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N N ===/ AJ 3 sk A
B AEMEYEL AR 1R 1E
THRE KT O ORI FnR' ¥R BWE KR
(1. EA M TR A BR A FIAEIGH oAl ATH TRREORFR S W X8 450006)
2. TEAME TR A BRA FAEILH AR TRERARE I TR I 450006)
(3. RiERERAY TEARARN L TG L7 KiE  116023)

B E: [8¢9]) BT KSR A RRAEM R, Ry BN RFRE ~ A2 RE
HER AR R GG A B IR T R, R IR I A AR KIS W S Ak 3 200G
B R, AT AN R BEAR LRSS R SR EN T LT, [Fi%] RERIKSH
FRAG KA, LR P EAT R mE A BB E 55, @it A A A 16S IRNA AR
5\ A5 A AR AT AR B S, R R R IR IE R, AR A R-SN R I Rtk A M B Bk A it
AT R R IERR, JEIAENE Fo g SAPRE L UEATIR b SR B, SEARALAT 69 Sk A BBk 2 L ) T I3 6
Ao THM L, [ R] AF AL R ERIKS bR RS b 5 5135 — 4B L0
) (Pseudomonas aeruginosa), 4% # WB-001. % Bk T 1% B & 64 & @ 5K /1 1% £ 29.04 mN/m,
1278 bR b R A4 £ 8.48%. HLAVE LI & BA WB-001 5 4MBA4E 3 3F ieAT E OPUS-HOB-001
(Bacillus subtilis)8_BtJ5 , HRh 3L R4 ELbKIRIRZ T 9.72%; &SI KIREIKIRIR & 12.54%.
A B AL E, FHE S REaETE 042 t38mE) 0.89 t, Ritdgih 4447t Bk
RaR A 11.70%, BBFEH 9.41%, RBREEKAEKNEES 18.93%. (4] @idFme TR
A AR 3 T B, AEBAGKA M Rh HR AR B — 8 B R T AT, ST A B S HUAR
AR R ARAE T Bt K s el R A e, A ARG B 44 & 2O e T K AR R — A AT iR 4R,
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Microbial huff and puff field trial in ultra-low permeability reservoir
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Henan 450006, China)
(3. R&D Center, Dalian OPUS Bioeng Co., Ltd., Dalian, Liaoning 116023, China)

Abstract: [Objective] To study the properties of endogenous microorganisms in Weibei Oilfield, we
studied the ability of biosurfactant production, crude oil degradation and enhanced oil recovery on core
displacement model of the isolated hydrocarbon oxidizing bacteria. Furthermore, we evaluated the
effects of huff and puff field trial to discuss the process and feasibility for microbial enhanced oil
recovery in ultra-low permeability and shallow reservoir. [Methods] We collected oil-water samples
from ultra-low reservoirs and isolated surfactant producing hydrocarbon oxidizing bacteria by crude oil
plate, identified the isolates by the physiological-biochemical properties and 16S rRNA gene sequence
analysis, and then determined their environmental adaptation. Furthermore, we used an endogenous and
exogenous microbial compound system to evaluate the abilities of crude oil degradation and enhanced
oil recovery on both sand-pack and core-flooding physical model. Finally, the highly optimized
microbial system was performed by the huff and puff process in a production well. [Results] A
hydrocarbon oxidizing bacterium Pseudomonas aeruginosa, named WB-001, was isolated from
ultra-low permeability reservoir in Weibei Oilfield. The fermentation broth surface tension and wax
concentration were reduced to 29.04 mN/m and 8.48%, respectively. Sand-packing model and core
displacement experiments showed that the oil displacement efficiency was 9.72% and 12.54%,
respectively, performed with WB-001 and OPUS-HOB-001 compounding fermentation liquor injection
compared with water flooding. The field trial showed that the daily oil production was increased from
0.42 t to 0.89 t, and total oil increase production was 44.47 t after microbial huff and puff process. In
addition, the laboratory experiments on collecting samples showed that oil viscosity, freezing point and
fluid surface tension was reduced by 11.70%, 9.41% and 18.93%, respectively. [Conclusion] This
successful field trial proved that microbial enhanced oil recovery has its applicability in ultra-low
permeability reservoirs and provides theoretical reference and a novel approach to high oil production
of tight and ultra-low permeability reservoirs.

Keywords: Ultra-low permeability reservoir, Endogenous hydrocarbon oxidizing bacteria, Huff and
puff, Field trial
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IS A b s R w, BERNT
50x107° pum® PTG IE B AR s i G e E AR
S B 50% L M. s I B AR GEE M
Fuskth2E . AROTRMEER, HREE £ B 2505
R, XA I b AR RN 5 Rt s o, A
LG VR AR 28 5 ML T 2 AVR I T EE A S M S i o 1l o [
PRAETRSTUR AT SE P 5 P S RS T R 3L
B EERZS NI ILEPY, (1) 2Lk
AN, HEREK, REBBERIC Q) BRMEAR

BEERVEERE, NAERVE R, J5 s IR R
(3) LUHFERSRBERE M T ATR, HZET R,
FEEARE; (4) FATERIWAE, e ETEAS
W2E 5 (5) WM WIKIE =W L™ T BOR IR R,
PR SRS HMEFE R (6) W m ik AR K ET . K
R

ok 4E ¥ R W+ R (Microbial enhanced oil
recovery, MEOR)J& | FH sl A= 9 A e s b A K
ZHE DL A A A Y I T, G TR Y
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P, FURIEH . BRACIIIRGEE . BRICI ST, M
AR e R R MEOR B A REE . T
2R BRSO ORI AR (2
DK ASIR L A BRFIGICAE Pk E g — A 40U T
TEE IS 2 S E AR AR K8 i T &
, FLE T K9 MEOR BISJLRIAISZERZ 1 . K
G FEL O V) T L A 2 T B A IR 2 AT
R ERBCLE, PR T RUCE A fi A YR,
A, #1EF] 2012 4F)E, A H MEOR 3477 JFiiik
12x10* t, HoRuEY st Ee: 518 1, RitE
6.30x10* t, SRt PSR FIE BRI H 10 (45 I
), B 5.70x10% t, SR PEm R R IE T
FEAEH . AR TN 1995 4ETF 46T R iME Y
SRAMFE ARG, TR H AR K ) MEOR 456
FFIX, JETE T A XETIF R T ASFE D A
PR, © il 17.20x10% ¢, K P m e
SRIRZ I A A ZA 2] A Yl SE0E 10 DN A
VIR, XA R 40 11, WAL 32 11, 15
it A5 3% 80%., #% 11 2014 4FE 10 H & B i1l
4 340.11 t, PSR 118.89 t, ZEAF/KH
93.28% FIEZE 75.80%, ZiEArididi 15.70% FREE
2.50%, W T ARR I AROR . 22 gE Uy
ZSRBIBHRMN 1.29%107° pm®, AHRLFLBE K
12.40%, I 27768 2 vd, S2 B0 (R 5 Tt
TE T 28 K HTT R R A PN TR A P 3K 3k 7E A8 i ek
(RS FRIRSE , 12 NEER I IR 64 B
15070 t, ZitREKEE 9000 m®, AL
F]1:5.9,

TE b H A TR PE A4 T B B L X
Fasts A3 A TR R 2 e R A g, i
R b A RECE RS I, SR 339.80 km?,
LR 1.07x10%t, EHIFLEK 3 LK
R 3.64%15.72%, FH 12.78%, BiBEZE N
(0.33-1.59)x10"° pm’, F#7 0.71x107° pm’*, J&F i
RUPRIZE . FR . R BB, T HAr
PREGEIZ T, HUZRERMK, RAWE IR

SRR TR, 1R R, R MRS
RS B AR I H P2 19.56 ¢, H ™=t
7.82t, HIKF60%; A= 115d )5, Hi-W R
2.57t, HPE RS 0.78 t, & /K%E 69.80%, 3l
W 621 m, 7 i IsIA 90%. [FIS J i 25 i i
FXES R, LR 14%, BEE TR R 5 AN b
Prilt, SEURIMREE TR, WEEREAR, SRalikEE
PEFFREHH I RCREAR . £HHE I TR &
TRJZ M R S, AR SGE S WFFE N IR
A A BT S D RERFE , I FH 52 TC Y N U5 A 1
AR FR I A T2, SCR A LIRS
K. B A BT . R IEE AT, B e
WS TE, IRFE S PRI EARCR, AW
R RIE G T BUR RIS 17 6 2% 604 ) R 1
R, HIEREEA. FEA L FUE bR FER A FH AL
B S R AR S
1 MR5TE%
1.1 iR wrAy
111 W F 588 #AH . NaCl. NH,CI,
K,HPO, 12H,0 . KH,PO,. CaCl,. FeSO,7H,0 .
MnSO,. CuSO4-5HO. FifE#; . NaOH Fl HCI 5514
FREEH B R GR & e, ¥k srmrat.
NOVEL, NI117M = HAY B % ; JEM-2100,
200 KV ZSHILHEE ST R, hERER R
Y PR T
1.1.2 FRFIEAERE: MIEIREEENE X Pk
AR LIRS & (R HRURS BE <20 mPa-s) /3 B A5 31—k
IR WB-001 DK R B 2R A= 1) TR A PR )
S ZE AR A SR DI BE I OPUS-HOB-001 (Bacillus
subtilis) .
1.1.3 3R UG E IR (g/L) : F%4H 10, NH,CI
2, FeSO47H,0 0.01, MnSO, 0.002, CuSO,5H,0
0.002, pH 7.0-7.2.

KRB FR AL (/L) #i%HE 10, NH4CI 1.5,
K,HPO,12H,0 3, KH,PO, 0.5, CaCl, 0.01,
FeSO47H,0 0.015, MnSO; 0.002, CuSO45H,0
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0.002, pH7.0-7.2,

B 5 R 2 (g/L) . BRIl 10, NHLCl 1.5,
K,HPO412H,0 3, KH,PO, 0.5, CaCl, 0.01,
FeS0O,7H,0 0.015, pH 7.0-7.2, ARSI ALK
HEH 18,

1.2 WA

1.2.1 E# WB-001 D BaU R EE: WS
Ja R R BT AOE AT oy B alifl . B IURR RS
107 F1 1077 AR AT T BRI S5 Ead i PRI
AR VR R B R R R TP R 24 hy BRI FRAIG
FAATK T RE R B B AR SRR I LR 72 h;
BEICE JEUIH - A L= AR K% B T ) e Ak
VER SRR, RS A E MR TR | R
HAEALFT 16S RNA FEHJFH 500, IFHEET 16S
rRNA FE R 781 (it Az 00 P ) (4 465 SR 2 T AR 11
Fgl,

BRATE SRR IR RN K/ INIE 3 375 i R B R A TS
B2 500 pl YA B TR A T A HILERE I 2%

WL, THJATE FELESTHRBEIME, A, dk
100 kV,

122 EHRABEREESR™. Lk e . B
20 mL WB-001 1Y A [ T2 AT 5K I3 A3 i ~F- L
H, WE AR SE, A QIZY-1 HBhFtik )
S 52 PR AR & B ) R TSR 7, W 3k, BOF
B,

Hentipel "2, fEEAZ 9 em BYFILHIIA
60 mL ZEME/K, T 8 mL IR FIET 11 (a1 ik 4
ATINEPE ML, AT 2 1A TR A S TR 1
— RS TS AR O 18 i A K
& 500 pL, WEEHEHFE RN

FUAL TG PRI 5 1220, B 3 R R A s A%
SmL, S35 SRR K RERIR A, WERIRZ AR
¥ 1 min, {REIGEE 24 h, WMEMAIARARL,
WCRFLE R

FULRGR R AR E D, 2R T, AL
FRECR 11 RS R B, IR A& TP 1 min
JERFE AR, B0 uL FURE TR B, A

PR TR R, R A TS, BEMLIEI—
FE 12 1) JHRE I 5 B 4% (ScopePhoto 14 5 1=
5E), TR R ORI T B
1.2.3 EERIREER MM EEEN T B &
WG FRAE, R 2% WB-001, 7E 20, 25,
30, 35, 40 F145 °C #HFMTETE 3 d, Wk
TN R R ) PR A

TR T R mO L B SR, R HC
8¢ NaOH I 1755 3: 5619 pH 4351 4.0, 5.0, 6.0,
7.0, 8.0 f1 9.0, BFER 2%, THRAGEEFMT
K% 3 d, W RTINS

WAL BE 3 M), B pH (E N 7.0, BLET
fERE AR 51k 0. 2.50x10%, 5.00%10%, 7.50x10%,
10.00x10* mg/L H) K BEREFRHE, M 2% H bk
WB-001, THOEMEM pH Z#4F FHi7% 3 d, Fiks
SRR I A e T ) TR AR
1.2.4  JEiMPEERPERE: FIHE K WB-001 5
HMJE OPUS-HOB-001 & Bt 4 70 B i s i, i B
SRS 1:0, 1:1, 2:1, 3:1 F14:1, F% 1:50
(A AR B L 52 T TR TR 4 S I A 80 A ol 5%
Federp, 35°C, 170 r/min 3535 7-10d, SRHIEDLE
FAE B A T I s S R g 2027

W o A A R R

RE it =W o~ W)/ Wox 100%

Wo: TP RARAE PRI BT 5
VYRR RAE i R I 7 2
1.2.5 HHRE RAERIORHIELE: FHED B BRAS
U2 3085 254K PEH WB-001 5 OPUS-HOB-001
()52 AKX AE 77 o AP i A 2 5, %1k 7 d
J& TP AE F/K IR 28 7= RS 3 i, T H K BRag
s A HHTEA WB-001 5 OPUS-HOB-001 1)
BRCHER ST, 35°C A FE 7dJ5/KEK,
HE BT, PRI ReE, —EEE
B Ei#k WB-001 5 OPUS-HOB-001 & it J5 F R
R RSP
1.2.6 FHOIGHMERIEN: HEIHXK 3 M3 eom &
BT 105 °C MU T E IR E SE T AN B, ST

Wy WA
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PRI IS 23 AT IR S0 . (1) ZKEK: il ar
IR Z KB A I g, SRR AT A0
BARM R I, BEEGHK 53 25 A Y 20 B AR SR
w, THEEMCR IR . (2) WRSK: 4% LI
B, A PRIZES T, KA A O
10 PV, 05858 1 UCRIE; SCHIA OIS s,
PRERG IR N 2 MPa, 7EF5de IR 7 d; HIFHY
HZKIR A I, OS5 2 UCRIE; K
SRt 2 AU BRI, AR BRI T R R
R AR R,

1.3 #imikie

1.3.1 REXRGEEME: BILK 32N ENIF
KN, M 300-550 m, ALK, Bedmhism i
KAawamaiamahE:, waBaka.,
AR A DA A B I IR SRR
H i X P2 LR EE 9.32%, FIBER
0.51x107° pm’; JFUMBE 0.81 glem®, HuJZBIHIKS
J& 6.64 mPa-s, HiJZEIHIARTIREL 1.03, HEFE A
6—20 °C, #I1% 5 78.50—89.00 °C, J& T4 JF JFi ;
2K B LR 31 078.50 mg/L, AW SE
18 540.80 mg/L, KA! CaCly, 454457 1 FZE ] LA
B TE A G 3 )28 TR AR)ZE . IR
i, RS A R A

132 REFHIEE: I TR 320, WRE
w2 )2, BIUE 35.50 m, BA RN TEKIEE 1),
WA= AN, 2014 45 3 A RZY5 ULl , (HR
TR, PEAR, RPN 37 ¢ 7E 2014 4F 6 H
IMEFEHZ G, eIt . 7L

Jit S A P AR R AT 15 ROPE H P 1.68 ¢,
Hr=h 042 t, 57K 62.54%, M7=l 6.31t, 4r
MrA Rz = SIS R RPERE, U™
FRFJE AR EE R, WZE AR . 856
SKAM TR PRI B 3 IBFIT A SR, B E BeiZIh e N
TG H- S il 4 B e i

1.3.3 #ipReA R ARSI THB A
SRS . BRI . FLBREE . QR R
SEF B ) B 2 i TE AU E IR i 5.50 m

WO 10450 m*, ERBgESG 110 m®, RAE
BWAEFEART, FALFTE 1) ZEAE
(% 2)Fe BT B BEFE R R E ) . RARBEECR
B FHE TR . PTG BEIE MG . TR G 7K)
AT FEARIE 4R 1 (A 10 MPa)
T, PEATERKRIEAR (400 Limin)iEA, EAJR
J159 4 MPa, ZiHEA 8 h, HALHEXIH;:, 7d
JE A o FE S O BORE W R i 5 7 s A A
PR S A = sh A ARk, 6 RS A e o
JEARAS,

134 BHEFEMEHERYURS: HeEYHm s
B 7RI A R S A A R RPN E AR i 2
JEA FLAL RS RS (VR T, AT elest 3 H bty Jh 1)
Yk, SRR S R s s A R R
fift TR L RE R AR B AOUEDE SR AW, R 8
1B SRR R B R IR, s i = )
YEFRZCR, WA= B Y. 1ESLhRy g 0 HITE
Prid i, AR IR A R 7 DA AT AT
Wrdghr: (1) B=EEeL, BSR4, WH”

x1 AEHHAREE

Table 1 Profile of the test single well

= HAR - P Ve . . il
. VR EE o L% TR fmur pEw
= Apparent A= . . Ay 2% RN . L T g
. Depth - Deep induction ; Porosity  Permeability . .
Position (m) thickness GR resistivit SDT  Shaliness (%) (mD) Oil saturation
(m) (API) @m) Y (us/m) (%) (%)
Chang 33" 786.20-815.70 29.50 87.00 32.90 233.90 9.40 11.40 0.77 36.90
Chang 35 825.30-831.30 6.00 94.10 30.10 233.90 9.30 11.40 0.67 34.60

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



246

WA 248 Microbiol. China

2016, Vol.43, No.2

o D)

Flow gauge Agitator Pressure gauge

- _—) ® —> [§'<] —). —> Wellhead

Activated slug ) —

1 MEMBEHEHTZRKXE

Figure 1 Process model of microbials huff and puff

R2 WEVEMHLGTEINE

Table 2 Inject volume of potion for microorganism huff and puff technology

BLIEEATR AR G FR filt I e fdi i
Slug Inject volume (m?) Element Concentration (%) Usage amount

X b Eall 2.000 0.3 m’
A B BLZE Pre-slug 15 E

LY 0.002 1kg
. SRAMTA 7 5.000 55m’
FIRBFE Main slug 110

e 2.500 2.7 m’
IR Activated slug 20 b SEll 1.000 0.2 m’
T5 W Displacement fluid 30 TEK = 30 m®

i SR BACREGE . Q) JRZ IR
THAREEE | S RERIBER A, SRR R K Sy %
JE . ATHURR R i & 5, IR B 4
Py HE AR S I AR AR o PR E T IR A
JrEERE 3 d HEATIHUKEER G TSR T, LA
AR 7 2RISR IR LR AR R A

2 RS0
2.1 BEMHIDBEIEE

MIFAEK 3 S PR E2I 11 435
TEEAh, 2 WIS I ARAT 3 MR EA B D RERY
B, HH 1 RRBRAR AT 7K ) AR S R E ) ik
K HAm 4 WB-001 . I MR-F AR SR 01 T v o
Wi t, BERAMME R A waR 0, WIS
Mk, RIEOEH, B, NI 24), ATLL
TE LS Ay E— B B 1] AP b AR G, K i
fife, TETEJE DR RS W1 (1 2B), 22 FRje

KA, AR —, KRZHEXHES], HERKNH
(0.60—0.80) umx(3.00-3.50) um, Him#iE A 3),
WA AL ASWES A AR EREE LIS 16S rRNA
HEFH MR H AT, BoREK WB-001 5
Pseudomonas aeruginosa DSM50071 A4 [R) 5P 5,

B2 E#k WB-001 BERS
Figure 2 Colonies of strain WB-001
TE: A LBPHCERYET; B: SRR g vk,

Note: A: Colony morphology on LB plate; B: Transparent zones on
crude oil plate.
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B3 Tk WB-001 27552

Figure 3 Morphology of strain WB-001

TE: A HE2[RU,(100%); B: BT HLBEIAR(18 500%).
Note: A: Gram staining under optical microscope (100x); B:
Transmission electron microscope (18 500%).

YT SR PN 114 ] o A B TR (5 4)
2.2 EH WB-001 B & AR

Femiak Sy Heh B AL T e R e ek
A I A ) AR T PR e AR PR A A . R
STICAESRATH, W3R 24 h 25, HRE WB-001 (&
TR 1 HRIEAR Y 67.32 mN/m [% % 29.04 mN/m,
HEM BB BN 7 cm (8 5), WA A A B4 T
JEFALZ B2 508 5.80 cm 1 5.50 cm., HX 10 pL

WAKFAL R REERI R b, 0% BT U
22, RIFEIMPEFL A BURL A NS — BT 4 5 53
BCAE AR, BENLEE 35 MROMIE EAR,
KANHK 68 pmo £ LI HUIAIRCR , w12 HIWiE
Pk WB-001 74 iy A= 2 T 5 PR ) B A AR ) BT
TR ST BE TR LA TG D,
2.3 Bk WB-001 IREEE M T

XF 1 FH 2 MEOR AR DI BE A= Wk i, 3
BEac U anim i B | 2K B R B A b B X
AW H B AR ERAET I R E iR R, &
PRI 7 R IS FE AR AN RIEUA , ZEASIRI 44
RSN TR VR, DA A A ) ) e
AR5
2.3.1 E#k WB-001 BUREIEMN 1%: FiE WB-001
M 25-35 °C ¥R Fom iR K RE T, SR A AR
AR, BEAARLE K HE>10° copies/mL, M & e
(IR 5K S 34/NF 31.00 mN/m. [FIRF AT LA Y, B
Pk WB-001 [H5aE A= KR 30-35 °C, FESLIRSE
T RRER AR R HIR B ARE, 4 28.93 mN/m,

7_1|—7 Pseudomonas mucidolens 1AM 12406 (D84017)
66 Pseudomonas fluorescens 1AM 12022 (D84013)

57 Pseudomonas veronii CIP 104663 (AF064460)

_99£—

99

Pseudomonas psychrophila E-3 (AB041885)

Pseudomonas chlororaphis DSM 50083T (276673)

59 _|—7 Pseudomonas amygdale LMG 2123T (Z76654)
92 Pseudomonas savastanoi ATCC 13522 (AB021402)

Pseudomonas putida IAM 1236 (D84020)

Pseudomonas pertucinogena IFO 14163 (AB021380)
Pseudomonas alcaligenes 1AM 12411 (D84006)

 WB-001 (KU565485)
89
100 L Pseudomonas aeruginosa DSM 50071 (X06684)

0.01

B4 E¥k WB-001 REFHLH
Figure 4 Phylogenetic tree of strain WB-001
TE: 455 NN BRTE GenBank %555 7r 3 sl EREITF RS RGEVEMLRIIT 1 000 YO HRRIEMGZ I sB A7 s AR RCh#E

FLHEE.

Note: The numbers in parentheses represent the accession number of the strain in the GenBank; The numbers in the branching points are
bootstrap values expressed as percentages of 1 000 replications; Scale for evolutionary distance.
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Bl 5 HEtk WB-001 % Bl A9 HEH E
Figure 5 Oil drain of strain WB-001 fermentation broth

HEREThFMEYNAERZR S, S8k
sk 1 REAR IR B2 /N (B 6) o BRI WB-001 143 B 15 i
PEAS AL T 2R S IE AU 3 X B A0S 23 el s A
FHIE A3 BT I R R il A g A A B AR e — 2
RSB R N, TR AR DT B A
I, BEAE TR RIS, H I P S 1
BRI, R AR

2.3.2 Bk WB-001 BIERHEE & Rz 1 : ik WB-001
FESRIR ARG AR T ek I w AR KB, ek
DL SR S R AT DL R AE K, AR KR T
107 copies/mL, I AYZETR K JI7E 30 mN/m 247,

Pk WB-001 s A pH iy 7.0, WAL K&
PIiAE] 1.50x10% copies/mL, T 7K 71 & &A%
M, o 28.77 mN/m (& 7)o PRI % B R A A R B
WA PR IE R ALK, Xt S5X R AT pH
SRR IE PR — B

233  E#k WB-001 B L BEIE R 14 b 2K
THE RO, R E P B A A A B
BRMHER, —JrmEmamiErBEE, A
JiAKFET- P 55—yt h T e e R L R R
WS XA B BEPE . INURTE PR WB-001 X b2
KT AR R, Aol B 55T, bk
WB-001 £ KA AT LIGAE] 1.10%107 copies /mL, %
T3k 4109 29.18 mN/m; 1EH{LEE K 5x10% mg/L B,
TR K 2.10%10° copies/mL, {H /2 1K 114
Pn#) 32.65 mN/m; 45 ILEE>5x10* mg/L, BHHRIK
AR Bz B ], AR A K 8), THILK 3 5k

10" _ 80
—m— Mass growth —O0— Surface tension
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= i i =
. -— \ v %
S 100F " 1
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= L d | 2
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5 10°F o o0— - é
2 <
b o
420 &
= 102t Z
100 1 1 1 1 1 0
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Temperature (°C)

6 REXE# WB-001 £KEMFTEK I
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257 3x10% mg/L, 7EMAMET, WB-001 A= KA
R 5K S AR KT
2.4 [RiREE RS RRNE

PRI B AR WB-001 St A FH Ji i s s I3 R A 34
H 2.40%, HBOEESMEDIRER P OPUS-HOB-001 i
TR, DORB R RCR . SCasRER, N
JREME WB-001 54MERE P OPUS-HOB-001 2/
3:1 A TR ICS I T3 i bR 12.35%0% % 8.48%,
FEffik 3 31.33%, MR S0 H s il LU
JETAN [ R B R e i, AR REA R ] I T 3:1 iIXXAN AR
LB 3), X JEH T WB-001 5 OPUS-HOB-001 &2
B 1A R TR B ZE AT B A R RS A ) R T
N, HSR AR AR R MR, R
A VE R R TS PR & ok, BRIk s KA
TMFLRI, T AR HE A P50 T %) IR A % o8 fi
[ s 35 1 S A AR e 00 S iR Re T, AR TR
TMFEHD T FLME AR Bl (RIS B RS A 4 3 v 0% 2 541
YR AT DA i AR, P 30 R AR B T
FARAREIR , PR T O 5 0 268 11 507, mT LA A
SRS RE ST o TR R AR b, W2 o 4
A DT RRUR AR UL )22 T iR B2 v S B 7 I 2R 1Y
FERN, BB RAZEE ), BHIERZA R, AATRE
RIS BT ATIARRR, FRARERS BE . IS 2 5
1910 WB-001:0PUS-HOB-001 4y 3:1 fi¥ He 9142 it
YERRBPHA AR, DL RIFRERUAR
25 ERARMEMEIRHRE

1#55 AV KR 77.08% A4 U, VEAZ L
REZWEE 7d )5, 2#HEDE KK 84.57%JETH,

*3 ERARERBERMERR

Table 3 Wax degradation rate by compounded system

30| G5 ES
Ratio Degradation rate (%)
1:0 2.40
1:1 7.90
2:1 23.48
3:1 31.33
4:1 12.47

BRADKIRIER T 9.72% (R 4). %45 R UL e
[FIRZIET , FEAERARRNER S TG, %
A=) H B AR AR A AR R T PR
Yl N AEPERI R E Y SR R, T
DAV NP XS T T R B, A i RS B SRSk
FEiE—EFUALREAR, BRACRG B FEE R o, M4 e
SRS AEASIIR AY BR R R
2.6 FHLIKGHMERIEN

SBEF 3 AN, SFEHBIBR N 1.56x 107 pm’,
IKBRRMCH 49.87% , IR Btk R 1 kR
B, BARIWCERN 56.13%, FHXRICEE ST
12.54%, SUEIRTRERSKIRAH L, SRR HA
—EFEE R (K 5). PR BT A OmE, W
KRENHAEDIAETE, STE Y T i i st A3k
JRNERIEA R, AR TR R TN, SEENAR R
WK, I AR Y, 28 0B B RSB )N,
IKIRBCR AR LRI AR, 3845 0B B R AL
R, HOKIRRCR AR R R b i, %45
AL TEATUE I T 18385 3 R0 FL R RE 2 il 24 J5 3 A Xt
R HH R ) — N ELEL P R 0,

*4 EEARINGRSREXRIFR

Table 4 Enhanced oil recovery by compounded system injection

% _ Z1 _ o
iy A —pokuR S SRARR  ERARRRR

Bk T s MR e HiFR i
Test Oil saturation W:atc?r ooding Recovery of ompounded syste Recovery of Enhanced oil
L) oil increment water (%) flooding oil increment sEe el i () s ()

(mL) (mL)
1# 48.00 37.00 77.08 = = =
2# 48.00 - - 40.60 84.57 9.72
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Table 5 Test results of core displacement experiments

" K HAR i BiBER FLBRE VISRV &S HRZHRINAR RS
Sample Length Diameter Weight Permeability Porosity Recovery of Final oil Enhanced oil
P (cm) (cm) (g (mD) (%) water (%) recovery (%) recovery (%)
1 4.533 2.498 52.642 1.590 11.90 51.70 57.60 11.41
2 4.662 2.492 52.620 0.859 11.75 43.10 48.50 12.53
3 5.097 2.477 54.931 2.225 13.23 54.80 62.30 13.69

2.7 HIHR®

271 WMEYVIBRHABHIEEREFER: REHE
SRR IR JE O 7 d, T 2014 4F 11
15 FIERTFHIA ™, T 3 R H AR i, H
PR R 6.26 t, RS MERTHE R 272.62%. H
2014 4F 11 H 18 wEIL, AUk HErdit A=
66 d, FYIH W 449 t, HPH 078 t, TEMIHE
DA AE SR R 23Uk 9 d, SEhRfRud™
KECN 57d, FHIHH 4.60t, H=H0.89t,
TEHET H 390 0.47 t, 34490 44.47 t, HETATER
P AR (9. 10). 73R8 W8 i P A
AR EUS T HR B AR PR . R
GRS 2 NN a | Y S B o VY Sl LY P A WA
RSN . BRAHMAEYRNLGEIER, K
B R EFIE IR T —ER5, i R A e
Az KA R T R R D e S AR B T LR R
TR A R E T, olos T R sh v, 1R
TR PR, (R T HUZ AR SRR A,
JE SRR ANBE ST ANTE, TR B0 R G (T
BLAERHROE O LT — A h ek shid . Az
T, AR I RS R AR AR, SRR
A= ) PR T (R RS TR R SR B A
LR P S IR B RE JT . JFRedERE— g iR 2] 1
FEIYER

2.7.2 IERERENIERRS . SREWIES 16 /4
IKBEF S HAEA TR TR AR ShZS W, A48 53 1)
IR [ 55 DL KK R e T K 155 . S5 SRR R
WP AR KA, )5 B E 2R R
10.64 mPas, “F-YEER S0 7.70 °C, FARilR B2 2351

R 11.70%F1 9.41%, Rt /K w5k SIBEAR, H AR
KK EHTK 1 67.40 mN/m, 1A G B Hsk /)
4 54.64 mN/m, BEIIREEN 18.93% (3£ 6). R
HIHREME ) S B G RTAY 10° copies/mL 140
S5 19 107 copies/mL, ZFRHH 32.01 mg/L 14
JnE] 56.30 mg/L, R4 P AR IR £R 4 I b AE K A2 5
1 I 1 G U 1B U 0 DRI 7/ N Rt & ]
KT SRR i | TR IR SRR SR AR AT
By s th D RE A TR Z IR S T A R R AT,
SO P A R BT P R TG PR T, A R G ot
JEh bl S B RORGRE, B TR R
3 g5t

(1) PAIB AL DX AR 75 e 0 Bl A it v
BRI e RS PE R A R B WB-001 A
Bz, B L R RRARER TR ) . FLIER
M. BERGFREENPERE, PRERE I R AT

(2) SERDAE A LB UL I S 56 45 SR R ]
WIEF R WB-001 55D BER OPUS-HOB-001 %
3:1 EL B O A FH i SR 50CR 4 B K 3K 43 34
T 9.72%F0 12.54%, HHMBCR B

Q) BRI AR, I H
0.89 t, FCHEMENT H I8 0.47 t, B0 44.47 ¢ 1
it S W25 SR o, SRS BEREAIR 11.70%, “F-345E
[ 5K 7.70 °C, FEAIK 9.41%. F ik KTk SRR,
RIS 18.93% . 2% BH A Wik R B T il vh
W SO B A T SRS, RO BRI ] A, X
TV IR VA 2 ol R A A D T A B R 4R v 2 AL
RA T IR X
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Figure 9 Single well production after microbials huff and puff

F6 FRMEAHTERMYIERRHKREKDEL
Table 6 Comparisons of crude oil physical property and fluid surface tension before and after compounded
system injection
R BERE 5 S ]
Viscosity (35 °C, mPas) Freezing point (°C) Surface tension (mN/m)
e fEHE Wep ALK et 2 e 1A e AR fEmT  fFAR e AR
Before After Reducing rate (%) Before After Reducing rate (%) Before After Reducing rate (%)
12.05 10.64 11.70 8.50 7.70 9.41 67.40 54.64 18.93

5t i6 45 £ B MEOR 10158 A st 6t
BN cforc injection PR RIS WAL A . e | AL

4| [ | After injection B - ‘
- VLSS B SEBREOL, RLFTRH KA =T R B2,
?3- FUHARH AL G R R i DR IT e v A SRS A
gz Bl WML EIERAREAR | T AESHER . JEIHEE
£ - Pl BRAIB TR . ORSR IR A  T2
1t 0.89 FZRE ZAKFRIOITE, TR SGE YIRS

0.42 - . s
. FEINER, RO B Y S iR B8ORS
Fluid production Oil production M ﬁ%ﬁ% E‘J?‘é% 5 Eﬁ EA FEJI: S HTCEE %’*ljj E%%
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Figure 10  Production comparisons before and after
compounded system injection
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