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Fig. 1 Framework for coupling modeling of natural gas pipeline network transient simulation
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Fig. 2 Pipe segment discrete diagram
RO O BUR S E SN W SN = 1w i DO R
P HOT R TS, AT AT AN B U i 2t s
e hi i RER TR O -

kel k kel k
Piv1 —Pin1tP; —pPit

1 At k k k k
ZE(Mi+-:1_Mi +1+Mi+1_Mi ) =0 (7)

l(Mik:ll ViYL

k
A i 1+1_Mi )+

2
k+1
M

i+1

A

At

Ax

1 k+1
k+1 pi+1_
i+1
2 2
1 k
T +tPiv1—
Pi+1

Mk

i+1

A

k+1
i

+

2
k+1
M

i+1

A

Ad.
4d

1 (M»]H] 2

1
k+1 A
i+1

2
1 (M-k
—+

1
k
Pi1

i

1
Pi

A

2
k
Mi+1
A

k+1 k k+1 k
ds (P +ob i+l +0l)

ATga 2 20

(8)

k+1 2 1
’ 2pk+1

i

k+1 k+1 k+1
hi i Vi

i

14

—hipi+

MmF ’

1

1 kel k4l
1 h

k+ 1 i+1 Fi+1 —
i

2
k+1
M; 1
i+1 k k
pi+1+ A : k+1 _hi+1pi+1+
2 i+1
2

k

M, 1
pi‘{+1_ (AH

Tk
2pi+|

+

At hk+1Mik++11
Ax i+1 A

Ml 3 1
4 ) . 2(Pf:11)2 B
h{c+1Mik+1 _(M£+1)3. : klﬂ .
(pi ")
. 1 —_
2p}1)’
M (M) oy
"4 _( 2000)
KAt

A
2T(T."+1+T.k + T e TF 4T+

i+1 i+1 i

+

w

h

2

gAt ds

2 dx

k+1 k k+1 k
Mi+1 + Mi+1 + Mi + Mi

y v y y =0 (9)

k+1 k k+1 k
pn,i+l _pn,i+1 +pn,i _pn,i+

1 At ke k k+1 kY
A4 E(Mn,i+l+Mn,i+l_Mn,i _M”vi) =0(10)

A (7))~ (10)H , BEAAEBRG FR kA k+1 R AN AH
AR IA] A, AR 1R bR A i+ 1 s AN AH 4K
Has 2K, A IR Ax i as)EK



5514 BRI, G TS

IR 1B R E M Sh 05 57 1% 371

1.2 SIS HITE

R RS BUR 2R LA
B4 PRI, Ry s JE B AR R B df AP PR A
BT N 1) R SRR ) R EE (A A A MAORES
TR SR ES R il
121 ARKRET A

h T WER T O R R K B iE T S B AR
b A SCR T B0A R B 0 ) R AR RS T Rz
— [ BWRS R A7 2 (3R (1)) P2 s e S A
W EE BRI S Z )RR

Cc, D, E, ) )

p= |:meT+ (BORT—A - 7 + F — F Pmt

d)\ 3 d)\ s
(bRT—a— T)pm+a(a+ T)pm+

C;m(1+yp )exp(—ypfn)]-IOOO (11)

K p, BAAEE IR Ji# , kmol/m’ 3 Ao By~ Cy~ Dy Ey~

ab.c.d y%na%%ﬁi{?é VI 11 MRES %L
Xt o s Ao B inCoin Do E v bicindiy, il

o, BT AT LA P rh A 21 O %) il 22l i 4

BRI A AR, 4By . Cy Dy Ey a.b.c.d.yFla
AT DL 1 45 4l ) ot ()RR AR 2 BORURR 2 R TR A ) 3
AR, HIRRIRS wwwn?
4, z‘z(y y]AOIAoj(l ki) (12)
i=lj=
B,= zyiBOi (13)
1
Co= zzy yjco,coj (1—ky) (14)
i=lj=
k 1 1
D0: zzylijngéj(l kij)4 (15)
i=1j=1
k. k 11
E0: 22)} y]EOtEOj(l kij)5 (16)
i=1j=1
k 1 ’
a= (zyiaf) (17)
i=1
k 1 ’
b= (zy,.bg) (18)
i=1
k 1 ’
c= >y} (19)
i=1
k 1 ’
d=|> yd} (20)
i=1

2
1
y=|yiyi (21)

3 1 ’
= 2)’;‘“1‘3) (22)
i=1

A (12)~ Q2) ey, 73 R AR ER £ Fj R 53 1
JBE IR A3 B (R 1 53880 L ey SR AT 5 d A j 1A 2143
(58 BB, kIR ISR 588
1.22 MX ARG ESK

AR SRR R R AR E A
SR AEB AR WAL o8 L B op, SRS
BJEZ S M Sy RN 2 8 ok BWRS A4
AR T BRI 2050 T R AT DU 5t SEBR IR
SARKE TR O F BRARR A SR EARA B LR S
By R P a] LA B SE PR TR A SR ARG B -

h=1000-H"+
(( 4C, 5D, 6E,

+

m

BORT—ZAO—?-F T3 — T4

d 1 7d )\ s
(ZbRT 3a—- T)pm+5 (6a+ T)pm+

e
Aof HONBAEIR A
3 JiiH, g/mol,
1.3 EETSLTERE

TERIRZE W B ARV 2 H 1 i I B
SRS Z 0 B 425 0 GBS I Z 0] i e 42
RO EBCZ I s B i FARA A
HORR N T HEFEALIT SO EAL IR SRS N TR %
P SR BRI — R LYY A AR s SRR Y R 1
ARG S8 TR Z2EBOEE T A (K3) A
FENRFZ (K (24)) i VA # (20(25)) Rt
- AR (X (26) ) FR SR 45 4 43 1) i Y- £
(=27).

c
23_

g

exp(—ypfn))- IAO;O (23)

SRR kI /g s M, AR R

B3 ZERERTRREE

Fig. 3 Multi-pipe section connection node sketch map

out’

apJunction apj

or :?,]21,2,“',1’11 (24)
a]llJunction _ - aMfout,
aoton = > — (25)

j=



372 TRER2ESH AR

%58 %

n, out’
a(]1‘/‘4)Junction — z (TM)/

pe P (26)

j=1
008, M) _ 5 0, M
: azj B ; e
7(24) ~ (27) ", R AR Junction /8 15 i Ah T 144545
b, EFF out' FIRAT AL T H TS AL AR FOR T A
BB A VYT A e, SRS n AN A B S E
14 LFREH
I FA AR R 7 BRI E— A 1 AR, PR
HVRAT S IHET PIRES  RAR A IS
FLAHTH X AT A R 3N AR, i AR
T TR A5 AR eI, A AR A AN
SIS SRS Nl FA AL AR S ik
P ELI S ) AR RS Ak Y R R A
1.5 #ia&EH
e 3 S A EAS R, W) 46 2% A S AN T] 2
() o E R AR FAE WIS AT, W0 R 4500 AT LAl 2o $odie >R
H 5P (SCADA) R & WS T SRR S 1
ARAT o AR SC3E 3 W B B ) A i SR AR A TR S AR AL
143 T IR AT NS BOT FE W] LUE ), B[R] o+ AT i

n=1,2,--k (27)

BTSRRI T I 0] « 93217 240, e, SR I R]
EBHET LA T UL X TR LI [ R i 5, Wi
ZEPERT LA HT 1R A 0 A R it
16 #REUKAE

W R BTl DU SRR T T s T
FerpoK 1Az i PO B S SR AR LR 5 G
I TR T B KA T R A TR A A
A AR ENAE W I8 1T SRR AR Ak Dy R 1 )5 8k
— O GE A itk B ASRE CRAIE A i kA7 0]
Je— BT PREUE T R 1, PR, ASSCR IR A
FRAE SR i B IRAR LT R AL I 1% 20T A RE
PRUE S — R kAU s B T B 5 10 A% 80, [4]
i, AT DR GE A= WA A D0k, BV PR SCSIORT g B i
WAENE AL o BELJE A= WA BLALUA R AN 5] 4 PR o[ 4 7, o
AR, IR T 1) AR IRARARNE T R4 F(x)=
0 ZHif , BAE B E A x, AL AR E - 05 PR
B IE g, Hl Hessian [ H,; FIMTE AU EOK | g, | <&
JE RN AL, QRN AL, DU R B xR, BRI
IFTA] AR AT — YGRS 75, 2 At ] A
Bt 1k FEFHEAT — I TP AL

P AR A B ] A 2
I F(x)=0

]
LA A
BERAEAIZI ]

B0 KA (L,
| r=0 H r=r+l |0— X, =X,
T
| g M, | &= argmin f(x +0 f)
J,ER
DAL RISORIA | g =2 @ 5—Hg

TS A

El4 FER4HUERBIRIZE

Fig.4 Damped Newton method simulation flowchart

T B R % 1 R TR A R A A
AR AR LR MR RR A, LA B SR R A B 18 ) 1 Hes-
sian & 5= (28) F1(29) s

T
OF OF OF
8(x)=VF(x)= oo, e (28)
| OF  FF  OF |
Ox,0x, Ox,0x, Ox,0x,
o’'F  OF  OF
H(x)=| ox,0x, 0x,0x, ox,ox, | (29)
o’'F  OF  OF
| Ox,0x,  0x,0x, Ox,0x, |

2 RENSEFIE S RFEIEEY

% 18 2] b IR 25 4 73 18 B A B AR R I AR
BRI 007 FLRCR AR B, AR SCId 1 %) 415338 BR T
I RURIT R SRR 3 IR i Sr T — Bl
(14077 FLALRL T4 H A e R AR B 7 ORAIE (15 L2 5
R RE R [R)IE , m] LA R0 e 15 AR AR AR N ]

2.1 ERRAEIESR

P 5 S S AR 2 5 A A R 145G 2R o AN f&T 5 B
FERRASEAY h 3 SR AL

B SRR AR R SRR R i A R



551 (NI

P

ST S S ECG AR B E KRR

I E I EERS

373

TS B HOT R TR R R 2 5iE stk
JiRE ST RE R T AR
BWRS AR T A L A SR A RIWI 0 2 1 T LA ST

BT RO TR A TR SR

IR IS FAETY SRR K S AR S | AT IS — A
Il TG
R ) |
rr— SRR T
BWRSﬁWéZF'{ﬁM — B
—
G = SRS
TSR Q% Ry
I
BT e A0 — R =S KRBt )
7R
X B A o
JR I
= padica
S TR UKL
\—II!FII —
WG A1 l ;
R RIS gt wsmsr TREH

5 BERASHEERINXRE

AN A RS 0 B R TORAE  BR L AR KT

X FRIFY O R GEET A

J7 B ISR AR R A R LA S 4 O 38 BR T

A
A&
SR R
WILH A A
B
LB oy i
fil iy
BWRS AR
i

=

=

3

&

SWiE

Fig. 5 Diagram of the coupling model and the decoupling model

2.2 KERIEZR

G AT AR (5 EAS L F) T2 BRAN P 6 i s o FL AR

AIRUTE -

DTERF—E N, 2578 4515 3R AL 4 1 T i
B AR 4By Cy Dy Eya b o dy Flla 5540

2)i R (7)~(9) . (11) . (23) . (24) ~(27) , 311
FEARA IR A AT LA 7 K T A iz Ak
LR AR A JR TT LAAS B4 i AR R R

JE R A

34 28 SR AR K T 383 1R RIS B A 4 FEE R

AR

HAr B TR E  (10) L (24) ~
(27) B R E R bR Z5 44 , R DL ST IR i 2

SRIBERERY  AFEN AT A AR

4) U0 SR WU AR TS #8719 R A 40 o 0 KO
ZEAER T IRZE M 22 , W19 i A 2 oo 23 Aok
1338 B AT B ST 2 BOdEA T SR s A0, K T
PAOZBO TR M NE S R a0k AR 1L, 5T
PEATT N ] 28 AL

5) 24 2RI {17 L IA] R 245 25 R0 LA R

T HAEH

[ —iasrrdas)

@ L

HEAys Bys Cpy Dyy B @ By

)

yHadEsR

R (7) ~(
(24)~(27),

ARSI Ip . IRET
Bttt M, I pFIkE A

AR R BRI 5 TGNET B v M1 1, A
DA R AR Z A . 1) TGNET 38 3 £k Ak R4k 17k 112

9). (1), (23), ) ! : ey
4 Y ' AR (10) 0 (24) ~ (27) L &5Gh A
L | IR A A R ﬁ;
) | e

KNI BRG] : GUAPIEER |

6 MRBNERENTESRE

Fig. 6 Calculation steps for the decoupling simulation model

BN S8 H I SER &
RETE T AR 7 B v (R B iz AR L MR

[

=17

SR A RS



374 TRER2ESH AR

%58 %

KR )RR B R b, B i g s (s 5
AU R A 32 8 T 032 18 2 5 s 22 ) B 3k AR A
T WSS A AL I 2 LA 3 7
PUBTHH R B4 26T T —UGE U TGNET B 41
IBH RN IUB IE . 3) TE S A5 EL , TGNET fi
AT RIS T R AR R A A PR,
DAL — ARSI B R R LG I AR % 5 P B
PO EA R AN AR BR

JIr AR AR 7 EURBE AT R i 1) 508 T K 7R
i T 2H 0 e AR AR IS AT SR LA
BRE S TSR B MERR T . 2) 18 i 0 1 L
UOE A2 73O 22 A TR 22 , ol I AT 241 232k
FHEIERY T e 107 FUAS R AHERR L . 3) X 4%
PHAT B B TE A, TOE TR s 47 2 s 1 —
Se s AT AT BT IR AT

3 #R5ME

W LA BB RUE T T BB KRR W
WEAS L 5318 B AR A 250

E 7 R B A RIRAE N R G 7 B A Bk
ARSHL IR TR,

HEST 3% SR R 1#
I‘ 1

i 5
PR 24 SR A2

7 RARSEWRBGIRINE
Fig. 7 Topology for the natural gas pipeline network case
*1 BEREARSH

Tab.1 Basic parameters of each pipe segment

B OEEK/Am WNE/mm EEE/mm HAEE/mm FEEEE/K

BRI 30 677 17.1 0.017 278
HE2 20 677 17.1 0.017 278
HE3 30 677 17.1 0.017 278
HE4 20 677 17.1 0.017 278
HES 5 677 17.1 0.017 278
BB 5 677 17.1 0.017 278
BT 5 677 17.1 0.017 278
B8 5 677 17.1 0.017 278
HE9 5 677 17.1 0.017 278

I R G AL R BN 1.15 W/(m® - K) S
W I B R S S R A 4y, A
AN 2# 3HI T S SR S R R R

PRZH Gy o 2 B IS 8] 2P0 1 MR i O R A DA i
A ST R TR PR R S AR R
RIS A R 2 1 B2 A L B 1] A A

F2ME 8 FI7 . LU RS E [ 24 1 he
®2 BRSTHRMIGERT

Tab. 2 Initial conditions for each gas supply node

R IREE/

—

AT A% Bhe% Lki% BS/%

kgs) K
BRI EIE 0 97.5 2 0.5 100 333
BT L 2% 20 77.5 2 0.5 100 313
PESATE3% 20 775 2 0.5 100 313
T P RIRS L5 B3 M R IR 88
- AT RS R s
R O D 6 R b i s DN ClT RN
— AT 2 R = ST 3T R L
360 - ~110.5
/; ~ \ /./ N \‘
o / \ ; \
22401 \ ; Vo100
v - 2™
Jﬁ . =
= P A 2
o120 0 7 0 dos H
H.;< ......... ..‘ ...............
_ Jer Tt -
\.\w__,‘/' ~N. .-
0 1 1 1 1 9.0
0 1000 2000 3000 4000
Hs 1) /s

El8 ST R i A & R BERTE R
Fig.8 Over time boundary conditions of supply and
delivery nodes

31 HAMSH
A BRI A B P PE T a0 AR A B R
WA FE B B WA AN 5, W R A B ol

9
QAN S W) AT B AL Q+9 N 1% ELAE R v
i=1

SRR D) R SRR R R RN 2 1
WO AR R (R SRR S i e 2i) LA B
2 ARSI D P IZ B (5+k) x (Q+9) 48
AN B A 3Q A SRR A T T BRI AQ R
IR oy B S E R, BIEE (3 + k) QNI R S B9 A
SR MRS T BRI A B 2(Q+ 9) N e
MEZEBR G WA A AR, B2
BERYIRA R 1 AN AT 5426 A5 R A3 %A R AT
A 2N ZEBEIR G AT SR A 28 BOR
A B T R I, 2 BOR AT AR 2(9+ 3k)
AT A AN SR A k2 Al AR,
AT A VA RS, B33 (k+2) +34%30
FREA o EIRTEOT A B i RS TR
B[R] AR S 4, DAL R A B R 2 B AT Y
SRS () Jf PR 20 BT G0 < AR A8 48 B A



513

AL, S ST SIS S AU R B AR IR WS A 05 BO5 vk 375

R SRR R P B o Q (RY
9

DS TFAEB QO R AEK IR R, R

i=1

TRy R B R RS A IR ATE
FEASI A % TAIAT 5(Q+9) M AN Bt
A 3R S R A A SRS T
FERE FE, W3 3Q+2(Q+9) N e 25 B
PR AT SAEA 4T A 2 BIR G
W AN S AR A IR M AT A S 2 24
BURA AT S 24 28 By IR -G i 15 50, B
DL, 2 BORA T AN 18 N AN, (A A 1
(30 R 25 A R S 7 R, 601 A5 24 3% 3
T2 N SR e e RTS8 A SR B AT
SR AR G 9 R K I T TR
AU RS A0 0 7 RRECE TS AR, IR, K )
TR R

FEL 5338 B FRERL | SR 43 04 ot i 43 5Ok 28
LA BB R TR k(Q+9) N8 R
NGB kA5 B sy ey AR AR kQ AT
AN ZEBMIRARAT SAE kR, B2

— - — R B SET 34

10 AR 1 19
g —»—TGNET—;‘IQEJ% J3#
S o TONET-Tisil# lse
R . S S
B | Sssgee- R T R
& 8r 17 1
g NN i
i 7 AN i
= 7+ & \, o LY s 63
S Szt il
6 L 1 1 L 5
0 1000 2000 3000 4000
M 18] /s
(a) &N

= = AR AR A5 3%
—-—TGNET-3Z{+} 5 5.3#

s 93 - MV ERIEL Y 14 ~87
8 |---- TGNET-¥i 5 1# L
e~ n
K L P i i B
~L_<‘ 90r .. - g 5 ~‘“.\\ 84 ’Q:
;’% e e S
Rg7k gp &t
= 87 81 2
2 :
Tgal N, 17e &
84 V) : 78 =
:L-LE T " v/’/ o~ il:lé
K>< 81 I I I I 75
0 1000 2000 3000 4000
) /s
(c) HBERE IR T8k

B BERIR AT T AN 2k R A BT AT
2N ZEBIRAMA Y A2 N ZEBIRA Y
RETUL, 2 BRI A S A S 6k R LA, 25
A5 AT B I AR AL 4y, B IR S i R AR
1, BV 3k AR S TR IE , 4038 B P R Hh AR 25
(5 FE B A B R, B4 40 3 B AR R 2 B 4]
) o5 I, F R R B P 11
32 HRSH

FEF R A R TR , HE 4% 1 km A1 60 s 43 5I4E R 45
FLAY 2 [0 R ] 254 5 5 # L RIS AT i#3 b As
SCHB-A AR R 142 TGNET 4 07 R e
IR EC R IR Ay B LA 5 & 9 i o

P 1O AT 601« AEAS AT o5 3 B AL, TR S AR 1
SRR ZE 4 3R 0.086 MPa Fi10.45 K, AR FI &S,
JEE TR A B34 4 5% 22 43 5311 R 0.098% F110.098% o FE
TS TR B AL R T RN EE T2 4 i 22 4 1 R
0.072 MPa F10.44 K, FGEFITE SR JR A B0 ~F- 34 4 %6t
TRZE53 0 0.10% F10.10% . 1% F& B A SCHE A A5 5 g 45
5 TGNET 5 B &5 AR # e , Ty (R A iy
AT LA AR ) J 2 A B B e

330 1310
% ______ __/_,,«’f
315} 1300 ¥
= . 300 =
J_%; e ' N P ;:.;?E'
R 300F N N e
o —-—%%G%fr;-:ﬂ;ﬁﬂi?;# 12902
~ —-—TGNET-3f} 75 1%
- HR ALY 14
2851 ---- TGNET—T15 fi 1#
1 1 1 1 280
0 1000 2000 3000 4000
Fsf [ /s
(b) B
— AR SE A 134
— _;%GE%T};inﬁ;ﬁﬁm#
onn. Tt AR _
% 201 ... TGNET—H & 1# 16
3 PE A RO X
= £ «, s =
HIRE  esens R —141*2
@ . —(.
g h
w16} q1247
o A
;_“» ST \W
L His N < *
i p — . \\\ ,)f 1104
%\”— WP P
12 1 1 1 1 8
0 1000 2000 3000 4000
IRES

(d) A EREL

9 ATFFTI R MR R LR A SR SR B R TGNET (T B 45 RS EE
Fig. 9 Comparison of the results between the proposed coupling model in this paper and TGNET at delivery Node 3# and Node 1#

R T A3 5 B HURIRS T LA A A SRR
LR T 3 S 35 43 30 1 60 s g B Al 2 K & 1.0.2.5 Al
5.0 km FZE LK E AE LB S RIE KT,
TGNET #5781 A SCfiff A S 7 76 58 Ak 15 0 3# 15 55

AL B TR T LR SRR 2R G0 ORI H A R R 0 5
10 i o 10 R G R A4 BRI 23 5 K &
R R A SRR 2 2R

HIIET 10 AT LR H, S8R5 5 38079 1 1440 A 3C



376 TR SEOR 558 %
PRI TGNET THA A SUAR T ) REE R Ge R SURYBEJR 23 BRI Al RAR H 3T
oy A 325 i 320
10 SR ? SR 3%
---1km,30s ---2.5km,30s ---5km,30s ---1km,30s ---2.5km,30s ---5km, 30§
o [~ 1km,60s ---2.5km,60s ---5km,60s ---1km,60s ---2.5km,60s ---5km,60s
S 9= --TGNET 18 o 5 312~ --TGNET N
b= o a 3 N 4312 &4
= e 27 s \‘s . = | N & AN > .
H T2 WRIE e = E N h ,,F/‘” =
#*8F---1km,30s —--2.5km, 30 s ---5 km, 30 s7 |4 2 299F o - Ery
g | =-1km,60s —--2.5 60s —--5km,60s | 3 : SR ) T
. ,y'—""o i}: 0g w4 iz
i= | —-TGNET P *y i = - o \ et {30412
= | 7 ™S " T
®E S 2z S L 16 g6t 1AL 1#
Senatt Seooo ---1km,30s =--2.5km,30s ---5km, 30s
- —--1km,60s -=-2.5km,60s ---5 km, 60 s
--=TGNET
6 1 1 1 1 5 273 1 1 1 1 296
0 1 000 2000 3000 4000 0 1 000 2000 3000 4000
IRFa]/s E
(a) JEJ1 (b) ik
2 T :
. S 3% %0 . R 1%
o ---1km,30s ---25km,30s ---5km, 305 S ---1km,30s ---25km,30s ---5km,30s
% ---1km,60s ---2.5km,60s ---5km, 60s < %é ---1km, 60s ---2.5km,60s ---5km, 60 s <
’<R 90 - --TGNET e 185 :g @ 18 ~--TGNET \ﬁ"’?::\“‘i P 15.0 ﬁ
- —————y, Z ., 2 % -y > ' R
& i i e K N e N Vs x
B % % s 8y, & %
1R gs| {80 & L 16f—-1km, 305 2.5 km, 305 ~-5 km. 3051125 &
B R P N R T —-1km,60s —-2.5km,60's -5 km, 60 s N
* ®Fazz oo = ) P ®
i Feenns = | —-TONET T 3
I A1 = ey P - 7 i
F80r 175 4 14 e N 4100 E
L P =-1km,30s =-2.5km, 30's —--5 km,30s | = = % & i
) ~-1km,60s ---2.5km,60s ---5km, 60 s 1 S
--=TGNET
75 1 1 1 1 70 12 1 1 1 1 75
0 1 000 2 000 3000 4000 0 1 000 2 000 3000 4000
A1)/ A1) /s

(c) HHBEPEIR 715K

(d) A UEREL

10 FRIZ=HKEET TGNET MA S AEFBIRE R0 3Z {575 5 3#F0°T5 = 1L BOLE RIS EE
Fig. 10 Comparison of the results between TGNET and the decoupling model proposed in this paper of different spatial-
temporal step combinations at delivery Node 3# and Node 1#

HEAh AR 28 A2 T AN SO AR L 34
55 TGNET U4 H 14 H e BE 2R 50 B0 P 329 AR X
78 RSB ENTT Fra ivF 8], 4n &l 117

0.25 — 3000
< k X
£ —a— TR ]
e
&
=
Z 020t 12000
: :
ol =
& &
K015} 11000 ™
%
e
iR
B
otol s g

= a 2 N 3 N

E & E E§ E B

— e} w — ) wv

o o
NG T e

1 AENZLKESTANBBERTERELES
TGNET W R B AR E
Fig. 11 Computation time of the decoupling model pro-
posed in this paper and deviation of methane mole
fraction between the decoupling model proposed
in this paper and TGNET under different spatial-
temporal step combinations

P L1 AT D0 - 2B ) 25 B, FE e B JR 434
)4 R Xl 26 B 2 [] 25 AR/ N T 9 ) 5 22425 [] 25
P AR E ], 8 BE ZR 20 B0 ST B AH ) it 22 B ) 25 1
PR/ N TR/ o

L5 75 TR B A ST R () 1 SR fR] /N B AR S
i AR A A 5 TGNET #5E HUAH b 1 Y Je 1B 7R 43 85 1) 1
IR 25 A8, Hed% 2.5 km 1 30 s 75 Ky 23 ] 25K Al
AR B DL BES S 5 o 7E 2.5 km B S B KR
FEABL 1 b, AR TR R A5 TR0 00 g RS TR %) 3-8 ek i)
B2k 4 383 s I 1 050 s, A SCAR RIS AE BT 3k 1) 25 25
KR B 55 B R LR S R A A T B B R 4 T
76.04%,

FERIR TS W S Brast 7o, A s FIS A5 A
131 A G T BE 2 248 AR SO HE A R R
{6} b i FEA ARG A 5, T FLIE T e 250 1
DR A
32,1 #AREMAEA

HEST AL LI R T4 i i 5 25 A o8y Jo o i
il , 12 0 k3 7R RS B (RIS LA 0 100 kg/s, Hosk
A5 3.1 oA ] 5 AT R 280 i AR



513

AL, S ST SIS S AU R B AR IR WS A 05 BO5 vk 377

Val

SRR A A o A s g A 1 T4
F3°09.72 MPa, HoAr il 26l 555 3.1 1 A Il
TE R F AT G AR M A7 5 3005 5 14
Ak A SR RS TR TGNET ASE4010 He oy IR EE L R e
IR A SRR IR B R P 12 s

A I 12 BT, A8 AT 3#AE B AN A TR Sy T |
Pt R IR 3 BRI BRI 43 500 - 1) 48 X6 it 22 43 ) ok
0.078 MPa,0.39 K.0.21%.0.21%, 17 s, 1#V B4k 1Y
T3 LB e BE R o BN A RUEE IR 43 B0 S 4 4 %
i 22535°4 0.067 MPa ,0.43 K .0.14% F10.14%.

’ ‘_,\ 330 8 T T TR IR 2
. A, — - AR T 5 1P B IR 43 H
L 74 T T = -TGNET&LW&&%@%;%&
Ny, - — - TGNET-45 15 1#H BB IR I35 oo
7L '\ /./ 2 ¥ 7 4320 a4l 1] SHE] 2. /-Q_\\“ 190
N2 N v S TS s LT S ~
§ —- ff?{ﬂffiﬂ—xﬂ‘ |wt3# — -JTJSNET—MJ‘ 1 Ri3# " ﬁ %
= 6 (— - MRHBBIRL AT G 1# R J) | — " TGNET-=Tia{I#1£7 4310 #% I4 80 L 116 I%
]f ’J’:"'~~ IIL\E- Hﬁ. - dZ:__a_%E!!;E:Z::\\.” "_:- @
Iteeaet/ & "° RSNt r
\\\ P \\ B Sl JM‘[’
5r ~es? RNPY 7300 76 === SRR S A R U AR ML 112
- - ~ MR —SE AT A3# - - ~TGNET-3e {415 34 - - - RIS A TR SRR SRR
W wE - - - TGNET-SE 1 15 3# U U /R 704K
- - - FEABIRL T AR - - ~TGNET-T9 4 1 - - - TGNET— 15 #4048
4 | 1 1 1 200 7 | L | L 3
0
1000 2 000 3000 4000 0 1 000 2000 3000 4000
1)/ iFIi)/s
(a) JEJJ AL (b) HEE R TE IR I3
12 IAFRFMHAE A TR R 34T R LA SRR R A TGNET F 25 R I tE
Fig. 12 Comparison of the results between the decoupling model proposed in this paper and TGNET at delivery Node 3#

and Node 1# under boundary condition combination A

RSB
MBS A5 241 ST o I o A o 0 B RO R )
P, 72 A I AL A 4R ) 9.72 MPa, Hay
RS 3. AR R A B R4S B
T, A BT A AR A5 3H AT A5 LA Y AR ST AR A S TR A

322

PIEER, E 13 s .

F L 13 R LURIE , A2 6 3#0 B AR Y 7 il
JEE VSRR IR 3 O S SR R 93 B - S5 28 5% i 22 53
124 0.078 MPa . 0.41 K .0.21%.0.21%, 5 i #1 {7 & 4k
B S 24 465 X5 i 22 4351 M 0.068 MPa ., 0.44 K, 0.13% I

TGNET (Y7 JRLEE  FH e EE IR 434k S UBE IR A3 B 0.13%.
8 - il 88 fRRRT TGNET 22
- i N — - SRR R MK — - SES A AR A
w, “imiso17 o T N P — B — - TGRSR
7+ N B/ \\ o 86 = = =S5 3 HAU TR RAMHL - - - ST MU R A% 20
w2 s g - - SAIHEUERAMER - - - AR RO
R TGNET 1320 < 7NN ©
§ 6F —-g{ﬁésf#}ﬂ; —-W‘J’EE;#JHJ 5 % 84 ’4;//.’, ‘\\.\ 418 %
— - WRHE — W RHES 3 ———— : 5 \*
R 233 P B & ‘\Q_:_-.T:—/f——/ ? \-\\‘. i
]ﬁs_ . "4";‘ ‘*z:\ ______ '=€; jI\E_ @82_ 4116 K&‘H’
: Se -" ;:-‘ ," -300 i% N’
o Nz = JPT LTy T o i
R TGNET LG T s
41 === ZERHT A3HE - AMHAMRE g 80 TTTmEesT L
- == WAL - - = AR S
3 ' ' ! ! 280 78 ' ' ' : 12
0 1000 2000 3000 4000 0 1000 2 000 3 000 4000
Hfal/s I [a] /s
(a) FEJJ AR (b) HYE RN IR S 4L

E13 AR EEFEE B TR S 3#FT s 10 A SCARFBE RV TGNET FUgsE Ryttt

Fig. 13 Comparison of the results between the decoupling model proposed in this paper and TGNET at delivery Node 3#
and Node 1# under boundary condition combination B

323 AREMHEEC

TERSR S WA A SEPRag 1 7, RN 7 RIS
ASE A A5 2 (o O O A ) I O, Y
SRR 2 R R g s T Ok o s i ),
NFSAE S5 3.1 AR TR 2RSS RIS L Y L (S

R T TR 100 ke/s 76 Bk 2R AF
YAy CF L AMBFAS I S5 SIS A 14 1A SR
UG IR TR G EE IR 435 U RE AR AT B4 2
SN 14 R T B R AL TGNET 7 B 6 AR RE
BoE N AR HAREAC,



378 TREREESHEA 55 58 4%
10 320 93 20
= =B3RS = A B
== RS — - AN R
9+ —310 90 - et~ L~ 715
AT P S e S 2
& g T v ) & TR v = P, e P 2\ B
. 5 ’ &R - SRS A 3T R SR AR &R
S 3 N o Hsom Derf +P e Ji0g
5o . ~.s - == T R I # P BE IR S3KL S
= & TR ~ — - A AR B i
g NN & — RO ‘E L
7F S by, s 4290 84 - NN i
N \,\ = 4 - ._.=-<'-:_\ . 7’ R e, 0
6 ' L L L 280 81 ' ! ! ' 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Asf ] /s ]/
() JE ) L (b) HEE R EE R34

E14 BFREHEE CTATT R 34T 2 L A SRRFBIE RIS Rt E
Fig. 14 Comparison of the decoupling model proposed in this paper results between delivery Node 3# and Node 1# under

boundary condition combination C

4 & i

ARSCIY BIEESE TORER Sh S B 3 B BRRR S
G D7 FLRRTRY e ok 2 2 A R A 705 EL AN A, )
PISHILL R 458

1) Fr S M 5 AL R R AP A T A O sl 2 S
SR S5 38 35 7 T BAT B RS B L 3R 31 1 Rl
FERKF-

2) T A 3 IS AR R A R A R O T R R
SRAE, T ELAE 22 S R AR AU Ry Bl BT
e A

3TERFEM 2B KT, Fir R AR AR R 1350 8] HE
RIS AR T T 76.04% , ELA 50 (15 B4
R TR AR RS SR AR AR A5 T R
A VSR S5 RS IR ) 2 AL R, R I A
HATESR I TR N
SE K :

[1] Hou Zhengmeng, Luo Jiashun,Cao Cheng,et al. Develop-
ment and contribution of natural gas industry under the
goal of carbon neutrality in China[J]. Advanced Engineer-
ing Sciences,2023,55(1):243-252.[{7 1 4% , B 10, 7 g,
A E Bk PR E AR B RAR AU R R S BTk )], T
TRl 55 R ,2023,55(1):243-252.]

Fang Yanli,Hou Zhengmeng, Yue Ye,et al. A new concept
of multifunctional salt cavern hydrogen storage applied to
the integration of hydrogen energy industry[J]. Advanced
Engineering Sciences,2022,54(1):128-135.[ Jr B3 {3 1F
T, B, 55— T T 2URE Pl — A BB R £ T e
EyUHEE]. LAERE 5HR,2022,54(1):128-135.]
Li Jingfa, Su Yue, Zhang Heng, et al. Research progresses
on pipeline transportation of hydrogen-blended natural
gas[J].Natural Gas Industry,2021,41(4):137-152.[Z= %%,
IB KA, 5 B A RIR U RR AT R[] KRR

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

Tolk,2021,41(4):137-152.]

Xie Ping, Wu Yi,Li Changjun,et al. Research progress on
pipeline transportation technology of hydrogenmixed
natural gas[J].Oil & Gas Storage and Transportation,2021,
40(4):361-370. [P, (128, K AR, 55 IR AR IA T IH
FILH AR S [T]. 6% 12,2021,40(4):361-370.]
Zhang Duihong, Yang Yi.Development of a sectionalizing
method for simulation of large-scale complicated natural
gas pipeline networks[J]. Journal of Pipeline Science and
Engineering,2024,4(4):100209.

Zuo Lili,Jin Antai,Chen Qian,et al. Simulation on venting
process and valve opening control method for gas trunk
pipelines[J].Petroleum Science,2022,19(6):3016-3028.
Zhou Dengji,Jia Xingyun,Ma Shixi,et al. Dynamic simula-
tion of natural gas pipeline network based on interpretable
machine learning model[J].Energy,2022,253:124068.

Yu Weichao,Huang Weihe, Wen Kai,et al. Subset simulation-
based reliability analysis of the corroding natural gas pipe-
line[J]. Reliability Engineering & System Safety,2021,213:
107661.

Wang Peng, Yu Bo,Han Dongxu,et al. Fast method for the
hydraulic simulation of natural gas pipeline networks
based on the divide-and-conquer approach[J]. Journal of
Natural Gas Science and Engineering,2018,50:55-63.
Madoliat R, Khanmirza E,Moetamedzadeh H R.Transient
simulation of gas pipeline networks using intelligent meth-
ods[J]. Journal of Natural Gas Science and Engineering,
2016,29:517-529.

Chaczykowski M, Zarodkiewicz P. Simulation of natural
gas quality distribution for pipeline systems[J]. Energy,
2017,134:681-698.

Hong Bingyuan, Li Xiaoping, Song Shangfei, et al. Optimal
planning and modular infrastructure dynamic allocation
for shale gas production[J]. Applied Energy,2020,261:114439.



51

BRI, A5 TS SRS AR RIS E R UE Msh 05 55k 379

[13] Zhang Jiaqi, Li Zheng, Zheng Xiaoying, et al. Long-term
planning and coupling optimization of multi-regional natu-
ral gas and hydrogen supply systems: A case study of
China[J]. Computers & Chemical Engineering, 2024, 183:
108593.

[14] Pinto G M,da Costa R B R,de Souza T A Z,et al. Experimen-
tal investigation of performance and emissions of a CI en-
gine operating with HVO and farnesane in dual-fuel mode
with natural gas and biogas[J].Energy,2023,277:127648.

[15] Chen Qian,Guan Aocheng,Chen Feng,et al. A transient gas
pipeline network simulation model for decoupling the
hydraulic-thermal process and the component tracking
process[J].Energy,2024,301:131613.

[16] Gong Jing, Yin Xiong,Li Weijia, et al. Exploration on the
function and operation mode of natural gas pipeline net-
works in energy Internet[J].Oil & Gas Storage and Trans-
portation,2022,41(6):702-711.[ ‘B #§, B b, 2= 4k 52, %% . BE
V5L IR 19 T B R AR A A FH M Hs AR [ 3
S Ai#i5,2022,41(6):702-711.]

[17] Bleschke T, Chaczykowski M. Composition tracking of
natural gas — hydrogen mixtures in pipeline flow using
high-resolution schemes[J].International Journal of Hydro-
gen Energy,2024,79:756-770.

[18] Yang Zhaoming,Liu Zhe,Zhou Jing,et al.A graph neural net-
work (GNN) method for assigning gas calorific values to
natural gas pipeline networks[J].Energy,2023,278:127875.

[19] Zhou Weiguo,Liu Xiaojing, Wang Hai.Development of gas
pipeline networks simulation technologies[J]. World Sci-
Tech R & D,2013,35(1):99-100.[ J& £ [, X1 5 5, 1365 . 4%
S P AR R AR BL[T]. AR 5 A R,
2013,35(1):99-100.]

[20] Dorao C A,Fernandino M.Simulation of transients in natu-
ral gas pipelines[J]. Journal of Natural Gas Science and
Engineering,2011,3(1):349-355.

[21] Chaczykowski M. Transient flow in natural gas pipeline—
The effect of pipeline thermal model[J]. Applied Math-
ematical Modelling,2010,34(4):1051-1067.

[22] Abbaspour M,Chapman K S,Glasgow L A.Transient mod-

eling of non-isothermal,dispersed two-phase flow in natu-

ral gas pipelines[J]. Applied Mathematical Modelling,
2010,34(2):495-507.

[23] Osiadacz A J,Chaczykowski M.Comparison of isothermal
and non-isothermal pipeline gas flow models[J]. Chemical
Engineering Journal,2001,81(1/2/3):41-51.

[24] Wang Peng,Yu Bo,Han Dongxu,et al. Adaptive implicit fi-
nite difference method for natural gas pipeline transient
flow[J].Oil & Gas Sciences and Technology,2018,73:21.

[25] Ding Yanpeng, Li Yuxing, Fu Juntao,et al. Effect of selec-
tion of basic parameters on simulation of fast transients in
natural gas pipelines[J].Journal of Petrochemical Universi-
ties,2011,24(3):82-86.[ T ZEMS, 2= T 2 (112 ¥, 55 . F
S b MO i U T DR A RSB RAL  SE WL [T]. A3
AT AR 2RI 47,2011,24(3):82-86.]

[26] Chaczykowski M,Sund F,Zarodkiewicz P,et al. Gas compo-
sition tracking in transient pipeline flow[J]. Journal of
Natural Gas Science and Engineering,2018,55:321-330.

[27] Zhang Zihang, Saedi I, Mhanna S, et al. Modelling of gas
network transient flows with multiple hydrogen injections
and gas composition tracking[J]. International Journal of
Hydrogen Energy,2022,47(4):2220-2233.

[28] Bermudez A,Shabani M.Numerical simulation of gas com-
position tracking in a gas transportation network[J]. En-
ergy,2022,247:123459.

[29] Fan Di,Gong Jing,Zhang Shengnan,et al. A transient com-
position tracking method for natural gas pipe networks[J].
Energy,2021,215:119131.

[30] 2= % A2, Wt it i U E RO TS B M) 2 B ARE
Pl 1 K2 i, 2009.

[31] Yang Guangfeng,Yang Fan,Yang Tinghao,et al.Predication
of five state equations on saturated gas-liquid phase den-
sity[J]. Oil - Gasfield Surface Engineering,2018,37(8):9~-
12.[8) W AW A2, 4 ORRRAS 7 B X A<
A4 L A T[], 9/ H i TRE,2018,37(8):9-12.]

[32] Yuan Weimin.Use of equations of state in predicting ther-
mophysical properties of LNG[J]. Petroleum Engineering
Construction,2018,44(1):23-26. [ St B . i JHARS 7 2
TR A TSR S A B BT[] A7 i TR, 2018,
44(1):23-26.]
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Abstract:

Objective Considering the cleanliness and high efficiency of hydrogen energy, the development of hydrogen energy is of great significance for

raising the energy transition. Because the gas energy of hydrogen-blended natural gas varies due to differences in gas components, the measure-
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ment approach for natural gas is gradually shifting from the traditional volume-based measurement mode to the energy-based measurement mode
to ensure fair natural gas transfer. Transient operation simulation that considers gas component tracking represents an effective method for achiev-
ing virtual real-time metering of natural gas components and gas energy, particularly for stations without gas chromatographs. The transient simu-
lation results of gas components and other operating parameters provide valuable references for pipeline scheduling and risk assessment.

Methods Firstly, a coupling method that considered the spatiotemporal evolution of state variables and gas components during the transient flow of gas
networks was proposed to simulate the time-varying operating variables and mole fraction of each component of natural gas at each discretized node in
the gas pipeline network. The pipeline governing equations consisted of the continuity equation, the momentum equation, the energy equation, and the
convection-diffusion equation. The BWRS EoS and enthalpy equation were applied at each discretized node. Equations of variable relations were added
at the connection nodes of multiple devices to ensure the united operation of the entire gas pipeline network within the model. The coupling model consid-
ered the component tracking part and the flow parameter calculation part as an integrated whole, whereas the decoupling model divided the entire process
into the gas equation of state parameter calculation part, the flow parameter calculation part, and the gas component tracking part. The parameters of the
gas equation of state were calculated based on the gas components at different nodes, which were given by the initial conditions at the current time step
based on the parameter calculation equations. Based on the calculated parameters, the flow parameters were obtained by solving the transient simulation
model, which consisted of the pipeline governing model, equations of variable relations at the connection nodes, boundary conditions, and initial condi-
tions. Then, the flow parameters were substituted into the component tracking model to calculate the gas components, and this model consisted of the
convection-diffusion equation, boundary conditions, and initial conditions. If the pre- and post-iteration component deviations at each node met the speci-
fied accuracy requirements, the iteration ended at the current time step; otherwise, the components were updated using the calculated values, which were
then used as the initial conditions to recalculate the parameters of the gas equation of state, and the above process was repeated until the component devia-
tion between two consecutive iterations satisfied the error criteria.

Results and Discussions The simulation results of the proposed coupling model and the software TGNET were compared, and the average absolute
deviations of pressure and temperature at delivery Node 3# were 0.086 MPa and 0.45 K, respectively, while the average absolute deviations of meth-
ane and hydrogen mole fractions were both 0.098%. For the decoupling model, to obtain simulation results that were independent of the discrete grid,
30 s and 60 s were selected as temporal steps, and 1 km, 2.5 km, and 5 km were selected as spatial steps for the simulations. The simulation results
were compared under different combinations of temporal and spatial steps. The average absolute deviations of pressure and temperature at Node 1#
were 0.072 MPa and 0.44 K, respectively, while the average absolute deviations of methane and hydrogen mole fractions were both 0.10%. The aver-
age relative deviation between the methane mole fraction calculated by the decoupling model under different combinations of spatiotemporal step
sizes and the methane mole fraction simulated by commercial software was analyzed, together with the computation time required under each combi-
nation. When the temporal step size was constant, the average relative deviation decreased as the spatial step size decreased. Similarly, when the spa-
tial step size was constant, the average relative deviation decreased as the temporal step size decreased. Considering both the computation time of the
decoupling model and the average relative deviation relative to commercial software, 2.5 km and 30 s were selected as the spatial and temporal steps
to simulate subsequent transient scenarios. For a simulation duration of 1 h at this spatiotemporal step size, the computation times of the coupling
model and the decoupling model were 4 383 s and 1 050 s, respectively, and the computation time of the decoupling model was reduced by 76.04%.
Then, the model results under three different boundary condition combinations were investigated. Under boundary condition combination A, the aver-
age absolute deviations of pressure, temperature, methane mole fraction, and hydrogen mole fraction at delivery Node 3# were 0.078 MPa, 0.39 K,
0.21%, and 0.21%, respectively, while the corresponding values at Node 1# were 0.067 MPa, 0.43 K, 0.14%, and 0.14%. Under boundary condition
combination B, the average absolute deviations of pressure, temperature, methane mole fraction, and hydrogen mole fraction at delivery Node 3# were
0.078 MPa, 0.41 K, 0.21%, and 0.21%, respectively, while the corresponding values at Node 1# were 0.068 MPa, 0.44 K, 0.13%, and 0.13%. Bound-
ary condition combination C cannot be supported by the commercial software TGNET.

Conclusions The proposed coupling and decoupling models demonstrate high accuracy in flow parameter calculation and gas component track-
ing, reaching a performance level comparable to that of commercial software. These models are not only applicable to linear natural gas pipelines
but also exhibit high accuracy in simulating multi-branch natural gas pipeline systems. At a specific spatiotemporal step size, the computation
time of the decoupling model is 76.04% shorter than that of the coupling model, indicating superior simulation efficiency. In addition, the decou-
pling model can accurately capture the spatiotemporal evolution patterns of state variables and gas components under various combinations of
boundary conditions, demonstrating strong adaptability to different boundary condition scenarios.

Key words: hydrogen blended natural gas pipeline networks; transient simulation; components tracking; decoupling model; coupling model
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