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Abstract

This study is aimed at the characteristics of high-temperature and high-salt reservoir in Beibu Gulf
A Oilfield in the western part of South China Sea, and carries out the research on directed hydraulic
pulse acidizing technology. Based on the engineering characteristics of reservoir physical proper-
ties, mineral composition and horizontal well section length in the target block, the study focuses
on overcoming the technical bottlenecks of conventional acidizing system in horizontal well appli-
cation, such as uncontrollable acid-rock reaction, serious corrosion of tubing and columns, large
friction loss, and high risk of secondary injury. We optimize the design of acid formulation by con-
ducting acid corrosivity test, acid rock reaction speed test, acid corrosion speed test, acid rock re-
action product and state analysis and acid resistance reduction rate test, and at the same time, we
carry out the evaluation of acid compatibility, surface tension, iron stabilization, anti-expansion,
emulsion breakage and other conventional performance. According to the experimental results, the
acidizing formula: 12% hydrochloric acid + 2% hydrofluoric acid + 3% AC + 0.5% AB is more suita-
ble for Beibu Gulf reservoir, the porosity of the core increased by 3.6 times after the acid, the pro-
portion of connected pores increased by 26.6%, and the peak pore-throat radius increased by 25%,
and the correlation between improvement of the physical properties of the reservoir and the reduc-
tion of clay minerals was found. The research results provide a new type of acidizing solution for
the efficient development of offshore deep low-permeability reservoirs, and the maximum over-
allocated production of a single well is 82% in the field test stage, which has significant technical
and economic value.
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1. 5|8

T S P VA S A Vi A D AR ¥ B JEARIB T B R s 5 IX, oA 2 B A i (130°C).
AL (18 x 10* mg/L) st AR R MR 1] [2]. MRS =R, JFUEAIF R BiFR T #ZE0
F, FERIAPFIRZEF T YIS EIE 18.7%)i8 BIEIK K 5 A S b R 2h 35 OF A0 & & 12%~24%)
DURAESE, SEULHH B TLRE ) BUREAL[3]. BIXFULIS IR, R A I8 A7 R B I N B 2 R4
TEYERRA AU E FHEE B AL [4]: HOZ A IR FER B FAERRFE R 5 23 JE B Fe(OH)s S8 IR — IR UTE, 1&
Bfit 25 [5]s KA B GE 2100 m)WHE AT I3 SRR [ 2 =B i B Al s 2K, A% ez (e il
IR e S IR AL AR Tl 2 (>5.2 g/m?-h)AE LA R A hRE[6]. JLHKCEIFBKCIA 2100 m (1 AR %A
SRR A A B M RE (LR TR >95%) [ 7]+ B BH SR (R4 BH 26 >40%) [8] 1 A ¥ 1 RE & tH T B my 2k

AR, [ AR E A B RRAGEARTT R RAIAFT: Smith ZE[91H&HH A HLEE - Z A HE A4
RATRESEIR 77 [ N 2 s Chen [10]1F AN G 22 17 A8 J53 ks 2 B AIK 76%: Liu BIBA[11 i@ LB R
SRR PEBL AT 2 35%. SR, AW 2 RAER —VEREIUIL, S0 B 2% )2 S5 1 o R R 1L
H[12] [13], FelE s L& B2 PRI - 7Y 2 MRN8 1= FRATAFAE D A [14] [15]. ARSCERT RS
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WAL A AR ZRHE, ME IR ERE AR RS, QUK T Bkt 7 Y B AR s . AR
SRALINRE, SAE OB BEAL A BRI AR R VRSOV T 1 3 1) SR B b 1k RE AT — MR AL B . ] A
Jikr B3 5 8 R RRRAE B2 2 FLMGE 2540 P (A W AR FR LA, SRR 2 AR BB ) 5t A B . TR —EE
T ERIKF I s (B8 2 s IR AR &, JERFRE R Bkt S5 Kt &
HIEIR YOS TR SRS . I AT, AFEFBCFISERSEER 112 1.7 DL E, 5 D3RR
7=, EROKEBEL™ 82%.

2. SEGE
2.1. BRER RIS RER E L%
FRRFFE X A J2 (08, SR AN IR B ) 2 PRI R AE 90°C 21 F 5% SR 0k HEAT ISE, YA 1]
0.5~12 /NI, T SE R R BV R
SER TR R Sk TR RO A IR R, 1 R ST
AR L () — VAT 2 R (g)
VAT L (o)

I (%) = x100% (1)

22. BASEMRAEZMEFINRERDME

A 1Z-200 BB HTK AL, SERHRE 25°C, REBC ] AHC T BRI AN RE SR I, NI E AL
Wb, R 15 RIS FEE, e BN E & BRI R T 5K 7T .

2.3. SEFREFIRME TN
KHARFER Ry, SEIGACES 722 B M TP RIIRE 1, Bk A f): SA1-7. WD-8 fl HW1-7.
2.4. MR E IO PT EAY BE RN

FIH WZ-1 BIGUE KA, SR CNPC TUA IR 7% . SeBe R iz k47, 78 105°C
NHEF 4 /N, SRJE IR B TR R A A, BRI S0 e AE R R s B, SR AR AN e
BAEBTIRFE I ZE . 1] SA-18. WD-5. HW5 = Fjukl L 3E47 5286, WHINAG K L84 5 70 0 i v
FTVFAY, a% H AR RS AR AP RS AR e

2.5. BRI A R

SEEG T ke AREEVE, SCIGFEF ARSI SY/T5405-1996 “BRAL G b vPAN Fabn A S8 7L o

AC ZIVAERNFAIR, AC RIGME H+E T, RIS IIIRIR IR A M=, R SOE FE R R RS, A F
TIREER AL o ST I 2 TR E T E 4 S8 R TH T O BRSSO - R AR IR ke AB R 51 A8k
B RGENRE SHZ IR I Fed 5 m i &8 B T IR U E KIS 254, Bk HAEM)Z pH (BT
T Fe(OH)s IRABPTIEIEFEFLIE . 7 FULAL AN G B 7K ST 5k 77, B 1R 5 1 2 ek T st [ 7L
R SA RYINRENETER, @RS ARE, FEICITK S, B FBRERA R WL/ K,
PR HECE. FR, HEAHE. sl Esatae. Bill: 6% HCIL. 6% HCI+ 1.5% HF. 6% HCI +
8% HBF4. 3% HCI + 3% SA601 + 4% SA701

2.6. KOBKABRUTZEERSKAREH

IK IR AL TR TR AR T kb 5l 70 57 JRBR, 38 1 e bk 2B 28 8 B N R R VR o
JIAS E R (5~15 Hz) MR (3~8 MPa) i 152 J1 7 81l %H0R 1 ER ) =R i FVE R : B %G, Tk

DOI: 10.12677/me.2025.136167 1516 i AR


https://doi.org/10.12677/me.2025.136167

PNRAE 55

JIlk A K 5 R BT D) 0 ELES IS BRAL S o Y B R, LU, IR S R A
FEAEEIR, IR BRI SLME I O 5 B m, Bk P S I SR 1 RRVAAE i R FLRR P RIS A
A, i TR E BB U R IR, AT SEILE IR ES AR . AR, BT RS
B o B AL RS A W H ARG 2 BE AR . BRI ) R A Bl S A8 R AT AL BEE, B
T PR AE A RO P ) I R Pl T 22 4 5 2 R e 1

2.7. BUREE %

1) SEEG A& HF

JEEE R A 0, IR : 90°C, SKIGMEE: 1.5~2 MPa, SZEG[IE: 1 MPa, IXEIE /). MREA
DBIBERIE, LRFEM: 3% NH4Cl.

2) BERPIR

(a) 7N 3% NH4Cl, i 7 O R HEBIE R (b) FENATERGEREREC 7, W 5E /7 B R A2 rpes O
BIERNZN: (¢) ANENCE (L), W€ & Fp b B A R h 0B @SR AL (d) FEANE
BT, WE S BRI R s QBB R IR (e) TEA 3% NH4Cl, i g LG5 O INBIE R,

3. BFR5WiL

WRAEL 1 R AR EEE, 25 SR AR TR AE 2.16%~4.15% 2 18], EhBRNH #2407
R, UMM B E IR SRR, B SRR N, AR TR — e R g, (E4

JInmE FEAS K o
& 258 LB VA MZRALE 17.06%~19.67%2 18] HF WE KT 3%J5, HF BRIKEWIN, A iaihZRm
I K .

Table 1. Soluble rock powder data in block reservoirs

# 1. AREBRENE MR

BRI TELKE (g) EHRTE(g) B 5 () Bl (g) IR (%)

6% HCI 1.0367 10.0829 10.9017 0.2179 2.16

8% HCI 0.9971 10.0473 10.6845 0.3599 3.58

10% HCI 1.0847 10.018 10.7423 0.3604 3.60

15% HCI 1.0480 10.0111 10.6080 0.4511 4.51
6% HCI + 0.5% HF 1.0135 5.0127 5.1708 0.8554 17.06
6% HCI + 1.0% HF 0.9088 5.0601 5.0756 0.8933 17.65
6% HCI + 1.5% HF 0.9351 5.0510 5.1043 0.8818 17.46
6% HCI + 3.0% HF 0.9209 5.0444 4.9732 0.9921 19.67
6% HCI + 6% HBF4 0.9660 10.0110 10.1900 0.7870 7.86
6% HCI + 8% HBF4 0.9705 10.0202 9.8948 1.0959 10.94
6% HCI + 10% HBF4 0.9719 10.013 9.7120 1.2729 12.71
6% HCI + 12% HBF4 0.9740 10.0523 9.5942 1.4321 14.25
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gk
3% HCI + 3% SA601 + 3% SA701 0.9647 10.1155 9.7235 1.3567 13.41
3% HCI + 3% SA601 + 4% SA701 0.9625 10.0812 9.574 1.4697 14.58
3% HCI + 3% SA601 + 5% SA701 0.9698 10.1057 9.5411 1.5344 15.18
3% HCI + 3% SA601 + 6% SA701 0.9717 10.043 9.5178 1.4969 14.90
3% HCI + 3% SA601 + 6% SA701 0.9628 10.0251 9.2362 1.7517 17.47

3.2. BhHERIMLE

KH SA5-5. WD-12. HWS5-5 =FBhHERI 2 BIIIA 6% HCI. 6% HCI + 8% HBF4. 6% HCI + 1.5%
HF. 3% HCI+ 3% SA601 + 4% SA701, ZEIf 7K /75256 45 5 W2 2.,

AN BA b = S T P ) R 2 T 5K 00 e B, &P R THD ¥ 2 7 SR AN IR IR A AR U7 PRI ER VR R
Mk AIRPER . FTLAEH, ERIIRA LR, SAEH MR I HAR, AR PR A
K, MEReRARE, HA Ll SAS-5 it

Table 2. Surface tension measurement of surfactants

= 2. REDEMFIRE K INE

el FTE LR N & 5K 7J(mN/m)
R BRI
1% SAS5-5 243 26.9
12%EER + 2%E IR +3% AC +0.5% AB 1% WD-12 25.1 31.4
1% HW5-5 24.8 27.5
1% SA5-5 20.2 24.1
12%h R + 3%E IR +2% AC 1% WD-12 21.5 25.2
1% HW5-5 213 249
1% SA5-5 21.7 24.5
10%Eh18 + 1%L + 7% H3PO4 1% WD-12 22.0 27.1
1% HW5-5 219 26.6
1% SA5-5 24.0 26.5
10%#h B8 + 3%EFMIEL + 5% H3PO4 1% WD-12 24.1 275
1% HW5-5 24.4 26.9

K ZMKMERTIKIIA: 72.4 mN/m 72.24

3.3. FKETFRENMMIE

FH% 3 BB T REE I E SRR VA P A e B T, ANk B AR E IR IR, e BEAK, R 47.2%.
TN 25 T ha e BRI, Fa e B8 T B 7E 80%LA b. 24 pH=3.5 I}, SA1-7 B2k &E 2 BN 84.9%,
HN WD-8, FaEk&E N 82.6%, HWI-7 FE &N 80.6%. K, =FikE i a A BiF i
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SERRRE ST, ERRRECTT TR BIFIE ], MR BCRILSEIE R SA &5,

Table 3. Various iron ion stabilizers stabilize iron content in residual acid solution

3. BMSEETFREFNERBRATREKE

(ppm) (ppm) (%)
1 ¥ 643.2 472
2 1% SA1-7 1156.2 84.9
1362.08
3 1% WD-8 1125.7 82.6
4 1%HW1-7 1097.4 80.6

3.4. MEBREFINIE

e 4 RIEPRE R 7 B 8 R0 R e S 0 47 TR 3 WA = R 97 kG - e LA B B R, 5%k A
R SEIoN] 2

(1) SA-18 Kb T Fa E I R I R IR T 38.67%; WD-5 ki H 5258 F L K KK T 32.68%; HW-5 K
AR E RN PRI T 32.19%.

(2) =Rk EAERF, SA-18 flif, WD-5 fl HW-5 Ml ZA K.

BRI R = Ao H A2 FI(WD-5. HW-5. SA-18)¥u], H, SA-18 Mitiam R Ry, K
Ak, BeA IR K, MEK e, e .

Table 4. Screening of anti-swelling effects of different clay stabilizers

4. TR EFIBI B BERTHIE

At T FE i ERERIKEE (%) 24 MTIZIKRE %) LK EREIE(%)
WK i+ T 97.85
SA-18 ¥& gz 1 60.01 38.67
WD-5 ¥ Al 1 65.87 32.68
HW-5 ##) gz 1 66.35 32.19

3.5. ZEMiFIE

MRAELE 5 G2 A G P P RE PP A = b 2 Pt 71 g e A AR, FLrp DL SAL-3 SR ) S T A R it
FOPI Mo BN T 3 g/(m?+h), IR BT LB R 1) — it

Table 5. Evaluation of corrosion inhibitor performance

% 5. EUFIERIEETN

L3111 2l A (%) SR E(C) P24 8 b (¢/m h) B B 5
SA1-3 1% 90 1.5461 B5rE
SY-2 WD-11 1% 90 1.6658 o)
HWI1-3 1% 90 1.9997 o)
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i3k
SA1-3 1% 90 2.3564 BI5) 6k
SY-3 WD-11 1% 90 4.6361 BI5) ek
HWI1-3 1% 90 4.8163 BI5)J ik
SAL-3 1% 90 2.5645 B ol
SY-4 WD-11 1% 90 2.2456 B
HW1-3 1% 90 3.1809 950 I
SA1-3 1% 90 2.0171 BI5) ek
SY-5 WD-11 1% 90 3.4864 BI5) ek
HW1-3 1% 90 4.6512 BI5) ik

3.6. BR{LEIIE SEM 434

I 1~3 BRALET S B EE H, RUEATAS ORIME S ER L), AARIAMERE; ZH
PRIRA 5 5 Do B B ER A SR TR SR WS RURORE IS v R B9 K T FLGR A2, 3 1 % TRk
M R A G B ARSI, UKL ,  BORWIE K 1 fLM A2, (EdIE a1 B A 2R

Figure 1. Images of core end faces at different magnifications before acidizing

1. BALETE DIRE AR NFRIR A
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Figure 2. Images of core end faces at different magnifications after mud acid acidizing

E 2. tEREBtEE OERTRmERA

Figure 3. Images of core end faces at different magnifications after multi-hydrogen acid acidizing

E 3. ZEBBREEE CERTRIRERA

3.7. BR{LEIFE XRD 9%

BEXTE] 4~6 BRAGHT S50 73 T BEVE S 90 it UL R 6 OB i W0 ) i i & & v] LU

() ZMBEHEART, Fo K. Siv ALAFHEN, SB7ES AR ITA BREERR B UTE LR Ca.
Mg. Fe. S HJE/D, UIHIIREER FHEN TR, MRV BRI, VA ik R IR TE B AL S <
B KA R AR —IRUTTE -

() ZARRGHEARM, Na. Al. Fe. Siv Mg #0H FTFAE. i8I 2 S B R £ YA 1R I [
RO, T H 2 AR S AR A IR AR s Cay Mg FUEAESGIN, Ui 2 AR
PR S TR SRR, R EMmIIRerEt Ly Rm. HNk2EARES LN HMETEML, £
AR FA BT PR DO AL UM 8 S IR

DAL S B0 25 TR W IR i R b 2 AR ™ AR 2 s B AR 2 AR A A RAF I LU
ARG E R L RIOURVERE . RItL, R T2 ARSI K05 E . FRE RS L0 W B8 70 LS H A H i
JRRER GRS, EBGEH 2 ERE R

3.8. BUUEHENMEHESH
B X-SHERATIH e R U X G )2 E R L oA, BIRKA. Bafsk, i 918 ShE
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R R 13.8%, Hith AP 78.3%. KA 7.3%. A=A 0.6%; 9-21 S T2+ 8 & 10.6%,

HAaaseh 83.2%. #KAE 5.9%. HafaZkd 0.3%.

EFGHRE S CT-2775.44-B BRALFTFLER At o WA 7, I8 CT R BLZEE i Z #h)5 mi% 21
FLBRZ AT A, BRI EhEUDN, LRI ARLEFRE 1.44%~11.93%2 7], FEHHEHZE 6.42%.

8.2
8.6

Chlorite (Nrm.%=38.86, 20.96, 34.83, 1.14, 3.84, 0.28) LSecs: 100

6.6 -
6.9

4.9 —
5.2
KCnt

Energy - keV

Figure 4. Energy spectrum analysis of original minerals

4. [RIBH IREE AR

10.4 5 Chlorite (Nrm.%=38.86, 20.96, 34.83, 1.14, 3.84, 0.28) LSecs: 100
10.9
8.4
8.7
6.3
6.6
KCnt
4.2
44
2.1 +
22 KKa CaKb
CIKb CaKa
N CIKa » K Kb
0'0 | -y . b " TN S T —
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Energy - keV

Figure 5. Energy spectrum analysis after mud acid acidizing

B 5. LERERILRREIE AR

FeKa gekp

7.00
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18.0 5 Chlorite (Nrm.%=38.86, 20.96, 34.83, 1.14, 3.84, 0.28) LSecs: 100

Energy - keV
Figure 6. Energy spectrum analysis after multi-hydrogen acid acidizing

6. ZEBRBRLIGREE T

Table 6. Mass content of mineral products after reaction

®o. RNETMEIRESE

[idid C 0 S Na Al Si K Mg Ca Cl F

JREATY 528 40.49 5.83 1.71 8.27 37.63 2.17 0.96 1.24 0.00 0.00
+ 6.84 4130  0.00 1.25 846 3463  2.52 0.55 0.00 0.00 1.31

Z AR 6.27 35.14 15.30 1.06 6.51 25.18 2.26 0.86 1.23 2.97 0.65

0.0 85 17.0 255 34.1 426 51.1 59.6 68.1

Figure 7. Pore distribution of sample CT-2775.44-B
7. ¥E&h CT-2775.44-B LIRS
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BEXIRE i CT-2775.44-B BRAL G FLBR ARG AL UL I 8, JFIERE CT 4 AL IZAE i i Z 507 1732 2 T
FLBER I TS, BAARPEEUD, LR FEARYERF(E 8.73%~34.76% 2 [A], T 16.42%.

0.0 7.2 144 21.6 28.8 36.0 432 50.4 57.6

Figure 8. Pore distribution of sample CT-2775.44-B after acidizing
B 8. BRILIEHES CT-2775.44-B LIRS 7

Table 7. Pore connectivity percentage of sample CT-2775.44-B after acidizing
% 7. BRWEHS CT-2775.44-B FLBRIEBE 4L

/il A, pm? RFAE 5 H (%) AR, um? PRFAE 5 (%)
SALBR 6.77 x 107 6.39 1.73 x 108 16.35
FERFLIR 5.94 x 107 5.61 1.65 x 108 15.62
AR ALRR 8.30 x 106 0.78 7.73 x 106 0.73

MR 745 CT ARG A WALBRE A TR SGE, HIHBGE FLE AR [ 7 B 5
e BRATER G X LEas R, A fLBR LR & 3.6 fif, JEMSLIRELBISR & 1 26.6%, BRJ5 fifi = FLBR AL
PRUEEIR R T 25%, BRI AREE & BRI,

3.9. BLREIAETFMER
SIS SA RANISINANH A B2 SRR W 77 #E4T 9286, BRI 77 L3 8:

Table 8. Experimental liquid formula for multi-hydrogen acid acidizing

= 8. ZEMMRUKIRIFE T

PR R R WKL 7T

B 12% HCI + 1% SA1-3 + 1% SA1-7 + 1% SA-18 + 1% SA1-1 + 1% SA5-5

A 12% HCI + 3% SA601 + 3%~4% SA701 + 1% SA1-3 + 1% SA1-7 + 1% SA-18 + 1% SA1-1 + 1% SAS-5
J5 B

2% HCI + 1% SA1-3 + 1% SA1-7 + 1% SA-18 + 1% SA1-1 + 1% SA5-5
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KR RCR I8 (AT A D i A S, BRI R B E R B RER L 9 PR, ZaaD
VARSI . BRVRICAT M SRS, AL S SR T gk I E - BRE TS R A E AR A R, ik tH B EE R VG
Jie

Table 9. Permeability recovery results of artificial core after multi-hydrogen acid acidizing

F9. NEEUSZERBUSERRELR

AL T PRI K/Ko
B2l ATEW  AEW REW IERER RO

HAXHE 90 12% 1 0.3410 1.5481 1.1442 1.4808 2.4828

9 LIGHERELH, RHZERM, BRWEELEEREH IR, WINERZ . WHELR)S
M, RIS . RYIZ ARG RENRLIR A Bk, RAZARRIL, &z =ik
T, X FRAHRA IR, GEREIFE MR IIIER], HASE ST IX k= R .

AT AL BV I g = Bt 2 A W R O . Ko R 5 DAL S & 3.6 %, il SLER LL
PR T 26.6%:; FLIEEARIE(E SR 25%, fEEVMVERSGE S8 E0 I BRI S & 7 W R BD BA 1)
HIKRME; 12%E58 + 2%& IR + 3% AC + 0.5% AB IR )7 BN IE A LIS (42

4.00
[
3.00 /
f
. /
2.00 YNA f
| ) \:.,u_/.\'\-r/.« J
v Y op A 0\ o
A, gpenenor oy
100 | oo
{‘/V“"'\
0o
0.00 - : \) , ; . .
0.00 10.00 20.00 30.00 40.00 50.00

Figure 9. Effect curve of multi-hydrogen acid acidizing on artificial core

B 9. NiEHLS SRR RIL

4. IRIAHR

W FARHT A, NSRBI S R AR RCR, Wt R K J kb BR e T2, R K 1 ikt e
AR TR R A S b B SRt I R S R R, R TS 4 FEMITE IR BN I I AR R R AR RS . R
T H MR, RRECELBRRE, RRIREBE SRR Lk 10 fir.

IR B AL T2 AE R i va i B S CIORCZh A, SRR NSRRI 20 m®, TERGIGALETS A W H
KK 7 Bk BR AR T AR, AR A [ 1 K B8 (it TS 5044 S 26 10 i, BEFBUAN Sl 34 i L
ERE 10 fiw, IRBIIE 10~15 &/or%h, HOHEELE 1.0~1.5 m¥min, 5 OISR, &KBR
7= 82%.
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Table 10. Chemical composition of soluble metal materials
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Figure 10. Comparison of tensile strength of six metals
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