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Research progress on rock removal by laser technology

GUAN Bing'?* , LI Shi-bin', ZHANG Li-gang' , CHEN Shuang-qing'
(1. College of Petroleum Engineering, Northeast Petroleum University, Daging 163318, China;
2. Institute of Unconventional Oil & Gas, Northeast Petroleum University, Daging 163318, China)
* Corresponding author, E-mail :sygegh1990@ 163. com

Abstract ; Laser technology in rock removal is an important research direction in the field of applied optics. It
is a complex, high-temperature and high-pressure physical and chemical process with multi-phase, multi-cou-
pling and multi-scale applications. In order to clarify the core difficulties in laser-rock interaction research and
to provide an effective theory reference and trend information for researchers, an overview of research on laser
rock removal technology is summarized. Firstly, the mechanism of rock removal using lasers is clarified.
Then, existing research of laser rock removal is summarized and analyzed from different perspectives, inclu-
ding laser equipment for petroleum drilling and completion, its influencing factors, the phase-change heat
transfer of temperature fields, its physical and mechanical properties, and its feasibility in the oil and gas in-
dustry. Finally, the advantages of rock removal by laser technology compared with traditional drilling and com-
pletion methods are elaborated. In view of the existing problems in laser-rock interaction research, the future
development trend of rock removal by laser technology is predicted. The research results show that rock remov-

al by laser technology can lead to research breakthroughs in field-supporting facilities, multi-factor evaluation,
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multi-field coupling mechanisms and theoretical systems of underground applicability.

Key words: applied optics; rock removal by laser; influencing factors; temperature field; physical and me-

chanical properties; application feasibility
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Tab.1 Representational achievements of rock removal by laser
Researchers Year Research contents References
Moavenzadeh F, et al 1968 The idea of rock breaking and drilling by laser is put forward. [21]

O'Brien D G, et al

Graves R, et al

Xu Z, et al

Feasibility test of rock breaking by laser drilling has been carried
1999 out, and its incomparable superiority in improving penetration rate [25]
has been proved.

The specific energy between laser drilling and other drilling tech-

1998,/2002 niques is compared, and the effect of different laser on different rock [2]/[27]

type is analyzed including 6 typical lasers and 13 rock samples.

The effect of different parameters on specific energy of laser rock

[11]/[14] /

2002 ~2005 drilling is studied through laboratory experiments, and its thermal

[16]/[17]
spallation model is established.
The high power laser-rock interaction and the change of rock properties
[6]/[10]/
Batarseh S, et al  2002/2012/2017 by laser including porosity, permeability, strength are analyzed, and [19]
the application advantages in the oil and gas industry are presented.
The mechanism of laser rock breaking is introduced in detail, and it
is pointed out that the temperature field is the fundamental factor cau-
2010/2011 [22]-[24]

Yi X Z, et al

sing the change of micro-physical and macro-physical properties of

rocks.
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Tab.2 Laser devices used for petroleum downhole operation'?'**
Type Symbol Year Wavelength/pum  Operation mode ~ Average power/kW
Carbon dioxide CO, 1964 10.6 CW .RP 1 000

Carbon monoxide

Neodymium: yttrium

aluminum garnet

Hydrogen fluoride and

deuterium fluoride

Free electron laser

Used widely, good durability and reliability, too large wavelength and attenuate easily.
co 1964 5~6 CW .RP 2 000

Work only under cooling conditions, mainly used in scientific research and medical treatment.

Nd: YAG 1964 1.06 CW .RP 4 000
Small energy of only 4 kW used in industry, but tend to be feasible to obtain 10 kW or higher power
laser.

DF/HF 1969 2.6~4.2 W 10 000

First used to conduct rock formation tests in reservoirs.
FEL 1976 1.61 CW 14.2
Infrared range, adjusted laser wavelength, can make laser reflection, scattering, absorption, black-

body radiation and plasma shielding optimization.
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Tab.2 Laser devices for petroleum downhole operation **!

Type Symbol Year Wavelength/um  Operation mode  Average power/kW

Chemical oxygen COIL 1977 1.315 CW RP 200

iodine laser Accurately wavelength and amplitude control, used in well control, sidetracking and directional drill-

ing, and suitable for deep well with low cost.
Krypton fluoride excimer KrF 1977 0.248 RP 10
Low energy laser, no thermal effect, strong directivity, high wavelength purity and high output power

High power fiber laser HPFL 2002 1.07 CW RP 1~100

Long-distance transmission, super high electro-optical conversion efficiency (30% ) and good beam

quality.
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volved in process of rock removal by laser
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Mechanical effects

« Volumetric expansion
« Thermal stress

« Shear slippage

» Spallation

O == = - - -

Laser beam

Ejection plume
* Spallated/ Vaporized material
* Compressed air cleaning
(melt and vapor phases)
* Pressure waves
¥ * Beamouli effect

Heat transfer & phase transition

Radiation absorption N/ . .
; * Conductive and convection flux
* Fresnel absorption , ‘ . . .
;i . N s * Melting, evaporation, sublimation
* Solid, melt and vapor absorption \ ¥/ i .
" . ) \ ; and re-solidification
* Scattering and multiple reflections 4
— = . * Vapor pressure on vapor-melt interface
(rock surface, melt, vapor phases) ~ -
* Mass transport between phases
* Depends on temperature, pressure
o * Heat Affected Zone(HAZ)
and laser beam characteristics .
Rock matrix * Depends on temperature and pressure
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Fig.6  Schematic diagram of thermophysical and mechanical effects in laser-rock interaction
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Fig.7 Pore distribution characteristics and fluid transport efficiency of porous material before and after laser treatment

FAHE LB (SEM) (X S 2 AT (XRD) (i
3BT (CT 348 DL KA Yy B 4 S50 55 T e
WAy BT A FEFOEAE T &2 2 OO AR A i) 22
FBo WG 5 I RE JE B A A N RO 25 44
KA AR, IR EAELIRE 385 R 5
Byt & A T AR (H R O BR B R
e A7 PR I oW A5 ), 22 W b SR A T DR il
IFHIE, L R Z A Z Y R oe A an
-2 W e 7 WL ) S5 R R A o
3.5 BOLHSFLAHEENEE N AR

FEHOCHAR R H TS T R B 4
WAS T — WU, BT R 2 51 RO LR
Bl 25 5 T A AT 5 31 BH < R v 0 SR O S B
N SFLSE I AT A A G 1 e A e L T R 1Y
0 F RS e, AR A 08 AL TE LA TR AR 9 [
PERALIB R  OGTH Bl BOAR IR O
ARFHUBEIE R B AR AL A, R O E e = 5%
e (BB A A A2 AN T FE T 38 3 T 55 1k
M B FHLAR AL 2F

BEXTHOG ST FL AR BB 5 O T A5, BN
HATiA % b FHEIS A E RS 5 B, #
BRI A5 N SVSIESE T OB AR AR A [R5 B 1 7K A A

TR Y v A 8 TR B A AT AT, TR
WOCE A A A 3 TR s sk
B g A A — R TR R 2R
WO RN R R 2 A AT 5L S B S 862
BLH 5B , 25 26 1 L Rt — 25 A0 i
AT BB A A FLIT R T — R 50 LB 5, A
WA BERIFGY T ANIRA A 52 305 8T P 1 o3 A8 AL
WEIRIESRRFAE , A FHA PDC 4l Sk A7 0] Bl 1 512
55, VRO T O BB A R s R A, A4k
PR TR PR R [ N O CEOR B K 5
fr S T ORI RS, TR TR A
FEROC LA FoE SATALIRAS, 50k 17 otk
A SRR, I S O IR L L = BRI
TEIE B AL S IF T aE Y 3 AN s Hr T O
FH5 B P B AR

M 28 B A5 R % N UL, & R 2130
Gk 5 By B 7R OGS L J7 T, da Silva MG
AT i — R B A AR IR T A R R U
LR B BOG I L, WO R F] 1.2 ~
1.5 KWHT A] S04 - 7K 8 -5 A mi R 6 46 i 1
SHAL LIRSS THOEH T LAY AT A7 5 Saudi Aram-



240 DG

B35

co A Al B9 Batarseh S T FIRN B 11 2 07\l 2% B 19
Graves R 25 N HEATIE T WOEH AR1EL i
ST BRI, TF & T CAT WU 8 B 5 D R
Fe R GRS U A BT R BRI ) 464, SE B
T T RIS T 15 A AT U B s LA AR
TRIE R 1] , B3 T2 i 1458 20 5 FLALGE , f 141 8
JI7R o SEHAESE T HAE S A FLIB e F i
2 il TR S A S LA e, B2 1 AR 3 i A
$B OGRS, 454 2018 K I O SR
TRAO S FLES B, (0 15 5 ik 5 FL IO Sk A U
T OGRS IS AR L FTE v R S, T SE
S 2 SR 1) B 1 PR A et . RO
B4 )7 T, Ezzedine S %5 A\ i3 — R0
Iy il 2 PR IR FE Sk 555 A BOBUERE
WS T P RN Bl Sk 83 R
BLIE B2, B o T OGS AL 8 (LED ) T B 4
TERESE SV 5 e o R A i 2 B Oy
TH B A 5 AT AT 454 5 Pooniwala S AV 4R H T8
SR = o 56 8 3k 18 315 28 RV F i
AR T HAR R BOCRI B DEHE I WOt
Ske DA R G AR 56 64 BB REE A28, 2 9 iR . 3
Foro Energy 2" JT & T30 5 MU PDC 43k
A A I, S i e A L, B FDBLT
RO, SEBL T 7RO 3 0 20 kW (15
R E SRV A S A TR L 7.5 kW, B
B R B R 10 45 LA L TESE T O B4 AR
F B B R AR A RO A3

Wellbore

Rock under
stress

laser
perforation
non-damaged
tunnel

I8 SR T I O ST R e AL
Fig. 8

In-situ perforation in vertical wellbore under

stress conditions and the non-damaged tunnel

.....

Fiber optic cable
transfering the laser
beam downhole

Laser head

K9 BOEHUMALLE = ek
Fig.9  Laser-mechanical tri-cone rotary bit with fiber

optic delivery system

AT S 2L 2 5B T O FLA BLZ I,
PO SRS AL B AR T i 2 B 4, T ] PN A L T A
ViR IR AR 22, b Ab T 4R T Beo 1 X 4
A5 - e v BT LI B J2E LR B PR A
VeI 2 55 1 22 (R) R, AT 24 AR i g, SR
S EEZE 4 Ml S B A B S8 I Y R e ATl
PERY A JET5 18] o UnART SR B0 LA 1 A% L i
Bhag R, JE OE B A I TR 18 A A ot 52 1k
AR LBLHOCHU A 7 A5 KRR T
0 G BERT 4

4 BRHE AR ALY

4.1 FEAWERARNSE

POLRCE BORTEATIS KRR T RS
BIE LR ARG R e | 2 e DA KA A0
SFHOEAHLIEE . SEG M T ZM L, #ot
B EA U e A

(D) &R e R

@ REREWR 5 FE A, WIS T A R
SEA RO B e BIUA B 2 AL 5

@ Gyl At — B, AR B ks ] GEF 45
B EHR L AT R B KR T &8
B RKRFEE;

(2) WARESEI A

@ BT, DFH,

@) ATk S5 B BT T A AR 7



552 1] B

3%, 85 POCBEA BOR BT T BUIR St i 241

@ S EhR E AgFL e e T A R,
BRI A

@ FHF Sem) W F B ek, Stk
P RRCR AT, TN T2 A B IR B s )

(3) ¥ Al e ek

O iR s FLIE BE Y P AR 2, LA
DS T RSP S RS

@ EA T HE5 K s, AR W28 T
DAL AR AR AT, [F) Bt R I T 3T 85 e 1y e
J& AL 2 ] DAV f0 B A AL

(4) BRARIREE 5 YL i

@ AT LA R eicE At 2 I8 B A 1 £L
B RNR IR

Q@ EhFEIARXS W I, WO AT A A PR
SR 2R A, AN A B S 1R S b T

@ TP & BE ol LB BE A AE, TB A,
X HLJZ 5 E 7N o
4.2 HFERBHMERFE

g5 LR OB S HOR B HE R R LA
BN TEIF R TC LAY, oI R 7R 4 S8
PR L RIS L WOCEORHR & H Al A
H TR R A ER i et TR ARZ — ¥
A H AR AR Ao S R R
WAL B T 2F P 5 DL S R AT AT
FHMO AT T —E R RE Wi, HaEr
BOGHE A HARLE AT S AR Tl P AT SR 4L T 21
AT A S0 % PRR B B, LS AR 2R 1 TR 1A
S B g FH A T I 25 1 22 98 X

(1) 3E T R85 Al B s A% 4 ) RO 3
MG I

E T AT R AN [R A R BRI 55 O e
T FEORIE RO G AR AT T | ffikis T
I e I AT ol N R | - (N 87 S
AT RO A, B LA N OB S8 T He R 1Y
FE ARl 2 48 R0 50 3 1) 037 B 25 i 5

(2) WO 5 22 A 2 LG 1k

WOCHE A W R A2 Z 2R 52, B OCHE Y
Ml PR 2R, S AT O A A VR S R v ) 2 SO0 A2 4k
HEE, RS 2 R I AE T N OGRS HLE], A 2
WITERAAENROLBEE S A G

(3) WOL/ %5 A/ A FH B A TR RS & HL )
5%

IO/ A A/ PR SEBRAR AR A R, R
LR AR IR RN RENS PARZSL (A PS
Z SO A RE -5 O R RIE Z R Y
WRZ B2 WOCBUR B N 1 5 AR S
TG FCE RE R Z ] B OG5

(4) B LS8 RO E H R & FH PR T
E

LR HIEWOCH PARALIRET, W P ROt
AR TE HEER HOL BB S 2 R B 1l % 4
PERIHBERGSE 00 2 P 47 ) BRLAE: , SR OB
A% O FERIRL 7 TR B, o BEIE 5 = N SE R F 5T il
REALRI BN, JE IR 5E 8 O s I N E
FIPEWTTEAR 2, S2 B0 LA HOR 89T L)
el

5 4 ®

POLBEE 2t O 7 PR RE R, PR R
ISR A AR O A I L T AR
FZ R, LI 472 1% PO N AEAK
B, W0 K2 F Wy Py 2 e o 5 5 WO 52 5 R Wiy
IS, DT 72 2 R e A SR A A i e .
S M E RSB e MR I TR . e
F G IIAT W50 R Y At T WA 2 B A
PSR BT ROt H B0 BOtECA N
EX (R ELINIING SR TSR % QAR S Ear /b LS
PEBRREOESTFL S5 M BN S A>T T B RIEST , B
R Z g YY) 2 WK 2R R
AT AR BCR EA, (0 H AT AL T8l
PLH T AR A B RN 5838 | SRS
FBUA— FEE A MBS A B R R &
TS5 R B, ATy AR T 2t — A IR A FE L%
BEHOEHE A B T AR S, 8 it S 45 2
AROCBCETARBIA L, 15 Al 7 B B B
iV-ae 2 AR SESIL N 2775 (IR I I
8 B R AT 5 45 07 T BEA T R S, S
T e B 5 R YR K R I T AT AT A5
Jilal



242 Hh DG 5513 %

SE Wk

[1] skeE—, 34, F£38, F. BOCHIHRIIRHE R SRE[)]. B duk, 2016, 44(7): 7-11.

ZHANG SHY, HAN B, LIM Y, et al.. Research progress and prospect on laser drilling technology[ J]. China Petrole-
um Machinery, 2016, 44(7) . 7-11. (in Chinese)

[2] BAZARGAN M, HABIBPOUR M, JALALYFAR H, et al. . Using the laser irradiation to improve the rate of production of
Iran South west formation[ C]. Proceedings of SPE Kuwait International Petroleum Conference and Exhibition, Society of
Petroleum Engineers, 2012.

[3] Zi&, F¥ 1. PRAEBOCRRER IR KN HIBUR[T]. 5 #% 42, 2001, 9(3) : 279-283.

WANG D, LI X Q. New progress in semiconductor lasers and their application[ J]. Opt. Precision Eng. , 2001, 9(3) .
279-283. (in Chinese)

[4] ADENIJI A W. The applications of laser technology in downhole operations-a review[ C]. Proceedings of International Pe-
troleum Technology Conference, International Petroleum Technology Conference, 2014.

[5] &M, 8, mmek, . ZREOCRIRITLMMTMSR[)]. o5 4% 142, 2011, 19(2) : 340-347.

QIN'Y, BIJ, NI X W, et al.. Analysis and experiment on millisecond pulsed laser drilling of metals[ J]. Opt. Precision
Eng. , 2011, 19(2) : 340-347. (in Chinese)

[6] BATARSEH S, GRAVES R, AL OBAID O, et al.. High power laser technology in downhole applications, reshaping the
industry[ C]. Proceedings of Abu Dhabi International Petroleum Exhibition & Conference, Society of Petroleum Engineers,
2017.

[7] SINHA P, GOUR A. Laser drilling research and application; an update[ C]. Proceedings of SPE/IADC Indian Drilling
Technology Conference and Exhibition, Society of Petroleum Engineers, 2006.

[8] 2, mhzt, x18l, F. MHIKIKM&EEROCN ARIFGATILLI]. b5 4% 42, 2011, 19(2) : 380-386.

DAI G, LU J, LIU J, et al.. Expriment of long pulse high energy laser drilling on silica glass[ J]. Opt.. Precision Eng. ,
2011, 19(2) : 380-386. (in Chinese)

[9] KURAWLE I B, KAUL M, MAHALLE N A, et al.. Laser, mono-diameter drillstring with resin spray casing completions
[C]. Proceedings of Offshore Europe, Society of Petroleum Engineers, 2009.

[10] BATARSEH S I, ABASS H H, AL-MULHEM A A, et al.. High power laser application in openhole multiple fracturing
with an overview of laser research; past, present and future[ C]. Proceedings of SPE Saudi Arabia Section Technical
Symposium and Exhibition, Society of Petroleum Engineers, 2012.

[11] XU Z, REED C B, PARKER R A, et al.. Laser rock drilling by a super-pulsed CO, laser beam[ C]. Proceedings of the
21st International Congress on Application of Lasers and Electro-Optics, LIA, 2002 . 160291.

[12] Z2®E, H3HH, Hht, F EAINOCEIFBCAERIIR S LZIELT]. Biba %huk, 2008, 37(11) : 11-16.
MA W G, YANG Z H, YI X ZH, et al.. Current progresses on laser drilling technology[ J]. Oil Field Equipment,
2008, 37(11): 11-16. (in Chinese)

[13] a8, F&%, 5. BOUHIFEORBUR S CHEORT]. 4R 2, 2015, 38(1) : 35-39.

YANG Y, TAN P, WEI X ZH, et al. . Development status and key technologies of laser drilling[ J]. Drilling & Produc-
tion Technology, 2015, 38(1): 35-39. (iin Chinese)

[14] XU Z, REED C B, GRAVES R, et al.. Rock perforation by pulsed Nd: YAG laser[ C]. Proceeding of the 23rd Interna-
tional Congress on Applications of Lasers and Electro-Optics, LIA, 2004 . 1406.

[15] CLARKE J A. Laser micro-drilling applications[ C]. Proceedings of Global Powertrain Congress on Advanced Engine De-
sign & Performance, USA, 2006 57-64.

[16] XU Z, REED C B, KONERCKI G, et al.. Specific energy for pulsed laser rock drilling[ J]. Journal of Laser Applica-
tons, 2003, 15(1) : 25-30.

[17] XU ZH Y, YAMASHITA Y, REED C. Modeling of laser spallation drilling of rocks for gas and oil well drilling[ C].

Proceedings of SPE Annual Technical Conference and Exhibition, Society of Petroleum Engineers, 2005.



2 B S OEHEA BOR R B BUIR Kt R 243

[18]
[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

(32]

(33]

BYBEE K. Modeling laser-spallation rock drilling[ J]. Journal of Petroleum Technology, 2006, 58(2) . 62-64.
BATARSEH S. Application of laser technology in the oil and gas industry; An analysis of high power laser-rock interac-
tion and its effect on altering rock properties and behavior[ D]. Colorado; Colorado School of Mines, 2001.

WHZ, LBE, T2, F. O BOCHHE A EN S RIS T SO (], Bw et 5 #iR, 2016, 44
(5): 168-172.

YANG L ZH, WEN G J, WANG Y D, et al.. Theoretical analysis and experimental research on breaking process of la-
ser drilling in coal and rock[J]. Coal Geology & Exploration, 2016, 44(5) ; 168-172. (in Chinese)

#WiL, F4, Faa. DIV ABEEEOCDIEFRI ], A5 4% T4, 2004, 12(6) : 587-591.

XIE JJ, LIW, LI'Y T. Numerical control laser pipe cutting machine for industrial use[ J ]. Opt. Precision Eng. , 2004,
12(6) : 587-591. (in Chinese)

W¥GHE, Ht, WRMKE, F. BOLHIFREAEOR R LR C. 2010 446 SR sk 283647 50 55 9T % BRI A A it
RFARB 2L, FESLHFR, 2010: 120-129.

YANG Z H, YI X ZH, CAO L B, et al. . Laser drilling rock breaking technology and its development[ C]. Proceedings
of the 2010 Symposium on Drilling Basic Theory Research and Frontier Technology Development, Chinese Petroleum Socie-
iy, 2010 120-129.

Bk, KEE, @i BOUHHFRCA R BRI S [ C]. 2011 F F 4 A B ARFH 2 B H +— 6 6 b4kt
RATKAN#LE, YEEBIEF A, 2011 1-7.

YI X ZH, ZHANG ] F, TIAN J. Laser drilling rock breaking technology and its development prospects[ C]. Proceedings
of the 2011 Drilling Technology Symposium and the 11th Petroleum Drilling Institute, China Petroleum Engineering Socie-
ty, 2011, 1-7. (in Chinese)

2 &), B, e, F. R ERKMEOCE I T RIRAT )], o AF % AR, 2011, 19(2) : 414-420.
LIU J, LUJ, NI X W, et al.. Fracture behavior during pulsed laser irradiating silicon wafer[ J]. Opt. Precision Eng. ,
2011, 19(2): 414-420. (in Chinese)

O'BRIEN D G, GRAVES R M, O'BRIEN E A. Laser-rock-fluid interaction; application of free-electron laser (FEL) in
petroleum well drilling and completions[ J]. Proceedings of SPIE, 1999, 3614 . 168-177.

k4, BRR, B4, F. EOEEAMRRET]. Bstdw 4, 2010, 26(9) : 4244,

SHI B Q, XUE Q L, TANG W Q, et al.. Prospect of laser drilling technology[ J]. Foreign Oil Field Engineering,
2010, 26(9) : 4244. (in Chinese)

GRAVES R M, ARAYA A, GAHAN B C, et al. . Comparison of specific energy between drilling with high power lasers
and other drilling methods[ C]. Proceedings of SPE Annual Technical Conference and Exhibition, Society of Petroleum
Engineers, 2002.

BAZARGAN M, MADANI A, SHARIFI H, et al.. Utilisation of lasers in petroleum drilling industry[ C]. Proceedings
of International Petroleum Technology Conference, 2013.

ASHENA R, ASHENA R, NABAEI M, et al.. Experimental investigation of specific energy of rocks by low power laser
drilling[ C]. Proceedings of Nigeria Annual International Conference and Exhibition, Society of Petroleum Engineers,
2010.

KAW, BER, BE, F.OMOURCARERE[T]. B & &, 2013, 34(5) : 55-56.

ZHANG Y B, LU B L, JIANG T, et al.. The research about the laser rock-crushed characteristics[ J |. Laser Journal,
2013, 34(5) : 55-56. (in Chinese)

XU ZH Y, REED C B, PARKER R, et al.. Laser spallation of rocks for oil well drilling[ C]. Proceedings of the 23rd
International Congress on Applications of Lasers and Electro-Optics, LIA, 2004 . 1803.

HAFEZ A, IBRAHIM E S, OMAR E S, et al.. Laser drilling using Nd: YAG on limestone, sandstone and shale sam-
ples: ROP estimation and the development of a constant ROP drilling system[ C]. Proceedings of SPE North Africa Tech-

nical Conference and Exhibition, Society of Petroleum Engineers, 2015.
mRE, AKE, R, F. BOUHCE ITIEVIR LA MBS R R R BT ], B b 4RI A, 2010, 38



244 Hh DG 5513 %
(4): 129-134.
XU Y J, ZHOU CH L, QIAN H B, et al.. The study of laser rock breaking method and its application in well drilling
[J]. Petroleum Drilling Techniques, 2010, 38(4) : 129-134. (in Chinese)

[34] SIF41L BOLHIEMN R[], ®34Rs 42, 2016, 28(1) : 87-90.

HUANG K ZH. Analysis of influencing factors of laser drilling[ J]. West-China Exploration Engineering, 2016, 28(1) .
87-90. (iin Chinese)

[35] mbt, rmA, 30F, F. BOCHILBCA PR TSR] B K, 2017, 24(4) : 253.

DUAN R, GUO T CH, SUN T, et al.. Laser perforation rock breaking mechanism and its application prospect[ J]. Pet-
rochemical Industry Technology, 2017, 24(4) . 253. (in Chinese)

[36] AHMADI M, ERFAN M R, TORKAMANY M ], et al.. The effect of interaction time and saturation of rock on specific
energy in ND: YAG laser perforating[ J]. Optics & Laser Technology, 2011, 43(1) ; 226-231.

[37] ERFAN M R, AHMADI M, ASHENA R, et al. . Drilling of middle-eastern reservoir carbonate rocks by high power ND;
YAG laser[ C]. Proceedings of IADC/SPE Asia Pacific Drilling Technology Conference and Exhibition, Society of Petrole-
um Engineers, 2010.

[38] YANF, GUY F, WANG Y J, et al.. Study on the interaction mechanism between laser and rock during perforation
[J]. Optics & Laser Technology, 2013, 54 303-308.

[39] Fdk, T, KAl FOLTHA G I KIHOCHCE M m [ T]. 48R 5 2R4%, 2017, 39(3): 121-123,
127.

LI SH B, LI K X, ZHANG L G. Influence of laser power and irradiation time for laser rock fragmentation[ J ]. China En-
ergy and Environmental Protection, 2017, 39(3) : 121-123, 127. (in Chinese)

[40]  ZF T, BOCHCAHLE AR [ D], KK RIufihRss, 2017.

LI K X. Analysis of mechanism and influencing factors of laser breaking rock[ D]. Daqing: Northeast Petroleum Univer-
sity, 2017. (in Chinese)

[41]  R=H. SUERBOCE A NS CHORBIZE[ D], P44 PEdER~, 2013.

ZHANG Y B. Research on high power laser perforation technology in petroleum well[ D]. Xi’an: Northwest University,
2013. (in Chinese)

[42] HUMX, BAIY, CHEN H W, et al.. Engineering characteristics of laser perforation with a high power fiber laser in oil
and gas wells[ J]. Infrared Physics & Technology, 2018, 92. 103-108.

[43] ELAHIFAR B, ESMAEILI A, PROHASKA M, et al.. An energy based comparison of alternative drilling methods[ C].
Proceedings of SPE/IADC Middle East Drilling Technology Conference and Exhibition, Society of Petroleum Engineers ,
2011.

[44] BHARATISH A, KUMAR B K, RAJATH R, et al. . Investigation of effect of CO, laser parameters on drilling character-
istics of rocks encountered during mining[ J]. Journal of King Saud University-Engineering Sciences, 2019, 31(4) ; 395-
401.

[45] e, 2812, £F 5, F. HRARIBOCHCS BURL T ZRmOC 1], 2 A30E, 2017, 37(4) : 580-585.
LIU T, WANG ZH X, CUI Z A, et al.. Research on the process influence of laser pre-drilling on granite surface[ J].
Applied Laser, 2017, 37(4) : 580-585. (in Chinese)

[46] s, H2%, TAN, F. SONMOCHLTZO5EI]. 2AROE, 2013, 33(5) : 525-529.

PENG H X, GU Y F, WANG CH M, et al.. Study of laser perforating process on rock[ J]. Applied Laser, 2013, 33
(5):525-529. (in Chinese)

[47] AGHA K R, BELHAJ H A, MUSTAFIZ S, et al.. Numerical investigation of the prospects of high energy laser in drill-
ing oil and gas wells[ J]. Petroleum Science and Technology, 2004, 22(9-10) ; 1173-1186.

[48] GAHAN B C, PARKER R A, BATARSEH S, et al.. Laser drilling; determination of energy required to remove rock
[ C]. Proceedings of SPE Annual Technical Conference and Exhibition, Society of Petroleum Engineers, 2001.

[49] FIGUEROA H G, LAGRECA A, GAHAN B C, et al.. Rock removal using high-power lasers for petroleum exploitation



2 B S OEHEA BOR R B BUIR Kt R 245

[51]

(52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

purposes| J]. Proceedings of SPIE, 2002, 4760 . 678-691.

HA, XA FOCHCA I RGN R 1], @R e L2, 2013, 25(9) : 1-6.

SU R, LIU G. Mechanism and influencing factors of laser rock fragmenting[ J]|. West-China Exploration Engineering,
2013, 25(9) : 1-6. (in Chinese)

wplta, Fhwedr, FAN, F. MIFROCH LT AT SR 0TS R B R ILB AT (D], A FEHE AR A2, 2012, 12
(33) : 8855-8858.

YANG Y, SUN X N, CHENG CH ], et al.. The experimental study of feasibility for well laser perforation and the analy-
sis of mechanism for sand control[ J]. Science Technology and Engineering, 2012, 12(33) ; 8855-8858. (in Chinese)
CHOUBEY A, JAIN R K, VISHWAKARMA S C, et al.. Nd: YAG laser-assisted drilling and spallation of rocks[ J].
Advanced Science, Engineering and Medicine, 2013, 5(9) : 905-911.

GORDON Z L, GRAVES R M, PARKER R A. Rock removal by laser; data analysis to identify trends and controlling
factors[ J]. Proceedings of SPIE, 2004, 5448 . 885-894.

PARKER R, XU Z, REED C, et al. . Drilling large diameter holes in rocks using multiple laser beams[ C]. Proceedings
of the 23rd International Congress on Applications of Lasers and Electro-Optics, LIA, 2004 . 504.

PARKER R A, GAHAN B C, GRAVES R M, et al.. Laser drilling: effects of beam application methods on improving
rock removal [ C]. Proceedings of SPE Annual Technical Conference and Exhibition, Society of Petroleum Engineers,
2003.

FIA] BOLHEBORIBIFE[T]. ®3RRs 142, 2015, 27(12) : 63-65.

HUANG K ZH. Research on laser rock breaking technology[ J]. West-China Exploration Engineering, 2015, 27(12) .
63-65. (in Chinese)

SOLEYMANI M, BAKHTBIDAR M, KAZEMZADEH E. Experimental analysis of laser drilling impacts on rock proper-
ties[ J]. World Applied Sciences Journal, 2013, 1(2): 106-114.

LYU Z, SONG X ZH, SHI Y, et al.. Experimental study on specific energy of thermal spallation drilling technology
[C]. Proceedings of the 51st U. S. Rock Mechanics/Geomechanics Symposium, American Rock Mechanics Association,
2017.

GRAVES R M, BAILO E T. Analysis of thermally altered rock properties using high-power laser technology[ C]. Pro-
ceedings of Canadian International Petroleum Conference, Petroleum Society of Canada, 2005.

GAHAN B C, PARKER R A, GRAVES R, et al.. Laser drilling: drilling with the power of light phase 1 feasibility
study[ R]. US: Institute of Gas Technology, 2001.

GRAVES R M, IONIN A A, KLIMACHEV Y M, et al.. Interaction of pulsed CO and CO, laser radiation with rocks
typical of an oil field[ J]. Proceedings of SPIE, 2000, 3885. 159-171.

KARIMINEZHAD H, AMANI H, MOOSAPOOR M. A laboratory study about laser perforation of concrete for application
in oil and gas wells[ J]. Journal of Natural Gas Science and Engineering, 2016, 32 566-573.

GAHAN B C, BATARSEH S1, WATSON R C, ez al. . Effect of downhole pressure conditions on high-power laser perfo-
ration| C]. Proceedings of SPE Annual Technical Conference and Exhibition, Society of Petroleum Engineers, 2005.
ERFAN M R, SHAHRIAR K, SHARIFZADEH M, et al.. Coupled T-H-M processes’ effect on specific energy in con-
tinuous wave fiber laser rock perforation[ J]. Journal of Laser Applications, 2018, 30(3) : 032005.

AR, BOLRCA IR OCHE AR AT TR PRI ], & idauk, 2017, 45(3) : 16-20, 25.

ZHANG ] K. Experimental study on laser rock breaking and discussion on its application in petroleum engineering[ J].
China Petroleum Machinery, 2017, 45(3) : 1620, 25. (in Chinese)

FEi, M, Ke—, F. O BOCHBIRCE RN )]. R E, 2015, 38(3): 13.

LI M Y, HAN B, ZHANG SH Y, et al.. Experimental study on rock fragment assisted by laser technology[ J]. Drilling
& Production Technology, 2015, 38(3): 1-3. (in Chinese)

ERFAN M R, SHAHRIAR K, SHARIFZADEH M, et al. . Moving perforation of rocks using long pulse Nd: YAG laser
[J]. Optics and Lasers in Engineering, 2017, 94 12-16.



246

DA 13 %

[68]

[69]

[70]

[71]

(72]
(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

WE, A&, EWR, £ OIS IRT]. 2WRAAFROLX LM FRFR), 2013, 35(4)
152-154, 157.

XIE H, ZHOU Y, DONG H R, et al.. Experimental study on laser assisted rock breaking[ J]. Journal of Oil and Gas
Technology ( Journal of Jianghan Petroleum Institute) , 2013, 35(4) . 152-154, 157. (in Chinese)
SAN-ROMAN-ALERIGI D P, HAN Y H, BATARSEH S I. Thermal and geomechanical dynamics of high power electro-
magnetic heating of rocks[ C]. Proceedings of SPE Middle East Oil & Gas Show and Conference, Society of Petroleum En-
gineers, 2017.

SAN-ROMAN-ALERIGI D P, BATARSEH S I, HAN Y H. Numerical modeling of thermal and mechanical effects in la-
ser-rock interaction-an overview[ C]. Proceedings of the 50th U. S. Rock Mechanics/Geomechanics Symposium , American
Rock Mechanics Association, 2016.

HOSSAN M R, DUTTA P. Effects of temperature dependent properties in electromagnetic heating[ J |. International
Journal of Heat and Mass Transfer, 2012, 55(13-14) . 3412-3422.

CHANDRASEKHAR S. Radiative Transfer[ M]. New York: Courier Corporation, 2013.

CHO J H, NA S J. Implementation of real-time multiple reflection and Fresnel absorption of laser beam in keyhole[ J ].
Journal of Physics D Applied Physics, 2006, 39(24) . 5372-5378.

SAN-ROMAN-ALERIGI D P, SLIMANE A B, NG T K, et al.. A possible approach on optical analogues of gravitational
attractors[ J]. Optics Express, 2013, 21(7) . 8298-8310.

By, AEE, B, F. O BOCECAREG BRI ]. B RALFROLR B HFRFIR), 2005,
27(6) . 885-887.

YIXZH, QLH Y, YI X B, et al.. Mathematical model of temperature field in laser rock breaking[ J]. Journal of Oil
and Gas Technology (]oumal of Jianghan Petroleum Institute) , 2005, 27(6) ; 885-887. (in Chinese)

Bk, BiRA), M, F. WOCHEIOIIIRN SR BERIGC 1], R AL T, 2005, 25(8) ; 62-65.

YI X ZH, GAOD L, MING Y, et al.. Physical model of removing rock by laser and its heat transfer characteristics[ J].
Natural Gas Industry, 2005, 25(8) ; 62-65. (in Chinese)

Bk, AREE, K7 E, F.OEBBOCHCE ERCERERTR[T]. LF 5ee A, 2005, 3(1): 11-13.
YIXZH, QCHY, YU W J, et al. . Research on heat transfer characteristics of the removal rock by laser[ J]. Optics &
Optoelecironic Technology, 2005, 3(1); 11-13. (in Chinese)

YI X ZH, MA W G, CAIZ L, et al. . Temperature fields characteristics on removal rock by high-energy lasers[ J]. Ad-
vanced Materials Research, 2011, 328-330; 104-107.

BJORNDALEN N, BELHAJ H A, AGHA K R, et al.. Numerical investigation of laser drilling[ C]. Proceedings of SPE
Eastern Regional Meeting, Society of Petroleum Engineers, 2003.

FF, Ta#, LW, F. BOLECAENIEIS O SEERIT]. FEBk, 2008, 35(8) : 1245-1249.

LIM, WANG Y L., WANG Y L, et al.. Theoretical analysis and numerical simulation of laser to rock[ J]. Chinese Jour-
nal of Lasers, 2008, 35(8) : 1245-1249. (in Chinese)

AT WOLBEA R N B R R S SRS (] AAFHEAR S 42, 2012, 12(29) @ 7532-7537, 7542.
KE K. The thermal-stress mathematical model and experimental study of rock-breaking by laser[ J]. Science Technology
and Engineering, 2012, 12(29) . 7532-7537, 7542. (in Chinese)

BB, Bt BOCHIHAa MBS A ]]. RiAH, 2013, 34(1) : 27-28.

ZHOU G L, YI X ZH. Analysis of temperature field in rock of laser drilling[ J]. Neijiang Science and Technology,
2013, 34(1) . 27-28. (in Chinese)

X, A, RRE. WOCHCAR S SO T[], Sk ke F 53k, 2015, 52(1) : 011405.

LIU H, YI W F, ZHU SH Y. Coupled-fields numerical simulation of laser to rock[J]. Laser & Optoelectronics Progress,
2015, 52(1): 011405. (in Chinese)

Fifpte, FIMAE, FAh. BOCHCABORKIRIUR KA KR [J]. Bt A, 2016, 35(8): 15, 9.
MOU H W, XIN P H, LUO W. Development status and future development of laser breaking technology[ J]. Petrochem-



2 B S OEHEA BOR R B BUIR Kt R 247

[85]

[86]

[87]

[88]

(89]

[90]

[91]

(92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

ical Industry Application, 2016, 35(8): 1-5, 9. (in Chinese)
NDEDA R A, SEBUSANG S E, MARUMO R, et al.. Numerical model of laser spallation drilling of inhomogeneous rock
[J]. IFAC-PapersOnLine, 2017, 50(2) ; 43-46.
LIM Y, HAN B, ZHANG SH Y, et al.. Numerical simulation and experimental investigation on fracture mechanism of
granite by laser irradiation[ J]. Optics & Laser Technology, 2018, 106 52-60.
WA, 22T, LEE, F. BOUREBEES AR EBER [ T]. Me x5 £h3%, 2018, 46(6) : 217-
222.
YANG M J, WANG Y D, WEN G J, et al. . Numerical simulation of thermal effects of laser irradiation on coal and rock
[J]. Coal Geology & Exploration, 2018, 46(6) ; 217-222. (in Chinese)
R, FMAE, T4 EONEYBOECEREm ], L &AF, 2017, 30(2) : 126-132.
MOU H W, XIN P H, LUO W. Effect of impurities in rocks on the mechanism of laser rock breaking[ J]. Shandong Sci-
ence, 2017, 30(2) : 126-132. (in Chinese)
FHE. BOLBCAVIEHITE[ D] KK RALAahks:, 2017.
XIN P H. Research on laser rock breaking mechanism[ D]. Daqing: Northeast Petroleum University, 2017. (in Chi-
nese )
BATARSEH S, GAHAN B C, GRAVES R M, et al. . Well perforation using high-power lasers[ C]. Proceedings of SPE
Annual Technical Conference and Exhibition, Society of Petroleum Engineers, 2003.
SHARMA K V, DE ARAUJO O M O, NICOLINI J V, et al.. Laser-induced alteration of microstructural and microscopic
transport properties in porous materials ; experiment, modeling and analysis[ J]. Materials & Design, 2018, 155, 307-316.
GRAVES R M, BATARSEH S, PARKER R A, et al.. Temperatures induced by high power lasers: effects on reservoir
rock strength and mechanical properties| C]. Proceedings of SPE/ISRM Rock Mechanics Conference, Society of Petroleum
Engineers, 2002.
FEH, M, Ktb—, F. O AORIBOCHALILIRAFT]. B4 &, 2015, 36(7) : 4447.
LIM Y, HAN B, ZHANG SH Y, et al.. Experimental study of laser perforation on the surface of sandstone[ J]. Laser
Journal , 2015, 36(7) : 44-47. (in Chinese)
M, FEH, F, FOBOUHMBIBCA RN [T]. B X AAFROIR B HFRFMR), 2014, 36(9):
94-97.
HAN B, LIM Y, LI L, et al.. Rock drillability evaluation of laser assisted rock breaking[J]. Journal of Oil and Gas
Technology ( Journal of Jianghan Petroleum Institute) , 2014, 36(9) : 94-97. (in Chinese)
FEie, M, Re—, F. BOCHBIBCE AR A EREDTSE LT ] R RSBk, 2015, 35(3) : 363-368.
LIM Y, HAN B, ZHANG SH Y, et al.. Study on laser assisted rock breaking law and mechanical properties[ J]. Ap-
plied Laser, 2015, 35(3) : 363-368. (in Chinese)
F3. WOCH B EIFCA L R AT RS D] 8 P EARA: (4 7R) |, 2015,
LI L. Mechanism of removing rock by laser and the study on drillability[ D]. Qingdao: China University of Petroleum
(East China) , 2015. (in Chinese)
DA SILVA M G, BRAGA A M, DE FARIA G V, et al.. Application of lasers for perforation of petroleum wells[ C].
Proceedings of OTC Brasil, Offshore Technology Conference, 2017.
BATARSEH S, SAN ROMAN ALERIGI D, REECE ], et al.. Downhole high-power laser tools development and evolutions
[ C]. Proceedings of Abu Dhabi International Petroleum Exhibition & Conference, Society of Petroleum Engineers, 2018.
BATARSEH S I, GRAVES R, SAN-ROMAN-ALERIGI D P, et al. . Laser perforation: lab to the field[ C]. Proceedings
of Abu Dhabi International Petroleum Exhibition & Conference, Society of Petroleum Engineers, 2017.
EZZEDINE S, RUBENCHIK A, YAMAMOTO R, et al.. Laser-enhanced drilling for subsurface EGS applications[ J].
GRC Transactions, 2012, 36 . 287-290.
POONIWALA S A. Lasers: the next bit[ C]. Proceedings of SPE Eastern Regional Meeting, Society of Petroleum Engi-
neers, 2006.



248 DA W13 %

[102] ZEDIKER M S. High power fiber lasers in geothermal, oil and gas[ J]. Proceedings of SPIE, 2014, 8961 89610D.

EEE N

B (1990—) &, BIETTHRIRIEN,
BRI 2013 4E T AR AL A M K 2
FRf o, EENFRTHROLS A0
AHELAE A A% AR S A R
BUBE K 3 1 8 77 2 26 D5 Tl i) W52 E-
mail ; sygegh1990@ 163. com

R (1965—) , 55, NSl RN 1
-+, H ¥z, A T, 2006 AE T AR AL A
TREERAT 27, RN G I
TR 24 DA ROk A S5 A 5 07 17 1
5%, E-mail; lishibin_2001@ sina. com

PRI (1990—) , 55, B8 e V155 55 I /K
N R0, 2018 4T AR b A7 3 R 2
PARE A2, FENF TR F g
FEHY R g O A6 D5 T BIF 58, E-mail ;
¢sqing2590@ 163. com

SR NI (1982—) 35, BRIE TG IKIEN
Tt B, A S0, 2014 4E TR
B RERPNC2 TN - L S o VAN s N R
AU TRy R RN 1 5 L s
ARy 5 2R D7 T T, E-mail
zhangligang529@ 126. com

(ke 5 i)
—ELZ08iT (MBE%; RERATE. BERARE)

(AAZFW)RTEHEFLEA A, 25 FEHFZRREALFHEIME LI LR £ 58
TENRFEEIASENFREAT, BRI AALLT | BRIV R PR L IR E LG aeEsk
F R M,

(R RFR) T 1980 F41F], § T 1992 4, 1996 5, 2000 4 F= 2004 1% & vy KA P LA B F) &
BEW)IFADEFELCHA, 5+ T 2000 FREHFAREEETF, OEAKREESHA,
2000 F3k P AR F P 5%, (P EF KRR CEER) ). (P EEP W) Fo 7 7 IEH
BAEARFI AR EBACHFLIE)(SA) A 1999 55 £B(LF L) (CA) F K F H(LH &)
(A]) B 2000 4; £ B (SI#AF LFAAEM L) B 2002 45 B A(FHH Cakikdk) (CBST, JICST) g 2003 5
& Bl FeAk & %) 36 35 2008 -4k 47 2 “Elsevier Bibliographic Databases” # & % i #1F) ; 2010 44k £ H
“EI” #5€ AR AP, 2001 F2 B RARSRARG P EBP 5 E" 692 b, KR FI) IR A S
F1” . 2002 3% P EA SR 2001 ~2002 - F A B R A ACE T B, 2004 FAk i AP B 4o in KR
BE - PEAAHERE), AAASFS . FEETX, Z2RMAFHE LSRG FRELRGL, &
RHIRE B WM F R E, FEAFARTEFA, ARGRBZFHOFRKFIRS.

(ZHFA) B 2011 F8CH AFR), A4 AR, 144 |, B ASIATFLAT, BARZH: 40 T, 4 F 480
T, ARSI TITH, (RAFWR) R KVEH, 57 AR, FWkEs,

Mo b KEFTTR IR 3888 5 ER%—FIS: CN22-1116/04
CRIG) St E BR#r#EH| S : [SSN 1000-7032

B %: 130033 ER LS 12-312

B 1E: (0431)86176862, 84613407 ESNEITFRE . 4863BM

E-mail . fgxbt@ 126. com http . //www. fgxb. org



