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ABSTRACT: During drilling, the precipitation velocity of cuttings within an annulus depends on the density and configuration of the cuttings,
and on the density, viscosity, and rheological characteristics of the drilling fluid. In directional drilling in particular, it is difficult to adjust and
control the cuttings. In contrast to vertical drilling, it is very important to evaluate the flow characteristics of a drilling flow field. However,
research on the transfer features of cuttings is inadequate. In this study, in order to identify transfer features of cuttings, an experiment was
performed under wide-ranging conditions by constructing a slim hole annulus (44 mm=30 mm) device. In this experiment, the particle volume
fraction were influenced by particle size, particle concentration within the flow, pipe rotation, flow volume, and inclination of the annulus. In
addition, a mathematical formula for volumetric concentration was deduced and compared to the test results and behavior of cuttings under the
other drilling condition was made to be predicted. Therefore, this study can provide meaningful data for vertical and horizontal drilling, and for

directional drilling.
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Table 1 Summary of parameter values and variables

Variable or Parameter Range or Value

Annulus length, [m] 17
Annulus dimension, [mm>mm] 30x44
Annulus inclination, from Vertical [ ° ] 0~75
Inner pipe rotational speed, [rpm] 0~400
Liquid flow rate, [//min]. 24~68
Temperature, [°C] 15
Fluid used: Water
Particle Sand
Size, [mm] 2
Density, [kg/m’] 2,381
Feed Concentration, [%] 4~16

Table 2 Sand slurry properties

Sand Water+sand Injection rate (kg/s)
Concentration Densng/ 24 33 50 68
(%) (kg/m) | (I/min) (I/min) (I/min) (I/min)
4 1053.4 0.037 0052 0079 0.108
8 1108.7 0075 0105 0159 0.216
12 1164.0 0112 0157 0238 0.324
16 12194 0149 0210 0317 0432
3. 48 2ot o DX
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Fig. 2 Variation of the particle volume fraction
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Photo 1 Photograph of sand particle movement in water(¢ = 8%, Q=241/min)

Atk olAF At AAl 2152l

ZT 5 Qo o]9} o] HAF S %;ﬂ% AL dA
o0]&E8-S "ojrtgl: 99lo] Hl1 QUi Fo) B d1=z ¢

A 2l orq B AFoX= oeks 219 A8s
o} 9 QA Fvleh APHo Apsle] AAAA
E Ba4E wEA HA

flo ofy
2 Moy
VO S

o O,

i& u
fr

3.1 LR EZ(Cvr)

Lz‘é?{r W AdARe] AAHAIE & dARtelSE I A &
W a9 27 FrEolx ARk ol a S Wrkehe 4%
oftt. dAAIAES A (1)o] AejE npel o] A ARl
e AHS A4 838 A= o] 78 + 3l
HKleinstreuer, 2003).

o o
=°1='-l> i)

Volume occupied by solids

Cvr= Volume occupied by mizture 100 @
B ATAE ABRe T BTN fEe 45Y @ 5
e AT Astel AR B BT A9 A4S 44
AZsgon FE #2091 2ol thel o 24 EFHaA #
S3} YA, A R ABE A5 U BFB W) 1
Q2] A A L-o] WElE Fig. 2°ﬂ ZAIEFA T
Qi om GAAEe] 4255 Aol SAol $4siTt

50
Water + sand, V,=0.66 m/s
$=4% $=16%
— 40 —&—0rpm -{--0rpm
°\° —&— 100 rpm --O--100 rpm
3 —A—200 rpm -/\--200 rpm
S 300 rpm 300 rpm el
‘:_ 30 —<4— 400 rpm -<]--400 rpm "_:2
s =
o
=
g 20
& B::
£
—¢
3 10} e
o —— —_—
> 3%
0 1 1
0 30 60 90

Inclination, degree

(b) Rotational speed



W 277 2H QA ol

il & 4 Stk WA Fig 2(a)9k 2] HIS WA S frEel
W2 A Qs et AEFE Crrt A oR oA
Zpolgol FefshA 283s & ¢ Stk HEg, Aol g
E/40= ZAtzto] 30°0] el A T:L A Cr7t S7keke B
S HAoH 60°0)do] HW JEo] uieel] Ao gAlH= A
GO &) Cyrol S71F0] Eolee AFRE Ui

3, Fig. 2(b)ollAe M9 3]l gk 548 Holsa
o, Aol xjet o] Arbsrrt S5 3ol T Girel W
s}Fo] A vehal HIS| AR M ATt SIS
Cvre 4%t aHARE 100rpme] 739 Cyrdl ZHafo] Hd
10%°]4 400rpm<] Cyro] g Hul 5% J=E SolA|=
AE Holu&g Cyroll theh 3)de] o] Ha Sol=e 2
HE & 5 Ak

()]
H

3}
o

2=

32 YRS ABiA

2P 2559 ST AL S e WAkl
1F5T HHH WAV} Qe AolnE YA o
23] 98] 7o) B B Agso] SHI) s o}
7HA 22759 dAAES AHslele] Fde= ATEHA=

flom 53] HZol= W EFo] F4H 7 v dAAH
g°ﬂ g A7t Fesitha & 4 ok

g, 2 %’L@r FAFeE G124 Duan et al.(2008)©] YA
AF2S Bola 91O} Duan et al.o]
AbZYo] 70°0)4ke] S-E 2 oul A

O o
lo
o

s4e
N Soie 4 RSl WaelE A8 + RElch By

B QpolE 5 2HREe Beld WeE HAUe v
stel Rteld BAS AT ¢ AE AYAE BELA S
% clE PR 0% Qe 42 =2 A
of #Y WMFERA BFBo) U f55, BB 7127, 9
G RS, A9 BAA Sow gstel Ak W

dom oaE Axsiehy 494 Tol Waw FEe dol
HE ushg.
olelgt thaat ra#—c—% ahte)

v,
£ v gcosd(D—d) (
Lo=""ro00r ®)
ek 2ol 3] FALFE, T, ¢)F ©l&dtd JAAAE
o] AR 5445 A¥S Figs. 3~50] Hebeh AW
=9 2oz ezl FAAge] 545 detslr] flske
PAA A& et 2ol daE =4St L 23 Taylor
F(T)st FAFHE(9)oll e YA &S] S T A
A S-S dEhaL A7l e 4 Fdo] 7Fssal

S5/ B3 A 23

©1} Froude F3(F)°ll WaiAs Aidoz FAEdH ofg-
A%g neiFa 9

olglgt Avhe FAUFE Ao oA =
Froude +(F)9] A= th& FAkd
w9 Ao et YA FEWE £t SHHoR
Halsh= delolgla & 4= gtk E3F Froude ~(F)E B3
BAEe] Wsks Yeia Qlem g 717t A S7HE W)
PAAH &2 a7 S7kske 23E Fig. 39 AdelA
18 4= gtk wEhA Froude <R(F)°l th3t 44L& g T3}

o] A9AY EAE AnE 4 18] 7Med S

H g5l °‘°W ATt eaE Hasker] flste] WA
2o] ARAFR)Y gk wlaste] $42 HAstsch

ole{g HJ O 2 Figs 3~50] YeRd z4zte] wig=ef YA 4]
£9] %ﬁl—‘é— ofefjo] 2] (4)~(6)7 2ol Uwralste] UEelTh o]
€ AdAReA et §%, 7127], S gt 3
gl ?‘f& Ao & 4 3ok

(

Cp =0.162 (tanf ** x F,)”*° 4

(—14x10" )7,
e )

Oy == 0.0486 % (1 - ©)

0.16

Water+sand

F =V /(gcose(D-d)) "
sand 4%, 0 rpm

0.66 m/s <V, <1.39 m/s

10°<0<75°

014 |

r [ ]
0.12 - \
L \\\ ™1
L y = a*x"b

\ -
N Equation
L]
0.10 N Adj. R-Square 0.81
L N Value
s 0.162

.4/-———I

Relative volume fraction, CF

a
0.08 \ b 0.5
0.06 J\\
. - | B
C,=0.162"(F,"tan0 ) "* T
0.04 - ' -
0 5 10

Froude number, Fr*tan(-)'”2

Fig. 3 Relative volume fraction versus Froude number

0.00
Water+sand, T,
- 0rpm <Q <400 rpm
(&)
e -0.01}
L >
et S
o AN
©
bl
L=
o -0.02 »
£ C,=-0.0486*(1-™*""™)
= a
©°
> - o o
® -003h- Equation y = a*(1 - exp(-b*x))
2 Adj. R-Square 0.99879
""“' Value
° [a -0.04861
(14 b 1.40118E-4
_004 " 1 " 1 " 1 " 1 n
0 1000 2000 3000 4000 5000

Taylor number, Ta

Fig. 4 Relative volume fraction versus Taylor number



24 FYE - PR

0.2

Water+sand, ¢
0.04<¢$<0.16

C¢=1.311¢-0.052

o
o
T

Relative volume fraction, C¢

Equation y=a+b*x
Adj. R-Square 1
Value
a -0.052
b 1.311
0.0 s 1 L 1 . 1 .
0.04 0.08 0.12 0.16 0.20

Particle feed concentration, ¢

Fig. 5 Relative volume fraction versus particle feed concentration

40
Water+Sand
I |R>=0.93
. 30
[ o [ ]
P %8
5 (T)
o ]
s 20
Q
=t
)
=
3]
a 10 + ()
(&]
0 n 1 " 1 1 1 L
0 10 20 30 40

Experimental (C ), %

Fig. 6 Calculated particle volume fraction versus experimental data

C,=1311x ¢—0.052 ©6)

Hehd A AAHES A @))% LA Zajol

4 () 2ol ehd % ek

40
Duan(2008) a4 °
d,=0.45mm, 40rpm, 70° Sty e, 10
-m— Duan(2008) R
~ | = Ea. () p
| 12%
= < 16%
T Cal.- - -4%
O S 8%
d \ 12%
<
S 20}
e
1]
s
N
[}
€ 10} L
£ v S S v
(]
g €===--oo g °
0 ' ' . : '
0.6 0.8 1.0 1.2 1.4

Flow rate, m/s

(@) Concentration

Cyr = (G +Cp + ) X100

0.162(tan* 059F )"
+1.311¢—0.052

(—14x10T,

0-5 —0.0486(1 — )< 100

@)

;066< 1, <14 (m/s),10 < 6 <75 (degree),
0 < £2<400(rpm), 0.04< ¢ <0.16

SFWN QA A S AP A (S vReE 2 AT
o] BE A Anete] H4ABAE Fig 69 =A8HAT Fig 6
2ol A (7)9] Axtat A3A ghel FHAAE vlasti

<, Hf 229N E 7% Il dAstar lom JAA A
&0] 25%E dolrhaA APHte] exrt v Srkehe 4
&S el glek o et Svkeke Al Ztzte] A

=

Fzx704 BF B 71277} FAH Frlske AHH Ix

e Aoz Yelth ols A3z 8yyte] AAkge] 2
B9 FAZ He] olg AFoht Bile] Frlksled WS
AFA 922 12T o Aukdo =z JulslE xHA L] AF
Aol 2@ As} A3 Uerdtkn @ % 9k

)

B Aol veRl A E g2 4 (7)E SIsh] flste] 71
o] B} 2ol #8351 Fig (@)l Hlulsle] EAJSIH: 719
el daAEl thgk 2okl Duan et al.(2008)°] 2
X3 FFolA ] A7AFet A (7)ol wrdE Z2HE Hlus)
g;\c]_ Duan et al.& i o:]:rLg_ OA].-aL HLNQE N-&J_O‘ /\335]_0:1
o} APENLS ] APo]2(20.32emx11.43cmx 30.48cm),
HEARI(0.56), $HES 879 (100rpmPh, AAMZH70°%) To= 2
Arehs B2 ApolE Holal vk o= Eekal Fig. 7(a)
9} o] B AFo|A] A3 YRA A A2l AL A 10%

JH=E ¥ Aaks Yehldn) weba] A5 AdE ]l 23300
thet 23} vl x|gh, Syl YA A S0 gk dua o]
& 7Fsds IRIE ‘)F ANeH FF F o gFe 2
F7F ASS Tl Hede #A1E %

T3, Fig 7(a)= WAFAEES] WSl we} A4 v
AHZA, FFo] AAY YAFAT=TL AdTS AP
H7F ok w=: A FAHAT A QA7 5% =
YERRAL It Fig. 7(b)oll M= At 33849

(<3

¢

o

B

Lo
v ao my El

25

Water+sand 12%
dp=2mm

[}
=)
T
A\
om,
\\
v
N \
N
\. .
B on

Exp.—8— Orpm
—— 100rpm
200rpm
—v—300rpm

Cal.— = -Orpm
b 4 =--- 100rpm
200rpm
—=--=-300rpm

Volume fraction, C, (%)
>

0 15 30 45 60 75 90
Inclination, deg.
(b) Rotational speed

-
o

Fig. 7 Comparison of measured and calculated particle volume fraction



W 277 2H QA ol

2348 mmsta glor] agolAsh go| Ao ke 7187)
Yool T @APL FAR S1EIbE FoleE 4249 2

B PGS AFS A webka 9e & & Ak ol 2

o1 AR €18 AP 82(Stuck pipe) 5 £
Feurke BRI ekl w2 B el 484
o) AAZhislE Fas Hesldon A4S B
G 718710 7kl We QAR odZe] Fhssik

o)
AA

Ropo
1t e rlo rﬂ

4

2 AFelxes - 24 BT fr5ol vzt 43H A7E 5
° KN

3l AR AAAIH &S] 5A4S detsidth & 23
g3 0]+ (Water based mud)dll tHEHS] && Z5HAZ AHE-
stlen, f52 F8 W AEFS Aot Fde] AAk

7} 293 AP FALE WEAIEA Sapsteick
AAL SR PR AFFA olgo] e v
A 2rE FA 2H A9 YRR B AR
o fraah QEE AL Ftel Wk vtokAn, 94T

2 a=
T il

&3 Azl S7hE W) AAA HEZ S 2] e

J

—
[y
~

(

fl

ol%o] o 99S Lehuic,
() AAZEe] el A 30°o)4 7)ol ) BT R B
Pggon o] GP ol ol olFEE LAY
Aaslel AAFS FARGH, Bde] B FNB5E
YAAAZY T A BAELE TARAY AAZol
AL AFe fEolt dAEYES 24 5ol we} =3
2t derge Slsidc

() BXRAF 0l Fshe FolM YAolS S4
NEY BEEE AZT e YAANE] i AP
Yste] B dve) 4yas

Hlaa) usre W o)A
7%2A FARIA A8 sholslodr). weba A vl
sxzde] HHAAG 7 2 58S olZa] AT A2
=2 ol&” 4 3¢ Aol Az,

TH] ¢

At e 2008Hd % AistE
5 = QE}

TH] Aol

ikl
q
Ao
ror

Chakrabandhu, K. and Singh, RK. (2005). “Rheological Proper-
ties of Coarse Food Suspensions in Tube Flow at High
Temperatures”, Journal of Food Engineering, Vol 66, No 1,
pp 117-128.

S5/ B3 A 25

Duan, M, Miska, S, Yu, M, Takach, N. and Ahmed, R. (2008).
“Transport of Small Cuttings in Extended-Reach Drilling”,
SPE Drilling and Completion, Vol 23, No 3, pp 258-265.

Han, SM,, Kim, Y.J. Woo, N.S. and Hwang, Y.K. (2008). “A
Study on the Solid-liquid 2 Phase Helical Flow in an
Inclined Annulus”, Journal of Mechanical Science and
Technology, Vol 22, pp 1914-1920.

Han, SM.,, Woo, N.S. and Hwang, Y.K. (2009). “Solid-liquid
Mixture Flow Through a Slim Hole Annulus with Rota-
ting Inner Cylinder”, Journal of Mechanical Science and
Technology, Vol 23, pp 569-577, 2009.

Iyoho, A.W. (1980). “Drilled-Cuttings Transport by Non-New
tonian Drilling Fluids Through Inclined Eccentric Ann
uli”, Ph.D. Dissertation, University of Tulsa, Tulsa, OK-
USA.

Kelessidis, V.C. and Bandelis, G.E. (2004). “Flow Patterns and
Minimum Suspension Velocity for Efficient Cuttings Tran
sport in Horizontal and Deviated Wells in Coiled-Tubing
Drilling”, SPE Dirilling & Completion, Vol 19, No 4, pp.
213-227.

Kleinstreuer, C. (2003). “Two-Phase Flow: Theory and Appli-
cations”, Taylor & Francis Group, New York.

Larsen, T.I. (1990). “A Study of Critical Fluid Velocity in Cut
tings Transport for Inclined Wellbores”, M.S. Thesis, Uni
versity of Tulsa, Tulsa, OK-USA.

Tomren, P.H. (1979). “The Transport of Drilled Cuttings in an
Inclined Eccentric Annulus”, M. Thesis, University of
Tulsa, Tulsa, OK-USA.

Willoughby, D.A. (2005). “Horizontal Directional Drill-ing
(HDD): Utility and Pipeline Applications”, McGraw-Hill,
New York.

Woo, N.S., Kim, Y], Kwon, J.K,, Chung, SK. and Park, ES.
(2011). “A Study on the Solid-Liquid Rotating Flow for
Cuttings Transportation in Inclined Annulus”, Procee
dings of the 21th International Offshore and Polar Engi
neering Conference.

2011 119 30Y Qx Ha
20123 49 18Y 4lA} 9=
2012 49 199 AA A



