Fo4Ek  HTH 2,
S RN e W E R

ACTA GEOLOGICA SINICA

Vol. 94 No. 7
July 2 0 2 0

4 At 4 O B S B 5 A1 2 R L B BB 30105 3 5 A

EREZL HER
B EARTREARJLE 100084

NERE:

TR o b 2 2 TR AR b b IX e T A A S 2 2 — S TR IR R R B0 R B R SR A A

A AT B OR 22 5, P EL R 2 T R AR A BARE O LB AL TT e . R AL T SR i R AR A A BRI R R IR LT
B LW R BUa R (A SN B AR B OB A G — RN B ARl B AR SCRE T — B TR RUE R EE
AR AL IR R T B BB 5 15 T B BBk FR S A B IL IR R AR p R K e g Z M S A . S
B A 6 RS D25 2R B LE 38 UE T 3% D B9 IE B L O T L T BRI R e AV T B SR A R L R R A T ZRCR

AT TR

KRR R AR P TR AL IR 2L 2 R 4 5 BUE

b it X2 AR L () s b ) B A K
TRy LAKAT I 7R S W 8 L 37 ) -5 R By ¢ B 4R
J6F J5E b X 43 S = R 3 B0« U TR A R AT L R
JL Sy Al 1L RE AT, A A 4 S AR L T ) (Gao
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(5b)
AN I8 s ) AT e, B 28 (5a) (Sb) AR 1
mol B L2 7T LAVAf# 0. 5 mol FY 4 KA 8% 0. 25 mol
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(DTH #8425 B I 5 T 5 3 7 75 e gt
TS AR PASERY 2 TR VR R R B U T R RV B
254k (Crowe et al. , 1981)

logp = logla, +a,(T) ]+
expi{las +a, (T) 4+ a; (Cper) ] » t) (19
AF.a =59.567 ,a, =—0.700 , a; =— 2.080 ,
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22 ) 75 68 7 1) O 80 T RE A R AT R AR . AR SCHE T
A BRI/ COMSOL Multiphysics . FIFiCHE [i]
JG 2857 % Z G MG AT B AR Rk oy 7 R E AT R
fift o T W) BRI % A = e S (] SR iR
R Ty R AFAEMERE O T 0N AE 5 T T R A oK i
b AR R 3 B 27 O B A W) B Iy AT A
MOR g AL 2 A 15
1.6 HEEIGIF

X Dong et al. (1999, 2002) 19 52 56 5 0 45
PRI UEA SCHE iy i, BRI K X8 6.5 em
X6.5 cm, JEEE R 2.5 em, FRIBEM IR BTEA
AN A 3 (10 ml/min) AR 06 BE (13,5 260D
ARAE ELETEA 20 min, FJEWT =F T8

(D ZBRWI LG F ¥ FFE R 6.4 X107 cm, b i
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T A TE R R Tl R AE SR A b T
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() B BRI EE S 1.7 X107 em b ifE
22 1X107% em Bf, Dong et al. (1999, 2002) [ 53¢
B S EEE R (B 1 doe) Bow , AR IR AL A0 46 T

FRXT /N AB R AL IS TT B2 A8 A AT SR AR WY ., A TR 1) 1R
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PLEE R B 10 55 i AREAD A 52 56 A AL e AR — 2L,
1BA FFR IR Ak 2R Bt 1) T B8 s A 2 5

) BRI IFBED 6.4 X107 em A 1fE
228 3X107° em W}, Dong et al. (1999, 2002) ¥ 3¢
T SREEE R (8 1 g h) Wos bl E b ifE 22 93 K,
PR T 2L B A A BN &) R Y B 4
i o A SCIBELZE R (B 1 Dt 233X — A,

A DL A S A UL 45 2R 5 i AR DL S 0 4
A2 S H SRR — B AN S AR SCR TN
A BRITEE AL J7 2 LA R AR G B BRI A L &5
TR B9 AS [A) #2 BE 09 55 UE AT 8 (Guo Jianchun et
al. » 2014; Pandey et al. , 2017; Fan et al. 2019),
W% T 0 HA B T AR
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B AL

PR At He SR 2 d5c A 0 H 3R 5% 5 1
e =2 — o AFLEl AN ) 1 DX A J2 04 R T TR P
Hi R 755 A5 N H TR i AR R 0 48 7 ik R R
UL ZE AL 2 G G 451 N HEAT R S8 0 I Fi Rk 22 08
Hr. 1555 T AL R BUE TR ) AT AT A
Xof Fe ZE I AT AU 43 A A it R B P el
PR AL DA H AR T B, S B RS 5 1Y) b T 56 I B
e B Tk
2.1 JUMHEE R Wig X5

ALK () T (y) #8300 m, & (2)50 m; ¥ 1H
BT 2=25 m &b, AT T xy il IR IFERE
£ 20 em K JBE 15 m, R REF I (B 2 &), BEAEL I
B 30 ) 2 B DX SR AT T L T 149714 A Y iR
LG, 13888 A =ML HIT(E 2 b)),
2.2 WMIMRBFREN

(DT K T7 . J7 22 Fak 2 o 7 B 00 06 4518 A
RS BRI IR EE R 80 C L AR SR 2
MR 225 . TERRAL A A o, R T A 240 11 I 2
TRAFIEE  HEAGE 2 )G 2 5 IS . 455 78 TO0ER TS
BRI S ALY DY JE AR B O i Bt . AL ) A L R
JE 3R 29 MPa, BERIDY Ji 2 F& D7 30 5t 2 5 72
JE SR 4EH 29 MPa, TRESFUR A R L. HIE
Ry B O TE KRB T SO B S IR Y
AL HE AL AR IR Ay [ 2 B AR A A TR
Jite i L AT 2K 90 MPa, £E x .y J7 [8] 43 53l fite Ji 7K - 7
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1 B ST S B AR AE SRS LI (E Dong et al. » 1999, 2002)
Fig. 1 Comparison of our simulation results with previous experiments and simulation results
(after Dong et al. , 1999, 2002)
(2) (), (g)—Dong FHYFHEE R 5 (b) \ (e) . (h)—Dong S5 LI A [ 91 4k I 5L 43 A 5 00 T B2 AL T J8E By 43 A1 R4 5
() V(D) (D) — AR STREALL Y S R 490 I I I3 40 A 1 000 R AL T B #4423 A1 L

(a), (d), (g)—Experimental results of Dong et al. ; (b). (e). (h)—acid induced fracture aperture distribution with different initial

aperture simulated by Dong et al. ; (¢), (), (i)—acid induced fracture aperture distribution with different initial aperture simulated by our model
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NIPIRZS o R E R R AL AN IR
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T B AR DY ] SRy i o A

(2) 4B 1 TF B - LB 1 TF B2 IR A3 BOE 2
A B R 1 mm AR HEZE R 0. 25 mm. WG T
Y 0 K0 5C PR (Pandey et al. , 2017) 0y

e[ ~(£)) o

A Mg rmlh x fy Jim ERgRIEE, A, FIA, N
x il y 1) b A AH 56 K L AR TR A O ) b A A S

KEEH Ty 15 m,
2.3 HEHEYMER

AT 2. 0 m*/min AHFE R 40 min 56 HE
BEE3) 3.0 m*/min Ml 4.0 m®/min 4k 424 B &
2440 min, F3F K 120 min, B 3 BaR T HEE A
IR IR Sy B ) iy A2 et 2 . s R B v T A Z
[ FE B0 B R B S 20 C YR Bl 28 V0 By
FEAD g, BRI HAM S ILEK 1,
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Fig. 2 Model geometric and meshing
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(a)—Model geometric and initial fracture aperture distribution; (b) —sketch of model meshing
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m
=
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Fig. 3 Pump rate and bottom-hole pressure curve
JEZUE A 4525 120 min, 532 = A5 B, A B B 25 40 min, fff
A%k 2.0 m?/min.3. 0 m?/min fl 4. 0 m?/min
The acid fracturing lasted 120 min and was divided into three
stages, each of which lasted 40 min and the pump rates were 2.0

m?/min, 3.0 m?/min and 4. 0 m?/min respectively

A A 1P s 29 1) A FH 9 L 22 AN R 0 2 A (I
do) o JEBLEE AN B AL IR R A e KAF TR AR 2 86
m. fe/DE IR AR 2 37 m TR AL TR 20 i = B0E 1R
MW PR BRI A RS 5 R R A
IO A S A 5 R A R L JEE A Ak (& Salb) s
R TG 28 A O Sl R R A T R (B S . 2 Y
B MRS TR AT D 2w k — i R TR A
HS L RN AT SR A7 — IR (& 5b) L 7 S HE
UG B WO A G R T LAk 25 A R R A O
TR X A AT 1 X B R — 20 e i )2 7 RE A
P

ABIETE S BT 0 00 T BE AN 2 5] 4y A Y R

Bk 2 A R 1L 24 THMC £ 37 4 & B A4, oA
B it TR T A R B AN A 7 vk . R T X
BRI 2 PR AT e SR PR I R AR 2B R 4 Y 38
I 2 2 B R R B T Sl e R sl L i K
1o A 2 X R A s 2R A W 5 1 (Economides
et al. » 2000) . JX L8 [a] A 15 HKT 20 1 19 15 1 i —

x1 BEBEMSH
Table 1 Model basic parameters
Bl ZH HUE
JUAR] 7 JEH B E A (m) 0.02
PAf AR (m?) 300 X 300 X 50
Z LA BB pr (kg/m®) 2600
b Rt Cp (GPa) 50
HER /= 0. 25
PR o 0. 05
Biot Z%X as 0.1
BB £ (m?) 2.96e-14
IR R AL ar (1/KD 2¢-6
MEC, (J/ (kg » K)) 880
PR (W/(m+ K)) 1.57
E B NIE £, (GPa/m) 17
BTUIRIEE by (GPa/m) 9
2 VR i 1L 8 (mol/kg) 1.37
U 2R R BE THT S LE ] 0.01
WA IFEE bo (mm) 1
R W HE# Qi (m®/min) 2.033.034.0
EARE T, (K) 293.15
I p (kg/m®) 1192
75 C (J/k) 4182
JE4E R H1/K, (1/Pa) 3.0303e-10
PHRERDF (em?/s) 1. 15¢-6
HEABE R BE Crer (mol/m?) 8750
A2 S SRR ng 0.6
S iE L fE E. (J/moD 53208. 77
Arrhenius %3 A
(mol/L) ™" « mol/(s j m?) 27529. 13
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Fig. 4 The distribution of acid induced fracture aperture at different fracturing times
() . (b) () 43331 g F 44545 40 min 80 min I 120 min i 2 s ¢ BRI T B2 53-Aii
Fifl 35 R A AR M ) 415 8 R AT 5 TR s 252 Wl 1 3 LA W 38 K ] ¢ B0 o WD 8 9% 2% i 2 1

(a), (b) and (¢) are the distribution of acid induced fracture aperture when the fracturing lasts for 40 min,

80 min and 120 min,respectively. With the time went on, the influence range of acid fracturing increases, and the anisotropy is obvious

B (°C)

Temperature

5 244k AT S4B PN I IR
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Fig. 5 Fluid temperature. acid concentration and viscosity distribution in the fracture at the end of acid fracturing
Ca) A2 B E TR 5 B0 7 SR B L 2 o8 T 2 0 6 TR
() — - J5% B 0 TR Yk B e v » 32 4 1 TR VACUAE 200 109 45 1) S VR 2 40 A 22 B D 00 19 4% 1) S 5 (oo — R BRI pln 1 U B AR s 0 V80 B 4 v

(a)—Due to the exothermic reaction, the temperature of some area has exceeded the initial temperature; (b)—the concentration is highest

near the bottom of the well., and the concentration distribution is controlled by the anisotropy of the flow; (c¢)—the fluid viscosity is high near

the bottom of the well because of the low temperature

3 ZEip

CIFETT N 52 55 FSE U 55 10 6 b AR SO T
TR ROBE 1 B IR Eh e P IR Ak R R E B AL
B X—EFZE TN Y Y GRS B R
Y 2 (6] (0 A ELAE R S R e 2Rt T %) RS 40 A 455 480 A 1
Mgt T LEF

(2) 7% J& -7k -4k 10 37 48 6 1) 808 155 7Y 5 i
A (Dong et al. , 1999, 2002) A4 S 56 Fi A5 81 45 5 HL
5 RF RS OC FR B E TR A

(3) 10 A RUE A PR A T RO (AT L 5 8 T
Z YR A E T AL I SRR B B R IRLRE W
A ALRRE #3312 85 A5 10 T IR AL IR R 0E
JE Rk 2 B 04 T S5 A3 A LA PR A T R AL TR Y
Bk

References

Barron A N, Hendrickson A R, Wieland D R. 1962. The effect of
flow on acid reactivity in a carbonate fracture. Journal of
Petroleum Technology, 14(04): 409~415.

Brush D J., Thomson N R. 2003. Fluid flow in synthetic rough-
walled fractures: Navier-Stokes, Stokes, and local cubic law



ol E
2164 http://www. geojournals. cn/dzxb/ch/index. aspx 2020 4

simulations. Water Resources Research, 39(4) . 5. 1~5.12.

Crowe C W, Martin R C, Michaelis A M. 1981. Evaluation of acid-
gelling agents for use in well stimulation. Society of Petroleum
Engineers Journal, 21(04): 415~424.

Dong C, Hill A D, Zhu D. 1999. Acid etching patterns in naturally
fractured formations. SPE Annual Technical Conference and
Exhibition, 56 531.

Dong C, Zhu D, Hill A D. 2002. Modeling of the acidizing process
in naturally fractured carbonates. SPE Journal, 7 (04). 400
~408.

Economides M J, Nolte K G. 2000. Reservoir Stimulation (third
edition). Englewood Cliffs, NJ: Prentice Hall, 1~825.

Fan C, Luo M, Li S, Zhang H, Yang Z, Liu Z. 2019. A thermo-
hydro-mechanical-chemical coupling model and its application in
acid fracturing enhanced coalbed methane recovery simulation.
Energies, 12 626.

Gao Baozhu. 2005. Hydrogeological conditions and hydrochemical
characteristics of main thermal reservoirs in North China Plain,
20(4): 166~174.

Gao Zhijuan, Li Shuheng. 2014. The renewal capability in
geothermal water in North China. Science &. Technology
Vision, 34:75~76.

Guo Jianchun, Liu Huifeng., Zhu Yuangiang, Liu Yuxuan. 2014.
Effects of acid-rock reaction heat on fluid temperature profile in
fracture during acid fracturing in carbonate reservoirs. Journal
of Petroleum Science and Engineering, 122 31~37.

Hanna R B, Rajaram H. 1998. Influence of aperture variability
ondissolutional growth of fissures in karst formations. Water
Resources Research, 34(11) . 2843~2853.

He Tiezhu, Sun Zhentian. 2019. Application of acid fracturing
technology for increasing the production of geothermal wells in
Tongxiang area, Zhejiang Province. Urban Geology, 14(04):
49~54 (in Chinese with English abstract).

Lin Tianyi, Ke Bolin, Yang Miao, Liu Qing., Xiong Xin, Niu
Shengxu, Huang Lu. 2018. The acid-fracturing stimulation
mechanism  and  application in  hydrothermal-carbonate
geothermal reservoir. Urban Geology, 13 (03):21 ~ 26 (in
Chinese with English abstract).

Lii Dianchen. 2013. Application of acid-fracturing technology in
geothermal well stimulation. China Petroleum and Chemical
Standard and Quality, 33(22): 156 (in Chinese without English
abstract).

Lu S M. 2018. A global review of enhanced geothermal system
(EGS). Renewable and Sustainable Energy Reviews, 81: 2902
~2921.

Ma Feng, WangXiaoyuan, Wang Guiling, Lin Wenjing, Li Honglei.
2015. Analysis of the potential and development prospects of
shallow geothermal energy and hot dry rock resources. Science
&. Technology Review, 33(19): 51~55.

Ma Zhongping, Du Bin, Bao Weihe, Li Huijiuan, Wang Yanhong.
2007. Application of acid-fracture technology in geothermal well
construction, Exploration Engineering ( Rock &. Soil Drilling
and Tunneling), 34 (2): 45 ~ 47 (in Chinese with English
abstract).

Mumallah N A. 1991. Factors influencing the reaction rate of
hydrochloric acid and carbonate rock. SPE International
Symposium on Oilfield Chemistry. Society of Petroleum
Engineers. doi:10.2118/21036-MS.

Navarrete R C, Holms B A, Mcconnell S B, Linton D E. 2000.
Laboratory, theoretical, and field studies of emulsified acid
treatments in high-temperature carbonate formations. SPE
Production & Facilities, 15(02): 96~106.

Pandey S N, Chaudhuri A. 2017. The effect of heterogeneity on heat
extraction and transmissivity evolution in a carbonate reservoir:
A thermo-hydro-chemical study. Geothermics, 69: 45~54.

Rosner D E. 1986. Transport processes in chemically reacting flow
systems. Transport Processes in Chemically Reacting Flow
Systems, 33(5) : iii.

Taron J, Elsworth D. 2009. Thermal-hydrologic-mechanical-
chemical processes in the evolution of engineered geothermal
reservoirs. International Journal of Rock Mechanics and Mining
Sciences, 46(5): 855~864.

Wang Guiling, Ma Feng, Lin Wenjing, Zhang Wei. 2015. Reservoir
stimulation in hot dry rock resource development. Science &
Technology Review, 33(11): 103~107.

Wang Guiling, Zhang Wei, Lin Wenjing, Liu Feng, Zhu Xi,
LiuYanguang., Li Jun. 2017. Research on formation mode and
development potential of geothermal resources in Beijing-
Tianjin-Hebei region. Chinese Geology, 44(6): 1074~1085 (in
Chinese with English abstract).

Wang Liancheng, Li Minglang, Cheng Wanqing, Jiang Guosheng.
2010. Application of acidifying &. fracturing technology to
carbonate rock reservoir. Hydrogeology and Engineering
Geology, 37(5): 128~132 (in Chinese with English abstract).

Wu Aimin, Ma Feng, Wang Guiling, Liu Jinxia, Hu Qiuyun, Miao
Qingzhuang. 2018. A study of deep-seated karst geothermal
reservoir exploration and huge capacity geothermal well
parameters in Xiong”an New Area. Acta Geoscientica Sinica,
39(5): 523~532 (in Chinese with English abstract).

Yao Zujin. 1995. Paleoclimate record of geothermal water for last 0.
03 Ma in North China. Earth Science, 04: 383~388.

Zhao Z, Jing L, Neretnieks I, Moreno L. 2011. Numerical modeling
of stress effects on solute transport in fractured rocks.
Computers and Geotechnics, 38(2): 113~126.

Zhao Zhihong, Liu Guihong, Xu Haoran. 2019. Efficient simulation
method of T-H-M coupling in deep energy resource engineering.
Proceedings of the 28th National Conference on Structural
Engineering (in Chinese).

2 % X #

FFEBR. 2005, AL R X S TG 2 1R 2K SO A% 1R SOk B 2E
FRAE. A AR T R 2L & A AR BT 2218 SCHE . 20(4)
166~174.

EAEE . ZHAE. 2014, Al b X L POE U T BT B I T SE. RLELL
B, 34.75~76.

ff ikt , PMRVR. 2019, FRALIEZRE T 272 Wi VLM £ i 30 3 7= s iy
WP, BT LB, 14(04) : 49~54.,

MRS, FTRIMR, %, XK, REE, 4 T) i, #BE. 2018, FRRR
A I TR AL S 1 LB F 5% e W . IR T, 13(03): 21
~26.

BB FL. 2013, FR AL FE 244 A AE B 1 7 i 1 A o Al A
b ThrufE SRR, 33(22) ., 156.

g, TFRNIE, TR, W, kg, 2015, 2RSS T4
ARV ) K HTT & R SO H AT, BHEC R AR, 33(19): 51
~55.

I SF, AR, SR, 22405, EHI%E. 2007, BRILEH T2 1EH
IR . R TR A LR TR, 34(2) . 45~47.

BrFy . ORAL. WEOCHE, R, RE. XUETT, 20K 2017, RUHEEE
i X b BT VR BB 2 S T S g P E ML, 44.(6) . 1074
~1085.

TRFE D SCHE, Sk Ak, 2015, THRCE IR R TRMEZ K
WFoE k. B SR, 33(11): 103~107.

FER . W, BTG, WLEE. 2010, FRALHE BT VR TERR IR £h A
P Z AR . K SCHL R AR LR . 37(5): 128~132.
RER, D, E5¥%, X4k, SR, BE . 2018, ML HIX
VRER AV B TR0 5 w3 7 R AT S B 5. bR F A, 39

(5): 523~532.

Wk 4. 1995, AEdbHi#oK 3 T7 4R DUk Ml S0 St ML EREN
04,383~388.

AR, XUHZE, RIE AR, 2019, ERMLAE IR TAE UK 1 2 R4 Rk
RS RS T . AR 28 JE 4 E 45 TR E AR S L U AR,



%7 TR SR A - AL DX B R £ o5 PR B V= 1R 1 T SR 481 5 1 5 I 2165

Numerical study and application of acid-fracturing in the carbonate
geothermal reservoirs from North China

XU Haoran, CHENG Jinru, ZHAO Zhihong~
De partment of Civil Engineering of Tsinghua University, Beijing, 100084

* Corresponding author ;. zhzhao@tsinghua. edu. cn
Abstract

Carbonate layer is one of the most important geothermal reservoirs in North China Region. The
production and injection of carbonate geothermal wells in different secondary structural units is highly
variable, seriously restricting regional development of the carbonate geothermal field. Acid-fracturing
technology is efficient in increasing the yield and in maintenance of the carbonate reservoirs, which involves
mass transport, acid-rock reaction, seepage and heat transfer, chemical heat release, and other complex
processes. In this paper, a numerical method is proposed to simulate the acid-fracturing processes in the
carbonate reservoirs taking the coupled thermal-hydraulic-mechanical-chemical interactions into
consideration. The numerical method is verified by comparing with the previous experimental and
numerical results. A model with heterogeneous fracture apertures in the carbonate reservoir is established

to simulate the acid fracturing process and to evaluate the stimulation effect.

Key words: carbonatite; geothermal reservoir; acid-fracturing; multifield coupling; numerical

simulation



