gaé’ %r85e§:sh§06rfé’rlﬁﬁé-%%nboth%fﬂ id9 -
ehd18 GM'8 MUREEINdRT FéGiprocatineg pampcto having at leastthree pump
cyfinders (éylinders 12A-12G in the case, of thetrplex,pumpd0-0LEig: 1dhe

The:processgLFig,, 3 used in,ggnjunction, with the pump 10 .of Fig, 1 is as
fallows. In one em%odlment the auto?rettage process 300 inciides Hfirst"a*
Sﬁﬁg Y?ﬁha?utofrettaging 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



involves 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 12B only,
and then releasing the hydrostatic pressure. In one embodiment, this

hygrestatic pressyre may;he in the range of a rox(i:m tely 55 Ksi tom
agpirogérpatt%l% 65 LIgsi. A second step 320 ﬁ‘]r\llg vagls a&cg‘"rg %léinéit%e ay be
remaining Cylinders irfthis Thse &itfe GYIRfRYS A 2AM 28 ccontifrentlyinders
wittdut atitofretidding the wentralaylinderci2R. Thisestepe 320-kwoleS given

applying a byesestatic pressunie-on the side cylinders 124,12C only, and, ..
thenglgasipg the hydrostatic pressure. In one embodiment, this B
hydrostatic pressure may be “in'the rangé of aeﬁlﬁ’l%?dfﬁ%‘fély%}?@ﬁowuml
apPYoXiAflteREB5 REF A WGITe ehfbottifantithecordarcof tve: abovesstepsputer
stepd310 amd 320t may hetevarsediie. tep 320nhere theside. riies o
cylinders 12A,12G arg aufofrettaged can be.performed first; and step 310
ngre yple central cylinder 128 is autof?gﬁg%gggggﬁeb% Egr?gﬁﬁsed Kecond.©”
I Sithet Srefrfifg of the" SteplS tH =P b Hrafage Pressure ohtharehiteal in
cyllddr $28 i, berhighertian the autefrettage pressure on the side
cylinders ﬂqaﬂil%‘,t@thggggﬁgp%@ry%}gggggag&greggurggp%% dgw n .
e

apgygi é));:hea1 aﬁpgorpr?ge ressures may be used, even those outside the
above rangde. In one em diment the A bptiffii adtdietidage pregssre it th
dBterhiiREPRbii Btitablereonmputer thedelspwhich fake:intoratcount the=ps .

nechanteabpegperties of theBuid end matesial.the autafrettaged process,
pgq@ﬁléreengnglt@eo%regs Whrelz{;e tfﬂe autofrettaged pressure is applied in

1

the fluid end, among other factors. A multi-step altofféttags Procesesmby -
béelappliedt6 & HiplxehEm P 6F 86 Firhpgew BT rers tHel e eFylindershows

witte embodiment of steps involved in the autofrettage of such a
punp.

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



a corresponding increase in the number of autofrettage steps. For
example, Fig. 4 shows a schematic representation of the fluid end 418 of
a quintuplex pump having five cylinders 412A- 412E. The multi-step
autofrettage process 500 of Fig. 5 shows one embodiment of steps

involzeddn:the actofiettageiaf sugha pump. %@Mggin ORE hydrostatic

emhadiment a first step 510 involves autofrettaging the central cylinder
4%& separately from th‘é‘%‘?é’%%ﬁ‘ﬁfhtg c;s?%‘rliéerth A RIS CaSe ThETENS&InTRY B°

cylifdEPs rithdae o firsteerorageleyinddis 4 12B 42D xWidh Bre65 Ksi.
immediatelyhadjacentto theocentraliepindes 412G andyarsecond setofa set

cyéinders412A,412E, which arg ope gylinder removed from the central
cyéigggg é]t%%: This step 510 involves ap IyicnO guﬁfgﬁ)tstgtic |5‘ilrz(1;'g'{ssur‘élci)trrlmUt
the central cyfinder A5C BRI HEndileR feteading tie fydFsstafiest set of
préssarenhiafer embothmEritDthis liydrostato pfessutemayde ofe/ing a

20 s a0 the Mot set o oHe et ALSb LoD T "
v aytofrettaging the first set of side cylinders , .
conc%’r% ry1t§|§ ar(ui é%v(\?i‘flhc’)’:%tntglﬁéfreatflggin%hﬁ{le cERtrat tYiRder L 28vangthat i
seCoT $Et of SRICEAIMIBISUIPR Y121 Thizvseps520iinvolvessapplying be
a imydiostatiogeressuieonly Diktha firstssetsaf sidesgylinders, 8:412B5412D.

Concurrﬁﬂtlﬁdéﬂgg&qnngggéQSehygggtaggnp eessucreer' Qrogg for each
embodiment, this hydrostatic pressure may be In the range 6

approXimately 55 %<i't6 approxirfiateR 85 KSK ARSI 380 folvesntral
aatofietiaging #ie setondrsetenbsitimeylinders 41284 L2E woncineatlyteps

andoyithort autefrettaging, the,central cylinder. 432C and the first set of
si(gzed%%ﬁnde 1&28,%12& This step 530 involves applying a hydrostatic
pressure ongt & 'SECONd ST Gite INhAEFS T4 P9R 4R DESERE ey, 91ven

aRBhen réréﬁging‘iﬂaihyé#@@[@_ti@ressures 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



pressure. In one embodiment, this hydrostatic pressure may be in the
range of approximately 55 Ksi to approximately 65 Ksi. An addition
autofrettage step can be performed for each progressive further set of
side cylinders from the central cylinder 412C. In one embodiment the

order pfdhe ahove,steps; 510, 520 and 530.may.be reyersed andigr -,
pr&fl%néggjigxa@émordoefr. FAlthough exemplary autofrettage pressures are
i Ve, Other approphate pfessutes Ma§hé el &itthgerlying a

given above, 0
ot i@ BlsoveiaTTyE Sin @he Embodiment] an Optimal autdfrettagel then
pblressﬂaeismletleﬁnimff@mplsu&a@@e%@mpéﬂer mpdeals, Q%%%%Séfmgﬁg, this
a Ei ' r i-step autofrettage process or

pg%%%gii%t?hgeﬁﬁggﬁé%lng% a%ﬁﬂ%ﬁ:yﬁﬁ erg?ggiepré’gatﬁ?gu hUMPB hatirg °°
at 1éhst thre@P i BAEYiinferE s As sholiansne embbdimentadifsettage
step610iavolves alrefrettaging albohthe eylinders in the fluidkends may be

coneurrenty(farexample salhof the cylinders,12A:12C.in the etrlé’rL%éfEHEQBt
ogﬁig.o]ﬁtogna of the %/Iingters 412A-412E in the quintuplex pump of Fig. '
ves applying & iyrGstatitiprédsurd Gre At brtHe from

. 1ma ayto
4.) This step 610 Invo
cyidérs ToiftiéAtlyrane thensreleasing thedhydrostatic pressure. In
one embadiment, thisshydrestaticpressuge may.be in the Lange 0k e rage

proximately. %g’Ks' approximately 65 Ksi. A second step 620 involves
Zﬁtofrettaegin 3only thbé% ce%%r(gl c%dére ﬁ%?%x&%pl%?th%émc%ﬁ’t‘?gfjcyﬁﬁﬁé?“al

138 the 'S WpEK pamp bf Big. Brortheesntiabeytinder 402Cxiretheto the
qeimtuiptex puanp ofbig:ady dhiswtep 620 inuolvesapplying.a hydrostatic 1
Pegsstice-on hesentral eylinder oply, andthen eleasing the hydrostatic |
p{ggsuge.nlgigne_ embodiment, this ydro_statlc pressure may be inthe
range of approximately 55 "Refto Bpprokimatelyss Ksipithotigtes  during
exempliyautohetthgere an extension of the fluid end operational
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

10



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
S_r@e_ess;ggﬁ_,O(t};]&OOfa?%@%ﬂ@é% i%@”ﬂgﬂo‘c{g?%ﬁé@%%%@?w and as

istribution in the pre-treated pump as compared to the single step
pr%%é%ﬁ%, vl\%?ﬁla%gr a%r%%%s%%lt%% centracylifdF indefresfudpve their
comprésdiverstrdss. " TRis ARiARRizes 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 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 oil 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 10 drawings, but rather should
be read as consistent with and as support for the following claims, which
are to have their fullest and fairest scope.

i1



11 CLAIMS: 1. A multi-step autofrettage process for pre-treating a triplex
pump fluid end comprising a central cylinder and two side cylinders,

wherein the process comprises: autofrettaging the central cylinder; and
autofrettaging the two side cylinders, wherein said autofrettaging of the
ceontrateylinder is performed independently of said autofettaging of the

two side.cylind]%er%. 2. The process of claim 1, wherein said autofrettaging

the two side cylinders comprised corcihraRfly Bttstatabity M tweides
cyliMdBIS 3. e pidedss 6Pelaimsrt bF 2y whereisranzautofisttage and two
pressere-appliedito, theneeninal exlinder duking- said autefrettaging of the

central cylinder is greafer than an, tautgfrg?t/tilgg Foressggg applied to the

. h ¢ Nz X7 . .
two side cylinders during said autoﬁettag ng o fie two side cylinders. 4.
The pro€&sS bf ahyP8hB%f tHaprddeiing Bimss yivhetehs saidstag of  said
auttfreftagitg thecentrdl cylinder isperfarmed beforasaid step oferformed
autprettaging the two side; eylingders. 5, The procgss c?&%"’?‘s'ﬁn elfctfl?zh ers.
0

wherein said step of autofrettaging the two side cylinders is performe
before said step of autofrettaging the central cylinder. 6. A multi-step
process¥or prélte&ting e aipléx pumip fluid endreampsising acentrak taging

cylinder and swe-side 1 gylirgers-viareit the Jocess-comprises, apalying:
agygr%@t@igrees%{r&%@ the central cylinder to create compressive '
residual stresses therein; 17 releasing the hydrostatic pressure on the

central cylinder;
3. 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



applying a hydrostatic pressure on the two side cylinders to create
compressive residual stresses therein; and releasing the hydrostatic
pressure on the two side cylinders, wherein said applying of said
hydrostatic pressure on the central cylinder is performed independently of

said applying of spid bydrostalic pressyre on the two side, cylinders. 7, .,
Th%]pg%%%ss_ of claim 6, wherein said applying the hydrostatic pressure on
the two side cylinders comprises concurrently applying said hydrostatic
pressuré Bnithe'tive Sidéreylirders. 8: Stha processtotclaimssédr Zylinders

whereindhee hgdﬁgs‘aﬁﬁpﬁemgo@amli@q e dhe §eg}{gatleqyli{nd&e{dis_ greater
than the hydrostatic p{ggsu%%gﬁgélggttgcelther of the two side cylinders. Sgi.de

. ressure Tl e two
The process of claims 6 to 8, wherein said gteps of app?ylng and
refeasifgthe: hyliostatic press rersn the cehtrak &ylinder is perormedssure
b@f@retéaid @@@gsc'@l applyingand iml@&@jmgﬁhemydmﬁgaﬁdy@%urgen said
thedwig side cylindeys: 0. THe Bracess of glaims, 6 to SOP{"hetrﬁé“ S, side

stg%i%f A gpéolying 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. 11. A multi-step autofrettage

processrfor prentreating & Mwli-cylinger recipraeating pumpy C%t}ﬁ’ﬂﬁiﬁg A he
e

cental, aylinder and at least two sets of side cylinders, wherein _
pr(?cess comprisg)s: 13 %ﬂ?ofr%?tag%ﬁ thtewé)ent?yéld(?ylin%lﬁ iRbfretayiRgEes

fifst§et ot at IeR8t W0 Sets B sidle dxlintiers candstofrattagingtae  two
sed¢dndsetiofthesat least two sets of

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:

13



side cylinders, wherein said autofrettaging of the central cylinder is
performed independently of said autofettaging of 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 sides eydinglerdispagedrimmediately adjacent to a first side of the

central cylinder, and a secon sid% cglénder disposed immediately

adjacent to a second side of the Eentral cyTihdéf 13> Thb§eroceséor sets of
cl&HTS 197 41 Nitefdifl said second set of the at least two sets of side
cylinderswarmpsisesa rihird sideaydinget disposgd immediately:agdiacent, ¢
to side qf; the first sidg cylinder, and a forth.side cylinder disposed
immfgj%tgﬁly adjacent to a side ofsthle se%%%%fsliédéet@)ﬁﬁﬂréger.o 4. ??1% central

¢ claitn B8T tiereth e firsrasa tsecoifd sidécoyiinbefstreoing of

process o
attefrefidtield cortumentlys and twhéreinshesthirdeand forthosidewylingers: e
areyautefsettaged concurrently, and wherein the first and second side
cylinders are autofrettaged independently of the third and forth side
cylinders. 15. The process of claims 11 to 14, wherein an autofrettage
pressuré?apphéd te v centraf cylinder duringrsaidautefréttagingof the. of

cehtraktylirder isgreater tham as autefeitags pressie;applied 0 the ;4.
fiespangdisecand sel.of side gylinders duyring said autofrettaging of the first
- . ; T :
and second set of side cyh%d%rs??ﬁ f(?.j‘? 3%953351 ofefélra%l"%ssff %095, the
wherelt said* ¢t 6 Gutoftétlaging thecanstral titindercislpedermedisposed
béfeedsaic: lstepd efcautofrettagingdthefitstand secand setafsidey 1 i naer .
cylinders. 17. The process of claims 11 to 16, wherein said multi-
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.

14



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 pre-treating a multi-cylinder reciprocating pump fluid end that
has a central cylinder and at least two side cylinders is provided that
includes autpfreftaging. the, central gylinder; angs autofrettaging, the at least -
two side cylinders, wherein the autofrettaging of the central cylinderis™
2uppifethietd ifdepetfeffly Githe atitofetaging of Bie 5t 18455t w'sige said

steybinders. figofrettaging the first and second set of side

cylinders.

i7. The process of claims 11 to 16, wherein said multi-

cvlinder reciprocating pump is a guintuplex pump.

18. The process of claims 11 teo 16, wherein said multi-~

cylinder reciprocating pump 1s a heptaplex pump.



