AUTOFRETTAGE PROCESS FOR A PUVP FLU D END FI ELD OF
THE | NVENTI ON The present invention relates generally
to an autofrettage process for nechanically
pre-treating the fluid end of a multi-cylinder
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pump the high pressure fracturing fluids downhole. However,
repeatedly exposing the fluid end of the pump fo high
pressures causes the «c¢ylinders 1in the fluid end to be
susceptible to fatigue failure. As such, a need exists to

increase fatigue resistance in the fluid end cylinders of a

multi-cylinder reciprocating pump.

SUMMARY

An autofrettage process may be used to create compressive
residual stresses in the inside walls of the fluid end of a
multi-cylinder reciprocating pump, such that 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
leads to plastic yielding 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




When the pressure is renoved, the outside region of

the fluid 1 end returns elastically, while the inside

regions that were plastically defornmed are now in
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process accordlng to the present invention. Fig. 4 is
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invention will be better understood by reference to the
following detailed description when considered in conjunction
with the accompanying drawings wherein:

Fig. 1 is perspective view of a multi-cylinder
reciprocating pump for use in an autofrettage process
according to the present invention.

Fig. 2 is a cross-sectional view of one of the fluid end
cylinders of the multi-cylinder reciprocating pump of Fig. 1.

Fig. 3 is a diagram of one embodiment of an autofrettage
process according to the present invention.

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

Fig. 5 1is a diagram of another embodiment of an
autofrettage process according to the present invention.

Fig. 6 1is a diagram of vyet another embodiment of an

autofrettage process according to the present invention.




Fig. 5 is a diagramof another enbodi nent of an

autof rettage process according to the present
invention. Fig. 6 is a diagram of yet another
enbodi nrent of an autofrettage process according to
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EMBODI MENTS OF THE | NVENTI ON As di scussed above, in
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shown) to drive the pump plungers 14A-14C; and the fluid end
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.
However, the illustrated cylinder 12 is representative of any
one of the cylinders in a multi-cylinder reciprocating 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 guintuplex 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




However, the illustrated cylinder 12 is representative
of any one of the cylinders in a nmulti-cylinder

reci procating punp, such as a triplex punp, a

qui ntupl ex punp or a heptaplex punp, anong other
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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 valve
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 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 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 the

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




pl unger 14 may be generated by a notor driven rotating
crankshaft 20. The suction valve 24 and the discharge
valve 26 are actuated by fluid and spring forces. The
suction valve 24, for exanple, is biased toward a
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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
'autofrettage, the fluid end cylinder 12 is exposed to a high




di scharge valve 26, is known as a "discharge stroke."
G ven a punping frequency of 2 Hz (i.e., 2 pressure
cycl es per second), the fluid end 18 can experience
very large nunber of stress cycles within a
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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 for
the fluid end 18.

In one embodiment, the above described autofrettage

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




resi dual conpressive stress. This conpressive stress
enhances the fatigue resistance of the fluid end. The
ef fectiveness of the autofrettage process depends on
the extent of the residual stress on the inner walls
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lZA,EEEpUterTﬂygelgtggverHO 1nvo ves applying a hydrostatic
pressure on the central cylinder 12B 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 320 involves autofrettaging the remaining
* cylinders, in this case side c¢ylinders 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 bhe
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, 1.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




such a two step process |leads to an inproved residua
stress distribution in the fluid end 18, which | eads
to an increased |ifespan for the fluid end 18. Fig. 3
illustrates a nmulti-step autofrettage process 300 for
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performed second. In either ordering of the steps, the
pump~

As shown, in one embodiment a first step 510 involves
rautofrettaging the central cylinder 412C separately from the
remaining c¢ylinders. 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 412A,412E, which are one cylinder removed
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 step 520 involves autofrettaging the first set
of side <c¢ylinders 412B,412D concurrently and without
~autofrettaging the central cylinder 412C and the second set of
side cylinders 4123A,412E. This step 520 involves applying a

hydrostatic pressure only on the first set of side cylinders




autofrettage pressure on the central cylinder 12B may
be higher than the autofrettage pressure on the side
cylinders 12A, 12C. Al though exenpl ary autofrettage
pressures are given above, other appropriate

412D £88YN @SRy e tused, sgven-ibese U Sifde the aRoMeostatic
range. In one enbodi nent the an optinmal “autofrettage

Pregiiussur elli soret @np@mett ontisis t Apflieosbapucepreapdes siay be

- ' j nt ount -t hani cal__pr rt.i f .

in LSS SR SEUN DS TSR A HSRGEAY % s
priessiui e sapg t980 arsaslwher autbéravtapiayt aged second set
pressure i ied in the fluid end, anmong ot her

i s.appl )
of P5dfbrs. CKLAIREFSst el bt bl Pt { 468 iiredbs ray B without
aut cRlded ity and r&@ﬂl?ﬁaP“@lQﬁdéP RYPRS Mid RHDr € tfanset of

. three cylinders, wi a corresponding increase in the
sidqyuehbinddrauddfPetdidfe stBpss sFep &Ranplngolriep applying a
a. s i.c representation of the fluid.end 418
R SRt BurEtnab Ro 1wy dtiaertt 429aE dghEnders
4124T1d 20| tonstepeattlof r ehhagecpsocess &00mf Ehg bhydrostatic
shows ane enbodi nent of steps involved in the

PreSTorr et Page U s A MPERRCE T He Ggessure may be
in tHEAANRNG 8 v ek i8R 1 1%5‘@%Ql%%sagéﬁkQﬁﬁgkkﬁgl%@ Ksi.

the central cylinder 412C separately fromt
r émai addig- oyl | adepErethaghi steasearhebeepindiomged for each

cyl.inders. ipclude first set of .side _cylinder
prodfEss YE D UGhIGh % Plmetian oy adisdant (1ot oo central
cyliceltr all2cyl i nderorfl 2Zmagdlingerge el o 5@ r Ob £ Cyhé NgigsSe steps

412A, 412E, which are one cylinder removed fromthe
510,cengPaland | PRdermay2doe THEYesEeE 5a0d( AvolRkatormed in any

orde%pp!yhﬂ%h%u%%dr8§%€§i§% r?ﬁﬁ%ﬁﬁe&%a&?ﬁgﬁ?ﬁ%@@%es are given

cylinder 412C on en rel ea
abovieydr oshar i @ppregsureee | preasuresbottiynebe, tied, even those

ouc 1 AL GoBIEOLAESIRY 3NN LaME Bne g op inan

pprox &t eFY 85I REIE A 8Bcof
autoFreRtade | prek¥ascaul of reidagiittd heddn skusebble computer
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, 1in 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-412E in
the quintuplex pump of Fig. 4.) This step 610 involves
applying a hydrostatic pressure on all of the c¢ylinders
concurrently, 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 620 involves autofrettaging only the

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




of side cylinders 412B, 412D concurrently and w t hout
autofrettaging the central cylinder 412C and the
second set of side cylinders 412A 412E. This step 520
i nvol ves applying a hydrostatic pressure only on the
triglihstperd 8F hide cy)ipderse &LHi2B A12D1 €QAEHT 18BEl Vin the
~and then releasing the hydrostatic pressure. In one
qQUIrdrd@iXmeminp (i Fydrédst atTlel presepreZfmynpelvesn aprlying a
: ' Iy Ksi appr-oxi el 5 KsSi.
e B T R0l I Bt ot Theobadongna then
relesetingoftise deydybsndets $#12As412E cobgsumhentdnbdatithent, this

w thoyt autofretta in% the central cylinder 412C and
hydrgsd atilCs (PIRISHe Bi¥ePeyIihdehe %2824 PID 2PM R WRgPLY 55

Ksi 239 é%?f%ﬂﬁﬁa@@P§YBﬁgK§i.hyq{ﬂﬁﬁéﬁgﬁ:é&éﬁﬁ%ﬁﬁyoguﬁgﬁrettage

second set of side cylinders 412A 412E concurrently,
Presgydeshatra e E6si ngbohe, hpthest appeoppriessureessnrese may be

i hj 0 ti ressure may. be _in_the..
usedﬁgﬁggﬂgﬁﬂgﬁ%%oé?%%%%%yéég %é?Q oréﬁggdxi&ﬁ{erVaégn s?%ment’
- an Aptdddilt | erutaifrefrteideagersdsgmean et pasd ordete froined from
ressive further set of side cylinders from

..each ro .
Sultﬁﬁgec@%WPgFerbypﬂﬁ&ér ago@esrribRe ehp¥8inent the

okden obft henabougostePseselPned20nandi 530 ORY Dfrofrettage
reversed and/or preforned in any order. Al though

procegerpl aPy0 autfd epndgeb it essgnds aie ginvenampabued, residual
her. appropr.i ate pressures nay . be used, even those
stredty BLas e Re AShv e T dNge L (O SrbOuI S AR e Ehe
singauet okkept ageopeassyr e wsthet eapgoed sreassuihabtiee central
.conput er nodel s, as described above. Fig. 6 o
cylipdpgstindels FefiiiplstEPRURTIVER t &§EpFocesThégo mkpimizes

the PEEnLEieating-Lhe fﬂk’ﬁ%ﬂj_ ead 1%&9%3 gﬂhtié%ﬁx&wgﬁées during
reci procating punp having at [east three fTuid end
pumpdypbi pddr § eadas tshemn extrerneiereoditmentlwid igst Gtepmtional

life?é%n#?ﬁ?ﬁ%&%u QﬁgngSﬁﬁﬁgyg%g gﬂé %ﬁx&ﬂ? 8¥ggﬂggggnirkocuses
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
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concurrently (for exanple, all of the cylinders
12A-12C in the triplex punp of Fig. 1, or all of the
cylinders 412A-412E in the qui ntuplex punp of Fig.
4.) This step 610 involves applying a hydrostatic
draWlRESUNS.ONr athe O shBR1GYbENGRLY LONCHIBMdM W and as
then rel easing the hydrostatic pressure. In one
supRsfodif AEnt the hifo IHpariast acleippessuriechayprbe o thsee their
ang fe [ y 55 Ksi to approxinmately 65
ful S|.%nge5§h ‘ﬁ?é%ﬁg)o i nvol ves autofrettagi ng only
the central cylinder (for exanple, the centra
cylinder 12B in the 9 triplex punp of Fig. 1, or the
central cylinder 412C in'the quintuplex punp of Fig.
4.) This step 620 involves applying a hydrostatic
pressure on the central cylinder only, and then
rel easing the hydrostatic pressure. In one enbodi nent,
this hydrostatic pressure may be in the range of
approximately 55 Ksi to approximtely 65 Ksi.
‘Al t hough exenpl ary autofrettage pressures are given
above, other appropriate pressures may be used, even
those outside the above range. In one enbodi nent, an
opti mal autofrettage pressure can be determ ned from
sui tabl e conputer nodels, as described above. Each of
t he above described nmulti step autofrettage processes
300, 500 and 600 result in an inproved residua
stress distribution in the pre-treated punp as
conpared to the single step procedure, with |arger
areas in the central cylinder under residua
conpressive stress. This mnimzes the tensile stress
that the fluid end experiences during punping and
| eads to an extension' of the fluid end operationa
i fespan. Note that although the above di scussion
focuses primarily on use of a nulti-step autofrettage
process for pre- treating a multi-cylinder punp that
is awell fracturing
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application, such a pre-treated punp nmay be used in
any other appropriate application. For exanpl e,
exenplary applications in the oil well industry
i nclude coiled tubing applications, and cenmenting
cLa@ppl i cations, anong other appropriate applications.
The precedi ng description has been presented with
r ef-er edcently ipredsantd yt piheferacs ok srefis pfethecating a

. I.nvention. - Persons skilled .in the art and technolo

er IR DU | AP 8T07 BOB I G e REPETAbpdai AEE s rRd tvo
sidealdydriaideans amdredhanges pridddie despiiiked structures

and net hods of operation can be practiced w thout

néAtiHgEHIAg ldehdle f§rtreh e ingeiticiapde, and scope

Ofy Y 5 tRUAHPN + AR CAL A NGl Y30 t e, 1 058001 NG herein  said

descriptionshould not be read as pertaining only to
autafiye tfredinge strfuct thes desotirbéd anglshdem i nishe performed

inaSSSSIRENY) 0, ORISR AOVEE SO 02 oA

clains, which are to have their fullest and fairest
scope. 11 CLAIMS: 1. A nulti-step autofrettage .
pPocesd PoPEREST 2t | aga it Ai pivdersdip F3id et rettaging

risSkRg ; j and t [ cyl . -

the (O L2LR0 ALEAMIA EMRLLEL - MM LS, SR Eeaging

the tent adecylvilndeersand autof rettagi ng the two side
cylinders, wherein said autofrettaging of the centra
cylinder is perforned independently of said

- agtof etrthagi Nngr&tedhe WO skdgigylindersy 2.0 Theyherein an
process of claim1, wherein said autofrettaging the .
autofggtépge @Uasrieis wppiededocortar Fentrgl cylinder during

saidaghgg%%gk%ghﬁgg %@et%ﬂoé%ﬂ¥%é@”é§¥¥ﬂg%r 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 pexformed 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;

12




3. The process of clains 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
t weeIsdetel rey | | pler s hifdiR@ atSal d gt ofret t aghng e t heentral
two side cylinders. 4. The process of any one of the
cylifdedadi ng clai ms, wherein said step of autofrettaging
theeentdals Gwd at i }%eégéﬂ d, befor et\ﬁ’%' g; sLep, % ngers
autofrettaging the two si'de cylinders. 5 The procCess
to wmfeadlaaiampleseide wheereiua ls aitd ostselx aheraihof aett agi ng
t he .t wo .Si de 1$erforned before said ste

| i nd i
oft SARGRTGt t A0eng TOIRE QT YIS Sridie €00 A the twd side

-cylﬂﬁdéﬂsﬁHWHbﬂHﬁme§§ié0&p§&?ihﬁe%@'thﬁtHﬁ&%éﬁ%ﬁHﬂPdpressure
e

fluid end conprising a central cylinder and two si
on Ehei mpsyEalnheréindebe ¥ opessostnpr i srdepappdyiky ®f said

hydrostatic SS central linder _.to .
applg¥g1te(%%nﬁ?%ggiv%§§5§$%%gfcstpé§§83%¥he9githf? two  side
cylimelegasi ng the hydrostatic pressure on the centra

cylinder; applying a hydrostatic pressure on the two

side cylinders to create conpressive residua

stir.esseset herfides apd relLasi BY e M 084841 Gpplying the

pressure on the two side cylinders, wherein salg
hydrgggeyiifg Bresangehydnosthei ctppessidie onlimdecrenteahprises

concBHLAISy | S PRI TR 3 IRDBRAELLY O P i PR Ble two

C pressure on

sidecylilnddess.7. The process of claim6, wherein said

applying the hydrostatic pressure on the two side
cylinders conprises concurrently applying said

hgdrostaki c Jypaswre g8 thadWe ¢ 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 said 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.

11. A multi-step autofrettage process for pre-treating a

‘multi-cylinder recipreocating pump comprising a central

cylinder and at least two sets of side cylinders, wherein the

process comprises:
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side cylinders. 8. The process of clains 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. aukher fr 'ﬁqgf’ftk@_ AdTR Bt & Byipherei n said steps of
appl ying and rel easi ng the hydrostatic pressure on the

cettdliretdadinderai fipetf cratedobeftbee ai egsepswof sets of

| 4ARR Y d leleasing the hydrostatic pressure on
st tﬁghfﬁgg§%%e6%§ i nders. 10. The process of clains 6 to

8, awthuefirei tit =8 dirdy 4 epscohd appl Wimoclahdat elleasitngvdesets of
hydrostati c pressure on the two side cylinders is

S1degFYathaRTBel TR Sai T SPdfs BREABPRYFAGLARG OF olt¥asi Agntral
cyli}&f&%rhYQé O?E%Eme@Hesi%eep&faérlﬁyce@f rabigyldd¢fetddying of

mul ti-step autofrettage process for pre-treating a
the pfirstcyndhdeecordi pedcarf nghpurgk coapetsitmg aseeat refl side

Cylﬁﬁﬁérﬁger and at least two sets of side cylinders,
erei’n the process conprises: 13 autofrettaging the

central cylinder; autofrettaging a first set of the at

Iﬁg;t t sets of side_cylinders; and autofrettaging
a ‘SecoldSsdtr B FheCht CLaasdt 4w here¥t sgidefirst set of

the G IRGRAS ch&I&IN Si g Ut off i faol -tg@sc n i

cylinder is perforned indeﬁg%dgﬁtf%#z#bééﬁl EMH At side

cylingest etitspypiaey dimmadiatfdistadjmcemcond seffioktt edt of the
ts of _side_cylinders. 1

centzBd®! Ctlﬁfié erei n284di d o i r3gc oFlg?hlt&etﬂo esst‘%};sposed

clraim er‘ei n

- immesi@ts 0l aiddaceyki ndess seeBpll sededoki £8k 8kH€ral cylinder.
cyl i nder disposed i medi ately adjacent to a first side
of the central cylinder, and a second side cylinder

dh3P0S@fe 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 cylinders are autofrettaged concurrently, and
wherein the third and forth side cylinders are autofrettaged
concurrently, and wherein the first and second side cyliﬁders
are autofrettaged independently of the third and forth side

cylinders.

15. The process of «c¢laims 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




i mredi ately adj acent to a second side of the centra
cylinder. 13. The process of clains 11 or 12, wherein
said second set of the at |east two sets of side
cylinders conprises a third side cylinder disposed
I medi ately adjacent to a side of the first side
cylinder, and a forth side cylinder disposed
i mrfedi dlited wlad?ea‘ifemft@@m del o’toth@, segendisi deid step of
The Rrog rein
aut G sehgng BteToy i d e petfr Bitagettore said
stepmonQEYr&ﬁtbﬁreaﬂdglmﬁefﬁhé1tﬂﬂié&hléﬁdangeé@ﬁ&hsﬁﬁﬂeof side
| inders are autofrettaged concurrently, and wherein
cyl % ¥9+vrst and second side cylinders are autofrettaged
i ndependently of the third and forth side cylinders.
15. The process of clains 11 to 14, wherein an
aut’of r dthteager preess e applinedlfo tohd enthateyl sadérmulti-
uyi.n sai.d ayt.ofretta |ng of t.h ntral cylinder is
CyllqlrC{eea g:recﬁ?é:r?c lJClnac\Jut et'tade qﬁﬁlé‘gélﬁ’ﬁgxaé’m ed to the
flrst and second set of side cylinders during said
autofrettaglng of the first and second set of side
déf'§ PLACFES The pratesslsf tel dions Wiexeinssaid multi-
Myg [ | utof re [ h ntral
i 5‘3@?’&&?@9‘#&9&“@ for & SePgeRdel busg”
aut of ret t agi ng the first and second set of side

c§binﬂ§{s.l%7; he pr ces s of claims 11 to 16, wherei
. 11 &y@’ Ko 2 Y qlﬂf%ﬁﬁﬁ? o%_pre treatlng a

: multqutﬂﬂdmh%& p&@@lp%%ca{ﬁﬁgprggﬁﬁs eiuchai BRallcbRpdbsing  at
wherein said nmulti- cylinder reciprocating punp is a
leaSﬁeﬁbéﬁﬁeilyaﬁpenﬁgCYAlﬂ@Bﬁﬁ+s¢é9 RUPGEFEt CAURTPS30ESS

| PSR ERRALED ATl X T SEELPY SPRELR BHIB: enc
cylioygleimsdenacutrhenpie¢cesandconpri si ng:

autofrettaging a central cylinder of the at least three
‘fluid end cylinders, wherein said autofrettaging all of the at
least three fluid end cylinders is performed independently of

said autofettaging of the central cylinder.

20. The process of claim 19, wherein an autofrettage
pressure —applied to the central cylinder during said
autofrettaging of the central cylinder is greater than an
autofrettage pressure applied all of the at least three fluid
end cylinders during said autofrettaging of all of the at

least three fluid end cylinders.
21. The process of claims 19 or 20, wherein the multi-

cylinder reciprocating pump is a triplex pump, such that the

at least. three fluid end cylinders comprises three cylinders.
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autofrettaging all of the at least three fluid end
cylinders concurrently; and autofrettaging a centra
cylinder of the at least three fluid end cylinders,
wherein said autofrettaging all of the at [|east three

flap d ek cylbodess oirs Qgfifer meg deQ@en%féﬁrpfthe multi-
sai d autofettaging of the central cylinder. 20.

cyligidsdessesiPEPER IR, DMIET efin an camrmtfmelqerag@umpr,emfe that
h d
the aPRLied Lot %hggg ¥1d¥4 des é‘ éﬁersgr%%?%Fl§%%n five

autofrettagln he "cen cyI| 'S
cyliamlermut of rett age pressure applled all of the at | east

three fluid end cylinders during said autofrettaging

of all of the at l|east three fluid end cylinders. 21.

The pr aerssp et BB 19 40hs20 0 Woer obn the il iene multi-
cylinder reciprocating punp is a tripléx punp, such
cyligiglar tiecipmodadsdty thme Jf$ i chepithwld x nolems, csm;mu tkat the

f. cl
2 S i edgrelr b ety iy TS

a qU|ntupIex punp, such that the at least three fluid
conprises five cylinders. 23. The

e cyl i nder
221ces§ %l%ﬁgﬁ%‘)fﬂ?t% SHP IS ¥ ipre-treating a
mulﬂiﬂdyQQ%ﬂe&eC&BEQ%%Eb%&lB%”pphﬁpa @ﬁﬁlaplgﬁdpu89n8§fgbn at

that the at least three fluid end cylinders conprises
1eas§e¢@ﬁe@yﬁﬂﬁdér§nd2¢ylAnm@EBh sheppavtebsetbage ipiogess

9: (&r 5%§&,‘pg%§ﬁﬁrglnul ti- éggtnq}yd&;eﬁ&:aﬁﬁr ocat | ngSLPre o all

of &ﬁeruhms léhetprﬁﬁﬁﬁ%(Hﬁﬁuiﬁlngndcoﬁgaﬁh@@&%y to create
g ng a first h¥drostat|c pressure to all of the
Compé?SP y&t TeR‘-SEAE) StdeengsciPrraéns to create

cea%ggmﬁeth%S'hMos%taﬂ&%S%%etsE% nl ae_uea& NGhd N 1east

hydrostatic pressure on all "of the “at
three fluid end cylinders;

applying a second hydrostatic pressure on a central
cylinder of the at least three fluid end cylinders to create
compressive residual stresses therein; and

releasing the hydrostatic pressure on the central
cylinder, wherein said applying of said first hydrostatic
pressure is performed independently of said applying of said

second hydrostatic pressure.

25. The process of claim 24, wherein said second
‘hydrostatic pressure 1is greater than the first hydrostatic

pressure.
26. The process of claims 24 or 25, wherein the multi-

cylinder reciprocating pump is a triplex pump, such that the

at least three fluid end cylinders comprises three cylinders.
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three fluid end cylinders; applying a second

hydrostatic pressure on a central cylinder of the at

| east three fluid end cylinders to create conpressive

-residual stresses therein; and releasing the

hyslr 0t ad Copeessyr %forbltall‘?nsﬁe@fﬁ (8L B/ 1ele s INERET e -

sai d applying of said first hydrostatid pressure
Cyl¥ﬁﬁ¢@rﬁ@@lpﬁ@@pémdenﬂhywnflsaﬁﬂ apphyyupgesf rsaipd such that

segond, ostatic pressu rocess of claim _,
24gpmherég% sgﬁ e?ec&ﬁ'J‘Lyd?Hgta?Yg %?%%%urgowgrlses five
cyligigater than the first hydrostatic pressure. 26. The
process of clainms 24 or 25, wherein the nulti-
cylinder reciprocating punp is a triplex punp, such
they . the,e abrbeast breafiny d£nd, oyl Nl SOMELSeRu1e; -
three cylinders. . e process o "clai s
Cyl§§¢GWWRﬁQﬂﬂrQ¢&tlngtpummyi$nﬂehepbappemcpﬁmpg puap tkat the
Ly | e such .t.hat the at |least three fluid
2t B et & Pl o i s A vemeylinders.
process of clalnB 24 or 25, wherein the nulti-
cylinder reciprocating punp is a heptaplex punp, such
that the at |least three fluid end cylinders conprises
seven cylinders. 17
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