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Damping due to Radiation Loss for Axial Vibration
of the Pipe in a Fluid-filled Borehole
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ABSTRACT

A method to estimate the radiation power to the surrounding formation due to axial vibration of the
pipe in a fluid-filled borehole has been developed, by using the propagation modes of stress wave in an
infinitely-long and uniform drilling borehole surrounded by a radially-infinite homogeneous formation.
Also, the equivalent damping coefficient for the axial vibration of the pipe has been derived. As an
example, results for a real drilling borehole has been presented. The analysis of the elastic motion of
the infinite formation which has cylindrical cavity is simplified with the geometric axisymmetry and
the low-frequency assumption so that the analytic solution is obtained.

Al =dde]lig F¥EIHOR ARGz W el

1. A = gk Aol FolbA| i ik o] 73‘"?— Ag¥che F

2 o] &3k Aol g, olfr= F3e

T AT N2 dyle e nlEe] HbeRS &7} Hx =g nos- dlsperswe017] o) Fo)r}, ule}

Aejgreny F& 2Hd ¥ opel AR st 1 Edsjo|xe] FAFE HAYA] s A

E°]7h= 429] Directional Boring 7]<o] Zghr A T WA A B ol AHE Al =
3] AH(Elf Acquitaine)ol] oj3] sHuts]o, %7 41&°EH4 HAE 2 =

A MErbsAE RoyFgrh. o] Directional SRz AR A= Eoa] o]y} EAEL

BoringO]]A-liﬂ A7) BlEZHA AZE HE A4 =4, Poisson’s ratioo] 28 s}o]ze] wulbA

M= ] f]xl W gl FHAE ) E A3 (real (radial) ¥ 5; HHE fsiA "ok ol& Qg fA

time) ©. 2  2]4ke] zgiAte A AEdt= 7]wlH, Zo A wale EusE foushe, dep

r:alJJro]xz 2:90] AEES SFranog o Lal: ZF919] obA (formation) &2 o|u) =7} whAlR T}, B

712 wle AHe] HAPEERrl 4 bit/sec A% AFo A= sfo]Le] E2Ee| thste] o] HFAlolud

Yholl ®2] @ervz, w&Yudds 913 whgos 2ol 2lgt a5 AbA s A A s AEEta

2} gt

e g, Ffstan A8 oFF et Fugd (DelXe Fig 13 zo] whwidez

gt ek A kT et Fabetal A b3 (formation)el]l el A<,

SRASTSBEEX /A 7H A 45, 19971/631



formation
(radially infinite) 2

outer mud
Fui-a (1)oMe Fig 134 o] whagwlse g
uniform pipe Fatela @Udd A E(formation) ]l E2] A4l
Zo] wgko g wdsly ks 7 UEH oF &
inner mud Frajel el Bgue AGEEE Tasch 7}
Sd A Ee sho]x %9 §4) (inner mud)o]
o, FHA =& glo]lZ AW H2 Fjo]Zeol A
23 o (formation) A}e]2] -§-# (outer mud), W] ¥
A FL AlFES EA e A Felth S
4, AT Gbe] AFT Aol ws ol$ =2
oh, %Sl MAA Se) bR skl $EBEAS

' ' 154 =
. . . hol ) i 0
Fig. 1 Idealized uniform borehole sty 7b 2e| Swpap wele] diske] wave
3l

Zo] wpgke g sl F&3] 7 A%H ohF § -forme] & (eMr) 5 A she], tigak 2ol
Frato Ao wAdsle] Asneg Fapgdeh s} TEH B Z AR A
2 AR 28 go)iL 2] f-A (inner mud)o] } .
3, FHA e o)X, AHA 2 mpo]Le} A »
-’-f“%—[‘;%(:(“)rmatiorj)lr 1}0194 ]-‘r’riﬂﬁ(outer jucl), LJ ‘?; [=[M]eat [K]] ul}_{o} (1)
W 3o AFTe Bedw e el o0

dub oz do]Zo|re] Futdk SAHAANLT = Cx c 2 wpako Zo] SapAlnlhy (71.97])
FAZAA e A (dilational wave) A 3} Upy Uiy Uo - TFO)E, inner mud, outer mud & Fx}
(shear wave)¢] Aaltz o} wlzo, ozt A% 3 o)
ZFog Uzt whARc e, FaEd
(DelldEe HFE Doy 2xgor st Z b%V_d;zpm ;22322 o
u ol wpA}=}-$-9] (radiation power) & Al E r 2B 5 e
A TaHET go] U}, meba B ol = 2 e e

—b 2vBopy —B { . B i}
a8 E Ka" URTER

(2)

E 00
jl (3)

it [K]:[o B 0
0 0 B

on v, E 3o} e] " Poisson’s ratio, Young’s
Modulus
omy B : Mude] 9%, Bulk Modulus

Jol A PSS AR RS A
e e aboc Csolne wd, selzel 9w, T

Wapgs, 5dele BuEA ()9 AA AFTel

: we]

gk Alstel S Ageh G : ¢}4] (formation) 2] sh dul
¥ oQAFE £ sz YW FUE UL s formatiom S shear modulus
; , _E b°—a

of| Faledl Hgzjeln], =i 2] AukE F3) K=y =0 @F 1+ 8

HoEe A5L 428 5 9lomz Fwd odk E *—a

B0 Aol E wgel Uk my 2w £a R

(=1}
[T
3
~
ro
Hl
>
mjo
™
o

S5 x| /A 78 A 43, 19974



FAZ AYA RoiE %ol o x

K E c*—p? b —at
T B2 (Fnd+(1—) bt
272 72 2
K,ba:% £ “B‘z!z* b aza
2 g2
K,c:(r_ zb

Aol Aol Rl E ] flsiAE, ohed 3
/‘é A

EAWAA S whEsleo) gl
|[—[M]cE+[K]|=0 (4)
of EAMAAE A LhA (5 wone] 3
lj}——i“—};—;’ Cxly  Cx2y CXB)TE:‘" 7}‘1113:‘9 7‘}7'1]-9‘] ——Jl'TOTj]
o thstel 7t Zo] Fura wslel REE vepl
Zevh dojAleh, w3l £rRme gfErEs
S o) Fube WSlEER HE T 4 ook
Up Up
{ Ui} :iw{ Mi} (5)
v’ " Uo "
Op ~op 0 0 Vp
{D } :anli 0 ,Om 0 :l {U:‘} (6)
Do 0 0 pn Vo "

Ups Uiy Vo - IF0] 3 inner mud. outer mud®] =4}

aF

Ops Dis Do = Fho]320] S¥}3F g2, inner mude] sf
=, outer mude] &

n . 2. number (=1, 2, 3)

Fig. 19] <} Z(formation) 3} o] FUIF T4
o] ’JA T tHEh Ay Al SHoiAlel A
THIAR s, oS o] e A4
(¢) 3 shte] wel Zelik(g) 2 THAG?,

1 ¢ ¢ | 3¢ Foal’)
3 o2 or? T Yoy + ox* (D
1L Fg_ P 0 ¢ &Y ®

ca ot rt T vor ¥t ox?

cs . propagation speed of dilational wave
(VIA+2G)/p)

¢y . propagation speed of shear wave (/G/p)

o . density

A . Lame constant

G : shear modulus

M9l $He ofls} o] o] Eelskz EANGO,

U9y ox ©
Zx:%ur%f +% (10)
oSt gt) o
werfie(fE78)

B AW (=)ol 4 Eelabe] fatelhe 2AL
o]

gakw A (D3 A ®)9 e s ek,

p=Real[ AK(kerr) o~ *x¥giet] (13)
¢ =Real[ BK, (kg 1) e~ *=xpiot] (14)
kr= /€x w?/ c} (15)
kir=Fki— /2 (16)

og714 Ko} K2 order 09} order 19] modified
Bessel function of the second kinde]t}®, o] &
AL (@) ~(12) el Y3t ol o] FAAPG o) 43}
o,

4 Ky(ar) =~ aki(ar) an
%Kl(ar):—a/l{o(ar)*ﬁ(f_r) (18)
wWelel $-8-2 of-gu go] )
ur=Real [{ *Akle (k:prT)
+ lkaKl (/&oﬂ’)} Tikxx zwt] (19)
=Real[{— 1Ak Ko (korr)
— BlyrKo (kyrr) Yo~ *5%g™t] (20)
=Real[ G{A (k2 + k}r) Ko (korr)
— 12 Blkyr Ko (byrr) } o~ #xx i@t
+ 20 A o)
— iBRx K (Byyr) o~ HRxXgiwt] (21)

Z'rx:Real[G{Z’ZAkkarK[(kapr?’) )
+ Bkt kir) Ki(kyrr) e " %e™@t]  (22)

A|FF 4 A4 (outer mud) 2] HAAS FA]Fla
o] FrAlo AH&st= A (p) S Rea 1[ Pye—#x*giot]
3td, Al wdoMe AAZRAL oL 2

or(r=c)=—p=Real[ — Pe %]  (23)

Trx(?’:C):O (24)
oA714, c& AlFF HkAlFelrh o] AAXRE
Al 2Dt @22)d diddsted, 45 A, BE AAT
9. 2 Aske oo 2

re

ILZTESBEEX| /A 7A A 435, 19973/633



ol & o -

&

D
A=p.D.-DuDs
_ _Dp
B=p D= D:Ds

Di=— G{(k§+ E2r) Ko Ckorc) +

2k¢r

(25)

(26)

K] (k¢TC) }
27

Dy=12 G{kkaKo(kwc) 52 K (o) } (28)

D3: 22 kakq)rKl (ksﬂrC)
D= G (ki+F5r) Ki(kyrc)

spagol AaE WAFel Wl ol

(29)
(30

% (kwc<<1,

korc<1) AFe Sz, olule} Fo] WA
2 ZAaRoezn mdaF 4 ¢l o}®(small value

approximation).
Kol(korc) = —log (kerc)
Kilkerc) =
Ko(kyrc) = —log (kerc)
Ki(korc) =

o] TAMAlL o] &ald, A (25), (26)9] 4
Zro] X

zlkxkd»r C P()
kx k:pr 2G

4. YAt

e} o]
ojef o} zo

S
)
e
o
ol
3
ot

/’ ( dur+ rxdux>m,9
—2m(

du- dux )

Grdt+7xdt

(31)
(32)
(33)
(34)

4T A, B

(35)

(36)

gozol wabshsoe

(37)

Heldold BT WAbSAE WA E @ F
7)ol e A shel 712 vpre] Fahdl, A
abe] olE 9lste] ofdfsh o] TN

e A,

— . —2nr dur dux
I =lim—p ( di T g
_2r

w

)dz (38)

(39)

634/t L2 ST =S X /A TH A 43, 1997

K, (Modified Bessel Function of 2nd kind)2 &
2ol el st o] TAH L BEE 5 UG,

Knn= / , for any integer of m  (40)

o] AE o]ﬂs}ca, A (19~ (22) 9] WIS &
e ojge} o] mAHAC

fPon (k?c"*’kir)/%r 1 —kert
~Rea l[ 2026 BB Ve ©
kaxk}:;T /kwﬂ, e—kwr}evikxxeiwt (41)
*/ApoC [ l(kx+k%r)kx 1 —kort
Real[ 202G Bty N ke ¢

2thkirkx 1 71“77} ik iwt |
+ Z—kﬁr‘/kwre e e (42)

fpon (kx+k¢r) /1 o her
Real[ 2\/— l kw v kw?’

ﬁpocz f_ (k/2t+k57) kw 1 —keorr
+Real[ Zr T Bk Vker €
2
R
T poc® Kt kir | 1 _or
o Real[ o T e e

— thxkor kl . e”"’”}e"'k"‘e"“"] (44)

korTb koro] 25 Aol 4] (38) 9] A2 00]
et &, 79 Ao Addste] duswrt Swhe
o] SHFAIAEE (cr=w/ k)BT WEH(cp>cp>
cx), Autgpel sAs 5 wbwIEo R evanes-
cent modeE 74 Hxg, vlalag-$9= ( o|Hr}
Subke] AR} 9] A Addgte] A
s&Erd w2y BFgvte] Hupbrwo m2d
(co>cx>Cp)y hors AT} EA by s FT7F Ho
Mubapatk Aspsle] yzioh efuh, 591 ok 9 9
o] Aok Ee AwHoz solxel Hug A
gEedvt “2 22 (cp<cp<cx)y, kerTt ker BT
srh Hv Agulel Ay} mF ubAREges A
st} vzie), Zb Ao disl Al (38)9] A=

o R i
7,=0 , when cy>cx (45)
= ﬂzaéagp"z C’Z‘;;C%, when cy<cx<cCs
(46)
E:Lagéﬁ%ﬁ, when co< cx 47)

714, P dolZe FAFoE <Asf fisHe



FAZ A2 BoAE

9] sjo]

=4

[

150 alof A WakEAs] 9@t 7k

outer mud ol 41 8] gtHwiz}e] 2] Fo)x},
5. mo|= BTSof

Fig. 13} o] FA| el 4] sholZr} 2F
Foll= Ml Skl :%ifﬂ% e 3fe

°]

8up
"ot

2
= EPAPL uzp

Ep (48)

azup
PpAp_atz +

00y Ep, Ap, up . Fo]x ] Wx, Young’s Modulus,

chlz], Fulsk w9
oA71A pi= ol wrg| el R A eld], o2
QA aAlEE Hg F$YUL) = 23552 /1A
st obg3) o] a2t
o, _ﬂVﬂZ
.= l vhdt =) (49)
17|, vy FHolZ FWE oy V= E
olt}, 4Aef| A o] HRAlEL-P-9] & Ho]ZT F A Fof o
gt SR ATR 2] sl oldiel ol
Al @ e HaAba-917F A (49) 9] H Ak u)
T AEE 5 AR
u=2{,{;’ (50)
=0, when cy>cx (51)

ci—ci m*ohcte’?

(2

, when cy<cx<ce

¢t G

(52)

:<§—:>2%’%i‘§”él3, when cy< cx (53)

714, po/opi= 2AA Bz A e Rz F

gle]Z wE (go]Zo §Ho] Fr} HE R)9 u

o]z 2-#He)l &k outer mudg}E o] Hlol3, c = 1

Reeo AdEsolr), Jukzjog JJr°] o) FAF

o Pt R HAubr= F9 9 4 o A}

o] MupE o} w2, oz A ’% 3 o] A&
Hrel,

6. AlLHof|
A" (DeMe 9 4L clayo]lx xEo)

32 cm gl A|Fgell A Fe] 12.7 cm <l steel sjo]
7} ‘il*‘f’: Ao s stAule] ARn =2 PAsly
oo °H~°M% 7 ATE o) gete] geze] F
gl W& A FE AlAslgdcl, o] Tojx g
Al gl digh X}Eﬂ t}ox} 7o
gho] i D WA =0.1086 m, 9|7 =0.1270 m, p,=
7850 kg/m?, E=2.07x 10" N/m?, y=0.25
Mud : p,=1048 kg/m?, B=2.54x 10°N/m?
A% 1 A F=0.32 m
F9 A (Clay) : G=2.0x10°N/m? ¢,=304 m/
sec, c,=496 m/sec
AaEY (Do & dho]X we (slo]Zeo] &
Hol F7} s Be)e o3t 2o
Op 1
{Pi] :{ 0.0057 } (54)
potPe M L6 2% 10°
cx=5162 m/sec (55)

o]

| A ol meof Aubsx (5162 m/sec) 7}
21 dA el Agste] AHIbEw (496 m/sec) Bl wh
22, Al (53) & o]&38lo] v Aol iAo}
Falu) (Y Azl o) @) & TR ok R,

IR

N

2£=5.50x10""¢* [N sec/m?]

—_ M
opApw

=1.030X10""a*

<
T
I
4
2

s-9-2] (Radiation Power) 2
ol <lgt S AT (o] FxlFol ti3h)
AR s 7IYs Zﬂ/‘l%}"ﬂt} w3k 272 AlA
Al g3l 3k AlArS F3 st
=3zl e dwkd e g 100Hz v
e A5ld], 64 AA AlFFols 100Hze of
HhAREA o] 2J%F 7 4x107'% Hxolr}. ue}
A, ="zhgdA] 4 155 Y A5e=
HhAEAl o) g A E FAI” 5 Qi
a2y ARE Addte =9HeF o4
=, A& 3] S5t o] B} "R

o

¢ A
=
L

°.
T

E3EX /A 74H A 43F, 19973/635



ol & 4 -

A

Fupoddg AMgEA HiEdl, A (63)elA mH
AEAe 27t SR ASE Fabre] 35 v
oz, IFIRE S Ppse §43% AR
ot wEA, The @ AFIE o] Eshs Ao Al
A ES Hollx whg]sie},

636/t ASESZEEX/A 7A A4F, 19974

&
ot

rp s

(1) ol&«d, 1995, “MFAlFFollAe] AFaFae
Aol et A, " WE2AATs] =3 A324
A2,

(2) White, J. E., 1983, ‘Underground Sound’, El-
sevier, New York.

(3) Hildebrand, F. B., 1976, ‘Advanced Calculus for
Applications’, 2nd edition, Prentice-Hall, Inc,,
Englewood Cliffs, New Jersey.



