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Abstract; Thermodynamic method is currently recognized as one of the feasible exploitation methods
for natural gas hydrate. How to improve the utilization ratio of injected energy in the thermal recovery
process so as to maximize the ratio of the total calorific value of methane gas, the injected calorific value is
mostly focused on the analysis of the optimal injection temperature. From the point of view of obtaining the
maximum gas production rate, on the basis of energy utilization rate, this paper defines a new thermal
efficiency as the energy utilization rate of hydrate heat injection under the unit gas production rate. Based
on the concept of infinite cylindrical heat transfer reactor, a new one-dimensional transient heat transfer
model under isothermal boundary conditions is established. By deriving the analytical expressions of heat
transfer quantity and time in the process of inter-wall heat transfer, the thermal efficiency of inter-wall heat
transfer for hydrate extraction is found to be between 0. 431 and 0. 536 at the mining temperature of 20 ~
100 C. The optimum injection temperature is 65 “C and the thermal efficiency is 0. 536.

Keywords: Inter-wall heat transfer; Hydrate; Optimization

W Fs HEF.2019 -02 - 10
HEEE 508 o & AR AR B AL DI 25500 B “ 8] BE e R AR AR & W S iF 57 ” (2018323)
TEERN:BE A6(1994 - ) L& IV S A L5 A 90 SR 9M A FF & 05 T 58 1A .



92

RASSEH | 5019 4 04

NATURAL GAS AND OIL

0 &

KIRFKEY (NGH) S —Fh il KRR oy F 54
NSRS 5 7K 43 T AEARIR A = TR 24 O i 2%
HCIRFEIE SRS Y o K21 22 11 1 VA A
KAy F 5 ARG R A S E AL AR R TR T
R H FRUAN T R PU Fh Sy A S i g R He kA T
M TS B AW, RS T, IR T
NGH B K MK 17 KRR TERRHEIRS T, 1 m® (Y
NGH fEf7E 150 ~ 180 m® KR, NGH (1 4 i £
HEHER0.2x10° ~3 053 x10"° m* ™ | 4 EkEE B
PRI A5 oAb A AR IR B i 19 2 5, B & ARk A i R
SRR AR ) LR R BRI ) © 5k I Tl R
% 3 e T

N HATN 1k, TR A W 55 56 (W BIF 52 O 28 BUAS
T SRR {HIHS 434 b e S P S0 A S A S T
T, 7K A 0 I fife 1) A A I S5 AR 2 B A ST AR D
1982 4F Holder G D % N\ '™ B Ul sr. T #IETFRAK A
PIBCFAERY IR 2 0 ff BE R TR T A TP R R AR
SIKREYI T AT, 2001 4F Tohidi B 28 A" 75 % &
HuJZ IS BL T, SR F BV ASE R T30 48 vk 40 1) i
RN T3 ~7 Z ], 2006 2RI A BT T #dhk
O3 LAY TP R e K A i R R B sh 0 A IR R e
AR N TR EY e S AR 2, i
BOR R TER A B SR B A S A B R = L, 15
FIPE N 40 % ~ 70 %, REHE AL F N 0.074 ~0.113,
2006 4F R R4 BESE T IROIETE SRR A i # e
KRG YUY TR S A, R BT A ROV AR —
TR, BB HAT 5 1), IR A B RE AR R 0.4 ~
2.6 0 R T ASOK IR HR LK E
YA AR, A B g B (. 2010 A2 R
25 NPURR R 4 R SRR A T SR BRI S R
G2 9T T 2L 0 R AR SR B W I ER K o i sh 2
TR, A5 T SR O 60 C I, BERE AL R N 3.86,
2011 AR 145 1 sk A rb g8 A R BRI 33 BT T K
B TSk A, I8 0 il 3 R A3 R TR il
HIRT S 5% =B B, A0 IR B A a2 SR IX 431 BT
G55 fRan gk, A RR R B T o i ad AR N T 58
%K E, 208 T A K EERRUK e RS, A&
SCHES T M BES AT ROK & Wi A o, A IR AR TR
—YER S A AT, AT A% R FA P[] 1 i A
fift o TEUCIERE T OUIL I AR , [ BT I FAB0% Ry L
PR T K AT TR RE B R R, e A i 23k
FERIK A WA A A [R] B AR BE 1) 28 AL A

il

1 HFER
1.1 &EEgES
F BB ETF RO G Y i R A RS RO &
TRFR AN A o0 52 46, A SO Tv) BE S5 £ 14y O
PR KRS s AT PR i a6 0 o 45 B A 00 B PROK 1B
RS 52 0% 42 B T R AT T Ak 3L, B Ao S PRI LI 1
Hiy/ |

1 \
‘Eiﬁ7k/fﬂ§?ﬁ—‘ %

/

YK
e P AL

[ B P R R T

&1

BT AR WK G W0 G LS 484K & Ry — (Bl AT
A RLBE 37 5 T Oy Bl B TR I AT A8 [ A b 7
] R AR AR AR, B — 4R AR AR S AL A 2 . A UCR TR
SRR NIy T BN 2 O W o N B - O T 5 o
IR R i 2 R A

aT o'T

E - ox’ (0
T o O 2 A — R Kt g PRI [, s 5 0 hy 4
PHER, m? /s WAL — RN E

Hrr

a:ﬁ (2)
KA AN B FREELW /(m - K) 3p A TREE,
EExt 2L FR R BUE 1500 kg /m” e AR HOARZS,
BT XHR A T RS 3 BOMAOBRE A 1.2 kI / (kg + K)

Wl 5 A -

t =0 T=T, (0<sx<R) (3)

UL ® 0

T =0 LR >0 “

A%w =h(T| _,-7,) CGHR#ZH) >0
(5)

AT, B IR B 45 e B 28 1A ARl B {EL, K h oy
A2 [ A R T A AR B BB 12 W/ (m” -+ K) 3R AR
Bz 2 AR BUE 0. 075 m, T, Sy B T H P A 2R A0 i JEE
fH,K,

ST YA R R A K R TR D il
TR 5 M 2 X S R M U AE 2RI AR SO
DU AL RE B A B e, TR 8 0 M L R Xk 3 AR 1Y
S o 22600 3 SRR TR R AL R A=K



OIL & GAS EXPLORATION AND DEVELOPMENT |SEIRSAE 93

TRFR, B ISR AL AR B f il 42 1m0 A etk 6 &R
iﬁ{ﬂ%@ﬁ?ﬂﬂ’m :

A =A,(1 +bT) (6)
Arfea, 727315 K FHEL, W /(m - K) ;b H
0,10 "%,

FIAGTARIEEE 0 FELJEEN, [R5 A X R Ak,
A

6(x,t) = T(x,t) =T, (7)
pi = 1 (8)
R

(815{)‘) = cot (R) (9)
B = &R (10)

Ko H—HE, T ;B HERR L, o w4, AR K
BUE 0. 75 ;8 MAFAE T FERIAR , o 40, AR BUE 0. 77,
B (8) A= (10) 4 A BN (9) o, FAf5un F &L

B co
Bi 13 (11)
e
0(x,1) _ 2sinB sl 8 exo [ - 2 al
4, B+ sin,Bcost ('8 R) p( B Rz)
(12)
Q, = pcV(T, = T) (13)

A0, WRIERRIE T, SEARE T, 216K,

2 HISTE
2.1 AREEFARREALER

TERR G IERTT R K IR UK G W ad Rt b, TPl
JEE T IAGER K W TR B SRR R B AR A
FEX 28 7 AR e B o R Ao 2
R S TRl TR R FH BE N A, 7 PR i 78 o 7K 5 0
GHMNAAT A R A e, A AR T ARG R P e
FIFRCR™ o A SO IR BE ST R R IR SR A 1 1 A
JE A A AN IR AR 2 i B P AR A K &
BTSRRI T SR G B IR EIRECR S K G oy
iR T B 7 U A SE VR E AR 7 3285, 5 T LR 248

1) IR EWIIFRBERFI A, 5 SO T ik &4
THAER RS B A AP HU AR

2) AR TE SR AL TR K S IIT R RE
AR

y_ Qe
7' =

(14)

<

V

‘*m

n = Y (15)

t
o HEER A SR, TR 495 WRECE, em’ /530,

F31% %2
IR AR 15 0,0 K A0St 72
FEA B 15V, AR B A om0 AR L B
FEERFEL 5,
2.2 MRBALRAN

A AR R SR L S 0 SRR B
PRI P PR K A G it
B ARG ISR KL IR BE A LA B 25K A
SR 5 T SR 4 4 B 0 L
WK B

SIA P F, =2 D s Fy B

5 BRI, B T R R () (5 ) 1 JE R

0(x,t)

JL’(TE%E@WPAD‘ZETET =f(Bi, F,) EIRR, iR

@Em%ummZENﬁ%ihwuwﬁm%m%ﬁ%

Z , RIVBEAE Al E B T, T e 7K 0 0 ik T 8 AR
BTN /1N o [ BE 8 £ T SR R e K & ) DA 7 A v o
0.75 em ~PARIX IR B B K 5 H)75 0. 40 ~ 0. 94 h Ji
T 35 C Rk, 23t o e A )t b o, 2l A
i LRI, 4 T K A W DX 9 AR P A R D
T(R,t) , LSRR e % o Tk il B, 20 gk BT 4 A4
18] AT, b 2l TP A, ILIRT 2.

1.0

0.9
0.8

0.7F

B8] /h

0.6

05

04r

P10 20 30 40 S0 60 70 80 90 100
TREE/C
B2 FANBESmMHMNAEXRBL

2.3 RENAHENHI

T AR LR R I WL 3, PR B
B JRAOR WU AR DT AT L.

V

BT =+ O SRRk A7
PRV BER 7= 08 LT BR I TFRACH (LB
RN S
S H AR B TR KA T
TR AV A 9 53 AT B R PR R R
R T P A A RS 4 I S A



RASSEH | 5019 4 04

NATURAL GAS AND OIL

FKHBEKEY o X T AP LKA Y IRt 72, 38 1 24
A IR A T 0. 431 ~0. 536 2 Ja], B A0 1of F2
H A 1000 em® (il B g AR A BRI T R 9 R 1 4R
HHEANREZ N 0.431 ~0. 536,
0.56
0.54}
0.52}
0.50}
0.48}
0.46}
0.44},
4
0.42}
0.40 ; : : ; : : : ;
20 30 40 50 60 70 80 90 100
REC

B3 FENBESHMRXFMLE

PR (m s

3 Hig

1) B2 2 T8 R K AR AOK G W 0l e 32 BEAA TR LA
AN TR — S AR AR A e PR R R, R B K
BB, JT RS PRSI S, 2B AR
ARAE L™ B — R AR m PR B AT, R
KW T REAF AR R B RE AR, Fl T IR RK G W)
FA R RE B R , R AR

2) B SCHYIACRER 5 5 8 T REHE 19 A O TR
KRG W F8 00 ffe Fe s B 18], [a] s ORAIE T 79 2 14 7 B
P AL ECE RO TR AR R AF R R A TR
JE AR e, o R L TE AR EE R 65 °C, FABIR
7 0.536,

[1]#0 &, Efheo RAAKEHHEMERA R[] X
A &4k T ,2000,25(4) :48 —52.
Hu Chun, Qiu Junhong.

Structures, Properties and

Applications of Natural Gas Hydrates [ J]. Natural Gas
Chemical Industry, 2000, 25 (4) . 48 —52.

[2] Koh C A. Towards a Fundamental Understanding of Natural
Gas Hydrates [ J]. Chemical Society Reviews, 2002, 31
(3): 157 -167.

[3] 28 F, & =40, B Lok, 5. FHRRAAKEGH IR
#AF [ T]. L3R T K5 54k ,2007,29(2) 132 - 136.
Liu Daoping, Pan Yunxian, Zhou Wenzhu, et al. Performance
of Natural Gas Hydrate Production Process in a Batch Reactor
with Water Spraying [J]. Journal of University of Shanghai for
Science and Technology, 2007, 29 (2) . 132 —136.

[4] Licence P. Clathrate Hydrates of Natural Gases [ J]. Fuel,

2008, 87 (13 -14) . 3158.

[S]4adrs, TR, B #, 5. BRKERRAKESHHR
WL A R[T]. AURAF 5 H K ,2017,36(2) 225 -
231

Wu Kaisong, Jia Tongwei, Lian Dong, et al. Research on
Design of Mining Tools of Marine Gas Hydrates Reservoirs
[J]. Mechanical Science and Technology for Aerospace
Engineering, 2017, 36 (2). 225 -231.

AL IR A R, F RS E R R ARAFR
#E[J]. RAAL Bi,2017,35(1) :29 - 35.

Wu Chuanzhi, Sun Changqing, Zhao Kebin, et al. Research

[6

(-

Advances of Hydrate-Based Technology for Transport of
Natural Gas [J]. Natural Gas and Oil, 2017, 35 (1): 29 -
3s.

[7]3k A% £, XTE.F RAAKESHE_RANHE
HAR B SEA MR [J]. RAA L & %,2018,36(3):55
-59.

Zhang Jie, Chen Hua, Guan Fujia, et al. A New Model for
Calculating the Degree of Gas Hydrate Displacement with the
Injection of CO,[J]. Natural Gas and Oil, 2018, 36 (3):
55 -59.

[8] Holder G D, Angert P F. Simulation of Gas Production from a
Reservoir Containing Both Gas Hydrates and Free Natural
Gas: SPE 11105 [R]. New York: SPE, 1982.

[9] Tohidi B, Anderson R, Ben Clennell M, et al. Visual
Observation of Gas-Hydrate Formation and Dissociation in
Synthetic Porous Media by Means of Glass Micromodels
[J]. Geology, 2001, 29 (9): 867 —870.

[10] & ml,EBR) & o, % AEKTFRRRAKESHY

A AR [T]. AT F 3R ,2006,57(9) :2033 -2038.
Li Gang, Tang Liangguang, Huang Chong, et al.
Thermodynamic Evaluation of Hot Brine Stimulation for
Natural Gas Hydrate Dissociation [ J]. Journal of Chemical
Industry & Engineering, 2006, 57 (9) : 2033 —2038.

[11] BT H A&.F RLF AAXZTFRRRAKESHY

BN R[T]. T4 T4 FIR,2006,6(4) 548 —553.

Tang Liangguang, Xiao Rui, Li Gang, et al. Experimental

Investigation of Production Behavior of Gas Hydrate Under

Thermal Stimulation [ J]. The Chinese Journal of Process

Engineering, 2006, 6 (4) . 548 —553.

FBE AR, R AR, AL F RRAKE W EHR

ko [)]. KRE T RFFR,2010,41(5):

680 — 684.

—
—_
[\S}

[

Li Shuxia, Hao Yongmao, Chen Yueming. Experimental
Study of Hot-brine Stimulation for Dissociation of NGH in
Porous Medium [ J]. Journal of Taiyuan University of
Technology, 2010, 41 (5): 680 —684.

(13] 9N, R AR, 2 3A P KRR ARG Y i BoK o 5%



¥37% E2Hl
OIL & GAS EXPLORATION AND DEVELOPMENT WSEESAR 95

BAR[T]. AT RFFM: 8K F KR, 2011,34 and Gases [ M]. Beijing: Science Press, 1982.
(3):266 -270 [17] Z4BE. M #HF[M]. b7 AR T Lk ok, 2009.
Li Mingchuan, Chen Yueming. Experimental Research on Wang Baoguo. Heat Transfer [ M]. Beijing: China Machine
Hot Water Flooding Dissociation of Natural Gas Hydrates in Press, 2009.
Porous Medium [ J]. Journal of East China Institute of [18] Moridis G J, Collet T S, Dallimore S R, et al. Numerical
Technology : Natural Science Edition, 2011, 34 (3) : 266 — Studies of Gas Production from Several CH 4 Hydrate Zones at
270. the Mallik Site, Mackenzie Delta, Canada [J]. Journal of
[14]) 3k RE REL. TEFTADRAORDERFTFH[M]. Petroleum Science and Engineering, 2002, 43 (3) . 219 —238.
Ao 7 H A s IR AE 1987, [19] gy, 8Ae W, Ri&F. M B 5 MIFR KR KRS
Zhang Jiarong, Zhao Tingyuan. Handbook of Thermophysical Moy EEAERJ]. 4 T 53R ,2008,59(6) ;1502 - 1507.
Properties of Common Engineering Materials [ M]. Beijing: Dong Fuhai, Fan Shuanshi, Liang Deqing. Experimental
New Time Press, 1987. Simulation Investigation on Production Behavior of Natural
[15] Bl 38 S RBEARKFHpEn [ M]. b7, PEAFR Gas Hydrate with Surface Heat Exchanger [ J]. Journal of
A K % Ak, 1990. Chemical Industry and Engineering( China) , 2008, 59 (6) :
Chen Zeshao. Calorimetric Technology and Determination of 1502 - 1507.
Thermophysical Properties [ M ]. Beijing; Press of China [20] TRE AEFF BB HRF(M].5 K 7. PEZ
University of Science and Technology, 1990. I RAE,2007.
[16] £ F. Zhfaheyih@rmA[M]. bx . HAFE Zhang Ximin, Ren Zepei, Mei Feiming. Heat Transfer
A, 1982. [M]. 5" ed. Beijing: China Architecture & Building Press,
Wang Feng. Table of Thermophysical Properties of Liquids 2007.

ORI AR IR IR

Fp LA i 8 SN YR B T B T A AR ek

201943 A2l BER B, PEAFELEEAFTEBARAXRSCENETNBARARALSCATREIF, 2 A LETHIZTHFI,
HIHA Rl T FREABRKREYE ZHE DR B AFEERREFRMT AR EE R F o2 A RTR
AR,

L {T A G — A B R F 5K R KA A 6 R LIB A, B R P Kk A R ALR)) T A 2025 A E E M AL ik
324 x10* km® | & B A K E @ R o2k SE, BAFEEMEE, PR E TEBL, ?l«@:/éﬂiﬂf)ﬂ‘mﬁfr&%%
RBTAAGI, TEHELEMERREX T EARAZR, T HET L EERFREARARE, FELLEF AL ER B LIRF

T F R
VAR BB R A AR ATH” BT E AR BB PRALERTERETREATEARL AP RERAA
ERBATHRAH R, F—HEFET EAH AT ERERTENLOFRALRT, RLAHUAEEETM, PEIRER L X 4f
EALEH RAFEFTMAERZERIEL A HRETH AN ERI R TP FHq A E R K, #aa‘éﬁﬁﬁﬁugw«ﬁ
BAREAKRMES AR BATELERBRFEG BB R WA FTERBBELEBEFTRIFNRR FETE LR EMNELS 55
R KRR

2 PEEHEA PEGH FPEEL FEEG ERKEHBES LN, BREEHMASNF: FEHIERKE L GH G

&b A8 £ AR BF R AT A5 3R 600 A A SR,

(B & #HavrEzHR)





