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Abstract Thermal enhanced oil recovery simulation often has high computational costs, due to the complex thermal coupling,
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strong nonlinearity and small sized grid blocks used to capture the complex physical and chemical recovery processes. The
upstream industry is in urgent need of fast and accurate thermal enhanced oil recovery reservoir simulation technology.
Streamline-based flow simulation has been especially successful in the simulation of large geologically complex and strongly
heterogeneous systems that are challenging for more traditional simulation techniques. The success of streamline simulation is
based on the physical observation that in heterogeneous reservoirs the time scale at which fluids flow along streamlines is often
much faster than the time scale at which the streamline locations change significantly. In this work, we explore the possibility
of extending streamline simulation to the simulation of thermal enhanced oil recovery processes. Based on our previous work,
a true three-dimensional streamline reservoir simulator for hot water flooding is constructed. The simulator takes into account
the temperature dependent oil viscosity and thermal fluid expansion effects. In a global time step, it solves the pressure equation
first, followed by tracing streamlines in three-dimensional reservoirs. Convective energy and mass transport are then solved along
the one-dimensional streamlines, which could potentially significantly increase the computational efficiency of the simulation.
Finally, the solutions are mapped back to the original grid, with the non-convective effects solved, including heat conduction.
The streamlines can effectively describe the movement and distribution of fluids in the reservoir and fully visualize them through
the use of streamlines. Several realistic cases including the highly heterogeneous SPE10 model and the Liaohe oil field Qi40 hot
water flooding are tested and compared with the results from a commercial thermal reservoir simulator. Our streamline simulator
successfully passed the challenging test of SPE10, with realistic multiple well pattern configurations. It also successfully solves
the actual hot water flooding simulation problem for the Liaohe oil field Qi40 reservoir model. We have shown that the three-di-
mensional thermal streamline simulator can not only ensure the simulation accuracy, but also reduce the computational cost
through computational complexity analysis. And the streamline simulation also assists flow visualization and quantification of
inter-well connectivity, which may be highly useful in flood management and optimization for reservoir production predictions.
This work serves as the foundation for the future development of thermal streamline simulation technology. A commercial

thermal streamline simulator for hot water flooding may be developed based on this work.
Keywords streamline simulation; reservoir simulation; hot water flooding; simulation accuracy; computational efficiency
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Table 1 Single inverted five spot pattern and four inverted five spot pattern simulation model basic input parameters
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Fig. 2 Streamline distribution for homogeneous single inverted five spot well pattern (initial stage)



IR IR LR TR (B A 599

MERINBAE TMERIEIE 1135 MEEIEALRE S

& H1/kPa

17500
17000
16500
16000
STARSHE I 115 15500

STARSIELLEE

STARSHRHUIAFIE

&

Z13 1000 RAHREEIGE RS STARS I Rtk (MREANRESFHA)

Fig.3 Comparison of simulation results between streamline method and STARS at 1000 days (homogeneous singe inverted five

15000
14500
14000
13500

spot well pattern)

T BIL 20 M2 fmmtal . SR, MEREAR DR A ASHH, BAAER SR 810 mx 600 mx 12 m,
R —E, Ui TR A LS AR B S ] Sk M A% E R 81x60x4, BBEBFRRAGEIEWRK
SPE10 15 15 K 37 vh i) B — X 44, 5] 4 Ry iz

_ A~ #,
3.2 %) 2—SPE10 4 MR T S FHAHKIR A 1ogl0(3B 1% R )W) 4340 o T R B9 1) 4R 7 26 43 A1
R 2 AR E R ZH 1. BH2 R4 MsE B WK S R, I RZENE @ B KE 4 1

4 SPE104 NRERFHER log,(((EEER) S
Fig. 4 Permeability distribution (log,, scale) for SPE10 four inverted five-spot well patterns

ZSEFEE/m
5 SPE10 4 MR A SFHABERMNRE ST (WIEEZ])

Fig. 5 Streamline distribution for SPE10 four inverted five-spot well patterns



600

AimBlEER 2021 4E 12 H o EH 4

AR BITEAR I FEBHERI T 20 422 Jm i (] 246
811000 dif ). P 6 J7R 1 Ui LR AL HEL 48 B Bl B A
STARS R ZE 0L XA, PIFA RUFH—
Mo AR E SRR AR B, HnT LR
A B e AR P B R P AR k. KBRS B G, h
2 faCH STARS FUS R BEIR B B . [FIE, IR
LBMERAUA H T 7 08 ] A AR A e e

3.3 6] 3—F 40 A S FHAFIKIK

) 3 78 1% A K BIR U 2R A UL 8 A L S A CR
TR TR () A rp 932 . 30T Yk HE 5 40 B i g 2
R 625~1050 m, fL B & F- 3 0315, B & F V8
2000mD, J& T mEfl. Bz, mZEGEE Y
37 m, 50 °C S EIM AR 2600 cp, Ay H IR
Pl T 1987 44 AZEIR IR &, 1998 4R FF
A0 ZE VR IR SR, 2003 AEHEAT TR, YR

IMEARANBIE )

BFE

MERIUE N5

70 m IR R ILFMTE Ao Ja I A 78RR b B
LR, VR AE 2, T 2009 4 9 G SL
PUKIK

AR S O B — AN 20 R4 T RO 3OS AR
Lo AR Y FE RIS R 5 B AN SR 2 BTN, HRTR 4R 1R
40 °C, ¥I14A K F1 8500 kPa, ) HA & i A1y 1.0,
HEAREE R 150 °CRIHOIK . B 7 IR T 5% 40 KLU s,
A HOK SRS 17 R AL BRE 73 A1 o

] 8 S5 40 UL AH oK BRAS AT 4 sf 22 1)
Ao, ooy on T RS R Y. Lk
B2 2017 42 9 H, HefdiH] 16 4 mmtElb, K9
R R 45 SR 5 STARS AL 45 J X H (57 —40 KL
ROFABIRIES 1 )2), FEXT5F 40 FOKIK[A) 8, i 2
PRI AT H A BRAR PR ERUZE IR S5 2R . [RIE,
TLERATAL P 2 i A ABRRCR, IR R T
AIRRAL L R (] 2 3 R e A )

MEEAUEE )

SREIC

& S1/kPa 75

8-22 17500 70

075 17000 65

: 16500 60

STARSHE S IRFIE o4z STARSEHE NG 15500  STARSHEAUREH 0
‘ 15000

8:;’2 14500 gg

0.15 14000 o

.65 13500 o

o

Bl 6 1000 d Bl RS STARS I Rttt (SPE10 4 MR FE A FH4H)
Fig. 6 Comparison of simulation results between streamline method and STARS at 1000 days (SPE10 four inverted five-spot

well patterns)

T2 40 BEEIERNSE

Table 2 Qi40 simulation model basic input parameters
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