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KPATKOE OINMMNCAHWE

Korpa na crenke T'HKT Ha6110/1a€TCsI 3HAYUTEIbHBIIN IIEpENa,
JABJIEHUsI, OCOOEHHO BKYIIE C OOJIBIINM OCEBBIM /IABJICHHEM,
cyuiecTByeT pyuck nospesxaeHus I'HKT (MexaHU4YeCKUIl pa3phIB,
CMATHE NN TIeperus). Kak IpaBUiIo, pUCK pa3pbiBa UJIN CMATHS
I'HKT 0CO6EHHO BBICOK B YCThE CKBA’KMHBI, BBIIIE HJIM HHUKE YDOBHSA
T€EPMETUBUPYIOLIETO YCTPOUCTBA. Ilepe]; Hauas10M NPOBEIEHUA
OIIEPALUH C IIEJIBIO ONPEAETIEHUA PAOOUYUX TAPAMETPOB,
TrapaHTHUPYIOIMNX 6€30IACHOCTD ONEPALIMH, OCYIIECTBIIAETCA
pacyeT npee/IbHbIX MEXdHUYECKHUX HAIPY30K. OCHOBHBIM
HHCTPYMEHTOM IIPU 3TOM BBICTYITAIOT MATEMATUYECKHE MOJIE/IH.

InpOKOE NPUMEHEHHUE MTOJTyYHIId MOJED, PACCYATHIBAIOILAS
NpeJEIbHbIE MEXAHUYECKME HAT'PY3KH COITIACHO KPUTEPHIO
TeKy4decTn Museca. I1Ipu pacyere npeeabHoro JaBIeHUA U CUIIbI
JIaHHAs MOJIENIb YIUTBIBAECT CAMBIE PDA3JIMYHBIE (DAKTOPHI, 4 UMEHHO:
CIHPAIEBUHOE CMATHE TPYO, OKUAAEMOE IIPEJEIbHOE JABICHUE,
NPHUPOCT B IMAMETPE, KPYTAMUI MOMEHT.

HAMNPAXXEHNSA, BO3HUKAIOLWWE B THKT

Hanpskenue o Musecy npeiCcTaBIsgeT CO60i KOMOMHAIUIO
TPEX IVIAaBHBIX HANIPsKEHM Y, BO3HUKaomux B 'HKT, a Taxxe
KAaCaTEJIbHOI'O HANPSKEHHUA, CO3[JABAEMOI'O KPYTAIIIMM MOMEHTOM.
Bce rimaBHbIe HANIPSOKEHUA IPE/ICTABICHbBI HA PUCYHKE 1.

ocesoe Hanpsicerue (o,)
Hanpsicerue (o,)
axial stress (o,)

radial stress (c,)

shear stress (x)

DTHU TUIIBI HATIPSIKEHUH ontpeniensiorcs reometpueti THKT, a
TAKXKE YETBIPbM S TUITAMU IIPUIOKEHHOM HATPY3KU:
* BHyTpeHHee faBiaeHue (P);
* BHemnHee gasieHue (P );
* 0ceBasi CUJA (TIOJOXKUTENbHAS IPU PACTAKEHUU, OTPULATE/IbHAS
nipu cxatum) (F);
* IIPUIOKEHHBIN KPYTAIIUI MOMEHT (T).

36 Nel (031) Mapr / March 2010

tangential or hoop stress (c,)

OVERVIEW

‘When there is a large pressure differential across the
CT wall, especially when combined with a large axial
force, there is a risk of a CT failure (burst, collapse or
break). Typically the greatest risk of burst or collapse
ina CT job occurs at the wellhead, either above or
below the stripper. Mathematical models are used
to determine the pressure and force limits prior to
performing a job to make sure that the operation stays
within safe working limits.

A widely accepted model used for establishing these
types of limits is the von Mises incipient yield criterion.
It combines the various stresses to determine the
force and pressure limits. Helical buckling, maximum
expected pressures, diameter growth, and torque can
all be included in this criteria.

CT STRESSES

The von Mises stress is a combination of the three
principal stresses in CT and the shear stress caused by
torque. The principal stresses are shown in Figure 1.

paouanvroe nanpaxicenue (o,)
MaH2eHUUANbLHO UL KOJIbLEE0e

Kacamensroe Hanpaxcerue (t)

Pucynox 1- I'nasnsie nanpaxcenus, oevicmeyrouwjue na yuacmorx 'HKT
Figure 1 — Principal Stresses Acting on a Segment of CT

These stresses are determined by the geometry of
the CT and the four applied loads which are:
internal pressure (P,);

external pressure (P);

» axial force (positive for tension, negative for
compression) (F));

applied torque (7).



OIMPELENEHUE OCEBOV CUJIbI

Ilepen Te€M KaK 1aTb ONIPEAETIEHUE OCEBOI'O HANIPSKEH M,
HEOOXOAMMO NOHATD PA3HULLY MEXKAY ABYMS BUJAMH OCEBOM
cuiibl. CYyIECTBYIOT «JEUCTBYIOMASA CUJIA», FR, 1 «apdeKkTuBHAA
cunia», FE, TAK)KE U3BECTHAA KAK «BEC». JJENCTBYIOmMAsA CUIA — TO
daxTrYecKas 0ceBasi CUa, JEUCTBYION[Asl HA CTCHKY TPYOBI,
KOTOPYIO MOKHO U3MEPHTD TEH30METPOM. DPDEKTUBHAS CHUJIA —
3TO OCEBAA CHJIA O€3 y4eTa BIUSHUA 1ABJICHU.

JIJ1s1 Ty41ero NoOHUMaHUs IPUPOJIbI ITUX CHUJT OOPATUTECH K
HAIVIAJHBIM IIPUMEPAM, IPEACTABICHHBIM HA PUCYHKE 2.

B npuMepe A TOKa3aH U30JIMPOBAHHBIN yY4aCTOK TPYOHI,
MO/IBEMIEHHOI HA BECHI, KOTOPBIE ITIOKA3BIBAIOT BEC TPYOBDL.
JericTByronias OCceBasi CHUJId y BEDXHEN 4aCTU TPyObl B

AXIAL FORCE DEFINITION

Before axial stress can be defined, two types of
axial force must be understood. These are known as
the "real force", FR, and the "effective force", FE, also
known as "weight". The real force is the actual axial
force in the pipe wall, as would be measured by a
strain gauge. The effective force is the axial force if the
effects of pressure are ignored.

To better understand these forces, consider the
following simple example shown in figure 2.

A closed ended piece of pipe is hung from a weight

JIAHHOM CJTy9ae PABHA €€ BECY. Bec Bec Bec
B npumepe B Tpy6a 3amnoHeHa JKuJKOCTbIO. Bec TpyobI Weight Weight Weight

B PE3YIBTATE YBETUIMJIICA. OIHAKO AEHUCTBYIONIAA OCEBAS o, Jdasnenue —. Jasnenue . Jaenernue

CHJIA y BEPXHEN YaCTU TPYHBI IO-TIPEKHEMY PABHA €€ BECY. \ o jrressure ~) rressure (:w- EEIIE
B npumepe C Ha )KU/IKOCTb BHYTPHU TPYOBbI ICHCTBYET T_Q_'j 'K_TE 'K_\?

JaBjieHue. Bec TpyObl OCTAETCs HA TOM JKE YPOBHE, — — — S — —]

4TO U B crydae B. OnHaKo AeHCTBYIONAs OCEBAsI CHUIIA, _§ é

MIPHUJIOKEHHAS K CTEHKE TPYyObl, yBEIMYWIIACh HA BEJIMUUHY, % S § o

PAaBHYIO IIPOMBBEICHUIO JIABJICHUS BHYTPU TPYObI HA ] ’§ g S

IUIOIA/Ib €€ IOIIEPEYHOI'O CEYEHUA. TAKMM 0O6Pa30M, BEC S 2 g g

TPYOBI (TAKXKE U3BECTHBIN KAK «3(PPEKTHUBHAA CUIA») U g § § %

JEUCTBYIONAS CUJIA CTAIA PA3/IMYHBIMH. 2 5 S ;%
®opmyia 1. [JeficTByiomas ¥ 3(pHEKTUBHAA CUJIBL: S 3 N S §
FR:FE+AiPi_AoPo' L § §§ § 3
DddeKTUBHAA CUIIA, NI BEC, UMEET 3HAYEHHUE I10 [IBYyM S % X S §

[PUYMHAM: = NS T

* MHIMKATOP BECA KONTIOOMHIOBOM YCTAHOBKH, TAK K€ KAK Pucynox 2 - Jedicmayrowan u dpgpexmuenan cunot
U BECHI HA PUCYHKE 1, U3BMEPSET BEC, 4 HE IEUCTBYIONIYIO Figure 2 — Real and Effective Forces

CHITY.
* BO3MOKHOCTB CMATHSA ONIPEAEIAETCA 3(PPEKTUBHON
cuyI0i. TakuM 06pa3oM, KpUTUUECKOE 3HAYEHUE CUJIBI,
BBI3BIBAIOIIEN CITUPATIEBUHOE CMATUE TPYO, OIIPEAEIACTCS
3(pPEKTUBHOU CUJION.
JencTByIonas Cua BaXXHa, IOTOMY YTO UMEHHO Ha OCHOBE
€€ 3HAYEHUH OCYIIECTB/IAETCA PACYET OCEBOI'O HANIPSKEHU A U B
KOHEYHOM MTOT'€ ONIPENEIAIOTCA IPeeIbHbIE HArpy3Kku Ha THKT.

OCEBOE HATIPAXKEHUE

IIprnynrHa OCEBOT'O HANPSIKEHUS — OCEBAs CHUIIA (PACTKEHNUE NIIN
cxarue) B THKT. Korna npoucxoaut pactsokenue 'HKT, ocesoe
HaIPsPKEHUE NPEACTAB/IAECT COO0M OCEBYIO CHILY, DA3/ICJIEHHYIO Ha
IIJIONA/1b IIONIEPEYHOT'O CEYEH U TPYOBDI.

OceBble HANIPSKEHN A UMEIOT T€ XK€ 3HAKU, UTO M OCEBBIE CHJIBL:
TOJOKUTEIBHBIN (1) U1 PACTAXKEHUA ¥ OTPULIATE/ILHBIN (—) I
CKATHUSL.

Ec/ CKMMAIOIIEE yCUIIUE NIPEBBIIAET KPUTUYECKOE 3HAYEHUE
CHJIBL, BBI3BIBAIOIIEN cripanesuaHoe cmatue, THKT BayTpru
CKBAXUHBI CBOPAYUBAETCA B CIMPAJIb. [Ipy1 M3rude cnupaib
CO3JAET JONOJHUTENBHOE OceBOe HanpskeHue B F'HKT,
YBEJIMYHUBAIOIIEE OOLIEE OCEBOE HANIPSKEHUE. B BEpTHKAIBHOU
CKBAKMHE KPUTHUYIECKOE 3HAYEHNE CHJIBI CITUPAJIEBUAHOTO
CMATHA ITOYTU PABHO HYJTIO. CIMPAIEBUIHASA Je(POPMALIUA
T'HKT npoucxoguT BCKOPE MOCIIE TOTO, KaK 3 PEKTUBHAS CUIA
CTAHOBUTCSA CKUMAIOIIEH (UTO XaPAKTEPUIYETCS OTPULIATC/IbHBIM
3HAYEHUEM CHUJIB).

Tak Kak M3rubaroliee HaAPs>KEHUE 10 CBOEN IPUPOJIE TAKIKE
ABJIIETCA OCEBBIM, CYMMAPHOE OCEBOE HANPXKEHUE HA JTIOOOM

scale as is shown in case A. The scale is measuring the

weight of the pipe. The real axial force at the top of

the pipe is the same as the weight measured by the
scale.

In case B the piece of pipe is full of fluid. The weight
is increased by the weight of the fluid. The real axial
force at the top of the pipe is still the same as the
weight measured by the scale.

In case C, pressure is applied to the fluid inside
the pipe. The weight remains the same as in case B.
However, the real axial force in the pipe wall is now
increased by the internal pressure multiplied by the
cross sectional area. Thus, the weight (also known as
the effective force) and the real force are not the same.

Equation 1. Real and Effective Force:

F,=F,+AP,—AP.

Effective force, or weight, is important for two
reasons:

» The weight indicator on a CT unit measures the
weight, not the real force, just as the scale in Figure
1 above measures the weight.

* When buckling will occur is dependant upon the
effective force. Thus the “helical buckling load” is an
effective force.

The real force is important because it is the force
required to calculate the axial stress, and thus to
determine the CT limits.
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yuactke 'HKT npezncrasisgeT cCoO0OM COBOKYITHOCTD HAIIPSIKEHUH,
BBI3BAHHBIX 0CeBOY cuiio (FR) 1 M3ru6arommum HanpssKEHUEM.
DTO JONOJHUTEIBHOE OCEBOE U3TMOAIONIEE HATIPSIKEHUE,
BBI3BAHHOE CIIUPAJIEBUIHBIM CMATHEM TPYOBI, yCEKAET
ANMIUNTUYECKYIO (POPMY TPAJUIITMOHHOU NPEJETbHON KPUBOHI
Museca (fanee nogpo6Hee).

PAANAJTIbBHOE HATIPS>KEHUE

Iepenan nasneHus Baosnb crenku THKT co3paeT paguanpsHOe
HAIIPSKEHUE, TOKA3AHHOE HA PUCYHKE 1, 3HAYEHNE KOTOPOT'O
MEHSETCA B 3aBUCUMOCTH OT PAIUAJIBHOIO ITOJ0XEHU . COITIACHO
dopmyie JIame, painaIbHOE HANIPSKEHUE B OT/IE/IbHO B3SITOMH
Touke creHku 'HKT onpesensieTcss HanpsiKeHUEM, BO3HUKAIONUM
B crenke 'HKT B pesynbTare BO3/1€HCTBUA BHYTPEHHETO 1
BHEIIHETO AABICHUA. MAKCHUMAJIbBHOE HAIIPAXKEHUE BCETA
JOCTUTAETCA HA BHYTPEHHENM UJIN BHEIITHEN ITIOBEPXHOCTU.

KOJIbLUEBOE HATIPSI)KEHUWE

OnATh K€, COrmacHo popmyiie JIaMme, KONbLIEBOE HANIPSKEHUE
B OTZIENIBHO B34TOM TOUKE CTeHKU [HKT — 3TO HanpskeHue,
JercTpylomee 1o oKpy:kHOCTU 'HKT 1 BBI3BAHHOE BHYTPEHHUM
Y BHEITHUM JJaBJIEHHEM. TaK )K€ KK U B CJIy4ae paJuaabHOI'O
HAIPSAXKEHU S, MAKCUMAJIbHAS BEJIMYUHA KOJIbLIEBOI'O HATIPSIXKECHU S
BCETA JOCTUTACTCA HA BHYTPEHHEH HMJIM BHEITHEHN IIOBEPXHOCTH.
B cBsI3U € TEM, UTO IIJIACTHYECKAS JiepOPMALIHS B IIEPBYIO
o4epeb IPOUCXOANUT Ha BHYTPEHHEH NOBEPXHOCTH, 3HAYECHUST
PanaIbHOTO U KOJIBLIEBOI'O HANIPSIKEHUN HA BHYTPEHHEH
TOBEPXHOCTU NPUMEHSIOTCS JIJISI PACYETA NIPEAEIbHBIX HATPY30K.

KACATEJIbHOE HATIPAXKEHWE

B nexkoToprix ciaydaax THKT Tak:ke MOXKET OJBEPraTbCs
BO3JEUCTBUIO KPYTAIIEro MOMeHTa T. [Tpy 3HAYUTETBHON
BEJIMYMHE KPYTAIIEIO MOMEHTA HabmogaeTcs ckpyuusanue [HKT,
KOTOPOE U ABJISAECTCA IPUYUHOM COMyTCTBYIOIETO KACATEIBHOI'O
HAIPSKEHUS T.

Hanbosblliee 3HaY4EHUE KACATEIbHOI'O HAIIPSDKEHUS
Ha6mogaeTca Ha BHelHel nosepxHoctu 'HKT. M HecMoTpst Ha
TO YTO PAZHUAIBHOE U KOJIBIIEBOE HANIPSYKEHUA PACCUUTBIBAIOT
s BHyTpenHel nosepxnoctu I'HKT, 6 yenax oononnumensroti
1PeooCmopPONCHOCIIU KACAMEIbHOC HANPANCCHIUE
paccuumuolaemcs UMerHHO 01 BHeULHell NOBEPXHOCIU.

KPUTEPU TEKYYECTU MU3ECA

s onieHKM npurogHocTu KonoHHb! THKT fy1st nposeaeHus
KOHKPETHOI OIlepaIiiy HEOOXOJUMO YUHUTBIBATD BIUSHHUC
HAIIPSKEHU M, IEUCTBYIONMX HA CTEHKY Ha KAXK/IOM OTPE3KE
KOJIOHHBIL. DTO HEOHXOJUMO JIJISI TOT'O, YTOOB! yOEJUTHCS B TOM,
4TO COBOKYITHOE 3HAYEHUE BCEX HANIPSAKECHUI HE IIPEBLIITACT
OIIPEJECIEHHBIN IIPOLEHTHBIN IIOKA34TeEJIb (KAK [IPABUJIO,

809%) OT BEIMYMHBI IIPEJIe/Ia TEKYIECTH MATEpHUAIIa, U3
koToporo usrorosnaeHa 'HKT. O61ienpruHATHIM ITO/IXO/I0M B
JITAHHOY CUTYallNH SIBISIETCS IPUMEHEHUE (popMynbl Mu3seca,
TIO3BOJISIONIEN PACCUUTATD ITIOJTHOE SKBUBAJIEHTHOE HAIPSI)KEHNE
Ha KaKA0M y4dacTKe KoJIOHHBI [HKT, BbBI3BaHHOE COBOKYITHOCTBIO
CHWJI, JEUCTBYIONIMX HA KOJIOHHY. HauaibHBIA IPEJIE]T TEKYYEeCTH
PACCYUTHIBAETCA HA OCHOBE KOMOWHAIIMU TPEX IVIABHBIX
HAIIPSKEHU (OCEBOE HATIPSIKEHUE, PAAUAIBHOE HATIPSKEHUE,
KOJIBIIEBOE HAIIPSIKEHUE) U KACATEIBHOT'O HATIPSAKEHUS,
BBI3BAHHOTO JIEUCTBUEM KPYTAIIETO MOMEHTA. }
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AXIAL STRESS

The axial stress is caused by an axial force (tension
or compression) in the CT. When the CT is in tension,
the axial stress is the axial force divided by the cross-
sectional area.

Axial stresses have the same sign as axial forces,
positive (+) for tension and negative (-) for
compression.

If the compressive force exceeds the helical buckling
load, the CT forms a helix in the well. This helix causes
an additional axial bending stress in the CT, which
must be added to the axial stress. In a vertical well the
helical buckling load is nearly zero. The CT buckles
into a helix soon after the effective force becomes
compressive (which is defined as a negative force
value).

Since the bending stress is also axial in nature, total
axial stress at any location in the segment is the sum
of the stresses due to axial force (FR) and bending
stresses. This additional axial bending stress due to
helical buckling truncates the elliptical shape of the
traditional von Mises limits curve (shown later in this
article).

RADIAL STRESS

A pressure differential across the wall of the CT
creates a radial stress, shown in Figure 1, that changes
with radial position. According to Lame's equation,
the radial stress at a given location in the CT wall is the
stress through the CT wall due to internal and external
pressures. The maximum stress always occurs at the
inner or the outer surface.

HOOP STRESS

Again using Lame's equation, the hoop stress at a
given location in the CT wall is the stress around the
circumference of the CT due to internal and external
pressures. As with the radial stress, the maximum
stress always occurs at the inner or the outer surface.
Because yielding occurs first at the inner surface, boop
and radial stresses at the inner surface are used in the
limit calculations.

SHEAR OR TORQUE STRESS

In some situations the CT may also be subject to a
torque, T. If the torque is significant, then torsion of the
CT occurs and causes the associated shear stress, T.

The largest shear stress occurs at the outside surface
of the CT. Although the radial and hoop stresses are
calculated for the inner CT surface, the shear stress is
calculated for the outer surface, to be conservative.

THE VON MISES YIELD CONDITION

In order to assess the suitability of a CT string for
a given operation, one must determine the effects
of the stresses inside the wall of each segment in the
string. The objective is to insure that these combined
stresses never exceed a given percentage (usually
80%) of the yield stress of the CT material. A common
approach to this problem is to use the von Mises
equation to calculate the total equivalent stress in each
segment of the CT string due to the combination of
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®opmyna 2. Kpurepui Ha4as1a TeKydecTu Museca:

Oyme™ \/15 [(Oh - 0;)2 + (Oh - on)z + (Ga - 0,)2] + 3172’

IJi€ 0, — KOJIbLIEBOE HAIIPSIKEHUE; 0, — OCEBOE HANIPAKEHUE; 0, —
paguaIbHOE HANIPSIPKEHUE; T — KACATEJIbHOE HATIPSIPKEHUE; O
3KBUBAJICHTHOE HAIPs)KeHME Mu3eca.

Ipenensl TekydecTu a1 THKT paccanuThIBAIOTCA U3
PaBEHCTBA 3KBUBAJIEHTHOIO HANIPSIKEHNUA Mu3eca o, IpeJeny
MJIACTUYIECKOM Ie(POPMAITUN COOTBETCTBYIOIETO MATEPUAAIIA O C
Y4€TOM HaJJIeKAIEro KO3 PUIMEeHTa 6€30I1aCHOCTH.

JaHHBIN ITO/IXO/] HE YYUTBIBAET CJIE/IYIONIUE XAPAKTEPHBIE JIJIS
I'HKT napaMmeTrpsbl:

* OCTATOYHOE HATIPSI’KEHUE;
* PAa3yIPOYHEHUE B PE3YJIBTATE SKCILITYATAI[UY;
* MaTepuaJ HE 0OA/IACT U/I€ATIBHOM AIACTUIHOCTBIO U

JIACTUYHOCTBIO;

* TIIPEJEsbl IIACTUYECKOH Je(DOPMAITUU ITPU PACTKEHUHN U

CKATHUH OTIINYAIOTCS;

* TIIpeesl NIACTUYECKOH IePOPMAIIUU MEHSIETCS ITPU

ITUKJIAYECKOM /1e(POPMHUPOBAHNH;

* OBAJIBHOCTb.

HecMOTps HA 3TU HEIOCTATKY, KDUTEPUI OTKA34,
PACCYNUTAHHBIN JAHHBIM CIIOCOOOM, SIBJISIETCSI OIITUMAJIbHBIM
METO/IOM OIPE/IEIEHUS IPEAEIbHBIX MEXAaHUUECKUX HAIPY30K
JUISL CTJIBHOT'O KOJITIOOWHT'A, TAK KAK PE3YJIBTATHI OTYYAIOTCS C
OOJIBIITUM 32ITACOM.

MPEAEJIbHBIE HATPY3KWN HA THKT

Hanpsxenus, nedctsyiomue Ha THKT, Ber3Banbl 4 haKTOpaMu,
a UMEHHO: BHYTPEHHUM JiaBieHueM (P,), BHEITHUM /IaBJIEHUEM
(P), aercTByIomeit oceBor cuoi (F) M KPyTAIMM MOMEHTOM
(T). s ynpoueHus 3a4a49H1 10 PaCYeTy IPEAEIbHBIX HATPY30K,
OCYUICCTBJISACTCS pacyeT repenaza aasiacHus (P, —P ).
ITONIOXUTENBPHOE 3HAYEHHME IIEPENA/IA JABICHUSA IIPEACTABIACT
CO6O0¥ COCTOHME PA3PhIBA, 4 OTPUIIATEIBLHOE 3HAYECHUE —
COCTOSIHUE CMSATHSL.

OAUH U3 METOJOB IIOCTPOECHUA IPEAEIBHOM KPUBOU —
YCTAHOBUTDb BEJTUYUHY BHEIIHETO /1aBJICHU A, PABHOU HYJIIO JJI1
BEPXHEN 4aCTU I'PadUKa, U OOJIACTU PA3PbIBA, U yCTAHOBUTD
BEJIMYMHY BHYTPEHHETO JABJIEHM A, PABHOI HYJIIO JIJIS1 HUXKHEN
4aCTH I'padpuKa, WK 061acTu cMATUA Torga ypapHenue Museca
HMEET TOJIbKO JIBE IEPEMEHHBIX: AEUCTBYIONM Al OCEBAA CUJIA 1
BHYTPEHHEE AABJIEHHE JUISI OOIACTHU PA3PbIBA, BHEIIHEE JABJIECHNE
I O6JIACTH CMATHA. BEC TaKKe MOXKET OBITh BBIYUCJIEH IPU
oMoy hopmyisl 1. Takum 06pa3zoMm, IpeJeibHass KpUBas
MOJKET OTOOPAKATh KAK 3aBUCUMOCTbD OT JJIEUCTBYIONIECH OCEBOH
CHUJIBL, TAK U 3ABUCUMOCTD OT 3(P(HEKTUBHON OCEBOU CUJIBL,
KOTOpPAs JJaJIEE IO TEKCTY OyJIeT UMEHOBATHCS BECOM.

[Tony4yeHHbIE IPadUKU 3aBUCUMOCTH PA3HOCTHU JJABJICHUH
OT OCEBOH CUJIBI UMEIOT (POPMY AJIJIMIICA, KAK TIOKA3aHO Ha
PHUCYHKE 3. B ci1y4dae 3aBUCHMOCTU OT BECA IJIIUIIC PACIIOJIONKEH
TOPHU30HTAJIBHO. B C1y4yae 3aBUCUMOCTH OT JIEHCTBYIOMIEN
OCEBOI CUJIBI AJUIMIIC PACHOTIOKEH II0J, HEKOTOPBIM yIJIOM. M3-32
HAPAKEHUA CIUPAIIEBUAHOIO CMATUAA JIEBAS YACTD SJINIICA
ycedeHa. B cirydae 3aBUCHMOCTH OT BECA CITMPAJIIEBUIHOE CMATHE
HAYMHAETCA HA OCU OPJMHAT, B TOUKE, I'7I€ BEC CTAHOBUTCA
OTPHULATENBHBIM. B C/Iydae 3aBUCUMOCTH OT JEUCTBYIOMEN
OCEBOI CUJIBI HACTYIJIEHUE CMATHA IPOUCXOANT B TOYKAX
MMHHUMAJIbHOI'O ¥ MAKCUMAJIbHOI'O 3HAYEHU A IIEPETaa
JIABJICHUSL.

VME
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forces acting on it. The initial yield limit is based on
the combination of the three principle stresses (axial
stress, radial stress, and hoop stress) and the shear
stress caused by torque.
Equation 2: von Mises Incipient Yield Condition:
Oyme™ \/15 [(Oh B 0)2 + (Oh - Oa)z + (oa - 0)2] + 3‘529
where o, — hoop stress; o, — axial stress; o, — radial
stress; T — torsional stress; o, . — von Mises combined
stress.
The yield limits for CT are calculated by setting
the von Mises stress, o, ., to the yield stress, o, of the
material with the applicable safety margin.
The VME approach ignores the following conditions
prevalent with CT:
« residual stresses;
» work softening;
* the material does not have elastic, perfectly plastic
behavior;
* tension and compression yield stresses are different;
» yield stress changes with strain cycling;
* ovality.
Despite these shortcomings, the VME stress
failure criterion is a good method for calculating the
mechanical limits for steel CT, due to its conservative
results.

CT LIMITS

There are four things that cause the stresses in CT.
They are the internal pressure (P), external pressure
(P, the real axial force (F,), and the torque (T).

To simplify the presentation of the limits, the
pressure differential, (P, — P, ), is calculated. A positive
differential pressure represents a "Burst" condition.

A negative differential pressure represents
a"Collapse" condition.

One method of drawing the limit curve is to hold
the external pressure constant at zero for the top or
Burst half of the plot and hold the internal pressure
constant at zero for the bottom or Collapse portion
of the plot. The von Mises equation now has only
two variables, real axial force and internal pressure
for the Burst portion, and external pressure for the
Collapse portion. The Weight can also be calculated
using Equation 1. Thus, this curve can be drawn
versus either the real axial force or the effective axial
force, which will be called Weight for the remainder
of this document.

The resulting plots of pressure difference versus
axial force are elliptical, which are shown in Figure 3.
In the Weight case, the ellipse is horizontal. In the
Real Force case, the ellipse is inclined somewhat. The
left side of the ellipse is truncated, due to the helical
buckling stress. For the Weight case, the helical
buckling begins at the Y axis, when the Weight
becomes negative. For the Real Force case, the onset
of buckling occurs at the maximum and minimum
pressure difference points.

VME

MAXIMUM PRESSURE CONSIDERATIONS
Drawing the limits curve for a constant external
(Burst case) or internal (Collapse case) pressure only



YHET MAKCIMAJIBHOIo JABJIEHVA
H306pakas NpeJebHYI0 KPUBYIO
JUISL TIOCTOSTHHOI'O BHEITHETO (PA3PHIB)
WM BHYTPEHHETO (CMATUE) AABIECHUS,

BO3HUKHOBEHUE CMAMUA ™
Onset of Buckling

MBI ITOJTy49aE€M 3HAYCHM S IIPEICIbHBIX 1;%1;;’/6
HArpy30K TOJIBKO AJII JAHHOI'O Leticmeyrouyasn
Py B Macca g 3y10ULY
JasyieHus. OJJHAKO B XO/I€ IPOBEJCHUS Weight Real force
KOJITIOOMHI'OBBIX OIIEPALIMI yDOBEHD c < e
MAMUC ! |
JABJICHUS MEHAETCA. [1JI1s IOCTPOEHUS Collapse g 2

NPEEIbHOM KPUBOI, KOTOPAs
YUYUTBIBAJIA ObI BECh JUAIIA30H YPOBHEHN
JIaBJIEHHU S, HEOOXOIMMO ITOCTPOUTD
KOMOMHHPOBAHHBII I'PAPUK HA OCHOBE
MHOKECTBA IPEENbHBIX KPHUBBIX /I
DPa3JIMYHBIX 3HAYEHNN JABJICHH .

CHa4aa CTpOUTCA NPENEIbHAS
KPHBasA, KAK IIOKA3aHO HA PUCYHKE 3,
MIPH HYJIEBOM BHEITHEM JIABJIEHNU — [IJI51 CJTydas Pa3PbIBA U HYJIEBOM
BHYTPEHHEM JABJICHUU — JJIs CJTydast CMATUA. Bropas npeaensHas
KPUBAsA CTPOUTCS AJIA Cy4dast, KOI/Ia 3HAYEHM s 9TUX JABJICHUMN
MAaKCHMaJIbHBL [ToyYeHHOE MHOKECTBO MPEIE/IbHBIX KPUBBIX
OTOOPAKEHO HA PUCYHKE 4.

Ha rpauxe 3aBUCUMOCTH OT JCHUCTBYIONIEN CHJIBI KPDUBAs,
pacnonoxeHHas 6/IMKE BCETO K IEPBOHAYAJIbHOM KPHBOH
1 0603HAYEHHAA HA PUCYHKE 4 YEPHOW JKUPHOU JIMHHUE,
ABJIAETCA NPEAEJIBHON KPHUBOU, TOCTPOEHHON makeToM Hercules,
SIBJIIFOIIMMCS 4aCThIO IIPOrPaMMHOro obecrieueHus Cerberus™,
paspaboranHoro kommanuer NOV CTES.

YYET NMPUPOCTA 0 ANAMETPY

B 3aBucumocTu oT oco6eHHOCTEN ucnonb3oBanus THKT
WHOT/A YBEJIMYHUBACTCA B IUAMETPE. DTU U3MEHEHUA T€OMETPUH
TPyOb! IPUBOASAT K U3BMEHCHUIO 3HAYCHUI HAIPSIKECHU H,
COOTBETCTBECHHO, BJIIMAIOT HA ypOBCHb HpCL[CJIbeIX MCEXAHHNYCCKUX
Harpy3ok. Eciii HabmojaeTcsl 3HAaYUTEIbHOE U3MEHEHUE ITAMETPA
B 6OJIBIITYIO CTOPOHY U COITYTCTBYIONIEE YMEHBIIIEHUE TOIMHBI
CTEHOK TPYOBI, TO JJIs1 yBEJIMUEHUSI TOYHOCTH PACYETA IIPEACTBHBIX
HAI'Py30K HEOOXOAMMO UCTIONB30BATh ICHCTBUTE/IBHBIC 3HAYCHUSI
JHUAMETPA U TONIIUHBI CTEHOK.

NMPUMEHEHUE ®AKTOPOB BE3OMNMACHOCTU
IpepebHas KpUBas, IOCTPOECHHAS COITIACHO KPUTEPUIO HAYasIa
TEKY4eCTU MHU3€Ca, TIOKA3bIBAET, KOIjd
HAYHETCH IIJIaCTHYECKas AepOopMaLius
I'HKT. VMHOXas1 JaHHBIE KPHBBIC
Ha OIITUMaJIbHBIF KO3 PHUITHEHT
HaJEeKHOCTHU (809%), MBI IIOyddEM
KPHUBBIE «pAOOUETo Npeiesia» (PUCYHKHU 5

Pucynox 3 — IIpedeavtvie Kkpusvie npu Hy1e60m 6Heunem 0aéareHun
Figure 3 — Single Limit Curves with External Pressure Constant at Zero

shows the limits for that pressure. However, pressures
do not stay constant throughout the CT job. To form
a limits curve that addresses a range of pressures, one
can create a composite of multiple limits curves.

First, a limit curve is drawn as in Figure 3, holding
the external pressure at zero for the Burst case and
the internal pressure zero for the collapse case. A
second limit curve is drawn holding these same two
pressures to their expected maximum values. The
resulting set of limits curves are shown in Figure 4.

The inner most (closest to the origin) portion of
these 2 curves in the Real Force plot, shown as a thick
black line in Figure 4, is the limit curve produced
by Hercules, a module of the Cerberus™ software
provided to the industry by NOV CTES.

DIAMETER GROWTH CONSIDERATIONS
Depending upon the application, CT may have a
tendency to increase in diameter during its life. This
change in geometry changes the stresses, and thus

the limits. If there is significant diameter growth
and associated wall thinning, the use of the correct
diameter and wall thickness will improve the
accuracy of the limit calculation.

APPLYING SAFETY FACTORS

The limits curve calculated by the von Mises
incipient yield condition represents where the CT }

Po =Max

Aeticmeyrowas
cuna

u 6). 3a Bpems c1y>k661 THKT mpuHuMaeT Paspue
MOYTH OBAJIBHYIO (POPMY, CBA3AHO 3TO Bec
C TOCTOSTHHBIM HAMATBIBAHUEM TPYObI Weight
[
HA KATYIIKY ¥ TTPOXOKICHHUEM Ut S
a KaTyIIKy U IPOXOK/IEHUEM Yepes Cousme %
BepTTIor. [TOBBIIEHHAS OBATTLHOCTD Collapse g

YBCIUYUBACT BCPOATHOCTD CMATHUSL.
OHAKO 3KBUBAJIEHTHOE HAIIPsSAKCHUC
Mwuseca He YIUTBIBACT OBA/IbHOCTD.

Real Force

Pi-Po

i

Pi=Max Pi=0

Pucynox4 — IIpeodensrsie KkPuesble 011 Hy1e6020 U MAKCUMAILHOZO

CMATUE THKT 3HaueHull 6HemHezZ0 U GHYMPEHHezZ0 0A6IeHUA
CMSATHUE ABJIAETCA CJI0KHBIM BUJIOM Figure 4 — Limit Curve for Zero and Maximum
OBPEsK/IeHUS. Ero CJIOKHO TOUHO }
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NIPEACKA3ATh, IOTOMY YTO OHO 3aBHCUT OT Psi/id (PAKTOPOB,
KOTOPBIE TAKKE [TOYTH HEMPEICKA3yeMbl. K TakUM
(daKTOpaM OTHOCATCS: OBAJIBHOCTD, IIPEJIEJI INTACTUYECKON
JedopMaliy U TOJNIUHA CTEHKH TPYObl. MAKCUMaIbHOE
pactskenne KonoHHbI THKT NponcxXoanuT HUXKE IEPAKATENA
HWHKEKTOPA IIPU HAYAJIE IOAHATHA MHCTPYMEHTA, OJHAKO
MAaKCUMAJIBHOE 3HAYECHUE 3(PHEKTUBHOIO HATIPSIKCHUS Oy
MOXKET HAOMIOATHCS ¥ HA JIIOOBIX IPYTUX YYACTKAX U3-32
JEUCTBUASA TUPOJIUHAMUYECKOT'O WIH IT'HIPOCTATHIECKOTO
JIABJIEHUS B MEKTPYOHOM IPOCTPAHCTBE. TAKUM 06pa3oM,
cmsaTre FTHKT MOXET MPOU30UTH HAMHOI'O HUKE YPOBHS
CTPUIIIIEPHOI'O KPaHa.

E

MPOrHO3UPOBAHWE CMATUA THKT -
MOZAEJTIb MJTACTUHECKOIO LWAPHUPA

ITpruMeEHEHNE MOAEIH INIACTUYECKOTO MIAPHUPA
3aPEKOMEHJIOBAJIO CEOA HAAEKHBIM MHCTPYMEHTOM IIPU
mogenupoBanun cMATHA THKT. TlepBbIM 14 pacueTa
cmatusa THKT k atort mozpenu o6patuics HeomaH [1]. Janee
Mozenb Obuta npumeneHa JlIagpTom [2]. OnHako Heioman
n JIadpT HEMHOT'O TO-PA3HOMY NOAXOAMIINA K IIOHATHIO
OBAJILHOCTH. ECJIM JKe CBECTH MX ITOAXO/bI K €IMHOMY
3HAMEHATEJIO, TO HA BBIXO/IE MOJIyYAIOTCs COBEPIIEHHO

Ilepenao oaenerus [Pi - Poj (psi)
i

®/ CTES

IIpedenvt HKT / Tubing Limits:
1500 in OD 0.203 in Wall, 100.0 kpsi
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Pucynox 5 — Kpueasa padoouezo npedena onsn
aphexmuenoii cunst (6eca) — 6e3 oegpopmavuu
Figure 5 — Working Limit Curve for Effective Force
(Weight) — no Buckling

IIpedenvt HKT / Tubing Limits:
1500 in OD 0.203 in Wall, 100.0 kpsi
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UCHTUYHBIE PE3YIbTATH YPOBHA CMUHAIOMIETO JABJICHU. [ § g
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CPABHEHWE C USMEPEHHbLIMW JAHHbIMW CMATUA
PacyeTsl CMUHAIONIETO JABJICHUSL, IPOBE/ICHHBIC

HpromaHoMm, YKeHnrom u JIapTOM Ha OCHOBE MOJIENTN

IUIACTUYECKOT'O MIAPHHUPA, HAMHOTI'O OOJIBIIE COITIACYIOTCS C

JaHHBIMH U3MEPEHUI, Y€M pacyeTel cTanaapTa APIRP 5C7.

Ha pucyHke 8 NpOJEMOHCTPUPOBAHO CPABHEHUE

ITUX PACYETOB C JAHHBIMU TECTA, TPOBEIECHHOIO YKEeHrom.

Ha pucynkax 9 u 10 (maker Hercules mpoOrpaMMHOTrO NpOAYyKTa
NOV CTES Cerberus) oKa3aHbl pe3yJIbTaThbl PACYETA CMATHS,
TIPOBE/ICHHBIE ITO MOAEIHN IIJIACTUYECKOTO MapHUpPa HeloMaHOM,
U CMATHSA, PACCYUTAHHOI'O COITTACHO MHCTPYKIIUAM CTAHJAPTA
APIRP 5C7, a Taxxe 80-IIpO1eHTHBIN (6€30ITACHBII) TPEACT
TEKy4eCcTU Museca i1 JEUCTBYIOLEN CUIbL U BeCca. O4EeBUTHO,
91O cTanAapT API RP 5C7 CylIECTBEHHO COKPAIAET AOITYCTUMBII
pPaboumii ANATIA30H.

3AKJTIOYEHUE

PacueTsl npeAenbHBIX 3HAYECHUH CUIBI U JaBiaeHus ayiss THKT
CJIOXKHEE, YEM JUIA PYTUX TUIOB TPYO. JIJIs1 TAKMX PACYETOB
6b110 pa3paboTano caoxHoe 10, nanpuMep Cerberus KoMnmannu
NOV CTES. Eciii 3HaY€HUsI CHJI U JIABJICHUI, IEHCTBYIONTNX Ha
T'HKT, moaepKuBaTh B ATUX MIPEACIAX, MOKHO FAPAHTUPOBATH
6€30MACHOCTb IPOBEJICHUS OTIEPAITHI C KOTTIOOUHIOM.
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Pucynox 6 — Kpueasa pabouezo npeoena onsn
usmepaemori cunst — 0e3 oegpopmavun

Figure 6 — Working Limit Curve for Real Force —
1o Buckling

will begin to yield. Multiplying these von Mises
curves by the appropriate safety factor (80%)
produces the "working limit" curves (Figures 5

and 6). Over the life, CT becomes somewhat oval
due to bending on the reel and over the gooseneck.
Increased ovality increases the likelihood of collapse.
However, the von Mises stress does not take ovality
into account.

CT COLLAPSE

Collapse is a difficult failure mode to predict
accurately because it depends on factors that are
seldom known accurately. These factors include
tubing ovality, yield stress, and wall thickness.
Maximum tension in a CT string occurs just
below the injector head at the start of POOH, but
maximumo,, . may occur elsewhere due to flowing
or hydrostatic pressure of fluids in the wellbore
annulus. Thus, CT can collapse far below the strippet.



CT COLLAPSE PREDICTION -
PLASTIC HINGE THEORY

The use of plastic hinge theory has
proven accurate in modeling CT collapse.
Newman [1] first used this theory to
develop a CT collapse calculation. This
theory was again used by Luft [2]in

2002. Newman and Luft used slightly

3 naacmumeckux waprupa 4 naacmunecKux maprupa different definitions for ovality. When

3 Plastic Binges 4 Plastic Binges

Pucynox 7 — Pacnpedenenue HanParicenuii nPamoyzorstoi fhopmot 6

T'HKT cozaacho mooeau naacmuueckozo mapuupa
Figure 7 — Square Waveform Plastic Hinge Stress Distribution
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Pucynox 8 — Cpaenenue pasauunsLx pacuemos
CMUHAIOW,E20 OABNIeHUA

Figure 8 — Collapse Pressure Comparisons

JINTEPATYPA/REFERENCES

1. Newman, K. R. Collapse Pressure of Oval CT/SPE Paper 24988 European
Petroleum Conference, Cannes France, November 1992.

2. Luft, H. B., Wright, B.J., Bouroumeau-Fuseau, P. Expanding the Envelope of
CT Collapse Ratings in High Pressure/High Temperature Wells / SPE Paper
77611, SPE ATCE, San Antonio, TX October 2002.

3.Zheng, A. S. Improved Model for Collapse Pressure of Oval CT/SPE Paper
55681, SPE/ICOTA Roundtable, Houston April 1999. ©

Ilpeoenst HKT / Tubing Limils:

their theories are corrected for this
difference, they yield exactly the same
collapse pressure calculation results. In
1998, Zheng [3] used plastic hinge theory
to develop another collapse pressure
calculation.

Internal and external pressures cause bending
moments in the CT wall. The hoop stress distributions
through the wall thickness caused by these bending
moments reach the yield stress in both tension and
compression. When this happens, a hinge is formed
and the CT collapses. A collapsed section may have 3
or 4 plastic hinges as shown in Figure 7.

Comparison with Measured Collapse

The Newman, Zheng and Luft collapse pressure
calculations based upon plastic hinge theory agree
much more closely with measured data than does the
APIRP 5C7 calculation. Figure 8 shows a comparison
of these calculations with test data from Zheng’s work.

The following figures 9 and 10 (from the Hercules
module of the NOV CTES Cerberus software) show the
Newman plastic-hinge collapse and the APIRP 57C
collapse along with 80% of the Von Mises yield limit,
for real force and for weight. Obviously, APIRP 5C7
collapse significantly reduces the working envelop.

CONCLUSION

The force and pressure limits for CT are more
complex than for other types of pipe. Sophisticated
models such as the NOV CTES Cerberus software
have been developed to calculate these limits. CT
operations can be performed safely if the pressures
and forces are maintained within these limits.

IIpeoenv HKT / Tubing Limits:

1.500 in OD, 0.203 in Wall, 100.0 kpsi Do Muzec § 1.500in OD, 0.203 in Wail, 100.0 kpsi Don Musec
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Pucynox 10 — Cpasnenue pe3yarsmamos }mcuemoe

Pucynok 9 — Cpasnenue pe3yrsmamos pacuemos cmAmuA ona dPPhexmusnoii cunst (6eca) —
CMAMUA OA5 OeticmayrouLel Cubl — ¢ oegpopmavueri c oegpopmavuert
Figure 9 — Collapse Comparison with Real Force - Figure 10 - Collapse Comparison with Weight
with Buckling iffective Force) — with Buckling
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