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Abstract

To promote the realization of the "carbon neutrality and carbon peak" goals and
ensure the safety, efficiency and economy of drilling, it is necessary to conduct
specialized design and parameter optimization for carbonate rock geothermal drilling.
However, there are currently few research results on the optimization design of
carbonate rock geothermal drilling. Therefore, based on the geothermal conditions of
the Xiong'an New Area, the author proposed an optimized design scheme for typical
carbonate rock geothermal drilling, carried out optimization design for key
technologies, provided calculation methods for heat exchange performance of
different well types, and conducted well type selection. At the same time, with the
help of numerical simulation software, the seepage characteristics and the
spatio-temporal evolution of the temperature field of the geothermal field were
revealed through numerical model experiments, and the influence of well spacing and
well layout on thermal breakthrough was analyzed, providing an optimization
direction for the design of drilling schemes. Based on the existing geothermal wells in
the geothermal field and the above research, the location, well layout and well spacing
of the geothermal wells in the optimized geothermal drilling scheme were designed.
The following results were obtained:

(1) For the optimization design problem of geothermal drilling schemes, an
optimized geothermal drilling scheme suitable for the Jixian Formation geothermal
field was proposed. The problems of severe leakage and difficult casing setting in the
top weathered layer of the Jixian Formation, continuous leakage in the carbonate rock
section and high risk of downhole drilling, and strong formation inclination ability
leading to excessive well deviation were discussed, and corresponding solutions were
proposed.

(2) Based on the heat extraction characteristics of the closed-loop geothermal
system, this study analyzed the coupled heat transfer mechanism between the
formation and the wellbore using heat transfer theory. Based on the one-dimensional
steady-state heat conduction theory, a mathematical model of wellbore heat transfer
was constructed, and the temperature field distribution of the fluid in the wellbore was
solved using a recursive calculation method. Through heat exchange data calculation,
the heat exchange characteristic parameters of three typical geothermal well systems

were obtained.
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(3) The influence of well spacing and number of geothermal production and
injection wells on thermal breakthrough was investigated. As the well spacing
increases, the thermal breakthrough time increases, but the occupied area also
increases. Changes in well layout also have an important impact on thermal
breakthrough. Through numerical simulation results, appropriate well spacing and
well layout suggestions were provided for the design of geothermal drilling schemes.

(4) According to the geological conditions of the geothermal field, the
appropriate development location of geothermal wells was selected, a reasonable
wellbore structure design was planned, a high-temperature drilling fluid system was
designed, and efficient rock-breaking and speed-increasing technologies were selected.
Geothermal system stability monitoring and intelligent control technologies were
adopted.

This paper has 24 figures, 26 tables and 33 references.
Keywords:Geothermal exploitation; Numerical simulation; Geothermal drilling;

Scheme design
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], ARG Sk A AN FHRT LI SE L3 g7

2.J 1 A

FESE MBS FL AR, Dt DR QB FL ALK M DB T340 5 =BT Rl B =)
i ARG I LA o SR 5 A% SRRSO IR BT S5 A7 AE RAUR Z HIRE A,
S SRS B0 B A DA ] o 0 1 Bl SRR P B B 8 o EL R R AT
S URIER R ATHES, W] LA Gl PN R AR, AT DU A SRR
AR I 42 HBORZER O,

FE [ BGHBOR e B N T R RR AU, 22 KISk, CaBR 1 e
IR R o 2 LRI IRRCR T BAT R0 Ry Rl AL S IR IR B
FEfil MR RS R IR AR N, AT IR B AR 2,

7E [V B AR 26 SR P v ik B Sk AL, L P 5 PR L e 4% 40% LAk
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A DU 3t J2 S B e RORBE R o S5 SR FA L, R 1) Bl AR 5 A IR B3 425 )
MR £0.5° MIEORERT, REWA R NS 32 BRI A SRR B ARl . Jl T
Pt i 0 R AR 9 SN SRR ik ) B ) S, A B G AR TR BOR, A Sk K A A
IEK 2-3 1, BYERA KR N . BT BECT- T G I J AR, fehg
SEILBEBE I RE IR KA I, W] BLORAIE 4000m 2 F 3L R (0 5 Ol 22 4% 1 72
BT R AR ZE TG LA .

2R ER TRE I I = KEANS: H SR IR IR A AL, 1
B A% EIABTHE R 1.2%, RN UL E IR, fa Bidabr<l.5m/h, R
TR NS T 1 R GHERD A 2 IERBUN, T AR ZE R, SEOFIRE
it Bl R TH 22 o LR =43 R AE B0 S BUAEAE W N e (I 5, BT (R
fiedlisk 5 R S A -Je A )R, HUMEL BB T E R L RIS,
FERDIA PDC Hi sk fEb m-Jesa IR, 6 BEIUER DR AuE K, =
DCI I 8 I, HUMEGE N . 28 =R R %0>1.8 KA X,
FOH I 3 0k 17 T 7 % P ORI, /35t 3 R UA & AR B AR, (64
BEFIARRIE R o B AEAE BRRD a3 BBl B AR BRI TT 3 £,

LA E AL L, RS LU LML T 1A -

LEJFEEIR, BB RHET BAE M IR P B R 24, MRYE BB
KPR DLILGE &I R EE U R & A B el 4L 522,

2 LR IE R R, 7 T E R B SR R e A B R R B Ak B0 R e Rl
HISCEEAE I, 3 — T3 i SCEAEIE R} RORE IR L BRI B, BV R A A
RER S BORH R AL F2 24,

254 UL 1 S A SNEORTIE TR, 75 BT R R IR & b BBl 07 =
WLt . A B AT RGHITH T BUHT IBOR T B MR BRI £ a el
FEFR P CEE R, HAAGRRUCE T %, R BhiH R, REERH 24, R
R KBRS S B % .

1.3 SARABEFIEAREZ (Contents and Technology Road map)
13.1 ARAR

VRN A A X IR h e = (W A3 i VDA e e B g =t IR
T T BEAE 2 RO ) R, S AN R (0 5 ) AL s TS B AR R T 5. W SUIE A
TRRIR Hh o ML A 2 B & AhoRT B B I T RANEOR, g mAhIE . AKCFRIE . 15
PRI A o IR X HUR TR I E T 5 A BRSO A S ST AR A
A, BRI AL T ST R AR S 06 5%

1.3.2 fUlfERAY a0
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LA BB 2 M 2 RS, L B A B I TR
2B T U A 2 M A BT R AR T2, LU Sk 13
R T
3APMIBERIFRE AR . RSB, IR R T
4 RN RO R RIS, ST 7K R G50 SR
SRR B I SR A, DARTLR AR H AR

1.3.3 AR FEMBIAREELZ

(1) R ik

HNE R AT, REET TR 2 R D Z T ItiE, PO ARIR
PETHE LA AR A, R, B REEE . i ERE . RS IR
HEESE 4 N EESRER, IR R ikl Ga e T2,

(2) H Ak

SN A BRI S 1 A B SR AR, g S ] A BB = g A D 1 E ) BE R AR
AR T Sy To IR 2 FAUEAEAYL , 7 IR 55 Jol R b J2 2 T PR AR A TSR A 4
RO, PRI, ARt AR R

(3) HfE B

FER AT R T B 2% K B S VR, 385 R GBS A AW ST SR 1Y)
2 AR S R ER Ve, A DD AE R AT, S 2 (R O RAR Y, B T A
7 ARNFHE 1] TR GBI ,  DEade AT 7 A e B

< HAVEREREL S A A 5 MR T )

[ !
BRI WEERE HEEE

l |

| ]
A ST MR Hhh R TR AR EARIE
WEERIEER SRS H T AR shH T RBR L
RS RMIE REGEARAA gt

[ I ]
+

B BB A S MRS 5 R LU R AT R

B 1-1 BORBREGIA
Figure 1-1 Technology road map
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2 BRRERMASFA T ZSHML
2 Optimization of process parameters for geothermal

drilling of carbonate rocks

2.1 a&lE RINEPX 1LFERK (The weathering crust on the top of the
Jixian system was lost)

2.1.1 XkFTiRmeke X3

T 223 X AN TR e R BBt e 2, H N R R &2
B 5P E A HIR IR, A YA RN T2 T2 )2 5 4RD 25 25 75 (1 B JZ R,
IR S RS YE A T E A S B pP AR AT GRS 1, S BUE RS R R R e 1
A 7E, NI FEUFEE R AR =4 . CHZ &2 RE R LA A E R
WEREER, WM B4, BB, % KAEBEIFIREW. XA S
SR I e A R A, BRABRA R [ 45 A S AE R R 13 R A N
it 2R AR, RIAIEENR TUS KA EIK S FLBRE 8 B R, TE ik “ 1858
MR -YB MR W KRR, 0 50 DX IR TR IR 110 i 24 44 b 5 A
E

2 B X 3t o B A AR FE R, DA BT BRI 2, G Z 1 LA kST
FURFEFMRZER K, SRR A SEhrai e R, 30 IRAE —IF4G
BER B R RIS E, NI iE R LR KR, RS, Bl RD3 3,
ZH AT BT HER DY 2250 0K, 2018 ST EAE AR, fE 8 H 19 Hti T, 4
SLEGHER] 955.12 KIFBRET, BT ARGz, KAE T EEIIRIE
Ol I I E G, T HEAREEVIA R AT & 930 K, JELLIETEX 100
RKPUPIEEL . 206 KRB E RN AR Sk B -RBS X0 B g 7 22
H T M B A HKE 71 R, BBE AR, % &% T 10 H 31 He %
1EPENY, FEHIER T HRE TRk

2.12 HEEURETFR

B AT E BRI R =20 S 4540 Jeie H BLAR N 444.5 KL k58
BCRIRBAENE, FFENSME 339.7 =K S8 HHEHRELN 3111 Z2XKME A
FEREAR, AP 2445 Z2REAREE; &G 215.9 ZKA AL HARE
fE, Rl 177.8 ZKA B E s 4t Wk 2-1-AP, &R 5T
BIRGUR G RFaE N, AR TIHS B TR, R T Ex R
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AP RAART B8 - 18 e 70 2R A B B A AR Ak 15 T

WATTZ (1) =9 5450, & 2-1-B:

PeRE A BRI RS BB S AR, WELE S, T 50 % Es
(R BE S R 0 FAE AR, I8 AR — T R R BT ST B 5 A R,
M ZITFEOR B8 21 35 B8 KA SE AR IR SR o 107 SR Re A A filE M 2% 5
R 3SR AR ] R, EAE R S 20 AT A TR A

T % (20 =545k, ik 2-1-C:

X IR AT, HEAREE B NH G LM (L n iR ¢244.5mm
EEATNE 1R 6273mm BE) o METRE]E R EE I E 247 [E
PR, SRJE A8 K & H AR KRB BB A KA E =, (5815 T & 273mm B
S ORI B B ROR, I e = TF B .

A TTE (3D WRFH&F4554, i 2-1-D:

KR VU FF ] B 2540, £ P B B A Uil 2 0 f5, SR ¢
177.8mm FAREE AT E NHES G PUIFE H HASN 149.2mm & 3kghik, IR
IR 72 3007 REL TN BEA R 1143mm BERI TR, ZTEAKREEE THE
1 M J2 PR Ak AT S0 fiE

®444 5SmmEh ®444.5mmE %k D444.5mmAik D444.5mmBi
3339 Tmm e D339, TmmEE ©339.7mmEE ©339. 7mmEH
©311. 1mm IR ©311.ImmHFIR @311 ImmIFIR @3LLLmmJFIR
©244 Smm T ©244. 5Smm T ©244.5mm B D244 Smm B
1731 o
— —_—— Y i & Y | | | B —— 1 —_—
R i Sl -
®215.9mm @215.9mm ®215.9mm 152 4mm
©177.8mm ®177.8mm ®177.8mm
A B C D

Kl 2-1 gttt

Figure 2-1 Optimization of well bore structure design
2.2 MREREN A HELIRS (Leakage of carbonate rock well sections)
221 BREREEFERREERESH
T I 2 B X8 B R 5 IR R IR h 0 Pl R K B A T LR S R
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Fits, IR FLIF BLAR AT AE 0.2-10.0cm [X 18], FFLE #8204k X B S P i 7Y
REHFE. DL D=2 A6, SR 1638 2K, F 2020 4F 12 H 30 H g4k, &%
937 KIRFEZ K L HARERE, KA T ™ E IRt 2 58 R, 51K,
e aiRk. ERERRAMEBIFRT 16 WEHEHE T, MRS REEMER 103
e, {2 AR P 3 ) R AT SRR 22

X TR 55 2 IR 2R 0 L, 22 R IR 2R JZALTE Kl dt 77 %8 . %07 Radid
KHERIEINE A G D ANHBZZLRR, AT DL 290 pp bl 3 A T #fig 2 0 i  1)
B RISAE . SR H AT SAAELE = A7 AR ERRG : FEIR N A5 15 (1025 T8 9 5 b s
SR TE R N 2 FLIREE M HDRLAR 5 5 LR RTHE U NTRERERR, SRS
HERR G| R BT, PRARHUNRES 8 T S BOmb-R 4G TS /KIS A T8 Ae ) 21 O
JEIEVE AR, 52 T A SRR B SR 2 AP,

222 BRF/R

(=) PUALBE AR &

SR FH S8 3 R H-BOAM 5 73 A1 73R SR IO v B 1) 3 2= s o Bitle 5 B it
BB, AR QRAEH 2 2 AR B T, B> B S R e = (0 s 22
BRI % RSB0,

Xt T M B AE IR SR R B, ARk 2 22T, T DI 4 PR
B, IFUBUNMO R ZE e, — BRI IR R, S SR v Be R AU
oL PR3 R A it 3 S K AR 2K o

(=) RAGERIERMEE TZ

X T eR SRR R, P B ANBRIRES « k7o  AkF 7ok S5 40/ NBURL AL L .
X B/ NEURIAT L] LE NN 2RSSR R AE IS IR T N I S B R
A LA R s B IR 2R

XS RUEREEIRN R, RANHESEIRAEL, WA RPRAR I SR 52 (i bk
gov W58 BOHAYE. SRS, RRXEEM R - HECIR G, AR TIE
MR RGN, BEEROR I FLER AT 4% .

X ORI A VTR %, B 7 B8 R RO, 6 /5 24 SRR
KL AnKie s BEBABLSE o T LG R NTE AR 73 K PR Bt SR 5 AETR X
R A B IR PR A BE 0 (4 [ AR ORI A Bt 1 2, SEEIL A SN 5 T

(=) BHEIRBH AR B

BN, Al MRS B AT et A HEOR, WP #rshi 4%
Ao T PR RN B A%, v DUERS RS R T2 5 77, ik
JEIAAR B RN A, BT R B AR IR R AR R, R G
HHARAE — € R E R AR S i H R L, e D3 Bt IR 0 o AL — 22k TR
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IR e T, SR 2 ST S SR IR OB, R I )2 R AR Bk
TENK SRR IR A7, RIS 4%t i, A 208 % 1 A H R 2%
1113 3 LAY i) B2,

RIS D 1 BC & PTG HBOR B S 3 ) A YO (1 4% T i 6 A e
PR MTA o H 1% I B RENE A5 4l H B 2% Bl A AR R r R (0 2 A e 11 ) T 7
AL, DRUERGH AR 12 e ihAT o el B md o WU RE% (6 Bl HLIERE (10 B0 T~ 2
H, By b2 A B ARG ARG H R AR S, B DR AR ARG E 1

CPOD A5 Jes o< il 5 T

FES V22 I B, I A I B & I MBS R AR AL, — ELHE DR
FAEBERZA, BE/ANTRE R, HOE TR RN RO R m] DUR A
N TR, UnRE R T A s S e A, SEIN TN RS T AR . R
TIPSR H N B, ATRER I VRS . ISR 0 B X EEANRITR B ) SR 7D
el ] DL R I T 3R 2R 25 2 BUR AL

LIRS TSR . SRR st BAEEE R 8IS RIS
OLAE, MIRIHLAS 2 2 SR B 7 A A, LR R P AR o iR m] DUAR B
2B %% TS A S S TN B, SR R R ZE Rl REVE RNV AEAL L, ITAE
R AT A R

223 ETRRPIENHEHTIZSHMN

RN AN R B R P o 2 AR i ok, DIk, XHE K EEA R
RGBS LR B =R T Z, e phabd g, R E . &
BORAMGAEAE LSS 4 > EERbR, DUMEZ8 XA JE gt I ], izt
POFAE IR RIS s ROz fis B = o ik flid Sd e I+ 12

B, M LVZ IR I AL B T E MRS PP, M Wk 2-1.
* 2-1 AFEEH T Z R &5

Table 2-1 Evaluation structures of different drilling techniques

Hbr = RERI T
HEN = Capuistdi] fili JZ A€ WA AR A
UES S TH/K GBI R A S RN

FLU, W VUASPEAR FEAR R P LA, 7 PR R, I B 5 AR VSR i 1t ek
FE A EREE . BB AEREAE R DY EAR A, 3R 2-2 3R HI W ke B i )
RIS FRPRIACEAE . R 2-3 NHIWFERE T — B R R R e g5 R, CR
4 0.09037, /NF 0.1, JEE—EERALR.
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R 22 FIWERE 1L

Table 2-2 Normalizing the judgment matrix

ARSI Bk i J25 il WA B XERE BUEfH

i R 0.11397 0.17868 0.07324 0.10762 0.11397
fith Z RS 0.05698 0.08934 0.07324 0.14349 0.08934
WA 0.56985 0.44669 0.36621 0.21524 0.36621
PR 0.45588 0.26801 0.73243 0.43048 0.43048

*2-3 —Hkk R

Table 2-3 consistency test

Ei=LaD Amax CI RI CR

T4 4.24128 0.08043 0.89000 0.09037

N T XS B KR IR A, 28 A AN S I G 3R Bl = b
TEAEREREE L ARERRE . WA R B T T B ZE 7, X ST
FERERETR L « 8 JRASE « S BUSAARAEME T T REAT 1 LR, TR T AR K
TR B SRR AT T — AR — SR SR . L3R 2-4~2-11.

R 2-4 FIWTERE A — ARl
Table 2-4 Normalizing the judgment matrix-Drilling speed

b BARRSEES AZERES® AEEE BLEAE
B A IEER 0.33377 0.42468 0.26234 0.33377
KR 0.11126 0.14156 0.17489 0.14156
2SRRI 0.66753 0.42468 0.52468 0.52468

25 — BRIl
Table 2-5 consistency test-Drilling speed

Ei=0D Amax CI RI CR

TR 3.05382 0.02691 0.52000 0.05175

R 2-6 FIWIHEREIH—L-ff R R E

Table 2-6 Normalizing the judgment matrix-Reservoir stability

ftERE EAKASIEER  SBRER S EET BE A
THKFESIETERS 0.15926 0.19630 0.12593 0.15926
A RAEI 0.47778 0.58889 0.75556 0.58889
R EN 0.31852 0.08395 0.25185 0.25185

® 2T — MR- E R E

Table 2-7 consistency test-Reservoir stability

Ei=Rn Amax CI RI CR

THE SR 3.05390 0.02695 0.52000 0.05183
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F 2-8 FIWrHRE A — - A

Table 2-8 Normalizing the judgment matrix-Construction cost

WA EAKASIEER  ABRER SRS BE A
THKFSIEERS 0.60796 0.81630 0.47976 0.60796
A RAEA 0.20265 0.27210 0.35982 0.27210
R IEERR 0.15199 0.09070 0.11994 0.11994

® 29 —HUIERR-E R A

Table 2-9 consistency test-Construction cost

Ei=Rn Amax CI RI CR

THEEE R 3.07413 0.03707 0.52000 0.07128

R 2-10 FIWrHERE A — 0 -FR A e
Table 2-10 Normalizing the judgment matrix-Operational difficulty

PRAEMEE BARRSEES AZERES® AEEfES BLEAE
B A IEER 0.14156 0.11126 0.17489 0.14156
A RAEI 0.42468 0.33377 0.26234 0.33377
R IEERR 0.42468 0.66753 0.52468 0.52468

K 2-11 — kA - R A
Table 2-11 consistency test-Operational difficulty

Ei=0n Amax CI RI CR

THEER 3.05382 0.02691 0.52000 0.05175

PLE CR¥/MNF 0.1, B —SMERLR.
B FIR T HEAS BRI S, THEIE KRS EH, A2 AP G A1

B EPER I =AM L2455 . I3k 2-12 PR,
®2-12 BEH L ZHRASD
Table 2-11 The final scores of each drilling process

RN S TEK IR IETE R RIEH A2 IETE
Bl 1 3 0.11397 0.33377 0.14156 0.52468
2R s 0.08934 0.15926 0.58889 0.25185
EBRA 0.36621 0.60796 0.27210 0.11994
AR MEE 0.43048 0.14156 0.33377 0.52468
K AAT5) 0.33585 0.31207 0.35208

AT HL, AR IEEIR > K RG> S 2 R AEFR, Bk, 4 Fi%
MR, e IE 7 N R 8 LRI T2, 5 Seha s A A

23 WEEREENEZHMEHR (The formation has a strong

ability to create deviation and is prone to excessive well deviation)

2.3.1 FREIFRER D
e XX PR AR A A R A, R DN Z R R A L R 5
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CARCE A 152 S MRS o AR AR A, SRR, A PEARE
B HIEH S TRES UL EA LM FH R IR 2, JCHAE = B G = o
AT T A mh i R (0 P T R A SoR A A iR O/, (B2 R B0 RIE
J1757E, I RMTREHZ LA 0 A, 8BS 07 180 A0 BRRE i B 1) 22 5
FEOK, XA [ S R A G K DR B I, NI A A5 3= (R i 7R e
KRR

X 2 3t B DR HE IR ] ) R e R R IR BLX i it . DW1 - FR Al 22
2588 KIFBLIN, SCMRRHA ik 12,70, #idsE MR LA SRR RH G
HEERL AL 3190 KIBOR I IRBULZEHIE, NMEAAE S BURLEIRNEK
2916 Ko XFMPAFERIAIEIN 1t TS, SR UGS A7 A HI 4

2.3.2 HIRFUBITHIRIL T R

F IR iy 22 AR 1 RO B AL (0 22 4, AR GEBI R i T EAFAEVE 2 7] S,
BT B TIREL” MBI, SR PLR LR A i

—. M EAE

o 3 ARG HL S M AN B BRI A5 P Al s R (L 8 5 AN B 3 ot B Jo R 1)
70% , fEBISEANERER G HENIEE A7 3, n] DL BIFERHROCR o =5 I R
W, SOk R e R S TS EIE . ST SE I R LA, s R
B E ARG (MWD/LWD) X H IR U S i s A5 W%, DR & %5 3L B R Bl b
FSSiE

= EERAGE I TR M RV R AR

FENE R G TARR AT, USRI AR R & T2, %
BRI ARG R 7 J7, Al RO IR )= 10 B ARIE R . TR &4
BESHORE, PRS- FE- TR A B Z RIS R, TR RGE T ANFE S VR B
FTT R AN FIR FEAN TR b 5 oA B B MBI BE T T S BR Bt 22 4 P FE I BOR ORIt o

2.4 KE /)& (Chapter Summary)

A TR RTIRIR #h's AT A AL AR IR R, A R 2R 1 H a2
FA IR AL T 5™ B AR LRI RE, 3R T = Font N AS RIS SR B 25 1Ak
J7%% o RIS T IR RS AR < i AL 25 R S AR TR, SR R Pt 1 A4t
BiIRR R, KRG ERRME S L2, B AR R 5 3 Som i
RTINS T0E s RS TR RS 5 HAU NS, 2Rtk & m Pt
fil] e 3l 7l B R SR B S i
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3 MRAFFIRAREIE T K FHBMLIR
3 Establishment of Geothermal Well Heat Exchange
Model and Optimization of Well Type

3.1 xEsEh i EF R (Stratum conditions of carbonate rocks)

BRI 6 2 2 B TR IR IR B0 WAL, X8 W i A L Ak
IR EAE IO B BRIR B MR O AR e I 1R RSk T EE4
AR Z AN B XEE AER R 2P 72 B E R, TR T %5
TRIALERIEAL , FLIREEFIZ 1

AT AN S o 52 21 A B 2% 280 W0 B AN AT RO A I o 5 R A e R
R 2 —, — R B REE YRS RCR. B fa 575
AL, HEASE T, Bie EEE A, KOS, #ERIK.

BRI e A FL IR SR 7 Dy JEUAE FLBRAT IR A FLRRE o JE T B IR 6 e DUAR [A) A=
B URR oy SR AL AL i R AR FLRRINIAE R T s A Y B Jim AR A R FR v i el s
o BT RRIR Hi s HAFAE R E R AL REE, BEtk By, AER&ENTUR
S EEABAR A DT R o EHURAERTS , IR sh'e 5 o R A AR, T e
FRA A% R R T A 3

3.2 HuFREHM BN (Geothermal field background)
3.2.1 HAEHNME

T 22 37 X A R 1 A P ) R T 2 A J22 0 O LR R 5k A T v
s MR KRB SR AR U EERFAE, WA 3-1 P i EA 3
101 m SRR 1) A B B R AR AR 3 DX, L P L <08 7 k™ ke 5 K )
BE1, AR 3 i ELITRE o 2t T ph SR I T IR 28 M ke, B A& S B AR T 1A
I A B ARG  ABAEZR 1 S b vh ) ) =R b e . 2T 32 B dE 4 2R
Wiz KMNWTZ BT E . A ra b 2 AEEE PR =, F R T XA IE A2 1
T EIEIE . ASFE A A W2 B U EE Bk IR IS, F b 2R WA Dy id
B ARSI S M A X B L AR A

X T AR B 2 e 7, 60U AP BT R B L R s
e Ko a3 A, d R REE A R RO G2 W FUE R X ) S B
FRBRIREL A Z R A T R E AL R RGE R, s = $e it
AL TT =BT
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B &
SRR

At
P
BEO-REF

4 - B [ | #emman

B 3-1 ZRBE R DX JE e U ]
Figure 3-1 Bedrock geological map of the uplift area of Niutuo Town

IS R EIR R, R AR AR A TRk G S5 R, S ILAEAR AR 1 A A
i, FIHEA LRENE. ETWRSIRAERRMR “Y” 78, BT PGEEL
[RI7K JTIEF 8 o RIS FIRAAR TR W2 7 AL 2 LT W) (I RHALZ 3, 3 S A
B AL A B S A 2w R, TR T AR B I SR . LI 3-2.

TE A S Hb L 37 B 5T i 3 B, B R 2 B IR AR FE A 0.55-2.05°C/100m,
HAMH N 1.15°C/100m . HA Rk (L 4 156 FE A 0.63-1.69°C/100m, =T A4
9 0.55-2.35°C/100m. &iE FR IR E B R A EER, Z RPN W3,
T B (MR FE I RPN B B HB RS BE s TR L JE 3225V R B PR, e
FHAFH DRSS, s iy S 0 H A v e R e

AA HumH
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. il ki 7, (@] s
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BI32A—A" 5
Figure 3-2 A-A’ geological section
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3.2.2 &5 Z M AGEEFE

LAETE R R ILA

] 2 R R A1 FEE M KR IK B B =5, R EBREIRE A
W Z e A M B R 25 o 1% ZH b TR B PE AL 1) 2R B T 1A s
A R X R B, N 700-1500m, A A EBRL I N 1000-3000m, 4
IR I 22 DAZR X 45 Uk 1 4000m.

ZAH A DA IE R R A A O 32, OO i fLIR B i, b R 2 B2
B-fLIA G R RIIRSEE L AL . WEVESHER: AxaLBE
BAERDATIAE, BiEFRIEE DY 0.01-1000mD, i = MHER, HEEERT
0.01-100mD Z [H]. SGit X A2, 1100-2100m (1) #ufi 2 2 A HLA I
T AR, S KR 50-60°C, Y 7K & 9 80-120m? /h, #7445 9 1900-3100mg/L

T I A BE R Tk O ) D R b ARG BRI R 14 NRBRRE
W2 R 141.9m, HiEZEB 793.5-818.25m ik 24.75m. Hfif i &I R 2
SR, TG R 52 BT 5 VA B -FLI A & el . AR I s BoR: R3S
IKBLBETE A 14.06 KT, SLMTH/K EIA 2] 116.66 3775 K /NS, S TSI
JEAE N 63.5 IR . MK XS HOTEARH, S/KEBEIEESETY 0.694 K/
R, LREFKREFRIRIE 173.92 F T KK

28 B RE T HEA

HlH RS T A Z A FERK-RKENE oS, BERRIR%, +
E“ﬁfUmmm,ﬁ*%QEﬁ@ﬁm& A=At A X R % i T 3km,
T2 2R W24 AR DX I U v, 83 Skm.e W 78 X it ik R DA B &
MR, b A s A HEE PR E R 2%-6%2 8, BEE/1E M 0.1mD
% 160mD.

CRE VB ER AR BoR, & T ARG T 1425-3600m, %) S R
FERBEETE 75-95°C, HIFIH/KEIAE] 45-85m? /h, HLHUKEH LEZ) N 3000mg/L.
FRYEZ DX A R BoR, m T A HZ BN 493.5m, HAH 3Lk
RGBT REEEIE 157.9m, HHRA] 22 MEEE. f#& AT LAy N =A%
Jo: T RMFEHEE 3 E. R ERE 6 2. NEEERE 2 2.

R H A = B v EoaE o i s %wm*tzﬁ%6ﬁ%,ﬁmﬁ&t%
0.15-2.35mD, Jefii & &/NT 7.37%. fli/KiRIe KM, HABKALFEE N 36.68m I,
KB 44.10m* /h, KRN 80°C o 3X MW 7T X 5k A A B VR PR SR AL T
UIEAE/ T B

3.3 EHREFRIEAKIRIE (The basic principles of heat transfer)

15



3 IR IR i T KR i

AW FUGE A S AT A RE SR IR Bl i N R I BB S
HERBE NS TR, SCHINE ISR . i 5| A i, kT
SPETIRES NI -1 SRR G B AR A, AR R T P S RO R R 4
FRIEER R A8,

3.3.1 EAR#ER

SRR RGN & S RSS2 8, HEE
REAE [R B 52 2% [a) Ar BRI TR] AR & (R L R R o 2R AR FR R BEAT H e, 1%
WIER S ] R R = e 2 AL BRI bR

1=f(x,y,2,7)
b o KRN E: x,y, 2T R E AR R RN 2R (x, y, 2) BRE .

FR AR E S IS (B AL, P DA 3 PR R SR A . A ISP AR AR P ()R 2 I A
ERAIRSE g, A I AR iR 2 3 W R O R A IR 2 3 . RS RE 0N

t=f(x.y.2) (3-1)

SR WREIAN,  [F IR EA A (R R S R R T

SRR MR EAH RS UL, B S SR A5 A LR T AR S, T R
BRI .

EALBNLRI = A HEATT A RO, S, PR, R R SR
FEAER, RIATERE SRR E R M A OC, HAE S BRI g 4% FAm iR
5 22 (SRR IE LG 2R, AP REE FEAE Dy FABHLZ 00 FAi A% ™= A= SR S BRI

3.32 HAEFZHIE

(1) #fLFER
IRPEIAL TE R, BV EOHNUEINMARABOEL, SHEEBERERSHR L, 5

fAl BEIR 22 B IR B, B
ro.o—t
d=JA wl

X VARG, RIAEME N SRR T I RBHE R, W/ (m-K) 5 ARG
BRI, m? SHERE, m.
(2) PG PR EITH
[F A AL bR 2 T (RS TvE SRR AR 17 S AL, RN A AR bR 2T 13 0
SRR TR . AR E TR A XA

r —t

wl w2

d
O=- 21— =—"""W

w2

w (3-2)

In—
2nhl 1 (3-3)
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I 63 i BN Al K PR A% 3 ) B B B E SON BRI S5 IS B R R AR AR R
AL AR R IR AR R FAGE BBl R e AR AR, BRI

)

@lz%W/ m
ol (3-4)
TGN
d,
1= oy ]nd—lK/ w (3-5)

FEBA W AR HEER AR AR, X T2 2 RO BRI R, 3Tt
P RS ARIERFAL, APRRAR ) — YERS 25 3 AN R AL e g FABEL IR 2% £ AR, it
SERCANH S HU) B0 B S B PRI R SR A

t —t
= wl w4 W
L d, | 1 d, | 1 d,
n— -+ n— + n—
200 dy 2mal dy 2] d, (3-6)

FEFRIAL, R4 R i AR B 5 0 A AL R IOY AR S A PR 5 R0, I mT
W IE TR oA R A

D d,

[ o=t = In| — |°C

w2 wl 2]1_/1 ll dl (3_7)
D d4 o

FEINARHK : BUE Dy LR E 72 T AL T AR b AR &

|
K= wi(m2 K) (3-9)
L, o, 1
n, A h

A | AR ORI i B TR 2 TR L 5% 45 Rt B T ) 48 SR 2
SHTIRINEEE, A NSRRI

3.4 HHRFHIERIEIA (Overview of Geothermal Well Model)

3.4.1 FhRICEMIRIEEY
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S m
TR bt

K 3-3 AR SR A

Figure 3-3 Heat transfer diagram of geothermal well

HR E I B RO AR 0 20 2K, B H T2 DX 1R AN 32 A
YRk, X 4EfpaiFife 3 I REREAEHL. AL ERAT b2 A 1R — K e [l
R &R EE A L, &S 55 m R REE IR T IR E5 X AR i
vt AT LUK =A% A 1) R RTA Oy 48T T R 1 R i 2 AR 1) RO K IR
ARHIER, REIR T ZETEEE KT, JU AlR = - 5 1% 2
RO — RS S AL L T b, 1R SRR AR IS HoEid &
B EE AR Je A 1 BRI SCEL, AR ICRSEL T 2N IABE N A B

42 [BEEEERA

RS2 A R G S PN, T A S B A R R I IV R ORI S
AT AERASHERE T, TR BTSN RE ST, B BRI
P AN AR TR AR o TS RE TR SEE (V) BEUR P 3708 T A e » H AN R B 0 A
IE5 DX IR AR B 5% o A B 0 2 i PG S (e i Y, 7 0 T kAT
FE SNG40 5 AT SR I SR 15 25 1, 2 3 A BT SO et oz ) i ] R
NFRIENIA G, BEI X R (1 AR BUE R WA 98 R G A S AT

3.5 #RAEST (Model building)

NN A B A IR SRR, B3 2 5 A A% AVRe AR I R 5 3R
%[39]:

(1) R P R B 8] 1A% A R fe Aoy — iR S T 34

(2) Al R B 2R AAEAR R T ), B FH T 1] 138 4% SRR

(3) [A)— R b AL S TR 3 50 73 A s

(4) B8 5K ISR 2 A [F) O [ 2544

(5) 2 1 FH 18 A ILARHUIREE A AL OIS 72 A B RS

W
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(6) = AR I 37 WL N BE IR P EME AR A (V) IR b8 JEE o3 A o

M IR 1A AR G AL S R Ik T 3RAE O 22 J2 2 45 68 £ e i ) A8 1) 3 A ) R, L
g A [ IR IVE S B R SE E —, RGN AIRE R, H S e IE e i 5%
o FERETAAMU BRI 3 3N te too FRIGRT T FE

d( dt
—|r—|=0 (3-10)
dr\ dr
G
dz
- AZ:rrllglrﬂl:hlerrll( a1 (3-11)
dz (3-12)
—AanZIEIrﬂz:hzZﬂrzt(tm ~1,,) -
T
xR EE KRR iz
T
i u
e Leo >
Th

K 3-4 M HHEHHE T REE

Figure 3-4 Heat conduction diagram of geothermal well

n JZ 5 A BE R R E T A O

O twl_rw(n+l) -
= 1 di+1
In
i=1 277:/1:[ dl

HAATH ST
(1) PR L5558 PEERHR B AR I 13 Dy

R = (3-13)
“ 2arh,

bR AR FAEH FREE P B2 IR AT A A, m KW A
REEHINFE, me heART MR RIS I B R e R AL, W/m? K
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(2) BEFHIAM

1 r
_ 2 (3-14)

w2,

ro.
s ci

Arhr | REBEMEROAI, mKW: 2 REEENIHRImK: X
REFMIER, m;
(3) JKULFFHBL
] ¥
Lt (3-15)

Cerm -
r
27 com o

KR AR SR, m KW, 1 REARHEFHAM, mK,
r ARKIIFIESE, m:

(4) BhifLEERHZ i H

1 r
R = — (3-16)
¢ 2m . \24/al
1 0 s
I(u) =— ¢ d (3-17)
2 s 7

PR RHEAM, mK/W: URIEER D 2A50 1 AERIEI SRR

mK; af CRE ARG HER, mYs: r ARBALIEAE, m: ARSI
I‘Eﬂ’ S3
(5) BAAEHE

© f (3-18)

Fo= (3-19)

T,

ﬁ%@ﬁ%ﬂE%ﬂﬁ,%;@ﬁ%%mﬁﬁ%ﬁﬁwtﬂmﬁ%ﬁMQ&ﬂ
BATIEE], h; T AREN—AMEEATERIE, h;

(6) HiflfeEitH AN
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0=2, (%LI.A tt.) (3-20)

AP oRERILFIEE, W; Rﬂﬁ%ﬂ%ﬁ"l‘éﬁ%ﬁﬂ, m * K/W; Liﬁﬁi@}%lﬁ"]{/ﬁ
Z, m; ARREBEHBZERPIEES{SMES N TFREERZEHE, iICERIES,
3.6 i HBEHR R HRAZHEEITE (Three kinds of

geothermal well structure and heat exchange calculation)

3.6.1 fEIFEH
AR SE VAT TR b 22 AR B4 O 2 B R IK b S AT B o B (R . B
I S S S ENER 3-1 FiR.

R 3-1 BT Lt
Table 3-1 Wellbore structure design for vertical well drilling

Bie R (m) o BiERRGE EERY BETHE (m) MK IR =

(mm) (mm)
S5 300 4445 339.7 300 IR 2 Hh T
—JF 1000 311.15 244.5 1000 IR 2 M TH)
—JF 3300 215.9 177.8 3270 IR 2 Hh T

PR RIS E [ T, AR R EE SHEAREE L HT TR
PEREFIARL, AT LA R TH I (] 5 Bl 8] (1 A 0o . i L 2m] DUE R et
WA AIVESHL, B9 R G HUR A A HEETT

1550244mm
ﬁ;‘EﬁEﬁ;I I |1000m
| 1 [ 8
RANE — | l ‘ l
S#HIKE >
EFE&
#R 3300m
3550178mm

K 3-5 flh B B Eif R e

Figure 3-5 Schematic diagram of the wellbore structure of a circulating vertical well
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3.6.2 U Bl

U B RGONK-F 5 B FEEHBOl b, TR B G 2k
PR LT i sm PR, 5 U b R IR A B B B T R LR
AP S EH LI TE ), AR, S B [ ] A F 5
TSR A, (8 @ 152.4mm SRk 538 0 P K Je s R FHL IR 2 55 ity , Sk
DA IR ) 58 il . S5 kiR 3-2.

® 3-2 U BOFRHI B S M Lt
Table 3-2 Wellbore structure design for U-shaped well drilling

Bie R (m) o BiERRGE EERY BETHE (m) MK IR =

(mm) (mm)
S5 300 4445 339.7 300 IR 2 Hh T
—JF 1000 311.15 244.5 1000 IR 22 M TH)
—JF 3270 215.9 177.8 3270 A [ 3

VI ESIS IR Eat Al an i

A, SKF @311 1mm %5k EFHIE 1000m, A @244.5mm X 8.94mm J55 44
RRZEE . WL LA B EIMRARZ WO ER, ik ©444.5mm Jf
IRAC & ©339.7mm FHEEE .

B. ZIFEMRA @215.9mm &7 H RS0, At yIHR A M BE A &2 17 45
it UEE HARHLZ 100m B, fEBREHE S A T HRATHIS RS, SIS BB
FEAEXT 32, 52445 TN @ 177.8mm X 8.05mmJ55 N4k (A P2 B8 IR b ATk . B
N

U BYSH7KP0 422 : SR st 51 e 5 4 N 1 4 S B0 00 1) - AR 38 (1 3-6)
HHT7E LA LB 2 R AENI S5 4 7= I B0 45, 1207 RN 4 kG FE K
B, AAFAEECR B TR St e FE

K 3-6 bk 51 B 5 B K K SR AR A F N AL SR
Figure 3-6 Schematic diagram of the combination of flush guide shoe and insert tube with

water-expanded elastomer
U B3 o [ -
(1) AIKHBeab
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HXRZEE SEAREE LRI L, 2IBCRH w3 AE R R R
BEATFE Y, E AL A T B AR ROE BB AT B CR (K KR 2T 10 H K

(2) HAKRFHE I JZES [ -

X ERZEBERIZ, T 1000 KA Xk, A TR R A bR A kA i
BE AR, FHLRR R R AR SRR RIR S R A X T KT 1000 KFIAZER
AR T HOKYe, TR R I G e, B9 = IR AE 7T .

(3) KTEhb

AP IHBEAREE I X, MR E S reh, sl Ak
TPIRAREL KBRS HL R R R .

3.6.3 —F%RH
%33 S RIEIEIE G

Table 3-3 Structural design of drilling body of one injection multi-production well

ik R (m) BERRAS EERS EETHR (m) M IKYEIR

(B KB (mm) (mm)
TE 300 444.5 339.7 300 IR % Hh ]
—JF 1000 311.15 244.5 1000 IR &8 $h T
—JF 3270 215.9 177.8 3270 e ik

T EZ RIFRAAEE B, TRESEET S U B 3R A [ &

i

|| s

K 3-7 —7E 2 RIS LR 1A

Figure 3-7 Structure diagram of a multi-injection geothermal well
3.6.4 RXMEBHE

A TR (t Rl XY PR E, B1R 177.890 2K EE N
2P E ERR Y 120m? /h, B8 0.7 FIERSF R EOHE AR THRE N 80m® /h. HiZ
WIUG IR 7] LA 2 401 o A PG IR VRS, R IE T FE IR & 200m? /h 1R 77 &
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BEAT P EE SR EE o BRI BN EHRIE N 10°C, 2SS 18 N iR 5 1%
[ FE L) AT, R BRI B3 AR AN e KBRS S BTt B
AR, H PRSI 3-4, FARMEIEEE Ik 3-5 Fs.
34 FHRBURE LB R G R RIS
Table 3-4 Well temperature data and thermal property parameters of each layer

R T R SR R 2R
m T kg/m3 W/(m * K) m?*h J/(kg * K)
0-400 30.4 2033.0 1.631 0.00242 1155
600-1100 45.4 2134.5 1.833 0.00312 960
1100-1772 60.3 2055.0 1.815 0.00284 1090
1772-3300 92.5 1995.5 1.614 0.00278 1005

T F R R AN TR HE BURG H R B I AR BB R A, 6 L # B 24
V) T WA AT 98 SR b B S B HR , 0E A SRAp SRAT B A0 3 . 10°COK
[R5 FE A 999.7kg/m?y LR 4.191k/(kg K). #FF 0.574W/(m-K).

KGNS T 1 S e A P AL R R R MR, ST T 3 P B A SRR
AR R R AVIIESBAFAEZE R, T 2 N RE R B A — B
R, FTRUR 70 S A0 B SRl - MR SR A5 R 4y v T A B, il
S BT RGP T R IR AT B I B, AN SE IV SR 15 N AR IR A T B
AL I M 2 AR AL VB, R T AR G AR B S B AE A PR AR Y B
IR THER R 22 0] . K 3300 KA 8 By, i — B AT,
T AT BASK A 1 7K IR B,

PENKIIFE A 0.5m/s, ¢ N 42X 103T/(Kg * K)o T 4 oy N 10C. BE
M FH AR 155, 4T Hheas N 0.105W/(mm + k); EE ALy 4 122.237mm,
EBEIMEr N 134222mm, EEEEEN 11.99mm, KIEHEEH 35.635mm, 7K
T AT E hem N 0.5X 103W/(mm * k).

B EREHRAAN A A 15
| 1

RI_= = =0.0010
¢ Zﬂrcihf 2nx 0.0889x 1830
1 T 1 134.222
R = n = In =0.142
Cas 2 cas  ci 2ax 0.105 122.237
1 Fh 1 169.875
R = In — In =74.947
cem Zm’ucem P, 2mx0.5% 10-3  134.222

Bla=0.6x 10~5m?2/ sit},
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1 ry
R = 1 =0.217
¢ 211'/16 24/ oT

T8 15 H BT 1 B B H A 0.0010+0.142+74.947+0.217=75.307
(1) BEHBIRARIEE:

0-400m,T 2N 46.6°C, m , N 1.869X10%g,t ¥ 1600s.

At 46.6—10
qg= = =0.488W/ mm
R 75

®=1g=0.488x 400x 103=1.951x 10°W
Q=d-1=1.951% 105x 1600=3.122x 108]
O=cmA1=4.2x103x 1.869% 104 A 1=3.122x 108

FRBA =4C, FTPAHIE 400m ALFI7KIEAN 14°C.

400-800m,T 4 49°C, m ;9 1.869 X 10%kg,t 4 1600s.
At 49— 14

g=— = =0.467W/mm
R 75

®=1g=0.467x 400x 103=1.867x 105W

Q= 1=1.867x 105x 1600=2.987x 108

O=cmAt=4.2x103x 1.869x 104 A r=2.987x 108
EAXAFA =3.8C, FrLAHE 800m 4b/KIE N 17.8°C.

800-1200m,T 4 60°C, m , A 1.869X10%kg,t A 1600s.

Ar 60-17.8
qg= = =0.563W/ mm
R 75

@ =1g=0.563x 400% 103=2.252x 10°W
Q=& 1=2.252x 105x 1600=3.603 x 108J
Q=cmA t=4.2x 103x 1.869x 10%- A r=3.603x 108

FRIFA =4.6°C, FrLIFHEE 1200m 4b7KEE A 22.4°C

1200-1600m,T 2 72°C, m N 1.869 X 10%kg,t 4 1600s.
At T72-22.4

g= = =0.661W/mm
R 75

d=1g=0.661x 400x 103=2.644x 10°W

Q=0 - 1t=2.644% 10°x 1600=4.230x 108]

O=cmAt=4.2x 103%x 1.869x 10%- A t=4.230% 108
FRIFA =5.4°C, FrLIFHEE 1600m 4b7KEE A 27.8C .

1600-2000m,T 24 83°C, m , N 1.869 X 10%g,t ¥ 1600s.

At 83-27.8
g= = =0.736W/mm
R 75

D =1g=0.736x 400x 103=2.944x 10°W
Q= 1=2.944% 105x 1600=4.710% 108]
O=cmA1=4.2x103x 1.869% 104 A 1=4.710x 108

EHIFA =6.0°C, FrLIHIE 2000m 4b7KiE A 33.8°C .
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2000-2400m,T 5 95°C, m .~ 1.869 X 10%kg,t 4 1600s.

At 95-33.8
g= = =0.816W/ mm

R 75
D =1g=0.816%x 400% 103=3.264x 105W
O=d-1=3.264x 105x 1600=5.222x 108]
O=cmAt=4.2x103x 1.869x 104 A r=5.222% 108

FRIFA 1=6.7°C, FrLIFHEE 2400m 4b7KEE A 40.5C

2400-2800m,T 4 110°C, m , N 1.869X 10%kg,t A 1600s.
At 110—-40.5

g= = =0.927W/ mm
R 75

D=1g=0.927x 400x 103=3.708 x 10°W

Q=@ t=3.708%x 105x 1600=5.933x 108]

O=cmAt=4.2x 103%x 1.869x 10%- A t=5.933% 108
FHIFA=7.6C, BrLAFIE 2800m AbsKiE K 48.1°C .,

2800-3300m,T A4 130°C, m ;o4 2.337X10%g,t ¥ 2000s.

At  130-—48.1
R 75

D =1g=1.092x 500x 10°=5.460x 10°W
Q=®-1=5.460% 105x 2000=10.920% 108]
O=cmAt=4.2x103%x2.337x 104 A r=10.920x 108

ERIFA =11.1°C, FrPAHIE 3300m 4b/KiE N 59.2°C.
(2) KB AR -

KPR 400 2K, TN 130°C, m 0N 1.869 X 104kg,t 4 1600s.
At 130-59.2

q= = =0.944W/ mm
R 75

@ =1g=0.944x 400x 103=3.776x 10°W

O0=d-1=3.776x 105x 1600=6.042x 108]

O=cmAt=4.2x103% 1.869% 104 A r=6.042x 108

FHAARA=7.7C, FrLUKFBOKIEN 66.9C.

HRHE A XS AR AR AE , SR 5AS R 2 3300 KA 2R B 4
TR ARG L HKIRE A 80°C o I AR MR TE K H I R A N T
PR RATAE, SEPR TAREAT 7 KR BERR T B AR o T3 5F & 8 AL DX AR 1
KIEARE, TR K. MRIRER 2R, 2R 3-8, 3-9 Fik.

*3-5 BREBOTHEE

Table 3-5 Vertical segment calculates data

B2 B B H VR (m) 400 800 1200 1600 2000 2400 2800 3300

HEE(C) 14 17.8 22.4 27.8 33.8 40.5 48.1 59.2
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*® 3-6 KT BOHEHE

Table 3-6 Horizontal segment calculates data

IKF B B (m) 100 200 300 400
EE(C) 61.13 63.05 64.98 66.90
60 . N
504 N
}
840 o P /" i
%{ AmLR ’./
30 E
.
20 .. e
10 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
AHE (m)

Kl 3-8 BBl AR AL By
Figure 3-8 The temperature variation trend of the vertical well section
et 3-8 FTLAMS R, B BOKARIR BEREIR L6 1 5 E @ s, [RIN TR
FEALBE IR LG InIZ R o

70 T T T T T T T
68 —

66 -

o
¥
1
1

IE (°C)
LA
<
1

s | o |
564 ]
544 -

524 -

50

S S
0 50 100 150 200 250 300 350 400 450
T (m)

Kl 3-9 /KT B AR 34
Figure 3-9 The temperature variation trend of the horizontal section
FH P 3-9 R A, AKSP BRI LA RS IR oE , A N KIRIGT R RS, 8
A 52 LI AL 28 1 HE KRR AT
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R 37 =M R IR AT e
Table 3-7 The simulated heat exchange efficiency of three types of typical geothermal Wells

NS 7 NP vH =2 =N A mﬂ
I TR KB IR E %% g E
(m) (m) (m) (m°/h) (kW)
1000 80 442
2500 0
) 1000 200 449
EEZNER
1000 80 640
3300 0
1000 200 647
1000 80 989
2500 400
1000 200 1041
1000 80 1421
U A 3300 400
1000 200 1498
1000 80 1780
4000 400
1000 200 1860
1000 80 3956
2500 400
1000 200 4164
o 1000 80 5684
—VFZXKH 3300 400
1000 200 5992
1000 80 7120
4000 400
1000 200 7440
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3.7 =it HRIFEEXFEEIE (Comprehensive comparison and
optimization of three geothermal well types)

3.7.1 i HER

IR S B A I L 2, BhHEAORL TR R MR AL . PR
M EEAE 7T, R (FRK , B, MR 9855 W
B ORBORE KRBT, X T AN R R v Rt 300 ARSI B AR . 5

FALBR LK 3-8, 3-9,
* 3-8 A EHTFH

Table 3-8 Circulating vertical well cost a

TiH e A (8/m) H(TT)
— I TRk
1.3 %% 1 50,000 50,000
2R (FRHKD 3300m 346 1,141,800
3REM Ik 1000m 90 90000
4 &2 3300m 57 188,100
ST (EMRD 1 17,250 17,250
6.5 H % CH MR
3300m 20 66,000
i)
6.3 H % (5 AL
2y 30m 4,620 138,600
758 AR S HoAth 1 50000 50,000
8. Ve ¢ [hl fb Ak 1 23,100 23,110
/Nt 1,764,860
. BPRAMOR THE
1.E% 165t 5,200 858,000
2.3k 1 100,000 100,000
3. 28.75t 10,000 287,500
/Nt 1,245,500
=. Wk 1 37,400 37,400
it 3,048,120
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% 3-9U IR

Table 3-9 Cost of U-shaped Wells

T H e B (I8/m) &A(T0)
— I TRk
1.3 %% 1 50,000 50,000
2 it BB 6,400m 346 2,214,400
KB 850m 1,275 1,083,750
3 HIFE 6,400m 55 352,000
KB+ RE 2,850m 90 256,500
4 3R HIFE 6,400m 50 320,000
KB 850m 145 123,250
- HIFE 6,400m 20 128,000
IKF B 850m 70 59,500
6.5 . VIt 2 80,000 160,000
7.5 5 RS 1 200,000 200,000
8.V I 8 1k b 3 2 23,100 46,200
/Nt 4,993,600
L EiEMR TR
1L.E2% 530t 5,200 2,756,000
2.0 BFKVE A% 2 70,000 140,000
3. EHN RS 4 60,000 240,000
4.5 5| SR N 1 200,000 200,000
5883k 2 100,000 100,000
/N 3,436,000
=. Wk 1 58,200 58,200
it 8,487,800

WX LA B S U B TREE M B, — I E 2 R LA R

LTS AL . DA FUAN B S

pivp=h

= = 2N

Vot Al BB S WA IR P P R 3 PRI ) AR IE A

30
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3.7.2 HRHFRZEESITELNIE
3.7.2.1 HERMRERIFRE

AT TR R AT TR bR . FEHE P IATHTT R FEIN, &7
LB RBE A R PGB IX B IR AT TR AT LR AR G I S IRRAS e =
R PSR IR S I TREM AR, QI8 1 “shSBE RGN 1F
k2 %48 be AT DL I R GE WA A6 58 2 Se Bl as T 5 OIS 8], L AUfE
RN B SR T 23 A 2R GE K 42 B AT PE——AUE RN R W0 H R 5% 6 10
TR PEEABR, A S U 7 5 SR R I 18] 4 B [l A

3.7.2.2 HBEMRIRGER

RO R FR R AT R LT R
* 3-10 FRHAAT)R
Table 3-10 Theoretical heat transfer power

AR TR (m) KBt (m) Kk eI 2 (KW)
TEAEH 3300 0 1 640
U BRSPS 3300 400 1 1421
—EZRIH;t 3300 400 1 5684

THEARHE . & Zftmed% 120 RHH TTEURE B RIS (120 KD
PO 24 6 DX R WA J7K 100 J6; BRI 4EE TN 9 T
/LR ZE . [FIRERE e 1 BIRGENIAH, 300 G, @ YETHhX o g
PR TSR], fEA . U B — i 2 R BT AR 20 5
1.25 Ji~FJiKs 2.5 POk, 10 Ji~F77K.

(D JEA S B
PR 77
24X12500=300000 JC
LI A D) 22 2 e 1
100 X 12500=1250000 7t
WA 2
9X12500=112500 JG

T H Bt 3% H A 304.81 J3J6+300 J376=604.81 Jj T, MLRRE W 225 8 % 9%
NN 125 Jiot, BER&EER N 11.25 Jioe, WHULRE SR 30 Jiot. it
WCHIZ IR 26 4.

(2) U Bl as 7 A
HERR 77
24X 25000=600000 7T
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3 IR IR i T KR i

LI A DX 22 2 e 1
100X 25000=2500000 7
WA A% 2
9X25000=225000 JG
T H 57 9 A 848.78 JiJt+300 J370=1148.78 JiJt, HEREHE W 2R % %%
N 250 Ji e, FHEEGYEE N 22.5 F50, WHEREZY 60 570, & EIIL

20y 24 .
(3) —EZ R
HEig 2

24X100000=2400000 7
PRI I 2 2 i v B

100X 100000=10000000 7t
WA A% 2

9X 100000=900000 7t

T H $#95 2% F A 3000 73 76+300 J376=3300 /3G, HERRE X 2225 d s s
N 1000 J370, BRERAYEIE TR 90 Jiot, WORHERE 9% 240 Jioc. $EE EIHZ
K16 4

DL ETHE ) =P i R R R RSO ER B, T —1F 2RIk, R
WA BT AR S, (B RFER R, #8t ROR KM s, HRGE U 8.
i T BRI N, 75 B4 A FAR I A e LR AT F@ 4805 rT AT 01T
BRI EORE B A E R AGE R S8R, XHFRERAE N, AT LUK £ %
RAGGEGMHEM, s U RIS .

3.8 ARE /%% (Summary of this chapter)

ARG AERE P I AR IR AT B A 3, A I o 1 2 25 4 1 A TR A 57
AP, FRST TR IR A TO PR A IR B, AR [ R AL IR AN A B 2R R
(10 357 7 17 7 R SR ST T AR ] L 2 2 ) ) 4 R A T SR Bl
B, R AR KR N 67°C R T B, U B3 2 R
B e, IR R TR, 9 640 T U BUIHMIASHE Ik,
1421 TR —EZ RIS fe 1ok, N 5684 T L. YA 1HE AR
IR A, 331 7% B RSORS00 26 45, 24 FH1 16 4. Bl—EZ
RIS B R, 25 R AR
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4 EHFRULZITAR
4 Research on the Optimal Design of Drilling

Schemes

4.1 MR FIER! (The mathematical model of geothermal
exploitation)

4.1.1 EREE

B AT R R T R 2 K AR SRR, AHIE FEAE A S i ol o U RE 2L
WG T ANz ISR R B2 s S B RRERE , JR T BA R L AR
RIS A B B -

(1) R = A B AR 9 AR ARSI, BB ERT S04 U R
(2) fEB-RN ARG i, ZBIsARE RN A AR R S5 5
(3) RERAARE L B JTRGEE AL AR e S 8080 e il T R AR B s
(4) BB AL B E 205 FLBRR A A 28 DR R IA 0 2 PR 5

(5) BREMEAMAILIHIMNA S FHRGIRE, HERRAGE S B,

4.12 BRinEHIFIE
BT KR R KIS IR NS, Frp B 18, 8 B Darcy &SR

R
0
;?Uyﬂ)+v(pu)=Qm (4-1)
u=—£Vp (4-2)
H

rbe MEERREFHIILER, TEHN: pREKERE, kg/m?; uRILTA
RARMBIESEE, m/s; @ MRRBRFILI; kRIS ZIER, m’

4.1.3 REIHITHIFTE
IR, 2T 2L B S8 7 T A

dey, E
ar 3(1=2v)

oT
—pC+VT-pCy—V-(AVT) —a,T =(l-9) 0 +¢0
91 11 T g !

(4-3)
=i LF
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C=(1-¢)p,C +g¢pC, (4-4)
A=(1=@) A + ok, (4-5)

Ky MEREIFEE, kgm®; ¢ ARG HRME, TkgK): 1 AERERFRRL,
W/(mK); TREZANTERES, °C: o AFREFEME, Wmd p RERIRIEE
FE, kgm’s © MRBEREHLE, WkgK): 4 REREFHEL, WmK); 08
RIAIE, W/md,

42 WRHF T EMUOKEEE (Numerical model for
optimizing geothermal drilling schemes)

42.1 4pRRAY

B 4-1 HEB
Figure 4-1 Numerical simulation
Wk 4-1 R, @57 1600 X 1600m FIBER . /FAAE 1, 2, 3, 44
RS HHURAT AR IR B A A )= 5 A SR IA]EE 400m, 500m, 600m. i
AP KR EN 0.5a, BIHTHED KA 50a.

422 BYHAFFH

SH TIPS B AR BT b B b 5 451 .
(1) BIRIAFLM: BIRMEIBLARZE RL N 1.16e-12; WE S FHFFRATEN
R, HWEVIIRFLE R BiE R ILE 4-1,
K 4-1 WIGHILBR R KBiER

Table 4-1 Particle size distribution results

=i GRS &SN WIIEIBIE ok ) m?
TR Eh 0.4 1.0e-14

(2) AEIRIA T BRABPIIGIR LB E DY 130°C; DY R IF A o, /KB
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BEANLRIR, SRR SRS EIE 4-2.

* 42 AESHASH

Table 4-2 Particle size distribution results

PR ks SR Bb# 2
M (W/(m-K)) C/ (J/ ke K) p/ (kg/ m3)
IR Eh A 1.3 810 2350

4.3 FEFEEITEEHF RMALBIFNE (The influence of well spacing
on the optimization of drilling schemes)

XFFAN RN AT 7 20, SR ERER A AR (R R0, & B R A A T oK
PR FEZ PRI R FH b 3 R 0 R A 35 AR T 9 X )b B AR, [T R 731l 15 B A 400m .
500m 1 600m. BE i B & 2 CHE TG

FIFH Comsol JF & F: 8] #E4) H) A 400m, 500m, 600m £51F %A & 46 5
R . RIS R ER AR Z (A G R A ENR A = BRI ARl -, S
Comsol F IR EAALBE, IR Origin B2 HR AL EL B, 43 7] n
4-2 3 4-9 FIioR

431 —R—*

TE—R—VERIZAET, SFFE R 400m I, 0~10 48, VEAF 5210 A5
YK, BT 30~50 45, WL T 5 A IER RS EO . £ RN 10 4,
IR DX s Ya B A R, A B aT oA Ik, SRR 7 B0 X 8E, @il
SR FUBR (1 FAA A F PR TR, IA B R 612 IR EE , 1% BLS R A e
FRELTFR 20 )G, EAS A B MRRI Y RIS HEE, THRRRM
WEIE . BT R I B0 ) 2B, AR A1 X IR R AR I Ik 173
MOER, SERHEWIRI, RAERH SRR RIS . FH, % 500m. 600m
AR AT TR R4

XFF KU, 400m SRR SEAF T, 7RSS 20 A BFAREL, 500m
FIEE 6N, FE55 34 AL B IERE, 600m FHIAIFESAME T, 50 4F N AR IE IR
i
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400m 500m

600m
Kl 42 —R—iE N AR E R AR =
Figure 4-2 Temperature cloud maps of different well spacings were obtained through one injection

and one extraction

410 T T T T

400

390

(K)

380

FEF
=

il

370

360

350 T T T T

i 18] (a)

4-3 Ky TAN RN [a) S il B2 AR A xof EL
Figure 4-3 A comparison chart of temperature changes at different well spacings under one

injection and one extraction
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432 AR—FE

FEPR—VERISEAE T, FFEFE A 400m I, 0~9 FJ2, VENFIHIT R4
MK, BT 28~50 45, WHEHAFYAY K, HIL T ABRE, £
W9 4F, IGIR X BN TE /N, AR R B M BOR K AE RN R . FF
IR 19 5, A BRI RS RS A=, BRI E
16 o FH R H S B 086 2 5 SR IR AR 1) 12 X SR AR I I i, ST %
SR VAL R . A B, XF 500m. 600m 254 R HEAT 0 M 15 3 4516 -

XFF PR R YL, 400m SRR S&AF T, 7RSS 19 R BIFAREL, 500m
RSN, 7R85 33 AEIA B IIERE, 600m FHIAIFESEHE T, 50 4F P AT B R
.

400m 500m

600m
Bl 4-4 PRI T AN FEFE )R AR L 2

Figure 4-4 Temperature cloud maps of different well spacings were obtained through one injection

and two extraction
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410

400

390 H

Z
i 380 1
b
3709 |——400m
= 500m
360 4 [~ 600m

350 T T T T

I 1] (a)

Kl 4-5 PR3 T AN F I TA)ER i B2 A AT EE
Figure 4-5 A comparison chart of temperature changes at different well spacings under one

injection and two extraction
433 =ZXR—F

E=K—VEREMET, MFFEFE AN 400m I, 0~8 FiENH 5510 KA 51K
T K, BT 26~50 4, AEIAFNYT R, B 75 EEZA - IERRN
BeRui . (EFF VI 9 LA, RIRIX sz e A PR, AEearm R S, 1
BrBECR R AR R« FFEITR 17 )5, A ABERRES Y BHS
AEFEIREE, TERRARIGETE . BT R A E R E R, SRR
XA TSI, S AT B A BRI R . FIEE, X 500m.
600m 514 N AT T 15 245 18

P =2 R, 400m HRIFE SR AF T, RS 17 R BIFAREL, 500m
FEESEAE R, 25 28 SRk BIHARAE, 600m FHIaIFHLAF T, 1E5H 46 FiBFIH
W

400m 500m
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600m
Kl 4-6 =K FAFRFREARE =
Figure 4-6 Temperature cloud maps of different well spacings were obtained through one injection

and three extraction

410
400
390 4
—
&
o 380
L]
3701 ——400m
——500m
1604 ——600m
350 T T T T
0 10 20 30 40 50

IR 1] (a)

Kl 4-7 =R T ANEFEA)ER i B AR A0 EE
Figure 4-7 A comparison chart of temperature changes at different well spacings under one

injection and three extraction
4.3.4 MOXR—E

FEVR—VERIZME R, SN 400m B, 0~8 fEiE NFH o510 A 51
TR, BT 25~50 4, AEHAFHSNT R, BT 5457 ERN A B .
FETFRAIHIR 9 8B, IR X M2 A IR, ¥8enimA BB, shrBR KA
IR R . BT R 16 FIEr=AERRBILG, R T &R R . [
H, I 500m. 600m K AF AT /AT IS8

SoF F-VUSe—33 3k, 400m JEMIFESE R, 7655 16 RSB HIEME, 500m I
FIEES6E N, FE55 26 FEIARIFNIAE, 600m FIEFELA: N, 7255 42 Gk B
il
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400m 500m

600m
Kl 4-8 DUSR—iE N AN [E]H: 8] R )i = 1
Figure 4-8 Temperature cloud maps of different well spacings were obtained through one injection

and four extraction

410

400

360

350 T T T T
0 10 20 30 40 50

B[] (a)

4-9 DUSR—y3 T AN - o) 2 ) il B2 38 e xof EE
Figure 4-9 A comparison chart of temperature changes at different well spacings under one

injection and four extraction

R T RS RAEAT M, A ICREAE FE AR AN WG O, AR [A]
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AN, S5 E R BORL A SR, AlIEE 600m DG B FEA] B

44 EFRHBEXNEHEHFRMUBEN (The influence of the
number of production and injection Wells on the optimization of
drilling schemes)

F R 8 BE 45 400m, 500m, 600m Z%1F T AR 3 S 50 8 0 IS il
oM . AR FTIE R RE IR AR 2 B R R FH Origin A4 i), AR 4k X6t
LB, Al 4-10, 4-11, 4-12 Fios.

410 T T T T

400

390

(K)

380

B

370

360

350 T T T T

1] (a)

] 4-10 400m 18] B AN R R A ORI LA A0 H
Figure 4-10 A comparison chart of temperature changes with different numbers of production and

irrigation Wells at a well spacing of 400 meters

410 T T T T

405

400

(K)

395 4

B

390

385

380 T T T T

1] (a)

Pl 4-11 500m F[E]EE T AN 734 R 450 14 0 B2 72 A v EE
Figure 4-11 A comparison chart of temperature changes with different numbers of production and

irrigation Wells at a well spacing of 500 meters
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404

400

IR (K)

398

396

T T T T
0 10 20 30 40 50
IR 1] (a)

] 4-12 600m 18] B AN R R A BRI LA A0 H
Figure 4-12 A comparison chart of temperature changes with different numbers of production and

irrigation Wells at a well spacing of 600 meters

XA FE I, AN F A O BCR AR A AN S, A BT
BEAA T BORRERIA IR SR AFIL S ARIEHEFCXUR, BEEERTT 5
AR, PR, =R, DRI, BRI MR 1CHrd E
IS (B 2EAT XS LE o

X T 400m FEFER YL, —R—EFM T, BERK ICHE 10 4, FR—
VERMETN, R ICHE 95, =R —IEFMHT, HERFMKICTHEESRS
oy PER—JEFMT, BEREK 1CHRZE 8 £,

XFF 500m FHEIEEARGE, —REFMETS, BEFK ICHRE 178, WK
AT, RERIR ICHEE 16 4, =R EFXMT, RERR I'CRE 14 4,
PUSR—IEFAES, IRBEFR 1C R 13 4,

XFF 600m FHEIEEARGE, —R—EXMT, BEFK ICHRE 49 5, WK
AT, RBERR ICRHEE 41 4, =R EFRM T, R 1'CRE 23 4,
VSR —IEFAES, IRBEFR 1°C R 2 21 £,

I FR AT, £E 400m, 500m, 600m [IFIEIEE TN, BEAE A IR ECE
N, FIREREE TR T, BT ZA A A . AR S = AR AT i, 1E
A EI U RDFA-—E 2RIz, —IE 2 RA R INAZ R BE o, BB R
W, SiEisiRl, R e PR EMEOER I B E T .

4.5 ARE /)25 (Chapter Summary)

(1) @3 7RG EER R, AR R, PeR0E, =K,
VUK S AR R R, KA B = A s A
(2) HASFEAF—E I, BEAE B EE A AN WG K, T IN 8] AN B o,
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ZEE R TR AR RE, RTERE 600m Dy & R R TA]
(3) HHEAMAFAF— N, BEEEHLEABIE, & T AR,
WRIEAH R br, Al 3 PUR —EAF MR B B 7 5.
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5 BLBVRRRGEh A M ARShH A Rt
5 Geothermal drilling scheme design
5.1 &it/EN| (Design principle)
(1) FEANFALIE I EERE T B W Rt foa i b X S5 R R iiE X, 5
TERIF RS & B R, DRAE P [ IR VY 22 4
(2) HFATFRIFIE LR RSO T 28, & A EIRE A TKE
REIE SR RES, @ B2 A RLUUEE RS, A B a I RIR R . HERE
IR A 5 AU
(3) HIARGRIBATSEINIARLTE [ Z AT RREETT K A shals #eP4
BUHI AR e 75 100 A, A7 2 H bR B[R] A R 3 R LI T B PR FH R0
(4) M FAH: X A oy AT 4% SR 0], SEBIN S 1 2 T 0 i B 4%
RBEH: LR B N2 2Pl SEisT .
5.2 KEFARZITE R (Key technical design points)
5.2.1 fEEMEAIE

(1) = ZEHh 5 2

HFE ) b 5 TR A A A S v LT v Lawson Bk, =K 4
IRA B T R, DT 3RS B RS, BHOGE TR (E
AR AP B EOG I F 8 B AR B 8 B A SR i i R R R 2%, i Z R AR BERS,
WA 24 O 22 00 e o JFC R A SRR AE AN B A 5080 it ) S AR
TRE A IR 285, SR DR 28 b 1) 601 R B35 J2 TR R4, IR 6 A R F i T
L R 2 7 R A5 211 7 vk R T A 45 R R NG R, AN DLA (a1 A AR 5
B, e PSS R 1) 22 (B 7 V5, T [ R 3 1 5T AR A fs T B AT A5 B
TTTZHRH . HZm M2 EARER SR, —2HZmEER, —_HZENE
B YU R R ) 2 7 A AR SRR AR B, SR, BER. HR
FITH S5 2 VR EE « BRI, BhfLgmsk, HIHBPEIURE &G BB A N2 5E
ZRBHE, BT T R

HbJ2 1 e T PRl ) 221 1 E Gy BT 2 Ak OG R, B L XA T ARG £ 3 g
B, [T b2 52 AL R T S5 T H B0, SRR SRR E . BFALIXER DU R 5 081E R
LR 2 2 (R BB e BT RIEBRAL 2 MBS HAC R, HETEEE
B HER. BEA. BRA. HAOR. 88 REHZES FEZNMEAR
BEBRKC R B AR Z R EAOC R, e AN R 2 15k A2
T 6 st J2 T 2 ] 28 A 5 P 18I 43 A1 ) 220 i
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(2) FRIXARIE:

HiAREE X3 75 DAHB A A% 0, 45 S R T2 B ORI AR
R PR GG 22 U PEVEAil o AN [F) 2R TR () b PO R 7 B PR A . R i e
FE>3 2% /m, 8T FR BH 2 RGN ) VT TR S 6 <30%, A Bl SR S LT A
FET MR IR B S X, AR AR K EEIX .
522 KEshHFSHEILIT

EREWTTIX QAR AT A 5 SR B B B R, B B AR IR T B AR
TR IR PG (0 X 3o HL 05 SR 2 18] 70 AT ) 2R B S P R 7 [ IBIniR, feeide L
GRAL T PHAL B RS SO E I, BRIV T 800 2K, 1RG4 B AR AU A4 3 %
o fi# 2R EAE 100-600 K2 [8], Horp KB ARGl B 5, T 2 R DU G T4 53
Tk /h T 100 K, B JFE T B RIETH S . BE X 4000m LLE

VR E IGEIR B3 PR FFE 80-110°C &

&
FERFIFRSHE

==

B 5-1 MBI ARI I 73 X ]

Figure 5-1 Zoning map for the development and utilization of geothermal resources

WRAE 2.2.3 &, BRSPSz X A SR AR p I T 2R fiak,
BT FOVE R IR AR L Z (LK 5-2)

SEEIEEIET LA 1 S5 MR FSUZ BER AT 31, ad i Rk de T IR S
[R5 T B RN AT ST SR 1% L2 R G S RN A R SRS X = BE
BT FHCIRIE T i IL AR, BB A SRR BT 5 B Z R 3R A X
R RS, SRR SRS R S TR, R T AR
AzhRe, AR A BB A Bl o BRI 1 5 i
JERIFHROR R B, SKL 1 HIHF AR SRETE, et )= K O
P IR BIZRG B2 1l AL 2 DR B2 17 AT SE IO BRSO - (s FIRCR W A T
TFARGE TR RS RAEA P R R T2

45



5 WORERIR Eh A ARG I O Rt

Kl 5-2 R IETEM R = E[40]
Figure 5-2 Schematic diagram of the positive cycle of air 1ift[40]

IS 4 T T R TTIT T, T B R T R R X 1 R
VR 3000~3500m B X, FURIVE R FFEFE A 600m. RIEE 3 R4
GERIAT A A 2R 4 B AR IF BT AL T AR, fEIEH EIE, U &Y
HRM—FEZ R F, —FZRIFMASZ G I fom, B3RO E R, 25
s KA Rk e VDR —3F (LK 5-3) o TR Bl s, el bR
A7 X A E .

it

Kl 5-3 gt s
Figure 5-3 Schematic diagram of drilling plan
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RYE S 3 BT, TR E Y 2500~3500m, Tt H K FHRIKIR
N T0°C~80°C. fE LBBIFHIGEIL T, ML X BRI A AT US43 2 2 75 i 5
K, RARFEIR BRI A, B A IR B I SR A I 18]

523 HBEWLIT

X FORIR 3ha #A i, A%t AR R R KAbse REMEE R TR B
SRR PRI R R R AR 1] /L, 0 LI B 25 W v h E R = PR G & 45,
o3 HhUBT A2 k th XCR DU FF B 2 B 454, —JF & 444.5mm X ¢ 339.7mm,
W R KK EER AT R K E R —HF 6 311.15mm X & 244.5mm, 3EA K
e A E 2 EATRERAZ: —=JF ¢215.9mmX ¢ 177.8mm T LI,

B —NITFR, AR PGS
® 5-1 O amg it
Table 5-1 Well structure design

B Bk R BERS BEFRM TR (m)  FFREXR

(mm) (mm)
ER 444.5 339.7 J55 300 KU i 22 HiTH]
HARZE 311.15 2445 L80 1000 i COLE iR =
C = 215.9 177.8 T 3270 TGl (FL12®20-50mm)

KB BEBCRA “KAKFB+Z 5007 4itl, KPFBAKE 800-1200m, 733
[ R 200-300m, 78 48R . IR R R RS (LWD) |, FaRbks
¥ 40.5° /30m.
BRI HEH SRS (RSS) +PDC 44k, EAIZE 4-6° /30m, WHlEIFIRF
.
524 EmhHFiRis R

B HEA RSP I miE A, B AR FI R T B & iR AR e e R
EIFBARIE R, 1248 R O SZ IR TT R 37 5L R F o« i e i 5
S RFRI R, 2 THIE R AR, BN AR B 1 S R A L] S K
AR, 8 I H T e 2R TA A B AN R AR NI S H A, S I R IR P
FEEE . U5 BE R B 5 A, SRS 32 ORI, R W AR R
PR -V R IR B G A A Z A B3R, M “3-777 hEP P 22682
A S0m B5# A o [E AR R ER /K, VN IR VA M 27 1 771

5.2.5 WRRGISE MM R ER

N ORI R G RE N REE IS AT, M “ XU R 7 BRI &,
Hh oA o A RS M 5 R BE TR I K A% L, SRR AR B AR TT e 22 2 2 i T Y

47



5 BUMERIR TR VRS T 7 R B

L5V, ) R AL G T B AEAE I = IR, Jd e A it J 2 DA SO R 4544
HA AR RO LA AR BE A, IR B N 135 VAR 3 1 R 2P
R, 2 WS WA R BEAE 2K 52 80MPa [P L2 i J1 1 300°C ¥ =i, A S ok =i
JE§ s A5 5 TR AR T T PR )

B H X RGER L ST F RN RIS AR 2R, i s FH T R 380 SR 4R 2 vy
17720, Bt RGN B P2 AR A T, A B =4 AL R
FHIMThRE, REf LI s ZHEAR M 52 W, IF HRehs 72 ot 3 IR I i2
Wr TAE N2 o SR RS flG 3k RE I T Bere i L 1 I I e 2249 238 71, BeEJTF
KRR BE VL IR R GEis FINLBS 27 ) SR Sr FA S P AR A, A B A% St A T
27 AR TR .

Va5 4 Fiz F A7 gar e B ) Sh A AL SRS, — TF AR H i = A AN TR
RRPRBUFATY, BEEDHR 2 QKA N R Re UL Hlas, SR 2I6E ZE e
PR AR 0.5 $6 PQRE/ R FEE R, H S0 70 2 B ERME L], KEEAR I
78 3R 2H ST IR 0 B SO PR IR ], 0 FH A7 fur LA AR R IR O, A AH
IS REHCP TR E , %258 B RS 10U A T ML e R B R m B
Rem AL R Tt .

53 MEMEFZE (Risk emergency response plan)
53.1 HimXE 2R

BRI i 2 2 ROA DURRAE RIE IOK R R 2R GEAT R, N E 3th B iKY
WA, SBURREE A IZE AR MR, BEEER K. B EYT, 4
BB R I R AL - RGO IR REAINT, B o kAR, HiRREIE =R
ERhtAE.

R FH Bt R BEL 3 AR T PR S DR R R B i 58 D5 VR X P s A
i RIS EVER R . RAENEIR RC R FRVEIR S, (R R e B i £ 20 #r
IR RLIR REIE B IE R 5 RST A ITOSEIR T 252 UK .

FEXNEIE IR ARG D0 AT DA v R /K e e B 35 s IR IR RS UKL M AN
WA 477 BB LR, X TR EEVEIR JORDL PR B &38R R OF B 578
EBROR, DALseBl 2 e AR, B B TR PR % in U RE S HY © S JVE AR
SN JE SRR 7 SR, R v R K S T R T B R E T Bl Seid
I ok X35

YRR B KR A AEYS, I8 LRI B R, A VIFEEE N,
W B IEASE IR I e KR L o

5.3.2 HEEKTRITHITS
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I R RIR o 2 P A S S N 2 SR AR AR 2 T i B AR 2
5 BRI D0, BRI IE LR AR 225 5 50 6 R e A IR S N 10y
ARG, RAFEUFEENPURTERPIRDL, X T RGEME R & B =,
VeI R I G 2 ELARBEARSCHE ML AT 0T 77, W 52 0 S B 25 1y B A R e 1k

SR FH TR A JEE A i B 5 e 4T 1 7R e T S SR AR A A Ak B, [T If{a Y DA
FEE T 1tk Dy 3 ot 1) AR A Y LAt J2 3 A s I 2 A 22 DT S BB 22 5 3
KA A RIIERGS I, 410 R A K H B 5 R vk JEE 485 0 00x - B 7%
DX SBEAT b Fe SR e 3 1 B L S LD BT I IR AT .

PEERRAR, R “BERGYTLAEE T 1Z, @i Bi-Centered Bit 37 fL
EWERS, AN ABAREERBEANFEMZ . 25 TR 240°C BL_E [
WREFH AR R, AN B/ AR EE PR, Bk iR AR LA L. R I
NRERGYIR T, N B KL, e DR Bl U B

533 SRS

R EGE R R I 200°C 2, 8 LA R S H I LA )

(1) WARTERERA: iR 2B TAB R, Ve K BT IRME, 1Erbae
VAR SH

(2) T TSR SR T VIR BRI R &I, 5 5 K RAG

(3) W& B SBlR . WA PRI A 57 2R 50X 39 1

XFF FRAFAE A8, AT LA R BT 300°C DA g 3 v+ AL A 1R R 1 9 2
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6 Conclusion and Prospect

6.1 FEL5L (Main Conclusion)
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Abstract: Until early 2006, in Brazil, the focus used to be on oil and gas exploration/exploitation
of post-salt carbonates. This changed when the industry announced the existence of large fields
in pre-salt layers across the South Atlantic Ocean from nearshore zones up to almost 350 [km]
from the shore. With the discovery of pre-salt hydrocarbons reservoirs, new challenges appeared.
One of the main challenges is the necessity to optimize the drilling processes due to their high
operational costs. Drilling costs are considerably high, which leads the oil and gas industry to search
for innovative and entrepreneurial methods. The coupling of the mechanical specific energy (MSE)
and the rate of penetration (ROP) is a method that allows for the identification of ideal conditions to
efficiently enhance the drilling process. In addition, the performance of the drilling process can be
estimated through pre-operational tests, which consist in continuously testing the applied drilling
mechanic parameters, such as the weight-on-bit (WOB) and drill string rotary speed (RPM), looking
for optimum sets that would ultimately provide the most desirable ROP. Thus, the goal of this
research was to analyze field data from pre-salt layer operations, using a multi-objective optimization
based on the play-back methodology for pre-operational drilling tests, through the ideal combination
of the highest ROP and the lowest MSE. The results showed that the new concept of pre-operational
tests based on the MSE proved to be effective in the drilling process optimization. The combination
of the highest ROP and the lowest MSE allows for a high-performance drilling process. For WOB
intervals of 5 and 7 [klb], a good fit of the parameters was obtained. Through the parameters obtained
from pre-operational tests, the eventual cost-saving and time-saving values could be estimated,
respectively, ranging from USD 1,056,180 to 1,151,898 and 19.50 to 21.27 [h], respectively. In addition,
the results of this research can be applied to the exploration of other natural resources, such as natural
hydrogen and geothermal sources.

Keywords: desirability; drilling; pre-salt layers; carbonate hard rock; pre-operational test; oil and gas

1. Introduction

The oil and gas industry is still one of the biggest economy drivers in the world [1].
The discovery, exploration, and exploitation of hydrocarbons (HC) from pre-salt carbonate
hard rocks are key steps forward in this sector [2]. The pre-salt region in Brazil is recognized
as the biggest set of recently discovered giant oil fields in the world [3]. However, more
than ten years after its discovery, operations in the pre-salt carbonates continue to present
challenges in terms of drilling, production, and also in relation to the reservoir character-
ization [4,5]. Pre-salt carbonate reservoirs are highly complex and heterogeneous [2,6,7],
a feature justified by the nature of the original deposition system and the subsequent
diagenetic processes [2].
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Optimizing the drilling processes and reducing the costs of production are extremely
important to maximize profitability in the oil and gas industry [8]. Due to the ongoing
considerable demand for hydrocarbons on a global scale, the oil and gas industry has
always tried to find novel solutions, especially for drilling operations, to diminish the
operational costs [9-11]. Drilling operations are very expensive, challenging, and involve
risks and different problems, especially with deep drilling and activities through hard
formations [12-15]. Due to these facts, the drilling process has gained notable technological
improvements in recent years [16]. For example, current bottom hole assemblies have
several sensors, which allow for the monitoring, steering, and optimization of the drilling
process by measuring the geological and directional information of the borehole while
drilling [17].

Industries within the sector are motivated to implement technologies that focus on
cost and operational optimization [18,19] and solve the challenges still found in petroleum
exploration [20]. The rate of penetration (ROP) is one of the main parameters affecting the
process of oil and gas well drilling optimization and the total drilling costs [1,21-24]. The
ROP can be defined as the speed at which a drill bit breaks through a formation, deepening
(advancing) the borehole [25], or as the volume of rock removed per unit area per unit
time [22]. An ROP prediction can help in planning the drilling process and reducing
the drilling costs [14,26]. Finding an accurate method for ROP prediction has been one
of the objectives of the oil and gas industry since the 1950s [27]. Due to the complex
relationship between the parameters affecting the ROP, an accurate prediction of the ROP
is very difficult to obtain [22,28]. There are many drilling variables that affect the ROP,
such as the weight-on-bit (WOB), drill string rotation speed (RPM), torque-on-bit (TOB),
standpipe pressure (SPP), flow rate (FLOW), as well as the depth and lithology [27,29,30].

Increasing the ROP has been the main target of drilling in the O-G industry [31]. Exces-
sive increases in the ROP can cause problems such as stuck pipes, poor hole cleaning, and
drill bit tooth wear [26] in addition to drilling vibrations and fast drill bit warming [32,33].
Therefore, there is an ideal (or optimized) value for the ROP for each situation and scenario,
where decreases in the operation time and drilling costs are more likely to be achieved [34].
The mechanical specific energy (MSE) and ROP are two key factors for evaluating the
efficiency of a drilling process [35]. The combination of both factors allows for the opti-
mization of the drilling process [20]. The MSE has been utilized as a tool for evaluating the
performance of the drilling process, where the maximum efficiency can be reached at the
point where the MSE has the lowest value [36].

The MSE has been widely used to quantify the efficiency of the drilling process [37].
The concept of MSE was first introduced by Teale in 1965 [38]. The MSE is defined as the
energy required to remove a unit volume of rock [23,35-37,39]. The MSE has also been
applied to formation lithology prediction [14,39]. Due to the difference in rock strengths,
when sudden lithology changes occur, the MSE values may also significantly change [40];
these are linked to other parameters such as the drilling speed (or ROP) [39]. The MSE
must be numerically close to the ultimate confined compressive strength (UCCS) of the
formation; in other words, the lowest value of MSE corresponds to the UCCS [36,37].

The performance of the drilling process can be estimated through a pre-operational
test, which is a simple and practical procedure to determine the relation between the ROP
and the parameters WOB and RPM [41]. The test consists in continuously increasing the
WOB while keeping the RPM fixed at a short depth interval to obtain the ROP values,
which is repeated for different RPMs [42]. It has a new focus in the oil and gas industry
to relate the drilling performance to the MSE obtained during the drilling operations.
The achievement of the highest ROP, as it has been applied in the industry, may not be
applicable anymore. In this sense, a new concept of pre-operational tests based on the MSE
was presented by [43], comparing the interpreted relation of the WOB vs. ROP with the
WOB vs. MSE for different RPMs.

Another important aspect is the use of these technologies in the exploration of other
natural resources. Nowadays, the exploration of petroleum, natural gas, and geother-
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mal sources is gaining importance due to the increase in the demand for these energy
sources [16]. The advantages of using geothermal energy to produce heat and /or power
include the large number of geothermal resources available, low operating costs, and the
expected contribution to the decarbonization of the energy sector [44]. Drilling costs can
account for more than 60% of the total cost of an enhanced geothermal system (EGS) [45].

Most of the research performed on the topic proposes a single-objective optimization
approach. Thus, this research aims to analyze the field data from pre-salt operations, using
a multi-objective optimization based on the recreation of pre-operational drilling tests.
The multi-objective optimization of the drilling process will be performed using the ideal
combination of the highest ROP and the lowest MSE, allowing for the discovery of the best
set of drilling mechanics parameters for the specific lithology studied.

2. Theory of Pre-Operational Testing

One of the main problems during the drilling process is the excess of hardness and
abrasiveness found in pre-salt carbonates. These characteristics can lead to early drill
bit teeth-cutter breakage/dullness/wear [43]. All these events affect the drilling effi-
ciency in pre-salt operations. The drilling efficiency is directly proportional to the total
non-productive time (NPT) [46]. Usually, the NPT represents one-third of the total rig
operational expenditure [47]. A statistical analysis in the Gulf of Mexico showed that
in 10 years, more than 12% of the NPT was due to a loss of circulation and about 18%
was a result of kicks and wellbore instabilities [48]. A similar analysis showed that lost
circulation can increase drilling costs by USD 70 to 100 per foot [49]. In this context, there
is still room for improvements in the solutions based on computational tools and more
automated activities, which may be applicable not just to pre-salt fields but also to the
industry overall, from a global perspective, and for the exploration/exploitation of other
natural resources [43].

Thus, considering the actual global scenario of the O-G industry, there is a need
to search for ways to increase the efficiency through the development, implementation,
and deployment of novel and innovative processes and products [43]. To overcome these
obstacles, a methodology to achieve the ideal drilling parameters has to be proposed. The
selection of the ideal drilling parameters can lead to the most desirable ROF, allowing for a
reduction in the energy consumption and NPT.

The drillability of the formations can be estimated through pre-operational tests, such
as the drill rate test (DRT) and drill-off test (DOT). The DRT and DOT methodology were
developed in the 1950s to reduce the drilling time by determining the ideal parameters
(WOB and RPM) for drilling a specific formation. In addition, the methodology allows
for simulations and tendency estimations, enabling a better understanding of the possible
parameters and design combinations for operation optimization and efficiency enhance-
ment [50]. Through the DRT, the following questions can be addressed: (a) how large of an
increase in the WOB value would be effective and efficient? (b) how much of an increase
would lead to unnecessary machinery overload?

The WOB and RPM are critical parameters that must be monitored and optimized
in real-time during the drilling process [46]. Other parameters such as the torque, stand-
pipe pressure (SPP), mud weight, and mud rheological properties also play a critical role
in achieving a better ROP. However, these parameters cannot be manipulated in real-
time, since they are a function of the formation type, lithology, and temperature, among
others [51].

The pre-operational test is realized at the beginning of a new phase of the drilling
process or formation at a short depth interval, and consists in continuously increasing the
WOB, maintaining approximately fixed RPM values (which always vary for another test
run with a specific given, fixed RPM) [42]. It is basically a step-by-step process of varying
the drilling parameters to maximize the ROP and determine the “founder point”, also
known as the “foundering point”. The founder point is defined as the point at which the
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ROP stops responding positively to an increase in the WOB and/or RPM [46]. The ROP
versus WOB graph is shown for the values obtained in Figure 1.

ROP

4

3

Inflection point ’ Performance enhancement
with re-design of parameters

Region Il Bit balling
Region IV — Bottom hole balling
Vibrations
Region Il
Region | R
WOB -

Figure 1. Drill rate test curve.

The curve has three well-defined regions:

Region I: When starting the drilling process, it is necessary to increase the WOB value,
i.e., there is only drill bit penetration after a determined WOB value. This way, an
increase in the ROP is the result of a disproportionate increase in the WOB;

Region II: This is defined by a constant slope line with the highest possible efficiency,
where an increase in the WOB results in a proportional increase in the ROP;

Region III: This is defined as the region in which the ROP stops responding linearly
with an increase in the WOB. In this region, the inflection point is found, i.e., the
maximum ROP value for determining the combination between the WOB and RPM.
Region IV starts from the inflection point;

Region IV: This region is characterized by processes that restrict the energy transfer,
cause vibrations, and reduce the process efficiency. “Bit balling” and “bottom hole
balling” are terms commonly used to describe the accumulation of gravel on the drill
bit and bottom hole that inhibits the transfer of a part of the WOB to the cutting
structure of the drill bit [52]. Downhole vibrations can be divided into three distinct
behaviors: whirl (lateral), stick-slip (torsional), and bit bounce (axial). These cause
drill bit and downhole tool failures, consequently increasing the cost and time of the
drilling process.

It is important to emphasize that the optimization of the drilling process does not

simply consist in obtaining the parameters that provide the highest ROP. One must search
for parameters that allow for drilling in a faster way. The drill rate test curve used together
with the concept of the MSE enables it to obtain parameters that help with the optimization
of the drilling process, not only by maximizing the ROP, but looking for the combination
between the highest ROP and the lowest MSE through the ideal operating conditions
(WOB and RPM). Figure 2 shows the flowchart of the drilling performance prediction and
optimization method.

The maximum efficiency in the drilling process is obtained in region III. By increasing

the WOB and RPM values, the ROP will decrease and approach region I, characterized by a
high MSE value and low ROP value [53].
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Inefficient drilling zone
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&

v
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Figure 2. MSE versus ROP plot with indication of efficient/inefficient regions.

3. Materials and Methods
3.1. Data Acquisition

A field dataset from a real pre-salt operation was used in this analysis. The dataset
represents a carbonate hard rock reservoir (pre-salt) interval drilled in the South Atlantic
Ocean, and contains values of several parameters such as the depth, rate of penetration
(ROP), drill string rotational speed (RPM), weight-on-bit (WOB), torque-on-bit (TOB),
downhole annulus pressure (DHAP), downhole annulus temperature (DHAT), equivalent
circulating density (ECD), standpipe pressure (SPP), and flow rate (FLOW), among others.
The analysis was performed considering a measured depth (MD) interval from 17,069.50 to
17,344.50 [ft], which was drilled using a polycrystalline diamond compact (PDC) drill bit
with a diameter of 12.25".

3.2. Mechanical Specific Energy

The MSE value was obtained through the equation presented by Teale (Equation (1)).
In 1965, Teale first proposed the equation for calculating the MSE, taking into account the
influence of different drilling variables, such as the WOB, RPM, TOB, and ROP, linking all
by means of the working efficiency of the drill bit [54].

WOB = 120-m:RPM-TOB

N Ap-ROP

(1)
Here, Ay, is the drill bit cross-section area [in?], RPM is the drill string rotational speed
[rev/min], WOB is the weight-on-bit [Ib], TOB is the torque-on-bit [ft-Ib], and ROP is the
rate of penetration [ft/h].

3.3. Drill Rate Test

The drill rate test (DRT) is one of the main methodologies used in the O-G industry
to calculate the optimal drilling parameters. The steps for the construction of drill rate
test curves from a drilling dataset are as follows: (i) The dataset was initially separated
by different RPM values using an interval of 10 rev/min. Usually, the petroleum wells
are drilled using an RPM from 60 to 160 [rev/min], depending on the specificities of the
drilling operations and the provided drilling programs; (ii) For each RPM interval, the
mean values of the WOB, ROP, and MSE parameters were determined with respect to the
WOB for intervals of 3, 5, and 7 [klb]; (iii) Second-degree polynomial curves for the ROP vs.
WOB and MSE vs. WOB were plotted for different RPM intervals.
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The analysis considering WOB intervals of 3, 5, and 7 [klb] was conducted with the
goal of determining the smallest number of tests for a given RPM that would allow us
to obtain a consistent drill rate in a fast and agile way due to the high daily cost of the
drilling rig.

It is known that these tests are neglected due to the false non-advantage impression,
because they demand a substantial amount of time to perform. This may give the wrong
impression when comparing the operational time gained with the time spent to safely and
accurately perform such a pre-operational drilling test.

3.4. Desirability Method

Most of the research performed on the topic proposes a single-objective optimization
approach. However, some recent works have been proposing a multi-objective optimization
approach for determining the drilling mechanics parameters [55,56], accounting for the
optimum ROP and MSE concomitantly. A multi-objective analysis may be applicable when
several drilling performance indicators are analyzed simultaneously.

One of the most used methods for addressing multi-objective approaches is known
as the total desirability (D), which basically transforms the equations that model each
of the answers into individual functions and then proceeds to optimize a global func-
tion [57]. This method consists of three stages: (1) data collection, (2) model building, and
(3) optimization [58].

Derringer and Suich (1980) proposed individual desirability functions based on three
response types as follows: nominal-the-best (NTB), larger-the-best (LTB), and smaller-the-
best (STB) answers [59].

e Nominal-the-best (NTB): The value of the estimated response [{(x)] is expected to
achieve a particular target value (T). The NTB response is defined as per Equation (2).

] reger
4= [ ey <v W
0ify <Lory>U

e  Larger-the-best (LTB): The target value (T) must reach the maximum value of the
function. For this response type, the individual desirability function is defined as per

Equation (3).
0 <L
d={[sL]® . 3
={[&=%| L=y=<u @)
1 §>U

e Smaller-the-best (STB): The target value (T) must reach the minimum value of the
function. For this response type, the individual desirability function is defined as per

Equation (4).
0 §<U
R
d={[Eg] Ly <u “
1 <L

In the sequence, the optimization of the responses can be performed using the global
function, as represented by Equation (5).

o=

D = (di-dy-ds-...-dn)'?’ 5)

Here, R and S are the weighting factors, p is the number of responses to be optimized, T is
the target value, L is the lower limit, and U is the upper limit.
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4. Results
4.1. 2D Analysis

The traditional method of analysis consists in representing the drilling mechanics
parameter data through 2D plots as a function of depth. Figure 3 shows the input variables
(WOB and RPM) and the response variables (ROP and MSE) of the drilling process analyzed
in this research and presented article.

WOB [kib] RPM [rev/min] ROP [ft/h] MSE [kpsi]
25 50 o 100 200 o 25 50 o 2.000 4.000
17,070 ——1 & 1
17,095 ’ ’ ‘ )
H 2 3
E 5 ‘ s
17120 c c €
g g §
2 o d &
= = = 2
H
17145 - B
g a
A3
g v P ]
= &
a K
8 171 3 d
-
2
2
H 17220
=
17,245 e R ey e ' ------ -
17270 -
i
=2
17,295 E ;
‘ N3
17320 E
- \ \ \
High WoB LowROP High MSE

Figure 3. Variables of drilling process.

As shown in Figure 3, the mean value of the WOB is 18.27 [klb], varying from 1.09 up
to 43.31 [klb]. The RPM’s mean value is 137.99 [rev/min], with a range that varies between
109.36 (minimum value) and 151.77 [rev/min] (maximum value). The mean value of the
ROP is 13.00 [ft/h], with a minimum value of 1.29 and a maximum value of 32.12 [ft/h]. The
MSE’s mean value is 462.01 [kpsi], with a range that varies between 610.00 [psi] (minimum
value) and 3750.44 [kpsi] (maximum value). Moreover, Figure 3 can be divided into two
zones. Zone 1, from 17,069.50 to 17,245.50 [ft], is characterized by an efficient process and
zone 2, from 17,069.51 to 17,344.50 [ft], is characterized by an inefficient process due to
the high value of the WOB, i.e., the drilling process probably occurs in region IV as per
Figure 1.

Zone 1 of Figure 3 shows a stable trend, indicating that the MSE, at this time, is
relatively low, while the ROP reaches considerably high values. In this zone, the mean
value of the ROP is 16.67 [ft/h], which is significantly higher when compared to that which
is observed in zone 2. However, in zone 2, the ROP indicates a decreasing trend, while
the MSE and WOB indicate an increasing trend, i.e., an inefficient drilling process. In this
zone, the mean value of the ROP is 5.48 [ft/h], which is relatively low. The MSE reaches
a mean value of 941.24 [kpsi], which is extremely high compared to the mean MSE value
of 227.87 [kpsi] (zone 1). This increasing trend occurs due to the high value of the WOB,
which, in this case, reflects a low ROP, and most probably indicates an operation beyond
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ROP [ft/h]

—Poly.110[RPM]  —Poly. 120[RPM] —Poly. 130 [RPM] —Poly. 140 [RPM] - Poly. 150 [RPM]

the foundering point as per Figure 1. The WOB exceeds the mean value of 18.27 [klb] and
reaches a maximum value of 42.88 [klb]. This inefficiency causes undesirable effects that
will lead to vibrations, drill bit wear, and consequently, an increase in the operation time
and cost.

4.2. Drill Rate Test

The drill rate test (DRT) goal, detailed in Section 2, is to ensure an WOB and RPM that
result in a safe and efficient drilling. The DRT is a pre-operational test that should always
be carried out due to the changes that occur in the drilling of the actual formation, i.e., the
lithology and static drilling parameters, such as the drill bit and diameter of the well. For
this reason, a DRT must be carried out in an agile and fast way.

The dataset was initially separated by different RPM values (110, 120, 130, 140, and
150 [rev/min]) and afterward, the means of the WOB, ROP, and MSE values were deter-
mined for the WOB groups of 3, 5, and 7 [klb]. Figures 4-6 show the relation between the
traditional ROP vs. WOB plot and the MSE vs. WOB plot for WOB groups of 3, 5, and
7 [KkIb], respectively.

Through analyzing Figures 4a, 5a, and 6a, it can be observed that only the curves for
110 and 120 [rev/min] present region Il and the inflection point. The inflection point is
the maximum point where an increase in the WOB value causes an increase in the ROP
value; from this point, a decrease in the ROP occurs (inefficiency, as per Figure 1). The other
uncited curves only show region IlI, indicating an inefficient drilling process, where the
increased WOB value causes a decrease in the ROP value.

ROP vs. WOB MSE vs. WOB
3,000
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Figure 4. WOB groups of 3 [klb]: (a) ROP vs. WOB plot; (b) MSE vs. WOB plot.
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Figure 5. WOB groups of 5 [kIb]: (a) ROP vs. WOB plot; (b) MSE vs. WOB plot.
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Figure 6. WOB groups of 7 [klb]: (a) ROP vs. WOB plot; (b) MSE vs. WOB plot.

By analyzing Figures 4b, 5b, and 6b, a similar behavior can be observed for all curves,
where a lower WOB results in a lower MSE response. Among all analyzed graphical
responses, the one linked to the lowest achievable MSE is the RPM of 130 [rev/min]
(minimum MSE of 6.72 [kpsi]). However, as can be seen, this curve only presents the
third region, i.e., the inefficient drilling process. The 110 and 120 [rev/min] curves present
minimum values of 59.52 and 118.87 [kpsi], respectively.

4.3. Multi-Objective Optimization

Before starting the optimization process, choosing the best combination of the RPM
and WOB is necessary. As demonstrated in the previous section, the graphical response
for RPMs of 110 and 120 [rev/min] presents a considerable similarity to Figure 2. For
this reason, these are the RPMs chosen for the further development of the multi-objective
optimization in this study.

The next necessary step is to correlate the response variables with the WOB through
regressions. The objective is to obtain a multi-objective optimization that is able the
combine the maximum ROP and the minimum MSE, concomitantly. The ROP minimum
response will be based on Equation (3) (LTB), while the MSE will be minimized according
to Equation (4) (STB), both presented in Section 3. A multi-objective optimization is carried
out using Microsoft Excel software version 14,072,685,000 as a base, as shown in Figure 7.

The generalized reduced gradient (GRG) approach is used to solve nonlinear optimiza-
tion problems and depends on changing the values of the considered variables gradually
while monitoring the governing conditions, until the partial derivatives of the target func-
tion are equal to zero [60]. The GRG nonlinear solver method was used in this analysis to
solve the nonlinear model that combines the maximum ROP and the minimum MSE. To
obtain the optimal points, the option “use multiple starts” was used.

The following tables (Tables 1-7) show the results obtained from the multi-objective
optimization for RPMs of 110 and 120 [rev/min] and WOB groups of 3, 5, and 7 [klb]. The
tables are characterized by different values of weights for the response variables, allowing
the operator to choose the best scenario for the current drilling process. Table 1 shows the
results of the multi-objective optimization for the grouping of 3 [kib].

Upon comparing the values shown in scenario 1 of Table 1, it is noted that the maxi-
mum values reached for the ROP and MSE are 19.14 [ft/h] and 81.99 [kpsi] for an RPM
of 110 [rev/min], and 21.14 [ft/h] and 158.30 [kpsi] for an RPM of 120 [rev/min]. Note
that an increase in the ROP of 2.00 [ft/h] leads to an increase in the MSE of 76.31 [kpsi]
and a decrease in the WOB of 5.78 [kpsi]. This improvement of 2.00 [ft/hr] in the ROP
is considerably small for the large increase in the MSE used. Scenario 11 for an RPM
of 120 [rev/min] shows good results. For this, an ROP of 20.10 [ft/h] is obtained when
applying a WOB of 11.61 [klb]. By comparing these values with scenario 1 for an RPM of
110 [rev/min], it is possible to obtain a better ROP using half the WOB value; however, this
leads to an MSE increase of 26.16 [kpsi].
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Figure 7. Multi-objective optimization.
Table 1. Multi-objective optimization from the curves shown in Figure 4.
Weight 110 [rev/min] 120 [rev/min]
ROP MSE  Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE
» - - [klb] [ft/h]  [kpsi] - [klb] [£t/h] [kpsil
01 1.00 0.00 0.92 2239 19.14 81.99 0.65 16.61 21.14 158.30
02 0.90 0.10 0.92 22.30 19.14 81.56 0.68 16.24 21.14 151.17
03 0.80 0.20 0.93 2221 19.14 81.14 0.71 15.86 2112 144.24
04 0.70 0.30 0.93 21 19.14 80.73 0.74 15.46 21.09 137.57
05 0.60 0.40 0.94 2.0 19.13 80.33 0.77 15.04 21.04 131.20
06 0.50 0.50 0.94 21.89 19.13 79.96 0.81 14.58 20.97 125.24
07 0.40 0.60 0.95 21.77 19.12 79.62 0.84 14.09 20.88 119.77
08 0.30 0.70 0.96 21.64 19.11 79.32 0.88 13.56 20.76 114.96
09 0.20 0.80 0.96 21.50 19.10 79.07 0.92 12.98 20.60 111.01
10 0.10 0.90 0.97 21.34 19.08 7891 0.97 12.34 20.38 108.24
11 0.00 1.00 0.97 2117 19.06 78.84 1.02 11.61 20.10 107.15

Therefore, it can be concluded that the combination of an RPM of 120 [rev/min] and
lower WOB values (when compared to an RPM of 110 [rev/min]) resulted in better ROP
values; however, it caused high MSE values. And high MSE values are not desired, and
one should seek the lowest achievable MSE. Table 2 shows the results of the multi-objective
optimization for the grouping of 5 [klb].

Through Table 2, it can be seen that the WOB, ROP, and MSE value ranges for an RPM
of 110 [rev /min] vary from 21.24 to 22.79 [klb], 21.37 to 21.53 [ft/h], and 63.95 to 69.22 [kpsi],
respectively. These results show a good fit of the parameters. Again, a difference in WOB
and MSE values is seen when the values presented for an RPM of 110 [rev/min] and for
an RPM of 120 [rev/min] are compared. Good ROP values are obtained using a lower
WOB; however, this combination of parameters leads to high MSE values at the same time,
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which is not desired. Table 2 shows the results of the multi-objective optimization for the
grouping of 7 [klb].

Table 2. Multi-objective optimization from the curves shown in Figure 5.

Weight 110 [rev/min] 120 [rev/min]
ROP MSE Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE
= " = [klb] [ft/h] [kpsil = [klb] [ft/h] [kpsil
01 1.00 0.00 0.99 22.79 2153 69.22 0.81 14.77 20.55 124.86
02 0.90 0.10 0.99 22.68 21.53 68.52 0.82 14.46 20.55 120.37
03 0.80 0.20 0.99 22.57 21.53 67.82 0.84 14.14 20.54 116.06
04 0.70 0.30 0.99 2245 21.53 67.14 0.86 13.81 20.52 111.97
05 0.60 0.40 0.99 22.32 21.52 66.48 0.88 13.46 20.49 108.14
06 0.50 0.50 0.99 2217 21.51 65.86 0.90 13.09 20.46 104.62
07 0.40 0.60 0.99 22,02 2149 6528 0.92 1270 20.40 101.48
08 0.30 0.70 0.99 21.85 2147 64.77 0.94 12.28 20.34 98.79
09 020 0.80 0.99 21.66 2145 64.35 096 11.84 2025 96.66
10 0.10 0.90 0.99 2146 2141 64.06 0.99 11.36 20.15 9523
11 0.00 1.00 0.99 21.24 21.37 63.95 1.01 10.84 20.01 9470
Table 3 shows similar MSE values for all the scenarios under analysis. However, for
an RPM of 120 [rev/min], better ROP values are obtained when a smaller WOB is in place.
By analyzing the presented data, scenario 11 shows to be a good option, generating ROP
values higher than 20 [ft/h] and MSE values lower than 90 [kpsi] when using a WOB lower
than 11 [kib].
Table 3. Multi-objective optimization from the curves shown in Figure 6.
Weight 110 [rev/min] 120 [rev/min]
ROP MSE  Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE
- - - [k1b] [ft/h] [kpsi] - [klb] [ft/h] [kpsi]
01 1.00 0.00 1.06 20.75 20.38 167.90 0.73 17.23 23.20 167.19
02 0.90 0.10 1.04 20.20 20.37 159.26 0.75 16.82 23.19 157.10
03 0.80 0.20 1.02 19.61 20.31 150.26 0.77 16.37 2317 147.11
04 0.70 0.30 1.00 18.95 20.21 140.85 0.80 15.90 23.11 137.29
05 0.60 0.40 0.98 18.21 20.04 131.02 0.82 15.39 23.03 127.70
06 0.50 0.50 0.97 17.38 19.77 120.73 0.85 14.84 2292 118.45
07 0.40 0.60 0.96 16.42 19.38 109.97 0.88 14.23 2275 109.70
08 0.30 0.70 0.96 15.28 18.78 98.73 0.92 13.56 2253 101.68
09 0.20 0.80 0.96 13.86 17.83 87.08 0.95 12.80 2222 94.77
10 0.10 0.90 0.98 12.04 16.31 76.00 0.99 11.92 21.79 89.58
11 0.00 1.00 1.00 12.04 16.31 76.00 1.04 10.86 117 87.37

The drill rate test combined with the multi-objective optimization proved to be effec-
tive and allowed us to visualize different interactions between the ROP vs. WOB, MSE
vs. WOB, and MSE vs. ROP for different RPMs. The WOB groups of 5 and 7 [klb] proved
to be effective, thus speeding up any possible delays related the data processing and the
pre-operational test.

4.4. Analysis

of Costs

Ultra-deep drilling operations in the pre-salt fields can reach costs of around USD
1.3 million per day [20,61]. Considering the daily operating cost presented, Table 4 shows
the cost and time to drill zone 2 (inefficient zone; exhibited in Figure 3).
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Table 4. Cost analysis of parameters used during the drilling of zone 2.
WOB [Kib] ROP [ft/h] RPM [rev/min]  Depth Range [ft] Time [h] D":'L‘,';gnf“‘
2.30-43.31 1.29-13.97 109.36-151.77 99.49 25.42 1,387,335

The inefficient zone has an extension of 99.49 [ft]. For this depth range, a total operating
time of 25.42 [h] was registered, which may reflect to a total cost of approximately USD
1,387,335. This result shows that the ROP for this zone was very low, with mean values of
approximately 3.42 [ft/h] or 1.04 [m/h].

Tables 5-7 show the cost and time required to drill zone 2 (inefficient zone) after
carrying out the drill rate test (pre-operational test) and multi-objective optimization, using
the parameters obtained and presented in Tables 1-3, respectively.

Tables 5-7 show the time, cost, time savings, and cost savings to drilling the inefficient
zone through the WOB'’s grouping of 3, 5, and 7 [klb] and 110 and 120 [rev/min]. The
cost and time to drill this inefficient zone using the parameters obtained from the pre-
operational tests ranged from 226,437 to 322,154 [USD] and 4.18 to 5.95 [h], respectively.
In addition, when comparing the values shown in Tables 5-7 with the values in Table 4,
the cost-saving and time-saving values range from USD 1,056,180 to 1,151,898 and 19.50 to
21.27 [h], respectively.

Table 5. Cost analysis related to the parameters and values presented in Table 1.

110 [rev/min] 120 [rev/min]

Time Cost Time Savings  Cost Savings Time Cost Time Savings ~ Cost Savings
[h] [USD] [h] [USD] [h] [USD] [h] [USDI]

01 5.07 274454 20.38 1,103,880 4.59 248473 20.86 1,129,862
02 5.07 274,460 20.38 1,103,874 4.59 248,537 20.86 1,129,797
03 5.07 274,480 20.38 1,103,855 4.59 248,743 20.85 1,129,591
04 5.07 274,516 20.38 1,103,819 4.60 249,116 20.85 1,129,219
05 5.07 274,572 20.38 1,103,763 4.61 249,688 20.84 1,128,647
06 5.07 274,652 20.38 1,103,682 4.62 250,501 20.82 1,127,834
07 5.07 274,762 20.37 1,103,573 4.65 251,612 20.80 1,126,722
08 5.08 274,908 2037 1,103 426 4.67 253,102 20.77 1,125,233
09 5.08 275,099 20.37 1,103,235 471 255,085 20.74 1,123,250
10 5.08 275,347 20.36 1,102,988 4.76 257,737 20.69 1,120,597
11 5.09 275,664 20.36 1,102,670 4.82 261,346 20.62 1,116,989

Table 6. Cost analysis related to the parameters and values presented in Table 2.

110 [rev/min] 120 [rev/min]

Time Cost Time Savings Cost Savings Time Cost Time Savings Cost Savings
[h] [USDI [h] [USD] [h] [USD] [h] [USD]

01 4.50 243,975 20.94 1,134,359 472 255,613 20.73 1,122,722
02 4.50 243,984 20.94 1,134,351 4.72 255,653 20.73 1,122,682
03 4.50 244,013 20.94 1,134,322 4.72 255,781 20.72 1,122,553
04 4.51 244,066 20.94 1,134,269 473 256,011 20.72 1,122,324
05 4.51 244,149 20.94 1,134,186 4.73 256,356 20.71 1,121,978
06 451 244,269 20.94 1,134,066 474 256,839 20.70 1,121,496
07 4.51 244434 20.93 1,133,900 4.75 257,482 20.69 1,120,852
08 4.52 244,656 2093 1,133,678 4.77 258,320 20.68 1,120,015
09 4.52 244,950 20.92 1,133,385 4.79 259,393 20.66 1,118,941
10 4.53 245,334 2092 1,133,000 4.81 260,761 20.63 1,117,573
1 154 245,836 2091 1,132,498 485 262,505 20.60 1,115,829
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Table 7. Cost and time analysis related to the parameters and values presented in Table 3.
110 [rev/min] 120 [rev/min]
Time Cost Time Savings Cost Savings Time Cost Time Savings Cost Savings
[h] [USD] [h] [USD] [h] [USD] [h] [USD]
01 476 257,756 20.69 1,120,578 4.18 226,437 21.27 1,151,898
02 4.76 257,958 20.68 1,120,376 4.18 226,521 21.26 1,151,813
03 4.77 258,645 20.67 1,119,690 4.19 226,797 21.26 1,151,537
04 4.80 259,977 20.65 1,118,358 420 227,306 21.25 1,151,028
05 4.84 262,196 20.61 1,116,138 421 228,104 21.24 1,150,230
06 491 265,692 20.54 1,112,643 423 229,270 2121 1,149,065
07 5.01 271,132 20.44 1,107,202 426 230,915 2118 1,147,419
08 5.17 279,802 20.28 1,098,532 4.31 233,213 21.14 1,145,122
09 5.44 294,609 20.01 1,083,725 4.37 236,438 21.08 1,141,897
10 5.95 322,154 19.50 1,056,180 445 241,080 21.00 1,137,255
11 5.95 322,154 19.50 1,056,180 4.58 248,122 20.87 1,130,213

5. Conclusions

In this research, a multi-objective optimization was performed, based on pre-operational
drilling tests linked to a new recent methodology aimed at improving the drilling process
using a possible ideal combination of the ROP and MSE. This methodology was mainly based
in a recreation (play-back methodology) of the usual DRT from a field dataset, from a real
pre-salt drilling operation. The main conclusions drawn from this research are as follows:

e The new concept of pre-operational testing based on the MSE showed promise through
effective improvements in the drilling processes.

e  The combination of the highest ROP and the lowest MSE allows us to perform an
efficient drilling operation, preventing machinery and equipment overload, and con-
sequently showing possible ways to improve the operational efficiency.

e  The desirability method, as per Derringer and Suich (1980), allowed rooms to optimize
drilling process satisfactorily, which may be extended to other operations and scenarios.

e  For the WOB intervals of 3, 5, and 7 [klb], a good fit of the parameters was obtained,
and as an interesting outcome for the industry, it was determined that a DRT using 5
and 7 [klb] may be sufficient to be applied in a real-time field operation.

e Through the parameters obtained from pre-operational tests, specifically for the data
analyzed, it was possible to obtain eventual cost-saving and time-saving values rang-
ing from USD 1,056,180 to 1,151,898 and 19.50 to 21.27 [h], respectively.

e The results of this research can be applied to the exploration of other natural resources,
such as natural hydrogen and geothermal sources.
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List of Abbreviations

D Total desirability
DHAP Downhole annulus pressure
DHAT Downhole annulus temperature
DOT Drill rate test
DRT Drill-off test
ECD Equivalent circulating density
EGS Enhanced geothermal system
FLOW Flow rate
GRG Generalized reduced gradient
HC Hydrocarbons
L Lower limit
LTB Larger-the-best
MD Measured depth
MSE Mechanical specific energy
NTB Nominal-the-best
NTP Total non-productive time
O-G Qil and gas
RPM Drill string rotary speed
ROP Rate of penetration
SPP Standpipe pressure
STB Smaller-the-best
T Target value
TOB Torque-on-bit
U Upper limit
ucss Ultimate confined compressive strength
usD United States dollar
wOB Weight-on-bit
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LA (TOB) « HEM AL /) (DHAP) | HERFTIREE (DHAT) . HEE
W (ECD) « M EJ) (SPP) « WiE (FLOW) SEHAMSH . /- ATkt Xt
I FHE (MD) X8/ 17069.50 & 17344.50 32, HsHEE N 12.25 5%
SR RENIAE AR (PDC) &3k IT AN IR TAF .

3.2 Hli ke (MSE)

Plbktbse (MSE) fEd & /REEHITRE OFfE D 1HEIRE. 1965 45, #
IRE R ZITE R, ZEFR T ARSI R (Wi E WOB. #i# RPM.
HIRE FLH & TOB KAUMATE ROP) [52m, FFiEid4hk TAERCREFTH 4L
KRR

WOB  120-7-RPM-TOB
MSE — 1
A, ApROP @

FELE, Ap RORB KB AR [in?], RPM RIRHiHE @ [rev/min], WOB %R
BHIE[Ib], TOB KNG LHIFE[ft—1b], ROP F/~HUALE[ft/h].

3.3 hIRMI
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g (DRT) AEM AT B2 AR R R S8 F 75—,
N H e B A I i 2 P BRI R - (D) )06 e AR 4k AN [R] 3 il AE LA
10 %% /53 B () [RIRR SR IFEAT Xl 73, 38815 0 A I (R Bl 5 96 [ Ak T 60 - 160
B/ oy e, I HE R AR TR AR LR RE B B T R ()BT A
e X E] 2 £ REE R (WOB) | Bl #E (ROP) LAY E g (MSE)
LSRR T 3 T8, 5 TSR 7 T4 I R -~ 2ME s (i) Eh 0 A A 1) 4%
X ] = 2 I HUMEG I 555 K (ROP vs. WOB) ) 7k 22 T #h £ DL WL 2
REE 54k (MSE vs. WOB) I — ik Z T2, XI5 4txf 3 T0%. 5 T8
7 TREESERRG R IT /4, H 20 e 45 8 el T B i e D Mk s, DUELE
BB B H RAS vy B RO T PRI R T R RS E B T

REFHFNE XM 2= B WA LR XA A 240, TR
AT s S it A SR SR S R PRI (], T X M A 22 1T 2> S EURT = 1 0B, 35t
GO A AR M5 4 FRY IS ) 10 22 4 K 14 58 B 2R R 4 3K BT 75 152 N TR IS 1]
I, IR H RS LR,

3.4 HAER{EX

KT REA TR TR Z 23R 1 5 BRI 7%, A 514 Lemt 58 146 H
Z B ALTT A E 63 715 2480, 1 BRI 25 ISR ESE (ROP) FIALIY &
ReE (MSE) RIS, £/ ZFED 0 2 R ats G 0 T 2 Hir ot
J7 A HE

2 BRI 4 g SIHEER (D), HEARFEHE RS
Wi 87 (%) 7 R A RS R 2, SR a4 ey eR B AT AL, TR B = AN By
R ICEE . BERIRY g DL R AR

Derringer F1 Suich (1980) T =Fhma BRI H T MAIHE R EL: 4 Ui
A (NTB)  MKERGFA (LTB) AIE/NE&AFA! (STB)
NTB: Ali v B E [y(x) BHE IS 2055 5E 1K) HARME(T). NTB WM E A I(2).

{H Leyen
=

5] T<9<vU @

Oify<Lory>U
LTB: HFRE(T) L6 ZUE S bR B e KA- o W Tk i RS A, A NI EE iR 40E X
FH3)-

0 g <L

s R

d= %}WLgygU (3)
.| y>U
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STB: H AR (T) 200 2 o B ) e /IME o X T X Fmin 2R A, AN AR ek H0E X
VSEVC)R

0 Ry<U
d=1{[{g| L<y<u (4
1 § <L

TEFFFIH,  m B AR A T DA A 4 Jm i 04T, XS B
D = (dy-dyds-...-dn) ? (5)

BEAL, RATS IR T, p AfFRALKIm AL H , T Ny HArME, LA RR
6, U N ERIE.

4 HR

41 ZHESE

FE48 53 M v 5 BLE I 4k B R R AL BE H IR A 12 2 B . B
3 BN T AT AR ST ATl R P i N (B WOB F1#4 38 RPM)
S As & (HURESE ROP ¥ /iR % MSE) .

WOB [kib] RPM [rev/min] ROP [ft/h] MSE [kpsi]

] 25 50 o 100 200 ] 25 50 ] 2,000 4,000
17,070 L " " " i =

17,095 -

17,120 -

Mean value ------

Mean value ------

Mean value ------

Mean value ------

17,145

17,170 -

Zone |
Efficient process

17,195

Measured depth [ft]

17,220 -

....................................

17,245 A

17,270 -

17,295 -

Zone Il
Inefficient process

17,320

\

348 ' \ | \

High WOB LowROP High MSE
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B3 #idd AR

WK 3 fin, WOB (B§E) “FIMEAN 18.27 T8 (kib) , ZRLVEFAN 1.09
#4331 T8 (kIb) - RPM () TN 137.99 /5% F (rev/min) , ZF4k
LT 109.36 (H/ME) Z 151.77 #5080 (B KME) . ROP (HUAASE) 1
BME N 13.00 ZER//ME (fvh) , B/AMEDN 1.29 SRV, fRE N 32.12 38R
/N, MSE CEXLELEE) FIME AN 462.01 THEF 78] (kpsi) , ZRA6TE I
F 610.00 B2 V5 8~) (R/MED & 3750.44 T8 P98 (B KD o BbAh,
B3 mT RIS A A X3 X3 1 (FER 17069.50 2 17245.50 FER) RICAERL
VEMVIERE; X35 2 (FEIR 17069.51 & 17344.50 FER) K WOB 18 7 111 S IR 3L
PEMVAFAE, BPESH R R geAb T 1 B IV X,

B3 Xk 1 RIS KRGS, X R ILE MSE & T AR AR
%A, 171 ROP AR T LR S M, 1% X3k ROP HISFIMEN 16.67 J AR/,
S S Y 2 v T X 2 (R, AEIX 38 2 L ii ROP 230t AW T B (1) i#a .,
SR MSE H1 WOB 13RI NHFEE EFHAES, X H S 2 AR s i B i 72 .
ZIX 38, ROP P IMAMNAN R A 5.48 J¢ RAG/NHAb T-HAKKT, MSE “T3{EIL ]|
941.24 T-TE4FJ7 9~ MX 35, 1 “F3) MSE 18 227.87 T-HERF-F 5 S~ HH b 5 3
i, X R T AR T = WOB {H ELEAABUNAK ROP R AT GER BA/E ML b H I 1
5E IR 57 55, WOB P ¥IME 18.27 T KAMIE F] 42.88 TH5, IXZALAAE L
2> T EIRBN0 AR AR Sk BE 5 0 ) 48 T 354 0 476 L Bk (] R RS A

4.2 RN

BN (DRT) M B AR CFEILER 2 41D 2 fRENE (WOB) Flf4i# (RPM)
IZH A RS LB 22 4 i RO A HAE L . DRT & —Fh PR EINR, |+ sehbait)2
it R (WA RS E IS, Blns SRR AR RS
IR A IR HAT iZ 0. ik, DRT 7 BAR I PR 7 2058

e S BRI (R 110, 1204 130, 140 #1150 /040 kit
179728, ZJRTEATES RN 3. 5 M7 T8 (kib) HRIMEE (WOB) « Ml
i (ROP) DL RAUBREERER (MSE) [ FH4ME, K4 £E 6 40 28 7 1£4
ROP - WOB X & &A1 MSE - WOB X R E7E_Fab gl R 25 T [R5 E B o
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ROP vs. WOB MSE vs. WOB
35 3,000
y = - 0.0053x” - 0.2801x + 20.293 y = - 0.0033%2 - 0.3463x + 20.775 ] y = 2.1135x2 - 89.495x + 1026.3
30 2,500 |
y=-0.0357x? + 1.0943x + 12.513
25 2000 y = 1.9104x? - 44.512x + 327.36
=0 y = - 0.0564x? + 2.5275x - 9.1519 z ’
E
5
£ = 1,500
a 15 2 /
o 1 y = 1.9412x% - 47.244x + 379.44
L i 1,000
] y = 1.8688x2 - 38.803x + 296.8
5 : 500
0 o e y - \ ol — -
1] 3 6 9 12 15 18 21 24 27 30 33 36 39 42 4 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45
\WOB [Kib] WOB [kib]
—Poly.110 [RPM] —Poly. 120 [RPM] — Poly. 130 [RPM] — Poly. 140 [RPM] — Poly. 150 [RPM] —Poly. 110 [RPM] —Poly. 120 [RPM] —Poly. 130 [RPM] —Poly. 140 [RPM] —Poly. 150 [RPM]
(a) (b)
K 4 3 [kib] WOB 41: (a)ROP 5 WOB K; (b)MSE 5 WOB K
ROP vs. WOB MSE vs. WOB
30 3,000
] y =-0.0016x7 - 0.4042x + 21.03 v = - 0.0049x - 0.2546x + 19.19 y = 2.1768x - 92.477x + 1046.1
25 2,500
y =- 00349 + 1.0321x + 12,935 a 2 ;
et e i y = 2.8293x? - 76.898x + 546.62 P
20 ] . 2,000
—_ @
< 2 = 1.8585x” - 41.413x + 317.47
Rt = 1500 i 2
g g ] y = 3.6329%7 - 124.34x + 1160.2 7
10 | 1,000
1 y = 1.9522%? - 42.328x + 324.14
5 ] ] 500
0 - . Sl i =
e 5 10 15 20 L 0 3 0 a5 o 5 10 15 20 25 30 35 40 45
WOB [kib] WOB [kib]
~=Pol LIO[RPM]  =-Foly L201NPNY “~=Poly. 130 [APMG; -==Poly; AD[RPMM, —Pol-150TRPM] —Poly. 110 [RPM]  —Poly. 120 [RPM]  —Poly. 130 [RPM]  — Poly. 140 [RPM] Poly. 150 [RPM]
(a) (b)
K 55 [klb] WOB 41: (a)ROP 5 WOB K; (b)MSE 5 WOB K
ROP vs. WOB MSE vs. WOB
3 3,000
y = - 0.0014x? - 0.3921x + 20.583
30 2,500
25 y = 2.9663x? - 82.846x + 599.64
y=-0.05%7 +1.7235x + 8.3528 - 2,000
T 2 g = 17538
£ y=-00537x+2.2282x - 2.7332| = 1500 it i i
= i o
o 2 y=1.9673x?- 42.762x + 319.75
= 1,000
10
¥=0.6467x" - 10.659x + 110.59
5 500
¥ = 0.0028x? - 0.6553x + 23.894
0 o
0 7 14 21 28 35 42 a8 1] 7 14 21 28 35 42 49
WOB [kib] WOB [kib]
—Poly.110[RPM]  —Poly. 120[RPM]  —Poly, 130[RPM]  —Paoly. 140 [RPM] Paly. 150 [RPM] —Poly. 110[RPM]  —Poly. 120 [RPM] ~ —Poly. 130 [RPM]  —Poly. 140 [RPM] Poly. 150 [RPM]

@) (b)
K 6 7 [klb] WOB 4: (a)ROP 5 WOB Kl; (b)MSE 5 WOB K]

LM ] 4ay 5a F1 6a AT, ANEEIHDN 110 A1 120 /708 dh 4 S 30X I
I M4 RURFE. 43 5308 ROP BaEL I nmm EA- B RIm A A, BidiZa)s, &
JEI K 33 ROP TR CGRCRFEK, Wl 1 Fs) o HAbRERER 2RISR
DI TR, RS I FRAL TRROIRAS, e i 4 e 3 hn [ 1T 5: 8 ROP 1 B

ATl 4by B 5b ATEl 6b FTLAE 1, B fi 25 S HAHURIIE : %2
KBS E (WOB) X RIEARINLIRE? € fe & (MSE) WL, 1ETE 7 it EE
Mg N H,  fz/NAT IR MSE R0 B[ 363 0 130 /708 (BRI MSE N 6.72 T/
SEHHSE) o R E TR, ZER A RIS = XIREE, BRI AR . B
A 110 #5/53 B0 AN 120 F2/73- 5 (1) il 2e 70 ) 5230 5 /)y MSE {E 9 59.52 T-W5/°F 7 4
PRI 118.87 T15 /-7 9~

43 ZBFrL
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TP R I FE 2 1 75 Bk 553 RPM 5445 WOB [ FEA 4, g
TR IRAEE 110 F0 120 A3 7 () i st ey 197 1 28 2R ] 2 A7 AE 2 35 AHALL I, BT DA
AT FEALIX AN B 18 2 N 2 B bR R HE 2

N T I [ 23 B e AR R R R AR DGO R o H bR SEILRE A I
R RWHIIRES® (ROP) Flig/MEFIN J)iRZE (MSE) K12 HAsflitb. Hip
ROP FRRIEEF2E 3 WA (3) (LTB %) , MSE f/Mbik#iE Az (4) (STB
R o SRAEK Excel2010 FRRHE A BT &I L, Wil 7 Fros.

AHEFCR A LELIBREE (GRG) KRFAELEPEAL IR @, Z I ikaiED
XA S AE BT A EE I LRI I A R 264, — B3 H br ek B0 - 208 1T T F IR
A, T REF S GRG ARGt SRR A8 (1 “ 2 IRV 18 R SR B L -

F1-K 7 BIH 110/120 $/50 Bl 41 ER 3/5/7 Th545 K12 B bt g
AL, RS B B A RAE REG TR R 2 mras I Lol ik 7y
%, R 1R 3 T8 RA MRS RN EE.

MXTEE R 116 5 1 FIEIRREEE . 9%dy 110 %%/50 B (I ROP E{H
KF) 19.14 FLR N, I %R MSE J2& 81.99 T/ -5 de~f, 4T} 5
120 ¥5/53 B0 ROP 3802 21.14 3R //NF, 281 MSE #1281 BT+ 2] 158.30 T
W5~ gt TR B OGRS, 2.00 FE/ /N K ROP $2 7+ [F I AL R 76.31
T-15%/°F- 77 BE~F 1) MSE 38608 DA & 5.78 5 G K FlE, 1XFER) ROP 34 25 FH X+
MSE 34K Mg 5 R i PR Pl LR 1 AR ERERIM 5, 120 B5/20 B0 g 5 11 (13RI
oL, 1161 TRES RIS O T AT LIRS 20.10 5 R//NEFI ROP. #1110
Byt e 1 BT EE, 207 A RS R S 7 B S ) ROP, {HA$45 MSE 1
T 26.16 T-85/~FJ7 525

MULTI-OBJECTIVE DPTIMIZATION
ROP Coeffcients Decision variable Lower limit Upper limit
Infersecion | — 8157 WOB an ROP 280 2057
WoB 2528 MSE 59.52 978.28
(I3 - 0058 WOB 158 433
MSE Coeficients Function Values
Intersection |  1026.256 ROP 18.06 LOoP
WoB — 89495 MSE 1885 |
Wog* 21 Equaion3 | Desirahifty — ROP 082 100
Eoustion | Desirahilty — WSE 1% 000
Equston | Totl desirabiy [
ootnisatin Weight — ROP | Weight — WSE | Desirabity — ROP | Desirabifty  WSE | Tobl desirabilty WaB [ WSE

L00 0.00 0520 097 0820 22393 1947 81997
080 010 0320 037 0825 22307 19148 81568
080 020 0820 097 083 2225 1945 81146

070 0.30 0320 08m 0338 0 1943 B0.734
060 040 088 08m 0.842 2201 18139 80.337
050 050 038 0978 0.348 21898 18133 78.963
040 060 0813 0978 0.854 2778 18175 18520
030 07 038 0978 0360 21544 115 78320
020 080 087 097 0.368 250 18102 nun
00 0.90 0816 097 0872 21344 19.085 78312
000 100 0815 097 087 m 19.063 78849
0815 037 0.815 nmn 19.063 T8.843

K7 % Hisiite
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® 1 MK 4 Pos gt 4r 2 B isfiie

Weight 110 [rev/min] 120 [rev/min]

ROP MSE Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE

= = s [klb] [ft/h] [kpsil i [kIb] [ft/h] [kpsil

01 1.00 0.00 0.92 22.39 19.14 81.99 0.65 16.61 21.14 158.30
02 0.90 0.10 0.92 22.30 19.14 81.56 0.68 16.24 21.14 151.17
03 0.80 0.20 0.93 2221 19.14 81.14 0.71 15.86 21.12 144.24
04 0.70 0.30 0.93 2211 19.14 80.73 0.74 15.46 21.09 137:57
05 0.60 0.40 0.94 22.m 19.13 80.33 0.77 15.04 21.04 131.20
06 0.50 0.50 0.94 21.89 19.13 79.96 0.81 14.58 20.97 125.24
07 0.40 0.60 0.95 21.77 19.12 79.62 0.84 14.09 20.88 119.77
08 0.30 0.70 0.96 21.64 19.11 79.32 0.88 13.56 20.76 114.96
09 0.20 0.80 0.96 21.50 19.10 79.07 0.92 12.98 20.60 111.01
10 0.10 0.90 0.97 21.34 19.08 78.91 0.97 12.34 20.38 108.24
11 0.00 1.00 0.97 2117 19.06 78.84 1.02 11.61 20.10 107.15

FTCAREAS X PRI 4518, EEHIA R 120 34/4)IF HAEE (WOB) H ELEHAE
I CF 110 /43 S DLAHELED , HIbE #E (ROP) BIRILSEIRE, A
XA G SR T LB ESEH (MSE) HAA TR K. i MSE
EIEAZHEARPPIRE, FER AR R ICX N UE. R 2 BIH T 5 THAMNZ
BRI PR

IR 2 WAL, FEECN 110 #5008, BiEL MUBESE A MSE 836 R 251 N
21.24-22.79 Tt 21.37-21.53 S ]//NIF AT 63.95-69.22 T-5/~F 77 Se~T o iIX LS4
PG ROR BT SECHESE 110 /05 120 #/4y SH00, %650 MSE B A 74
Zrt . BAMEEE AR B VA E, iS4 & RN S EES 1 MSE

B, ZIFAFFEMELTR: K2 A4 77 TN Z Hiriiuss
#*2 M 5 pos i ge i T 2 A Arfiiie

Weight 110 [rev/min] 120 [rev/min]

ROP MSE  Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE

- - - [k1b] [ft/h] [kpsi] - [klb] [ft/h] [kpsi]

01 1.00 0.00 0.99 22.79 21.53 69.22 0.81 14.77 20.55 124.86
02 0.90 0.10 0.99 22.68 21.53 68.52 0.82 14.46 20.55 120.37
03 0.80 0.20 0.99 22.57 21.53 67.82 0.84 14.14 20.54 116.06
04 0.70 0.30 0.99 22.45 21.53 67.14 0.86 13.81 20.52 11197
05 0.60 0.40 0.99 2232 21.52 66.48 0.88 13.46 20.49 108.14
06 0.50 0.50 0.99 2217 21.51 65.86 0.90 13.09 20.46 104.62
07 0.40 0.60 0.99 22.02 21.49 65.28 0.92 12.70 20.40 101.48
08 0.30 0.70 0.99 21.85 21.47 64.77 0.94 12.28 20.34 98.79
09 0.20 0.80 0.99 21.66 21.45 64.35 0.96 11.84 20.25 96.66
10 0.10 0.90 0.99 21.46 21.41 64.06 0.99 11.36 20.15 95.23
11 0.00 1.00 0.99 21.24 21.37 63.95 1.01 10.84 20.01 94.70

x®3 BIHIA SRR RE (MSE) BUE BT, A H%E
(RPMD AEF 120 Be/o0 b PIRSTT, RABMRHIE K (WOB) fgfig 315 E L
PUbEE (ROP) , 2l X Bt b AT oot vl DARE, 155 118 T D Rirk
B, MU SBEMRT 11 T8 (kib) BN, BRI S 20 5R//)

i (fth) , I HIFTTREME ST 90 TSP 7798~ (kpsi) o
%3 MWK 6 Fiir s 4T 2 B st
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Weight 110 [rev/min] 120 [rev/min]

ROP MSE Desirability (D) WOB ROP MSE Desirability (D) WOB ROP MSE

= - = [klb] [ft/h] [kpsi] = [kib] [ft/h] [kpsi]

01 1.00 0.00 1.06 20.75 20.38 167.90 0.73 17.23 23.20 167.19
02 0.90 0.10 1.04 20.20 20.37 159.26 0.75 16.82 23.19 157.10
03 0.80 0.20 1.02 19.61 20.31 150.26 0.77 16.37 23.17 147.11
04 0.70 0.30 1.00 18.95 2021 140.85 0.80 15.90 23.11 137.29
05 0.60 0.40 0.98 18.21 20.04 131.02 0.82 15.39 23.03 127.70
06 0.50 0.50 0.97 17.38 1977 120.73 0.85 14.84 2292 118.45
07 0.40 0.60 0.96 16.42 19.38 109.97 0.88 14.23 2275 109.70
08 0.30 0.70 0.96 15.28 18.78 98.73 0.92 13.56 22.53 101.68
09 0.20 0.80 0.96 13.86 17.83 87.08 0.95 12.80 2222 94.77
10 0.10 0.90 0.98 12.04 16.31 76.00 0.99 11.92 21 89.58
11 0.00 1.00 1.00 12.04 16.31 76.00 1.04 10.86 2117 87.37

B AN 2 B ARl 7 R85 A R AIE I 2 A R, IXFE RE ELW 2 BN A
P FHUMANE (ROP) H45E (WOB) MIEAEFHR AR, “FHLHLAE (MSE)
g (WOB) MHHEAEA KR FIEE (MSE) S5HUME#E (ROP) #HH
TERRR, SHRE/R S THM 7 THXHHAMSESHEREIREE, AU T
FNEHE AR R PR DU R 5% PR 7 28 13 B[]

4.4 RRARDHT
TRV IR TE £h 70 20 b4 H A K 21713k 130 T 350, (R a8 ikt

HizEMRARTEN T, &4 2I 78R 2 Kl IX 8 Cnl& 3 pros) i

FASFIR ]
% 42 KA SRR b BT 28000 B AR A W

Drilling Cost
[USD]

2.30-43.31 1.29-13.97 109.36-151.77 99.49 25.42 1,387,335

RO B AR IR B T 99.49 BER, TEIX/MNREEVEH 2 P9 BT L [H]
A 25.42 /NIE, X NS AR KRS 1, 387, 335 3Eo0, FdE Bz BUIALR
i (ROP) ARHAR, FTFIME N 3.42 BER/INE (HakA2 1.04 K/ .

% 5-7 BEL T R AENNK gt 2 E Ak UL 34T 2 BARRib 2 )5, 1%
MB 2 1-3 BT S BOR AR A — B IR RO B 75 B 1 A AT st Ja) A 0, i
XPEG 3 AR 3 5. 7 THES 2 Rl sy A0 1104 120 ¥/ A &S
B, A G ERIX MR B AR AL T 226437 & 322154 £uial, 7Bk
IS ) 4 62 5] 4.18 %2 5.95 /NI, FIER 4 B B GG E 0 AH LU A, DA 77 =523 7 1056180

£ 1151898 EIJTHI A TIZ), 1WA 1 19.50 & 21.27 /NiF HI[E]
5 AN S HAMEINE 1 fis

WOB [klb] ROP [ft/h] RPM [rev/min] Depth Range [ft] Time [h]
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110 [rev/min]

120 [rev/min]

Time Cost Time Savings Cost Savings Time Cost Time Savings Cost Savings
[h] [USDI [h] [UsSD] [h] [USD] [h] [USDI
01 5.07 274,454 20.38 1,103,880 4.59 248,473 20.86 1,129,862
02 5.07 274,460 20.38 1,103,874 4.59 248,537 20.86 1,129,797
03 5.07 274,480 20.38 1,103,855 4.59 248,743 20.85 1,129,591
04 5.07 274,516 20.38 1,103,819 4.60 249,116 20.85 1,129,219
05 5.07 274,572 20.38 1,103,763 4.61 249,688 20.84 1,128,647
06 5.07 274,652 20.38 1,103,682 4.62 250,501 20.82 1,127,834
07 5.07 274,762 20.37 1,103,573 4.65 251,612 20.80 1,126,722
08 5.08 274,908 20.37 1,103,426 4.67 253,102 20.77 1,125,233
09 5.08 275,099 20.37 1,103,235 471 255,085 20.74 1,123,250
10 5.08 275,347 20.36 1,102,988 4.76 257,737 20.69 1,120,597
1 5.09 275,664 20.36 1,102,670 4.82 261,346 20.62 1,116,989
R 6 AR SERMEIR 2 Pos
110 [rev/min] 120 [rev/min]
Time Cost Time Savings Cost Savings Time Cost Time Savings Cost Savings
[hl [USDI [h] [USDI [h] [USD] [hl [USDI
01 4.50 243,975 20.94 1,134,359 472 255,613 20.73 1,122,722
02 4.50 243,984 2094 1,134,351 472 255,653 20.73 1,122,682
03 4.50 244,013 2094 1,134,322 472 255,781 20.72 1,122,553
04 451 244,066 20.94 1,134,269 4.73 256,011 20.72 1,122,324
05 4.51 244,149 2094 1,134,186 473 256,356 20.71 1,121,978
06 4.51 244,269 2094 1,134,066 474 256,839 20.70 1,121,496
07 451 244,434 20.93 1,133,900 475 257,482 20.69 1,120,852
08 4.52 244,656 20.93 1,133,678 4.77 258,320 20.68 1,120,015
09 4.52 244,950 20.92 1,133,385 4.79 259,393 20.66 1,118,941
10 4.53 245,334 20.92 1,133,000 481 260,761 20.63 1,117,573
11 454 245,836 2091 1,132,498 485 262,505 20.60 1,115,829
BT RS RS ERMEIR 3 Pos
110 [rev/min] 120 [rev/min]
Time Cost Time Savings Cost Savings Time Cost Time Savings Cost Savings
[h] [USD] [h] [USD] [h] [USD] [h] [USD]
01 476 257,756 20.69 1,120,578 4.18 226,437 21.27 1,151,898
02 4.76 257,958 20.68 1,120,376 4.18 226,521 21.26 1,151,813
03 4.77 258,645 20.67 1,119,690 419 226,797 21.26 1,151,537
04 4.80 259,977 20.65 1,118,358 4.20 227,306 21.25 1,151,028
05 4.84 262,196 20.61 1,116,138 421 228,104 21.24 1,150,230
06 491 265,692 20.54 1,112,643 4.23 229,270 2121 1,149,065
07 5.01 271,132 20.44 1,107,202 4.26 230,915 2118 1,147,419
08 517 279,802 20.28 1,098,532 431 233,213 21.14 1,145,122
09 5.44 294,609 20.01 1,083,725 4.37 236,438 21.08 1,141,897
10 5.95 322,154 19.50 1,056,180 4.45 241,080 21.00 1,137,255
11 5.95 322,154 19.50 1,056,180 4.58 248,122 20.87 1,130,213
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