DNV-GL

Synergi Gas P

P ZE L2 RAE B T E g AR AL A B 1E

{E#: Andrew Daniels, DNV GL; Sanjay Yadav, DNV GL; Richard Carter, DNV GL

KT TR FER T EE DA (PSIG) " Zxe TEULAF R R B A 47 1 A7 L FE
W71 R 2 7 F A5 L FE IR ] 71 7 K T B8 L FE 1 R4 Al FEE L FE MRS o X i [ 1
Ko

WE

FRSC G TR 1 RN 2 RON RO A B . iR T R ML 2 S48 T IR
WISLE AT X B2 ol o] LU AR N . TRH . AR . B0 IR ALY
SEAT UL B RN TR . X2 SR T IR MRS SR A HLIR A, SR AT X PRI 7E B
MO EBUAIOR SRR, R4 S AT I e, fEAR AL, R
AT BN 2R IIRER, BN ENSTEF =49, SRR M. KRS
IS T R B L R, ASCRHR TR, A e O AR A, AT TR
RSB AG R P P D FIR P B o 2 B 2 SR R 25 PR A HURETRY T3k L FE BB P 1

WF A2 TR ML ORI SS SRR, Sk B8 A T SRR BN 6% . R iy
EAET, AR R AR FAF T T AT BRI T R, 2 5 iR, A SO
HELAIAR fU 3o 6 Lt P B 2 SRR B, SRR T 2

55
I gEblut A BEAREIEINL, REMsdRftAe S, RV UAKIER L. EE D Prn e rr i e
BERRRAL S Atk o IX SRR SR A LIS AT BRAS, T 45 8 7K 0 26 AF T IR AR LIS AT AT AT 1

it
EIEA A RIS, BT He i HURE TR X T L5 e AL s RE 0 AR A A T KT o

VF2 ISR R AL T D7 IS AT B IS bl o X AR o (R AR 4 ] SR A B IR LR, g
T HARRIFRMBR G EGEHUITERE, BA R RS RGIEA .. & TEE @A
i B KB AL, s 10 I A HURE R NLAE T 5 3% P AN HE R P 2 R US4 . DAk, EiE AL
AR A A AR S IR AU . VR IR S IR AR U AL 2 ER TS AT A, LR E TR
L IS WL R ATIBAT X

ALERANLL I E T IR BIRIBAT 50, A LR g2 AW A3 TR i HLI AT IR
HIFE A BT X, T AR LA I B AN AL 5 R, A7 BT 35 2 St 1 IR i L2 K

ARSI AR R AR R AUE AN B O U AL — L2200 BROR, ARSCR iR — M IE L)
WA T . ASCER B ERS S 7 M AN AL i St X S 2RI R . ARSI A, R de it —
LYo PR KA AN

HEREXEFEHLR

DNV GL Headquarters, Veritasveien 1, P.O.Box 300, 1322 Hgvik, Norway. Tel: +47 67 57 99 00. www.dnvgl.com

Synergi Gas FI K4



Page 2 of 22

A A G H U 5 28 S 48 L N (U, SRLT BAT 4T U I AR e R S 4aplnT
HIVF 2 A FESRSIHLIR BE3h 71, BIERR RSN, Bl Sl AP, IXLEIRENHL AT LL2 AL
A, AT LR E A .

BT 2P 0ARAL, PR A8 UM B IR AE LIS AT, DLl P /e O 026 Ak 3l 2 Uk
FEHUIBAT I =M E 27208 AR ANEE . SO LR R A SRS R AR R3]
INEIBBURI GV LRGeS U A e clbli BURSW NS k= | v L P 4 = 2 6 =R WA R I N i e Sl b )
ARMIRBENE . HIEARTTITRE, AELF ARSI, M A R EAE I XA TR T
LR A, AT TP SRR . fea, s i, b I E AL S
AR, BTN R S AL AT TR

EEEREER REHEH

AR SRR IR SIS ATV AR /N 0% e R A AL () B &S IR IS ATl
LRI, BAERS PR REs T —SEEIIREIHLE TR s, UETHRART
fi] 52 3 5 (P ATL S

W b RTR, AR AR B E AR B T I AR R . FL A e R R 1 R L, B S5
AN AR N () B BUE AT SR T . “RC_fixed_s_fixed el Al iE X — i, ‘& — G H%% 3000hp
(2237kW) R AXEZEHL, H 5 MHCLHHAER, BNEREE 8 MUIMIRIL, XFEREM
PFARBERIET 40 L&, i TIREZ % T RC_fixed_s_fixed cl {52, S W3 A F
#* 2,

F 1 BRTHIBEMRN13.5 VT (87.1cm2) . W AJE /14 800psig (5516kPa) . HEH!
J£ 7125 950psig (6550kPa) [HRIREN, ALV TERIMRE. KAEVAREER T iR
H AfmEmaE. Kk, fEXEE 4T, RN E L 299.7 mmcfd (8.487 Mm?d/d) #il
290.6 mmcfd (8.228 Mm3/d) , {HANREIAZF] 295 mmcfd (8.353 Mm3/d) .

B mE TR
(% (mmcfd) Chp)
) (Mm¥/d) kW)
90 304.3 2709
100 | 8617 2020
120 299.7 2668
140 8.487 1990
160 290.6 2587
180 8-22281 4 19292505
2001 7 969 1868
220 272.3 2424
7.710 1807
263.1 2342
7.451 1747
254.0 2261
7.192 1686
244 8 2179
6.933 1625

& 1- W78 800psig (5516kPa) . HEHi 714 950psig (6550kPa) i, k4L
RC_fixed_s_fixed_cl 7£ 4R iE Hl 11847

Synergi Gas FI K4



Page 3 of 22

Kl 1 &ox T IE4ENL RC_fixed_s_fixed_cl 7£ 500psig (3447kPa) [ /JiGH FHHE &, kA,
HA BRI e R T ERNE I NTFHERE f1 . ARSI, RGNS B2 BN A
MR KESAERMIRE] . EREIEILT, D/ NRERIEAT RGN D)8 T LR R
. EHFREEPRAPTRAK IS, BAEINARRE, DR SR TR,

i)
(]
E
= [\ (14.16)gm500
=l \
3 |\ (11.33)F 400
B \\ @50) 4300
o 1 \(5.66) B200
\ [283) 100
- o=l
1000
- 800 (6895)
£90 (5516)
o pg, psi (KP2)

B - BER AL TS (Ps) MRS (Po) 2L E4EHL RC_fixed_s_fixed_cl HF{& (Q)

ZIEEHIEA B e FIEiTH, SRENES . K2 2K TEHECN 2.5psig (17kPa) . &
A 300mmefd (8.50 Mm3/d) I, FEWRAJE S (Ps) AFEHE S (Pp) ZRALME4EHLF R E 0.

Utilization (%)
o
o

1000
a5
Pg, psi (kP2)

A 2 - sy 300 mmefd (8.50 Mm3/d) I, BEM ALY (PS) FiHEH 71 (PD) AR{LFIH 2%
"okt

600
(4137)

OY B AT AT A5 2 N AE AT A R 0 B ) R B AL R AT RO . R, IO
Iy REANTTAT (1)

B2, WRAVFHELL MR A R E IR, WX EME KB E Rk TE (B3
gl )2 A 300mmcefd (8.50 Mm3/d) « W ARIHEH /AR L& L T, RC_fixed_s_var_cl
MR ZEFAIS I DN EEYAE, BT RV RBEES e B S KA i ME 2 (8
AR

Synergi Gas FI K4



Page 4 of 22

g e
= 100 —— f , ‘ 100
S 50 F—\\ 95
T \ A 90
S 1000 \ \
5 (6895)) | ’ \ \ 'gg
\\ 75
\ \ 70
o 800 65
9 (5516) | \
3 \
£ 600 o
(4137) 1000
- 800 (6895)
800 (5516)
(4137) pe, psi (kPa)

B 3 - JiiE N 300 mmefd (8.50 MmM3/d) . RVFIELERFRIEN T, FERAE S (PS) AR E S
(PD) A HZE G/t

I, BRI XM TIBIT. BIMER SRR REEH G A T, (HENRY,
EIEIBAT U IEE A B AT I HHAR AR BRI, KRFAFRUIK 45 R . MEE @i, 7R TE s
FRAL AT bt AT T 5 AR BRI A B AR 4 LA, B AR 2 F B 2L R PRI T

AIAT X3 8 A2 B B2 SR AR i ) . B THRARBEBUR DU 7 B0, BRI TE 1%
WER, fFEEN—MHEIERER T — N EAER A RIS AT B X 288 fRn DU I o ir
FE A HAE S IGIH B2 DL T 1847 R AR

Kl 4 2N 300 mmcefd (8.50 Mm3/d) & 3R AR ) RC_var_s_var_cl . X & K4
HURITHT— & G ME— X A&, "B RVFEE7E 250 2 300 rpm Z [AIELLAR L. M Rvr— AN EE
VB, FATIBATXAES R T . MFE W, A E R 2 R gL, B
Wyl I B 1) B RO FE G

ii 100 - 100
2 50 95
g oo
S 1000 i -85
5 (8895) | 80
\ \ 75
\ 70
. 65
o 800\ 60
9 (5516) |
2
=
7
£ 600 o=
(4137) - 1000
- 800 (6895)
800 (5516)
(4137) pe, pSi (kPa)

&l 4 - Jii5y 300 mmefd (8.50 Mm3/d) . FSUVFEZLRIT. foVFEEELE 250 £ 300 rpm 2 [A] 4%
s, BER AL S (PS) AHEHE A (PD) AL IR A 1 73t

BANHR
JEGENLEAT IR RA 2 — R AR R . IR LA DU E N IS i BRI ERRRE SR 2
HORASIE . EAEHUAE R T FBAT I T SRR T 20 Ll LEBG s Dh AR IZAT I 0 130% DAL,
IEAEHUVEREN A I 28— MBARBR A DI, kI DL T B R 5 NS A7 IS4l i iRiw
NDIERBAE AT, WIhRAR T /AN R, SN2 ICH . WER BN IR AR E S, R
NI LN BATHR AL A B iR, EE CAB R, v 7 T se A 2un 77 sNsfrbilds, A 484
S ARG WU R i/ Th R 4 B B s e KT R 1 80%

Synergi Gas FI K4



Page 5 of 22

E - ’
s \
= i A’ — | (11.33) 400
5 \\
E \ '\ (8.50) - {300
o \ \(5.66) Be200
\ 2.83) IM100
\\
o
e 1000
e 800 (6895)
590 (5516)
(4137) pe, psi (kPa)

B 5- AL S (PS) FIHEH /1 (PD) B4 E4EHL RC_fixed_s_var_cl_min_power H S &

Kl 5 o T E4iHL RC_fixed_s_var_cl_min_power 7E i {7 XSk HEFS &, X & EHHLS
RC_fixed_s_var_cl #f[F], {HI ] H/NIIRLAH A 2400hp (1790kW) . EyEE, fEHFSEFKMT
NIZAT BIRAEHINT R AT AT XSO 2K, (A2 e ARI R EE B R KT 1.0. 2811, ATAT45 e E
AT IXERAE R 4, P HBEEREN R, Ko, K6 2K 12 /R T8 350mmcfd
(9.91Mm3/d) F11 50mmcfd (1.42Mm3/d) Z [A][{]— RFRE T, JE4ibL
RC_fixed_s_var_cl_min_power /£ 1] 17 X327 R H R T 40t EEE, TR,
AT IXIERAE R 4, JFHBEE R, nTAT X3k BRI R LA s s i R L

§ e i — ‘l
T W ’ )
S (6895) )\ |
! 90
2 \ 85
9 (5516) | | .\
3 \
2 600 B
(4137) —— V.
S S (6895)
4610307 (5516)
e ps. psi (kP2)

K 6 - sy 350 mmcfd (9.91 Mm3/d) K, BEMW ALY (PS) FiHEH K1 (PD)Y AR{LIFELEHL
RC_fixed_s_var_cl_min_power F| % 1 73 kb

Utilization (%)
T -
[s-1s] o o
w0
3'8 o S
T =
| |
| \
\ |
\ |
“. |
|
1 \
1 1
| 1
| |
r8
o
o

95
90
85
o 800
2 (5516)
A
%
S 600 )
(4137) S 1000
L 800 (6835)
600 (5516)
(4137)

pg, psi (kP2)

Bl 7 - Jiis 4 300 mmefd (8.50 Mm3/d) I, BEW AR (PS) FiHti &) (PD) AL HE4iHL
RC_fixed_s_var_cl_min_power F| 3 17 kb

Synergi Gas FI K4



Page 6 of 22

£ e
£ 100 — .
S 50 |
: . 95
= 1000
S (e895) | | E
85
o 800\ |
2 (5516) \ |
?“ 'l \
S 800 | N\
@137) | o \
-y e (6895)
RE (5516)
(4137)

pe, psi (kP2)

& 8 - Jiis 4 250 mmcfd (7.08 Mm3/d) I, BEWM AR (PS) FifEti &) (PD) AL HE4iHL
RC_fixed_s_var_cl_min_power F| 3 17 kb

100

95

Utilization (%)

90
85

]

=4
A © 1000
_— 800 (6895)
50307 (5516)
(#31) Ps. psi (xPa)

&l 9 - Vit &y 200 mmcfd (5.66 Mm?®/d) I, BEM AL (PS) FEH Ky (PD) 484k 1 4l
RC fixed_s_var_cl_min_power F|FH# 4 tb

Utilization (%)

95
- 90

3

" 1000
L 800 (6895)

800 (5516)

(4137) Ps, pSi (kPa)

B 10 - iy 150 mmcefd (4.25 Mm3/d) B, FERAE T (PS) AIHEHE S (PD) ARb B AL

RC_fixed_s_var_cl_min_power F|H% 54 t; 1H5 27 500psig (3447kPa) % 1000psig
(6895kPa) 1 /3t k471

g ¥ = = .“‘.
: = sl 100
E o | = — '\_‘. .“ -
= 1000 T : \
O (6895) | \ -
\ \ 85
© 800 |
9 (5516) | |
?ﬁ. R
S 600 - N
(4137) | L ) i
T e (6895)
450307 (5516)
i ps, psi (kP2)

Synergi Gas FI K4



Page 7 of 22

B 11 - iy 100 mmefd (2.83 Mm3/d) B, B AL (PS) AIHEHE ) (PD) AR4b I EZEHL
RC_fixed_s_var_cl_min_power F| 3 17 kb

£ 100 100
s \ 90
g 50 | 80
8 \_ 70
= 1000 v 60
5 (6895)\ \ 50
\ 40
\ 30
W\ 20
o 800 10
O (5516) | |
IR
2 600 )
(4137) \ " 1000
L 800 (6895)
5% (5516)
@37 o psi (kPa)

Bl 12 - i &9 50 mmcefd (1.42 Mm®¥/d) i), BERAES) (PS) FFH Ky (PD) 2846 1 4Bl
RC fixed_s_var_cl_min_power F| % F 4 tb

WERFER T HNIIRAR, SRR AT KIS B E 8, W 3 MK 7 TR

50 R EZE L R

SR EEHLAEAT T AU ZFE R S RO R R . RS R R T 5 T2 AT S R 4 LI 2 25 1
(ST R FR S, FR4 T AT I E4E LI 1T 5t

B TE A I B O SR SR H LB F B R AR SRR IR WL B . (AR SRR —FE, X EEIRBhAL
MA R B ZIR ST .. 1F8 CEF A KN 5 B AR RKEE ) 40%-75% .

T SR E T — A EORIEAENIECC?, Hig K% )y 6000hp (4474kW) , 2
HEME 13 fiR:

0

au:n 40000

S 0 A

=

o 30000

= 9

E_ (90) Surge

0

5

e 2006%0 12000 rpm
T 0 11000 rpm
Q 10000 rpm
T 10000 9000 rpm

.E (30) 8000 rpm

o

S

]

c

)

]

0 1000 2000 3000 4000 5000
(28) (57) (85) (113) (141)

AR E f3/min (m3/min)
B 13 - K468l CC Mt &R

R B LA R M B 2R os B IR IRAEL AT AER S Ee A s AT, (HHR IR
ST R THUHS 2 7R S S LI 11847, R 2R m i /N B2 o 1] e M ) i e 3R
Mg PR X3k, IRAEALASREFE 12 XSRS AT o ASSC R 1 B O U AL B BRI AL, BAB LR TR R 2k
FEMIX 21T

Synergi Gas FI K4



Page 8 of 22

Kl 14 BoR T IE4i0L CC R B LRl HF <. Be, W TRIREEER, S E R kL
LR T 1.0 A THGEmR R . CEER, #FE TR EE S in. XML T 5
AL E L IEAT

g

E

=

2 (7.08) '250
] |

E (5.68) - 200
d (4.25) 4150

(2.83) 'mo
(1.42) "sg

2 1000
{5354'31%] (6895)
Ps, psi (Pa)

Bl 14 - B S (PS) FEHE S (PD) 2k iy o sUR 4N < R

600
(4137)

BRANNR

BAER XA —F, BB A RN DR IR . X /NI R EERIE 7R RCR A
HECRE . B 15 SR 7 B IEAENLNHE R, KRN IR B E RO 1) 60%.

=)
a
S a0 \
[ \
S ©@91) | |\ (7.08) PRZ0
H i \ 200
E | \\zn
e -‘.\ \.\ \ (4.25) 150
\ \(2.83) 100
o 800 \ (1
3 (5516) | \(1-42) T80
S 600 —
(4137) A 1000
A 800 (6895)
500 (5516)
(4137) Pe, psi (kPa)

K15 - BERAR ) (PS) MR R/ (PD) AR OARAFILHE R DR B E R KT
H[1) 60%

Bl 14 FIE 15 Z (AR ELER B, 530 W B BN IR R Aa B AR B, A e D 22 R
FEAFHIETFURIZ AT Z BT AU W 2w I R T

Kl 16 & 18 SR TR CCIEA RN R M FROFIHI A K. Bk, T RN R,
AT XIS BEA R A T4/ . MHEEZ TR, B 19 BoR TH/ERE Y 100 mmefd (2.83 Mm3/d)
W, WA BRNDELARPE—EFEIRR AR T . BER, MR/ EARMERRN, ERHE
71 DX FTAT R o

Synergi Gas FI K4



— ]
Page 9 of 22

Utilization (%)

e " 800 (6895)
£9 (5516)
@IS o psi (kPa)

&l 16 — 7EVi & 200 mmcfd (5.66 Mm¥/d) I}, FERAES) (PS) A&7 (PD) AZ4LI &0
KB R T 70 s RN DR B E N ECR T 60%

Utilization (%
23
(4.
©S
a8 ©
T
~ ‘
|
2N \
]
\ 1
\
| 1
\ \
i 1
| \
| \
1 |
|
| |
\ \
\
~N o ® W
@ O OO

\ 70
o 800 | \ "‘, 65
2 (5516) | | \\
% \ g
% \
= 600 A
4137 — 1000
- 800 (6895)
600 (5516)
(4137)

Ps. pst (kPa)

Bl 17 - 7E Y 150 mmcfd (4.25 Mm®/d) Itf, BERAE S (PS) A1 (PD) ARAL O
KB R T 70 s RN DR B E N ECR I 1 60%

€ o —
g w0 ' 60
£ 1000 KT %8
5 (6895) | | 56
\\ A 54

- 800\ \\ 52

2 (5516)\ | \

3

=

S 800 |- o

@137\, R

S = 1000
=
pe, psi (kPa)

&l 18 - 7E¥LEJy 100 mmcfd (2.83 Mm®/d) Itf, FENALES) (PS) Ak 1 (PD) R4 O
AIEZEHIA R 7 b

" 600
(@137)

Utilization (%)

TT
-]
o

e 1000
o o
Pg, pst (kPa)

600
4137)

Synergi Gas FI K4



Page 10 of 22

Bl 2 - fE3ii &Y 100 mmcfd (2.83 Mm¥/d) i, FERALT (PS) ML) (PD) ZZALHI & L
AIEGHIAM AR E 2, RIERNIIE

R SOV EHIEAT, HEURE ERARIE IR 20 FrsAeil.

30—
9.91) |\

(6895)\

(5516) \
\ \.

\(9.91)

\ | (a.50) PH300
\\ (7.08) |- -250

\ \ (5.66) 200
4 \4.25) B150
\ (2.83) 100

Q, mmsefd (Mm%/d)

n“d

(eaV L

_
— """ 1000
800 (6895)
(5516)

ps, psi (kP2)

B 3 - RiEH/NIE. ARTEEFESATHELXERAIHE (Q

600
@137) |

" 600
(4137)

HURIUAERE S [ LA I s o R RGN RN RS T I RE I, X — R SR E

HH
Lo

FERATHEEET
R T ISR LIRS, RIREEIEA ZMIZTLR, LR KV TS (MOP) | 4
DRV TAEL S (MINOP) PR SAIIE TR . M IRGaHL A RS B E BRSPS S &
I, A AR TE R S BB AT AT XA X T RSN BAMRE L, X TEE
WHRIREE, KOy RZHAMFIET E— D AT RS AT 9 .

R LI AT AT PEREAT PR — R T i, RAEPTT QR BN 18 (1 A A i KA fie /N B 7
2. MR EUNE N BERT B s, WA BEAF IR AT AT AT . B WAL FIAT R TEIZ AT -
FATAT CLIE L — 5 P& T LN L R AT AGE D W X L8 5 4%, IXRE R AT DUR & il s /) B AN WT AT
(K AR LI AR AE

A1y =B e @k s, b, BATKHEIEETE MOP A MINOP 213, it i
W AR 1 JE %%, 500, BATRR IS Aa Lt 5 N NEA S A KRR s 77, 4
J% 2 s g%, H=00, FATK SN RGPS SR AR, A 3 ek 71 .

“%iE MOP #1 MINOP

L&A 21 FroR A HLE MOP A1 MINOP [ iE .. A T AL R4S R e, A1
1B MOP F1 MINOP #4538 /2 4 B 4L, %Hﬂﬂﬁﬁ%ﬁﬁ BPARITE X R E BN, FRK
Ji BB B A AL T AR A o T g-RR R 2R AT ARG T s AR EE R DL AR AR

X T4 8 HRUEAE AL USRS, A4/ MOP (EMOP) fiZk, 52 MOP i £~ 7
EPRE)-BE 2, ERJLNIGF kS MOP #hZk i3k H). Wk MOP IVETE & HH, Wakih
R Ak S VR AE S ) R B e X R AT TR MOP ELRAEE, 1 5% il 2 A B fid T REVE AR
JE /N T e I RETE B AR MOP #i 4 & VR 3RATT, FES4S @461, Bl P4 E s R R
KIS /N T 1% 5 ) MOP 18 .

Synergi Gas FI K4



Page 11 of 22

FRE, A #CH7MINOP (EMINOP) #hzk, &M MINOP BHZ: b7 B 2k Ji-PE s dh 2k, 3
H NI MINOP BHZR K35k . a0 MINOP WY&l 2 W 5, 9 2% ih 2R 2 fnd ROBH & (R K ) AR 1K)
BiE L. ST HEARA MINOP B E, Wak 28 & n] BV 1E & 1 K T HRE 108 E L
B MINOP fh£k 55 VF A1, TEAE KT, B A € S RV i 5 hNE s 5 K% A m
MINOP {#i.

B 21-1 %5104

IR E A S LRI 2 MOP i k#8716 2 MINOP Hi 2k, U7 £E —/Mi 2 2L MOP A1
2 MINOP ZE3R 13817 5l

22 R TAERE R IAE T A 2 MOP 145 20 MINOP iR IIFE -, LAB Bl 2 T SR 1 %8 v 1) BE
BIRRREE . fEiZE T, A2 MOP £k 5e 2k TH % MINOP #hzk, I HA AT IEZAT.

c
, —~ MOP
A A ./
R _— Level 1 EMINOP
Level | EMOP
= c i
MINOP—" | N Ny
— B

B 22 - NA[ATHY 1 R F1E4%

FE4E N1k i) /NN T A A K HE Y I 75

FEIX 25, BA TR 25 R T8 i AN T o ) IR A MLty 0 5 30 T i ALl P e A s s 7 A
N GBI B NN S T30 R MOP AT MINOP il £ (52 .

e 23, A -BGE 1 AR MOP, C - D2 1402 MINOP. i A T2 838 b i i ) [
AENLuh R ORHEE IS0 T A, XA R MOP 2k A oo ST, 4 SR i Lt P e K HE e T
IHET A, SBERA2 MOP 4k, Wk 23 fiR, A - B, Bl 2 4452 MOP k.

Synergi Gas FI K4



Page 12 of 22

D=

BAHeH E A= A II%¢%AEﬁ=
D

4 -2 %)% %

GRARETE T R NN S IR T DY, IR 2% MINOP 2k A1 5. (A2, iR/ Mk
NEET D) Basm/NE I OEFLAT &, LR C- D", Rl 2 4% MINOP HiZ.

FEZE L B B KR BR £ 3R

FRIEANIE I R IR AR (R IIR REE . R BREE , Rl T4 R
N, E4AHLS RV R RKE T R RFET S KA/ NE 1E4%. BT AL, &
TIEEHRE T W ESRANS 2 0 B . B IRAapLsh o vrd i i KRR T, 7555 R 5l 2 ]
JE 14 (AR EAE A

LN 24 Fositiz s ol Hba = AN RGNS A E B, BATCE8x HHiHT 24
EMOP (A’ -B") fi12 42 EMINOP (C"-D") #iZk. 5 —ANE4aHLuk Ret5 i B 15 KR8 A
Pmax. AT RS APmax & ] 52 e AN E B K 2 2 EMOP #1 EMINOP #ik . 5 T FR 4 L
(RI25 BN 77 Psy HEHUE 7 Pd AR TFAPmax, AR LA A :

Pd=Ps+ AP

FaREERF R, AT L@ R Ps FIAP (RN —F# 2 ER)D kR Pd. XFE, 5
AN EAE WU NN () B K F DA R K T, e TR HE R F . Sz K B KT
TAEERE A, A EMOP ALZ R . B, R E RHEHE KT AN B A,
H EMOP T EEREA%, A REE — M BN 3 L EMOP (A-B')

FEGEHLEE RN . HEH ) SR T Z R R AT S W R -

Ps=Pd- AP

ZEAFR, BRAOTT LB H/ME Pd Al KALAP SKE/IME Ps. iXFE, 58 ARt HE
B 5 /N 3 PAR B ANl B KRR T, Btk e 1zl e NN 7 WRAZ S /NN F1 /N T
B-NMEBIM DY, A4 EMOP A& 32 B5om . (HA2&, /NN E S KT DY, H EMOP &
B, AREE—AME BRI 3 2 EMINOP (CH-DI)

Level 2 EMOF

.................

Level 2 EMINOP D)

Synergi Gas FI K4



Page 13 of 22
o= DO = =
Bl 24 - 3 9k 14k

W R AL e K RPN 3 i KA /ML AR B 2 is AT E Tl A7 5 e 78 3 )
B KA /ML ZS 2 TR XS P, 3 B 2T A6 it KBS I ik, T LSS B MR LAt T 47 1 8 1
IBAT o B FRAEHLS IS AT H T I R T 75 (B e 70 CRRAN St 1) 3 KR B /N L2867 2 TR R4 A
B o Ja, "TLMERR RN EE TSI RENLI R, I @ i AT % .

fHAE, WEREAGNE S RALR, BEHA—ERRITITIETR. UFETHR T RN
R Fa AT RSP ACFN 25 BT AU, 2

BN FO R AL B R

PLESSFEERAIINE, R 7 — M T8 5E BRSO AT R 7% . 78 i i KA
TIERERE XK Z A, AR E I T R AR A RATIN. AT, SRR A K
o RO /N FE RIVEH N IEREBOE R 0, BRATREVTAT, WATREATIAT. N T TS EE
R T IR R /ML Z 8] I RTAT X35, AT DA Bl KR R ML 28 2 TR [ 705 ISR [
TG TR AT ATLOEE R4 R, EFEE S BRI AT IS, N EE TR
%, AN EE T EANEENE BT AT BT I AL . XA AT AR TR N R GEHL
PR 1150 R oA AR AL (520

NTRHEXA AL, TR 25 A 26 s EVEE . 2B R IR TN E TE i UL ) 5
— PN YA i AR P ) R — A A

B 25 - 5 3ANEAENLEE KL, AN EH 75 95 (121km) . 28 HESF (711mm) BB 4R
T S mEEE 75 EEH (121km) K

A EENE S R A E R E4VLIRC_fixed_s_var_cl_min_power”, A4 5 X E4EHL
BRI TR . BT, ZEEN RN IR E T R TN 80%, X (E1FE I TATIE4T X AH
M,

Xt F45 e s 275 mmefd (7.79 Mm¥/d) [, HiR/ NI KE L& INE 27 s .

Pressure (psi) (kPa)

750
(5171)

Synergi Gas FI K4



Page 14 of 22

B 5— s N 275 mmefd (7.79 Mm3/d) B, & RAIE/NE S

B =& I AEALIR T s 3 RTHE D38 B O 10 AN T, B R R SR/ IN B U 6] B 158 2
HAZ S R KRR /NE S8 . HoaRr 8 MR JITE S R FI B /INE I 22 [R5 5188 T o 45 7 IX LE B HiUE
F1F1 275 mmefd (7.79 Mm3/d) i, EIERSTFE USRI NS S, BRFTE EALI S EL
WMANFE ST B 28 SH—FR/R T E4EHL B ESHEURAE 77, 3—47 Bon T ZEgHLI S soHE s 7.
P B TGRS RN RS N FIHE S R 7 R RGN S . [T RN EHIRANE S (BAA psig)
AR B EEHE R /1 AN psig) o AL EH0 5 B T B/ NSRBI, R
e Lt RN SIS, A R MR R AT I ESE X 3K, HrP RN R L mmcfd i
PITERAG R -

0000 551.75 902.56 513.40 924.28 935.15 951.33 959.45 $67.57 983.77 999.98
93525 000 000 000 000 000

B 6 - il 275 mmefd (7.79 Mm¥/d) i, JE4iHL B IR {7 %

ZRAEE] 29 P LLEITE &R

Pressure (psi) (kPa)

B 7 - &N 275 mmefd (7.79 Mm¥/d) B, K401 B 7R ER: KPS ENERRATIT
FIE L 58 BORAS , AR 243 0 35043 2 AT AT I R 4R 3

JEGEAL B DX 38k 2 M Ak R AR AN C i RS IR b B IR 77, [RIRE,  R4EHL B &0 (1
A MR IR AR IR (0 AR R AR HL B BOHEH R 7)o RS AR € X I S AR #5615 AT AT (A R 4L
IBATHINS LI AFIHE IS AT 0 ARCP SRS WA FTAT ) 55 S AT TR S 2 125 T AT L 20 12 )
WNFIHEE S e R, BT RN RESR, RAHERISIW NS4 AR, WRIER, FHikis
AT WA ZBUNE I IS A LA L Bt o P A T e A LR A0 85 /0 s 77 B 286 (RN T 0 2 3 35055 B RS AN T
7.

Synergi Gas FI K4



Page 15 of 22

P 30 i i (i BT oy SE i 27 i I 4 bl B N I ) TS

1000
(6895)

950
(6550)
900

(6205)

850

Pressure (psi) (kPa)

800
(5515)

750
(5171)

& 30 - ity 275 mmcfd (7.79 Mm¥d) i, [E54EHL B AIATTER 7R IE4EHL B HEB R B
AT X, R R TE A R4 C R A H

JE4EHL B AL AEHL C 2 8] 7 S IR AK (L XS 2R ER, KRR BB C W T I AT REIE S, X Y
TR B KA ATHEH S 7T

B 31 BoR 1T IS AE LI AT AT X

1000
(6895)

950
(6550)

900
(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750
(5171)

&l 31 - 275 mmcfd (7.79 Mm¥/d) Jiid ~, A 4L AT AT MR R

JEGEHL C A —MPRAERI AT X BT IRAENL C fiR /MR IR, RAHCKEHRATH. &
5Bl C BA AT IS BOIRAS ROV AELHE 5 s A 0 5/ B 28 KT I LR N5 i AR B 5K
k. gl s4Ebl B A C AT %42, A AEISAEHL C MR X7 M ) € X 3 5 s 4 AL C
NI A M 2R L X IRRIAZ 2 AL, A RETE R WE4RHL C I A, XAH 2 TSl IR 4L B
FEE R C i k. N T IREIEF 2 ARG I ATIBAT R ), SR B — S A R 4
PLEsAAT X R A P 32 M2k 2 IRV XIS H 2 180 T8 R 7 AT %42

Synergi Gas FI K4



Page 16 of 22

1000
(6895)

)
Tt
ug]
=)

psi) (kPa)

900
(6205)

-

850
(5861)

Pressure

800
(5515)

750
(5171)

K 32 - 275 mmcfd (7.79 Mm¥d) &, AT EGILTATHERIIE R, B2 0 i X &R 4T
FEIEIZAT X

(B GRAER FIRE B RAEIE S T 10, BEF— K L 2 MR MEgE, Dl
iz PR EARRE ORED « ARIIEHRENEZEE, SN TSHTE, XEFEHR
TS wMEERSERBITMA T IR R 8,

AT VB B AR IE AT AT, BIELE MM 5 mmefd (0.14 Mm?¥/d) %] 400 MMC F3
(1.3 Mm3¥/d) Z [al3stk, sy 5 mmefd (0.14 Mm3/d) o W TEANFEAE ERHEAT B0 25 G A2
BRRHR b . AT XIR A B3R IR . B 33 DL LB BT R BRRE, LA B ASal 4T X 35K

Infeasible w——

0 50 100 150 200 250 300 350 400
(L4 (28 (42) (570 1) (85 (9.9) (113)
Flow (mmscfd) (Mm®/d)

B 33 - Vi E A\ 0 246 %] 400 I B TEIRE T & . AL XN A B RS BT AT R

7£ 338 mmcfd (9.57 Mm¥/d) Wi N, s AME/NEIEE IEKZAHERE . XA T 8 K& HE
K. AMATARR T R B B 4T B i /N A R A 25 3R, ml A & AR A T AT PE T DU RE . 1K1 34
Z & 40 BoR TR H A AT X AR AT AT X ) B REAS ) AT AT PR

Synergi Gas FI K4



Page 17 of 22

1000
(6895)

950
(6550)

900
(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750
(5171)

K 34 - FiE RN 50 mmefd (1.42 Mm3/d) B RIATAT IR . ME— AT BT g e &5 ATl
JEZENL o

1000
(6895)

950
(6550)

Pressure (psi) (kPa)

750
(5171)

&l 8 — 150 mmcfd (4.25Mm?¥/d) I8 RI TR BT, BOVBMNMEER AT
SRR . IR BB IE I ROKR, TR R R Ns s ), JEH R TR IIRER, E
i RATTHEM o

Synergi Gas FI K4



Page 18 of 22

1000
(6895)

950
(6550)

g

(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750
(5171)

K 9 - 200 mmcfd (5.66 Mm?/d) B w47 R, KL A IELEESE, mE4EHL B 1 C 4
551K

1000
(6895)

950
(6550)

g

(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750 F

(5171)
& 10 - 230 mmcfd (6.51 Mm¥d) EiE RN K ATPEE . EIEIZIT—AATH, BOYE4E0L B
FHCIRE B IEGHL C 155 BORES AL

1000
(6895)

950
(6550)
900

(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750
(5171)

B 11 - 275 mmcfd (7.79 Mm3¥/d) & &R KA TR .. AT T 55 5 S 4501 B H@id K46
WL A Rl C #E4T 1545

Synergi Gas FI K4



Page 19 of 22

1000
(6895)

950
(6550)
900

(6205)

850
(5861)

Pressure (psi) (kPa)

800 [/
(5515) | /

750

(5171)
B 12 - 310 mmcfd (8.79 Mm3/d) EiEmER M iTHE. FEEITRATITHN, BoEARIL 5
HIE FTHEN B4R C

1000
(6895)

950
(6550)

900
(6205)

850
(5861)

Pressure (psi) (kPa)

800 |/
(5515) |

750
(5171)

A 13 - 335 mmcfd (9.49 Mm?¥/d) &g =R R ATHE . FrE =N E4VUETE K46

ATAT DX 3 13K 2 B U R AL /N A R I B R, SRR T BATAT . BB — AT IX I
AFEET =SSR EIE A R, MERERRIN, BEEE BN E] T 785N s
J£77 860 psi (5930kPa) MIFESE . X F5E R4kt m Skt ). B2, —&REHESE
MAOP B HEBUIT 5 I T3/ T R 4B LI B N ID 2R, XA AR s AT 3 AT M.

e~ 185 mmcefd (5.24 Mm?3/d) I, 18 i &A1 B 2 DA R 46 0L A 7E B/ Nh R 2 ig
1T. AR, 4 E#E 215 mmefd (6.09 Mm3/d) I, #iALEEZN S —GEAHL, LLE G ST iR
INEETE T (EIXFHRE NIBIT PG RSN, VRSB N I R B K R 2 i &4 n 2]
245 mmcfd (6.94 Mm3¥d) B, BCAZEARFTHE S/ NI RBREI B T, Bl e Egeil. 2R
HEFE AT F T A% 300 (8.50) #1320 mmcfd (9.06 Mm3/d) 2 [a] (i al 47 M R, X Flifs vot 06 A8 4T
=& EAEHL LA 2 R 7 ER .

Synergi Gas FI K4



Page 20 of 22

PLESHE UL E, EZEHLsE B/ NR I, SR Wl B IR R AR, BT BB AT
RIEBRI . XL rAT R IR, A e S BRRS IS BRI % . FaadS ik & 1 Btk
R, ghm—HHN, WHIIEREREEAGENISIT RS, (EE M. RSN RER I EE,
BUB R AL, SRIFRAEE MR E S, B TR R EN RIS mEDE, i,

EE RO REE A B RIEEC N AR OR R, TR X7 E N S
WFFaE, ZLE R MRRBUEAESLN, BISBNERRAME. LR pd, wfE bR
AR RGP R E, W ERA TR TTE SR &~ 85 (2.4) . 220 (6.2) I 305
mmcfd (8.6 Mm3/d) I ATIATIIEIBR . B AR SCHI N PR i g —4E ), DRI nT DL i o
MIFEA, B R RasE), RIS, AT, FE RS ReSRnm E 5=
Bahn, AEAATAT A A FHRAE S BTSRRI B R, AR DT RS T BRSO R R M

X, AT AR RN DR A BT = A T AT M (R BR . HoAth 1) Be /N 29 AR A 7T
SEOTATHERIB: AT RTIA, B0 R AN AT BERAT /Nl A R /NI R LR . IR 2 A
SR TAT I, M EE AT . — AN E AR ] TR e . [ R RS [
. EE R EAN, LT RSB RAETIEIR B TAT RIS IT 44 (B T ANEE 35 IR
) o LA, ZhAEgmMEESR, MTHENRE, RAEVIEITEE—RIIEEUIRANFHE S E S
TSR WIREERE. WA E A SE 2 BRI RBEEASATEE—E, XA SEA AT
17

BATEW, RS ES, WIRSH AT S, WE/ANEAPLL AN T L2 . H
R NEBESEALZ X, MATFIEEEREN1T. R, hASREX AN D ERNAZE B R
I /DRI, eIk BB 1T 44 -

RAS

AR N RN R i s RS /i 2

FRAS AT 0 R AR LI B B OV IRFFRNBCHE R 7, A2 B v DLHES RE 1ig 47 . Wk E
ANV A B I HE R SRR AL T 7 (e ), RN B HE R &3], HRoE e K 77 .

AV & — T XEGEHLIR H)"— 15 i B 45 H1°RC_var_s_var_cl”. BT 3%&A /D D2 BRI,
HES BB BN B8 A ANHE B S B AR T G N . FRAT B e HE T 5 A 900 psig (6210
kPa) , /K )48 K it &y 200 mmefd (5.66 Mm3/d) , WAL /19 575 psig (3960 kPa)
TEIXEAET, R4HL“RC_var_s_var_cl’fJHEF< &N 129 mmcfd (3.65 Mm3¥/d) , [Fbfadsak
RN B HES B, RS PG, BRSNS E 2 DO LR .

FEXMEOLR, W N 182 8RR, HEH R R % 2 775psig (21.9kPa) DL,

SR, W SRS AT B /N2 R B, W R A IR A R ATIZ T X A XT FdoRfl, fEREA
200 mmcfd (5.66 Mm3/d) . WA /) 575 psig (3960kPa) I, 47 X 2EHE % 1 725 psig
(5000kPa) #1750 psig (5170kPa) 2 [a]. WIHERER ™ ek IRz aE T Xk b, HSE
Pt AT LA IR 4E LR BT AT AT TE AR Ve 7 6 MR, AR PR A HE H 52 TR 7R IXAN AT AT X 3
Z R, BRAFATAT VR E— B B N R s EOR H 1%

R AEAL I HE S R R A R LG 3G G ey, 2 SRR A . 0 R 4R L HE A R
AT RMER (B 14) , XM KA . FFE, RGNS AT N K ) 24 =25
BIAR] T HHEL, BAKEAHN DB HER B < S EUR I Z %, Fitk, $R2EE1707
AT B ME— J7 322 R R AR LS IR b, AT S e 1R 7 WnRTATiA, Wil E4ENLIE /T 758 id
X3k AR BIVFRT, XA A2 (LE 20D .

BT 5/ A AR ) 3 BT AT X R g A, AR, W TR, KT SR /AMERIZ AT B
G MA R R R . H—Mrr et 2, WREANISITR T S/ NR S, 0 v SR
IEAENL B E T

Synergi Gas FI K4



Page 21 of 22

B H

AN AR IRBE S AT — A 25 SR AR IR ALt 5 SRR b o W SR IS L 52 2 e /Ny 2R 51
/N PE IR, AER SRR, IR HURE 7 ZAT X L e N PR 1, DA 1.0 (1 s Ll it 2922
iz,

JEAEHUA 2h 75 ZOR IR A BN LIRS B AT AT 1847 /i X2 —DWNAERBISERE, ISR
T kAT, R AT RE W R B R AEHUEIR Uk, EBEAENLAREE . W0, EREHEEREEAT
P2 RIS T BN

PR RIXA [ R 2 A0 7505 IRARALE A S R ] DAL A . o — ik B R dee /PR AL 9
HMARLAR, BT EATS RS R B RALGE S, XS DUZ . 55 =Mk %
58 4 B AN WAT IR AN LIS AT, BRI SR AT X

ik

FATEU, AR E BRI AT A IS A WU R 2 R, S I A LR A 4 3R 1) w47 X3 n]
WAL WERAEBAT XN AAE(T L, B IR AR D BER 8 X, AfEEE@EEM R+,
PZ T AE R AR I OCA B b B TE A, Xk P i L e /N Ry SR )L BEAT SRS, AR 2
MFER.

SERE
1 Kevin A. Lawlor & Don O'Neal (2012) . “Best Practices for the Design,

Operation and Maintenance of Natural Gas Compression”, Gas/Electric Dallas
Compression Workshop. Tulsa, Oklahoma, USA

2 Rachford, H, Carter, R. (1998) , “Pipeline Optimization: Dynamic
Programming after 30 Years”, Pipeline Simulation Interest Group, Annual
Conference October 29, Savannah, Georgia, USA

3 B.J. Gilmour, C.A. Luongo and D.W. Schroeder. “Optimization in natural
gas transmission networks: A tool to improve operational efficiency”,
Technical report, Stoner Associates, Inc., April 1989. 7E25 = J& “SIAM {4k K
27 B

B
E¥ ZEt Nicholas Russ Ja/t, &R it i) 5 5t BRI A SCHITR V) %ot o AR L B
i DNV GL & B E X I I AR 1K I3 HF

Ye& @i
Andrew Daniels, 7 5=l M AR S A B £, SR A L e W2 R Je v it GL-
Noble Denton 2 & (73 & e AT, ERRVEERMATWANA 14 F4%K .

Sanjay Yadav, ZFHR KSR SR8 TR L, €473 R WA 2K J2 wa 4% DNV-GL (1) & &
BAETF R TR, T8 W A i sh 1 K FIAE 9 B, 0 18 SE4 56 .

Richard Carter, #9474 ELM L KW BRI A28 1, SRETR 2N BA 1 (1986 £E3k15 4
fir) » DNV GL HEHIIT B S, ARSI 30 ZEMER, Hify 23 2 EIET

Synergi Gas FI K4



Page 22 of 22

Mo A 2 SR K 2 R R SR R % . 2010 4F, St AL R34S PSIG Al & 1155 — M AR

.

Ny

PR 1
B RC_fixed_s_fixed_cl
SN P 3000 hp (2237 kW)
S UNVIES 0 hp (0 kW)
HABERNHE 5
R 8
o
15.5, 13.5, 11.5, 10, 7.5 ft3
HAER 0.439, 0.382, 0.326, 0.283,
0.212 m3

> 90,100,120,140,160,180,20
R (%) 0,220
Bt fe 8 300 rpm
o I 300 rpm

& 2 - EE ARG EE

Synergi Gas FI K4



DNV-GL

WHITEPAPER
Synergi'" Gas

The effects of compressor constraints in pipeline
modeling and optimization

AUTHOR: Andrew Daniels, DNV GL, Sanjay Yadav, DNV GL, Richard Carter, DNV GL
DATE: May 2014

This whitepaper was originally presented by the authors at the annual Pipeline Simulation Interest
Group (PSIG) conference.

ABSTRACT

The purpose of this paper is to discuss the effects of compressor station constraints on pipeline modeling
and optimization results. Compressor definitions within pipeline models contain constraints which limit
their region of operation. These constraints can include maximum and minimum speeds, compression
ratios, cylinder clearances and powers. Operation of centrifugal compressors is also limited by their
surge and sonic flows. These constraints are used to reflect either actual compressor limitations or to
limit the regions of operation to more efficient areas. In the field, compressors temporarily need to
violate some of these constraints during startup and shutdown sequences. In optimization algorithms,
enforcing minimum constraints can sometimes cause sub-optimal answers because they produce “holes”
in the feasible space which can lead to local minima. This paper will investigate a methodology for
visualizing the effects of various constraints that a gas pipeline must satisfy for feasible operation. It will
also lay out the problems associated with using steady state compressor models containing minimum
constraints within pipeline simulation and optimization software.

The effect of compressor constraints on simulation results will be studied by examining how they impact
the maximum and minimum pressure envelopes. The value of this approach is that it makes it easier to
visualize how different pipeline constraints impact the available range of pipeline operation. This paper
will also alert modelers to the issues associated with using minimum constraints on compressor stations
during pipeline simulation and optimization.

INTRODUCTION

Compressor stations are placed throughout transmission pipelines to boost pressure allowing gas to be
transported over long distances. Mathematical models represent compressor stations within pipeline
analysis and optimization software. These models estimate compressor operating cost and predict the
feasibility of compressor operation under the given hydraulic conditions. Pipeline analysis results are
only as good as the compressor model’s ability to predict the station’s capability and fuel usage.

A number of compressor models exist which approximate the operation of compressors in the field.
These models range from fairly simplistic theoretical compressors which describe the capacity of the



compressor with a maximum power and efficiency, to sophisticated dynamic compressor models. Given
the large numbers of compressor calculations required within pipeline modeling and optimization
software, the compressor models chosen should strike a balance between computational expense and
accuracy. For this reason, pipeline optimization and modeling software frequently use steady state
compressor models. A detailed steady state compressor model will accurately predict operating cost as
well as the feasible operating region of the compressor it is representing.

Some compressor constraints bound unachievable operating conditions, while other compressor
constraints are optionally used to constrain compressor operation to more efficient operating regions.

An understanding of how constraints affect simulation and optimization results is useful in the process of
selecting which compressor constraints to enforce.

This paper will begin by discussing some of the constraints that reciprocating and centrifugal
compressors have. Next, it will describe a method for visualizing these constraints within the pipeline.
The paper will discuss the effects of enforcing these constraints within steady state analysis and
optimization and will conclude with some compressor modeling recommendations.

RECIPROCATING COMPRESSOR CONSTRAINTS

Reciprocating compressors use pistons to compress gas within cylinders similar to the way a bicycle
pump works. A number of different drivers are used to power reciprocating compressors including
natural gas engines, electric motors, diesel engines, etc. These drivers can be either variable speed
drivers or fixed speed drivers.

As pipeline conditions change, controllers must adjust the compressor’s operation to meet desired
pressure conditions. Three of the main ways for controlling reciprocating compressor operation are
through varying compressor speed, changing the amount of cylinder clearance, and changing the swept
volume of the machine. Variable speed drivers speed or slow the pistons, thus controlling the flow
through the cylinders. Also, many reciprocating compressors have either fixed or variable clearance
pockets on the cylinder. When these pockets are opened, the volume of the cylinder is increased
without increasing the amount of swept volume. This excess cylinder volume reduces the amount of
compression in the cylinder thus reducing the flow and required driver power. Lastly, by deactivating
cylinder ends, the total swept volume of the compressor is reduced thus reducing the flow and power
required to operate the compressor.

Fixed-speed fixed clearance reciprocating compressors

Some gas-fired reciprocating compressor drivers have a very small range in operating speeds. These
compressors cannot operate efficiently under loads when their speed drops below the minimum
operating speed. Some compressor drivers have such a narrow operating speed range that they are
essentially fixed speed machines.

As mentioned above, cylinder clearance can be increased by adding either variable or fixed clearance
pockets. Fixed speed compressors with fixed clearance pockets have discrete operating point surfaces
corresponding to each clearance pocket. This is illustrated using “RC_fixed_s_fixed_cl”, a single stage
3000 hp (2237 kW) reciprocating compressor having 5 unique swept volumes each containing 8
clearance steps. This gives a total of 40 clearance and swept volume combinations. For more
information about RC_fixed_s_fixed_cl, please see Table 2 in Appendix A.
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Table 1 shows the achievable reciprocating compressor flows for the clearance steps with a swept
volume of 13.5 in2 (87.1 cm2), a suction pressure of 800 psig (5516 kPa) and a discharge pressure of
950 psig (6550 kPa). The compressor cannot deliver flows between the values represented in the table.
Thus, the compressor can flow at 299.7 mmcfd (8.487 Mm3/d) and at 290.6 (8.228 Mm3/d) mmcfd but
not 295 mmcfd (8.353 Mm3/d) under these pressure conditions.

Clearance Flow Power
(%) (mmcfd) (Mm®/d) (hp) (kW)
90 304.3 8.617 2709 2020
100 299.7 8.487 2668 1990
120 290.6 8.228 2587 1929
140 281.4 7.969 2505 1868
160 272.3 7.710 2424 1807
180 263.1 7.451 2342 1747
200 254.0 7.192 2261 1686
220 244.8 6.933 2179 1625

Table 1 - Compressor RC_fixed_s_fixed_cl operation at a suction pressure of 800 psig (5516 kPa) and a
discharge pressure of 950 psig (6550 kPa) over a range of clearances.

Figure 1 shows the capacity of compressor RC_fixed_s_fixed_cl over a pressure range of 500 psig (3447
kPa). Notice that the capacity is defined for all suction pressures less than the discharge pressure. The
capacity of the compressor at lower pressure ratios is limited by the minimum clearance and maximum
swept volume. At higher ratios, the power required to operate the compressor at its minimum clearance
exceeds the driver’'s maximum power. The steps in the capacity plot indicate hydraulic conditions under
which clearance amounts must be increased to keep the required power lower than the maximum power.

500
400
300
200
100

Q, mmscfd (Mm*/d)

Figure 1 - Capacity (Q) of compressor RC_fixed_s_fixed_cl as a function of suction (Ps) and discharge
(Pp) pressures

| WHITE PAPER | Synergi Gas | www.dnvgl.com/software Page 3



When this compressor is operated at a given flow, the results are discontinuous. Figure 2 is a plot of the
compressor’s percent utilization as a function of suction pressure (PS) and discharge pressures (PD) for a
flow of 300 mmcfd (8.50 Mm3/d) with a pressure discretization of 2.5 psi (17 kPa).
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Figure 2 - Percent utilization as a function of suction (PS) and discharge (PD) pressures for a flow of
300 mmcfd (8.50 Mm3/d)

The scattered feasible points indicate calculations which happen to be performed at pressure and flow
combinations that corespond to available clearance steps. Note that most of the region is infeasible.

However, if one allows a continuum of clearances instead of fixed clearances, a larger section of the
region fills in. The following chart (Figure 3) is a plot of utilizations for a flow of 300 mmcfd (8.50
Mm3/d) at varying suction and discharge pressures for RC_fixed_s_var_cl. This compressor is identical

to the previous one except that the clearance is allowed to vary continuously between the maximum and
minimum values for a given swept volume.

Utilization (%)

Figure 3 - Percent utilization as a function of suction (PS) and discharge (PD) pressures for a flow of
300 mmcfd (8.50 Mm3/d) allowing continuous clearance
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In the field pipelines operate under transient conditions. While a model will solve for operation between
two clearance/pocket combinations, in the field the operator of the pipeline will achieve similar hydraulic
results by alternating operation between the two adjacent clearance steps. The authors recommend
always using a continuous clearance option when modeling reciprocating compressors with fixed
clearance pockets in pipeline modeling and optimization software.

The remaining gaps in the feasible region are due to swept volume changes. Since swept volumes are
changed in a stepwise fashion, at this flow there are gaps in operation corresponding to the transition
from one swept volume to the next. These gaps may be filled in by allowing the compressor to operate
below minimum speed.

Figure 4 is a plot of RC_var_s_var_cl under the same range of pressures at a flow of 300 mmcfd (8.50
Mm3/d). The only difference between this compressor and the previous one is that the speed is allowed
to vary continuously between 250 and 300 rpm. The discontinuities in the feasible operating region
vanish when a range of speeds is allowed. The authors recommend using the maximum speed range
achievable in the field when modeling reciprocating compressors in pipeline software.

Utilization (%)

Figure 4 - Percent utilization as a function of suction (PS) and discharge (PD) pressures for a flow of
300 mmcfd (8.50 Mm3/d) allowing continuous clearance and allowing the speed to vary between 250
and 300 rpm

Minimum power

One of the costs of operating a compressor is the amount of fuel used. The compressor’s fuel efficiency
can be described by the percentage of the gas entering the compressor that is used as fuel. When
compressors are operated under low power conditions, the percentage of fuel used can increase by more
than 130% over the usage at higher power conditions [1].

Compressor modelers sometimes specify a lower limit to the power in an attempt to operate the
compressor in the most efficient manner possible. If minimum power is treated as a constraint, the
compressor will shut down if the power is less than the minimum limit. If minimum power is treated as
a warning, compressors operating under minimum power will generate an alarm. The authors have seen
models of reciprocating compressors with the minimum power set as high as 80% of the maximum
power in an attempt to run the machines in the most efficient manner possible.
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Figure 5 - Capacity as a function of suction (PS) and discharge (PD) pressures for compressor
RC_fixed_s_var_cl_min_power

Figure 5 shows the capacity of the feasible region of compressor RC_fixed_s_var_cl_min_power, a
compressor identical to RC_fixed_s_var_cl except for an enforced minimum power constraint of 2400 hp
(1790 kW). Notice that the feasible region corresponding to the compressor operating under capacity
conditions is fairly large, but it begins at a compression ratio significantly larger than 1.0. However, the
feasible region for any given flow is quite narrow and shifts in pressure as the flow varies. Figure 6
through Figure 12 show the percent utilization for the feasible operating region of compressor
RC_fixed_s_var_cl_min_power operating at a series of flows between 350 mmcfd (9.91 Mm3/d) and 50
mmcfd (1.42 Mm3/d). Notice that the feasible region is quite narrow for each individual flow, and it
moves from lower compression ratios to higher compression ratios as the flow decreases.
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Figure 6 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of 350
mmcfd (9.91 Mm3/d) for compressor RC_fixed_s_var_cl_min_power
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Figure 7 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of 300
mmcfd (8.50 Mm3/d) for compressor RC_fixed_s_var_cl_min_power
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Figure 8 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of 250
mmcfd (7.08 Mm3/d) for compressor RC_fixed_s_var_cl_min_power
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Figure 9 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of 200
mmcfd (5.66 Mm3/d) for compressor RC_fixed_s_var_cl_min_power
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Figure 10 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of
150 mmcfd (4.25 Mm3/d) for compressor RC_fixed_s_var_cl_min_power; calculations were performed
over pressures ranging from 500 psig (3447 kPa) to 1000 psig (6895 kPa)

g

= 100

S

5 95

5 90
85

Figure 11 - Percent utilization as a function of suction (PS) and discharge (PD) pressures at a flow of
100 mmcfd (2.83 Mm3/d) for compressor RC_fixed_s_var_cl_min_power

Utilization (%)

Figure 12 - Percent utilization as a function of
suction (PS) and discharge (PD) pressures at a
flow of 50 mmcfd (1.42 Mm3/d) for compressor
RC_fixed_s_var_cl_min_power
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If the minimum power constraint is removed, the feasible regions of the individual flows increase
significantly as can be seen by comparing Figure 3 with Figure 7.

CENTRIFUGAL COMPRESSOR LIMITS

Centrifugal compressor operation can be represented by head flow maps. These maps describe the
operating efficiency and speed as a function of the adiabatic head and flow conditions through the
compressor, and give the boundaries of feasible compressor operation.

Centrifugal compressors used in pipeline applications are typically driven by natural gas fired turbines.
Like reciprocating compressors, these drivers also may have a limited range of operating speeds. The
authors have seen the minimum speed set to 40%-75% the maximum speed.

The following discussion will center on a centrifugal compressor “CC” modeled with a maximum power of
6000 hp (4474 kW) and a head flow map as described in Figure 13:

_9:'0 40000
:? (120)
=
_QE 30000
"'T;._ (90) Surge
=
1
& 2006?]0 12000 rpm
-g (60) 11000 rpm
% 10000 rpm
o 10000 9000 rpm
rpm i
o 2000 rpmp Sonic
= 0 : : :
g 0 1000 2000 3000 4000 5000

(28) (57) (85)  (113) (141)

Inlet flow ft3/min (m3/min)

Figure 13 - Head flow map for compressor CC

The blue line at the right hand side of the centrifugal compressor map represents the sonic limit. The
compressor can operate to the right of this line but discharge temperatures increase and the efficiency is
unknown. The top curve represents the operation at maximum speed and the bottom curve represents
the minimum speed. The curve at the left of the chart represents the surge region, where the
compressor cannot operate. The centrifugal compressor demonstrated in this paper is set up to recycle
gas flow to prevent operation in areas left of the surge line.

Figure 14 shows a centrifugal compressor capacity map for compressor CC. Notice that the compressor
does not begin to flow until the compression ratio is significantly above 1.0 due to minimum speed
requirements. Also notice that the capacity initially increases with increasing compression ratio. This
corresponds to the compressor operating along the sonic line.
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Figure 14 - Centrifugal compressor capacity as a function of suction (PS) and discharge (PD) pressures

Minimum Power

Like reciprocating compressors, centrifugal compressors often have minimum power requirements.
These minimum power requirements typically stem from efficiency and emissions concerns. Figure 15

illustrates the capacity of the above compressor with a minimum power set to 60% of the maximum
power.
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Figure 15 - Centrifugal compressor capacity as a function of suction (PS) and discharge (PD) pressures;
minimum power is set to 60% of maximum power

A comparison between Figure 14 and Figure 15 suggests that compressors with minimum power limits

must have significantly higher pressure ratios before they begin operating than compressors without
minimum power limits defined.

Figures 16 through 18 show utilization plots of compressor “CC” under various flow conditions. Notice
that the feasible region shrinks with decreasing flow due to the minimum power limits. By contrast,
Figure 19 shows the percent utilization of the same compressor without the minimum power constraint
at a flow of 100 mmcfd (2.83 Mm3/d). Notice that a much larger pressure region is feasible when the
minimum power constraint is removed.
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Figure 16 - Centrifugal compressor percent utilization at a flow of 200 mmcfd (5.66 Mm3/d) as a
function of suction (PS) and discharge (PD) pressures; minimum power is set to 60% of maximum power
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Figure 17 - Centrifugal compressor percent utilization at a flow of 150 mmcfd (4.25 Mm3/d) as a
function of suction (PS) and discharge (PD) pressures; minimum power is set to 60% of maximum power
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Figure 18 - Centrifugal compressor percent utilization at a flow of 100 mmcfd (2.83 Mm3/d) as a
function of suction (PS) and discharge (PD) pressures
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Figure 2 - Centrifugal compressor percent utilization at a flow of 100 mmcfd (2.83 Mm?3/d) as a function
of suction (Ps) and discharge (Pp) pressures with no minimum power applied

If sonic operation is allowed, the capacity map changes to the plot shown in Figure 20.
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Figure 3 - Centrifugal compressor capacity (Q) with no minimum power and sonic operation allowed

The capacity now decreases with increasing compression ratio. This will become important in the
discussions on the effects of compressor constraints on steady state analyses

FINDING A FEASIBLE PIPELINE OPERATION

In addition to compression constraints, gas pipelines have multiple operational constraints such as
maximum allowed pressure in pipes (MOP), minimum allowed pressure in pipes (MINOP) as well as
supply and delivery constraints. When compressor constraints are combined with overall pipeline
topology and constraints, it is sometimes difficult to determine if the pipeline even has a feasible
operation. This issue is obviously important for steady state analyses, and is also important for pipeline
optimization since most optimization algorithms require a feasible operation as a starting point.
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One approach to visualize the feasibility of constraints is to translate all constraints into overall
maximum and minimum pressure envelopes for the entire pipeline. If the minimum pressure envelope is
everywhere below the maximum pressure envelope, then there may be a feasible operation available.
Otherwise there is no feasible pipeline operation. We can build these pressure envelopes incrementally
by considering a few constraints at a time, which allows us to determine the specific constraint that
makes the pressure envelopes infeasible.

Let us discuss how to build the pressure envelopes in 3 stages. In stage 1, we will consider pipe MOP
and MINOP constraints. The pressure envelopes resulting from these will be referred to as Level 1
pressure envelopes. In stage 2, we will introduce minimum suction and maximum discharge pressures
for compressor stations resulting in Level 2 pressure envelopes. In the third stage, we will introduce
compressor station maximum limit constraints resulting in Level 3 pressure envelopes.

Pipe MOP and MINOP

Consider a pipe with specified MOP and MINOP as shown in Figure 21. To simplify the drawings without
loss of generality we will assume that MOP and MINOP are piecewise constant along the pipe and take on
only two discrete values. As fluid flows along this pipe, the pressure in the fluid changes with distance.
The shape of the pressure versus distance curve depends on flow rate, fluid and pipe characteristics and
elevation changes.

For a given value of flow rate and fluid and pipe characteristics, the effective MOP (EMOP) curve is
obtained by translating the pressure versus distance curve vertically from below the MOP curve until it
just touches the MOP curve. If the MOP was constant along the pipe, the contact between the two curves
would occur at a point along the pipe where the pressure was highest. For a pipe with variable MOP
values, the contact between the two curves can occur at a point along the pipe where the pressure is
less than the highest pressure. The effective MOP curve tells us that under the given conditions, the
maximum pressure allowed at a given point in the pipe is usually less than the MOP value at that point.

Similarly, the effective MINOP (EMINOP) curve is obtained by translating the pressure versus distance
curve vertically from above the MINOP curve until it just touches the MINOP curve. If the MINOP was
constant along the pipe, the contact between the two curves would occur at a point along the pipe where
the pressure was lowest. For a pipe with variable MINOP values, the contact between the two curves can
occur at a point along the pipe where the pressure is more than the lowest pressure. The effective
MINOP curve tells us that under the given conditions, the minimum pressure allowed at a given point in
the pipe is usually greater than the MINOP value at that point.

Level 1 EMOP

C/\‘/\Level 1 EMINOP

Pressure

Distance

Figure 21 - Level 1 pressure envelopes
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If the effective MOP curve is above the effective MINOP curve at all points along the pipe, then there
exists an operational strategy that will satisfy the effective MOP and effective MINOP requirements.
Figure 22 shows what the effective MOP and MINOP curves might look like at a higher flow rate with
consequent higher rate of frictional pressure drops. In this figure, effective MOP curve is completely
below the effective MINOP curve and there is no feasible pipeline operation available.

CJ’
MOP
A/ A\ \
e

Level 1 EMINOP

Level 1 EMOP

Pressure

MINOP —

Distance

Figure 22 - Infeasible level 1 pressure envelopes

Minimum suction and maximum discharge pressures for
compressor stations

In this stage we will consider the compressor stations at the upstream and downstream ends of the pipe
and determine the effect of the maximum discharge pressure of the upstream compressor station and
the minimum suction pressure of the downstream compressor station on the effective MOP and MINOP
curves.

In Figure 23, A’ “B’ is the Level 1 effective MOP and C’~ D’ is the Level 1 effective MINOP. If the
compressor station at the upstream end of this pipe has a maximum discharge pressure higher than A,
then there is no effect on the effective MOP curve. However, if the station maximum discharge pressure
is lower than A/, then this would lower the effective MOP curve as shown in Figure 23 leading to A” ~B”,
which would be the Level 2 effective MOP curve.

Pressure

Distance
= )
Max discharge Min suction
Pressure = A" Pressure = D’

Figure 4 - Level 2 pressure envelopes
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If the minimum suction pressure at the downstream end of the pipe is lower than D/, then there is no
impact on the effective MINOP curve. However, if the minimum suction pressure is above D/, then the
minimum pressure envelope has to be raised leading to line C// - D//, which would be the Level 2
effective MINOP curve.

Maximum limit constraints for compressor stations

Various compressor station maximum limit constraints (maximum power, maximum speed, maximum
flow, maximum ratio, etc.), limit the maximum amount of pressure rise a station can deliver at a given
flow rate. The maximum allowable pressure rise can impact the maximum and minimum pressure
envelopes. Until now we have considered pipe segments between two consecutive compressor stations.
Consideration of the maximum amount of pressure rise a station can deliver causes interaction among
the pressure envelopes across stations.

Consider the scenario shown in Figure 24 where there are three compressor stations and two pipeline
segments for which we have calculated Level 2 EMOP (A// - B//) and Level 2 EMINOP (C// - D//) curves.
Let the maximum pressure rise that can be achieved by the second compressor station be APmax.

We will consider how APmax impacts the Level 2 EMOP and EMINOP curves in the two pipeline
segments. For a given suction pressure Ps, discharge pressure Pd and pressure rise AP across the
station, we can say the following.

Pd = Ps + AP

The above equation dictates that we can maximize Pd by maximizing Ps and AP (since both are
positive). Thus the maximum pressure on the suction side of the second compressor station along with
the maximum pressure rise dictates a maximum discharge pressure. If this maximum discharge pressure
is greater than A// for the second pipeline segment, then its EMOP is not impacted. However, if the
maximum discharge pressure is lower than A// for the second pipeline segment, then its EMOP will need
to be shifted down resulting in Level 3 EMOP (A/// - B///) for the second pipeline segment.

The relationship between station suction and discharge pressures and station pressure rise can be
rewritten as follows.

Ps = Pd - AP

This equation dictates that we can minimize Ps by minimizing Pd and maximizing AP. Thus the
minimum pressure on the discharge side of the second compressor station along with the maximum
pressure rise for the second station dictates a minimum suction pressure for this station. If this
minimum suction pressure is less than D// for the first pipeline segment, then its EMINOP is not
impacted. However, if the minimum suction pressure is greater than D//, then its EMINOP will need to
be shifted upward resulting in Level 3 EMINOP (C/// - D///) for the first pipeline segment.

Level 2 EMOP -

=

- y - B
Level 3 EMINOP - — Level 3 EMOP

Pressure
nn

YT

[ a—— Level 2EMINOP D

Level 2 EMINOP -

Distance Distance

D D = =

Figure 24 - Level 3 pressure envelopes
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If compressors contain only maximum limit constraints, the level 3 maximum and minimum envelopes
themselves are feasible ways to operate the pipeline. Other feasible pipeline operations can be readily
found within the region between the level 3 maximum and minimum envelopes using a method similar to
the way the maximum envelope is developed. Desired set pressures (any value between the maximum
and minimum envelope pressures at each station) can be selected for each compressor station’s
operation. These set pressures can then be trimmed by applying the compressor constraints as in the
maximum envelope calculations.

However, if compressors contain minimum constraints, the envelopes do not necessarily represent
feasible operating scenarios. The following sections describe the effect of minimum constraints on
steady state analyses, steady state optimization, and transient look forward simulations.

EFFECTS OF MINIMUM CONSTRAINTS ON SIMULATION AND
OPTIMIZATION

The above discussion on pipeline envelopes proposes a method for determining the maximum range of
the potentially feasible region. Any selection of set pressures outside of the region bounded by the
maximum and minimum pressure envelopes is infeasible. However, the converse is not necessarily true.
A selection of set pressures within the bounds of the maximum and minimum envelopes may or may not
be feasible. To gain an understanding of the feasible region between the maximum and minimum
envelopes for a given pipeline flow, one can discretize the pressures between the maximum and
minimum envelopes and solve for compressor feasibility at each pressure combination. A feasible path
through the pipeline can be selected by analyzing the resulting data. A method for visualizing feasible
pipeline operation through the entire pipeline for a given flow is described below. This visualization
technique is used to point out the effects minimum compressor limits have on steady state analysis and
optimization.

To illustrate this process consider the fictitious pipeline illustrated by Figure 25 and Figure 26. The
pipeline transports gas from a single source in the far western side of the pipeline to a single delivery in
the east.

Figure 25 - Fictitious pipeline containing 3 compressor stations each separated by 75 miles (121 km) of
28 inch (711 mm) pipeline; all pipes are 75 miles (121 km) long

Each compressor station contains a single reciprocating compressor “RC_fixed_s_var_cl_min_power”
described in the section of this paper entitled “Reciprocating compressor limits”. Recall that this
compressor has a minimum power equal to 80% of the maximum power which gives it a rather narrow
feasible operating region.

For a given flow of 275 mmcfd (7.79 Mm?3/d) through the pipeline, the minimum and maximum pressure
envelopes for this pipeline are shown in Figure 27.
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Figure 5 - Maximum and minimum pressure envelopes for a flow of 275 mmcfd (7.79 Mm3/d)

The source node pressure and the discharge pressures from all three compressors are each discretized
into 10 pressures, with the maximum and minimum discretized pressures corresponding to the value of
the maximum and minimum pressure envelopes at that point in the model. The other 8 pressures are
spaced evenly between the maximum and minimum pressures. Given these discretized pressures and a
flow of 275 mmcfd (7.79 Mm®3/d), the steady state pipe equations can be solved for the downstream
pressures yielding the discretized suction pressures for all of the compressors. Figure 28 shows the
discretized suction pressures for compressor B in the first column and the discretized discharge
pressures for that compressor in the first row. The internal cells represent the results of compressor
calculations at the given suction and discharge pressures. The rows represent discretized suction
pressures (units of psig) while the columns represent discretized discharge pressures (units of psig). The
red portion of the table correspond to compressor calculations below minimum power, while the upper
left hand green corner of the table represents bypassed scenarios and the lower right hand green corner
represents feasible compression regions with compressor fuel in units of mmcfd reported in the cells.
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Figure 6 - Fuel and feasibility table for compressor B at a flow of 275 mmcfd (7.79 Mm®3/d)

This table is represented pictorially in Figure 29.
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Figure 7 - Pictorial representation of the feasibility table for compressor B at a flow of 275 mmcfd (7.79
Mm?3/d); the horizontal green box represents feasible compressor bypassed states, while the sloped
green section represents feasible compression states

The boundary of the dark gray and light gray areas at the left side of compressor B’s region represents
the suction pressures of compressor B. Similarly, the boundary of the light and dark gray area on the
right side of Compressor B’s section represents the discharge pressures of compressor B. The green lines
across the light gray area connect suction and discharge pressures corresponding to feasible compressor
operation. The horizontal green lines correspond to feasible bypass operation while the sloped green
lines span suction and discharge pressures corresponding to feasible compression. Note that
compression is only possible at high pressure ratios due to minimum power requirements.

Also note that bypass operation must correspond to a pressure drop across the compressor. All suction
pressures lower than the minimum pressure envelope at the discharge side of the compressor result in
infeasible bypass states.

Figure 30 extends the green section through the pipeline downstream of compressor B.
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Figure 30 - Pictorial representation of the feasibility table for compressor B at a flow of 275 mmcfd
(7.79 Mm3/d); the feasible region corresponding to the discharge of compressor B is extended through
the downstream pipes to the suction of compressor C
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The green lines between compressor B and compressor C through the dark gray region indicate possible
choices for the suction pressure of compressor C corresponding to the feasible discharge pressures from
compressor B.

Figure 31 shows the feasible regions for all of the compressors.
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Figure 31 - Pictorial representation of the feasibility table for all compressors at a flow of 275 mmcfd
(7.79 Mm3/d)

Compressor C has a narrow feasible region. Only the largest compression ratio is feasible due to the
minimum power limit on compressor C. Compressor C has no feasible bypass states because the
minimum pressure envelope at the compressor’s discharge node is greater than the maximum pressure
envelope at the compressor’s suction node. A feasible path through compressors B and C can only occur
where the green areas to the left of compressor C’s suction region intersect with green areas to the right
of compressor C’s suction border. Looking at the suction side of compressor C, this corresponds to
bypassing compressor B and compressing gas through C. To find feasible operating pressures through
multiple compressors one must find a path connecting feasible regions through each compressor station.
The area between the blue lines in Figure 32 depicts the possible feasible paths through the pipeline.
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Figure 32 - Pictorial representation of the feasibility table for all compressors at a flow of 275 mmcfd
(7.79 Mm3/d); the feasible pipeline operating region is indicated by the area between the blue lines
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When dynamic programming is used to find the optimum control pressures through the pipeline it selects
a path through the green section between the blue lines that minimizes the objective function (fuel) for
this flow. For more information on dynamic programming please see the following references describing
the application of dynamic programming to optimize steady state pipeline operation. [2, 3].

To illustrate pipeline feasibility as a function of flow, the pipeline flow is varied from 5 mmcfd (0.14
Mm?3/d) to 400 mmcfd (11.3 Mm3/d) in increments of 5 mmcfd (0.14 Mm3/d). Dynamic programming
fuel minimizations were performed at each flow value. Figure 33 plots the required fuel in black with
infeasible regions in red.
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Figure 33 - Pipeline fuel usage as flows are varied from O to 400. The red regions represent flows with
no possible feasible pipeline operation

The maximum and minimum pipeline pressure envelopes cross at a flow of 338 mmcfd (9.57 Mm3/d).
This corresponds to the maximum capacity of the pipeline. The gaps in the feasible solutions are a
result of minimum constraint violations and can be explained by examining the feasibility plots generated.
Figures 34 through 40 show feasibility plots for a sample flow from each of the feasible and infeasible
regions.
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Figure 34 - Feasibility chart for a pipeline flow of 50 mmcfd (1.42 Mm3/d). The only feasible operating
mode is to fully bypass all compressors.
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Figure 8 - Feasibility chart for a pipeline flow of 150 mmcfd (4.25 Mm3/d). The pipeline cannot be
operated since there is no connection between feasible regions through the entire pipeline. The frictional
pressure loss through the pipes is too large to meet the minimum delivery pressure and compression is
not possible due to minimum power requirements.
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Figure 9 - Feasibility chart for a pipeline flow of 200 mmcfd (5.66 Mm®/d). Compressor A is
compressing while compressors B and C are bypassed

| WHITE PAPER | Synergi Gas | www.dnvgl.com/software Page 21



1000
(6895)

950
(6550)
900

(6205)

850
(5861)

Pressure (psi) (kPa)

800
(5515)

750 ¥
(5171)

Figure 10 - Feasibility chart for a pipeline flow of 230 mmcfd (6.51 Mm?®/d). Feasible pipeline operation
is not possible since the bypass states from compressor B do not intersect with bypass states on
compressor C
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Figure 11 - Feasibility chart for a pipeline flow of 275 mmcfd (7.79 Mm3/d). Feasible operation consists
of bypassing compressor B and compressing through compressors A and C
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Figure 12 - Feasibility chart for a pipeline flow of 310 mmcfd (8.79 Mm®/d). Feasible pipeline operation
is not possible since gas enters compressor C at too high a pressure
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Figure 13 - Feasibility chart for a pipeline flow of 335 mmcfd (9.49 Mm?®/d). All three compressors are
compressing

These gaps in the feasible region are direct results of the minimum constraints on compressors causing
infeasible solutions. The first feasible region consists of free-flowing the entire pipeline through three
bypassed stations. As the flow increases, the frictional pressure losses increase to the point where the
minimum delivery pressure of 860 psi (5930 kPa) is violated. Compression is needed to boost the
pressure of the gas. However, the power required for one compressor to discharge at the MAOP of the
pipeline is less than the minimum power of the compressor, making operation infeasible.

At a flow of 185 mmcfd (5.24 Mm3/d), the flow and the pressure drop through the pipeline become
sufficient to operate compressor “A” above its minimum power. However, when the flow exceeds 215
mmcfd (6.09 Mm3/d), it becomes necessary to start another compressor to avoid minimum delivery
pressure violations. Two compressors cannot be run at this flow without violating minimum power or
maximum pressure requirements. When the flow is increased to 245 mmcfd (6.94 Mm3/d), a second
compressor can be started without violating minimum power limits. Similar reasoning can be used to
explain the feasibility gap between 300 (8.50) and 320 mmcfd (9.06 Mm3/d), where three compressors
must be run to meet the minimum pressure requirements.
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Steady state optimization

The above discussion illustrates how minimum limits in compressor stations may cause gaps in feasible
pipeline operation as a function of pipeline flow. These gaps in feasibility can cause steady state
optimizations to give sub-optimal answers. Steady state optimization typically uses a two-step
optimization process. Dynamic programming is used to solve for the set of compressor operating
pressures that minimize the objective given a set of loop flows. An outer flow optimization algorithm is
used to vary the model’s loop flows in such a way as to obtain the optimal network flow distribution.
The optimization proceeds by alternating between flow-update steps and dynamic programming steps.

The flow-update step typically uses a direct search method or a descent method to vary the flows in a
search for the optimum objective. These methods start with an initial guess and take steps toward the
optimum. They can get stuck in local minima if the function is not continuous. In the above example, if
the objective is to find the maximum flow in the system, the flow optimization could potentially fail to
“step over” the infeasible gaps at flows of 85 (2.4), 220 (6.2), or 305 mmcfd (8.6 Mm3/d). Since the
sample problem introduced in this paper is one dimensional, more robust techniques can be used to find
the optimum by a more complete search of the solution space. However, as the number of optimizable
flows in the system increases, it is more computationally expensive to sample points in the infeasible
space, so the solution is more likely to end up in local minima.

This illustration focused on feasibility gaps generated by minimum power constraints in reciprocating
compressors. Other minimum constraints can cause feasibility gaps as well: as outlined earlier in the
paper, centrifugal compressors may have minimum speed and minimum power constraints. These
constraints also produce a reduced feasible region, which can affect pipeline feasibility. A more extreme
example is the fixed speed, fixed reciprocating compressor. Fixed speed, fixed clearance compressors
will almost always cause dynamic programming to fail to find a feasible operation condition (other than
the trivial bypassed state). As illustrated above, dynamic programming requires that for a given flow,
compressor operation be calculated over a discretized series of suction and discharge pressures. If the
discretized flow, suction and discharge pressures do not exactly line up with a clearance pocket
combination as illustrated in Figure 2, the point will be infeasible.

We recommend that minimum compressor constraints should be ignored during steady state
optimization when it results in infeasible points. This will allow all pipeline flows to be feasible as long as
the maximum and minimum pressure envelopes do not cross. However, the dynamic programming step
should be configured in such a way as to preferentially select operating conditions with no minimum limit
violations.

Steady state analysis

The next question is how do minimum compressor constraints affect steady state analyses?
Compressors in steady state analyses are normally set up to hold either the suction or discharge
pressure as opposed to being set up to operate at their capacity. If the compressors do not have
sufficient capacity to deliver the required set pressures, the compressors switch to capacity control and
back down from the set pressure.

Let’s consider compressor “RC_var_s_var_cl” in the section entitled “Reciprocating compressor limits”.
Since there is no minimum power limit, the capacity increases with increasing suction pressure and
decreasing discharge pressure. Let’s assume that the discharge pressure is set to 900 psig (6210 kPa)
and the pipeline hydraulics dictate that the flow is 200 mmcfd (5.66 Mm3/d) and the suction pressure is
575 psig (3960 kPa). Compressor “RC_var_s_var_cl” has a capacity of 129 mmcfd (3.65 Mm3/d) under
those conditions, so the steady state would switch the compressor to capacity control, and the
compression ratio would decrease until the capacity of the compressor is sufficient to meet the flow.
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In this case, if the suction pressure is more or less constant the discharge pressure would decrease to
below 775 psig (21.9 kPa).

However, if the minimum power limit is enforced, there is only a very narrow band of feasible operation.
For the above example, at a flow of 200 mmcfd (5.66 Mm3/d) and a suction pressure of 575 psig (3960
kPa), the feasible region is between discharge pressures of 725 psig (5000 kPa) and 750 psig (5170 kPa).
If the set pressure is selected above this narrow feasible region, capacity control can allow the
compressor to find a feasible solution for the pipeline. Conversely, if a discharge set pressure is selected
below this feasible region, the only options to obtain feasibility are to increase the set point or to shut
down the station.

A similar problem arises when a compressor’s capacity increases with increasing compression ratio. This
can occur in centrifugal compressors when their capacity is defined by operation along the sonic line (see
Figure 14). Again, if the compressor is operating under hydraulic conditions such that the flow reaches
the sonic line, switching the compressor to capacity control will result in increasing the compression ratio
instead of decreasing the compression ratio. Thus, the only ways to find a feasible operation is to either
shut down the compressor or increase the compression ratio so that the set pressure is violated. As
previously stated, this problem will vanish if compressor operation is allowed within the sonic region (see
Figure 20).

Because of the potentially narrow feasible region due to minimum compressor limits, the authors
recommend that for steady state analyses, operation below minimum values should be treated via a
warning as opposed to a constraint. Another possibility is to allow the algorithm to increase compressor
set pressures if compressor operation falls below minimum limits.

Transient analysis

One main way that minimum constraints affect transient analyses is during the compressor station
startup process. If a compressor is limited by minimum power or minimum speed, during the startup
process the compressor will need to violate these minimum limits to proceed from a compression ratio of
1.0 to the desired operating ratio.

Compressor start up requires taking compressors from rest to a feasible operating point. This is an
inherently dynamic process that proceeds in a controlled manner which may involve the compressor
recycling gas until the compressor is brought up to speed. Typically, compressors are not placed under
load until they reach operating conditions.

There are multiple ways to work around this solution. The compressor start-up process could be

modeled in detail. Another option is to treat minimum limits as warnings instead of constraints, similarly
to our steady-state recommendations. These warnings can be ignored during station startup sequences.

A third option would be to simply ignore infeasible compressor operation until the feasible region is found.

TAKEAWAY THOUGHTS

We recommend visualizing the feasible region depicted by compressor models before using them within
pipeline simulation or optimization software. If there are any holes within the operating region or if
there are non-convex or non-continuous regions, one should be aware of the effects of these during
pipeline modeling and optimization. When using pipeline modeling in optimization software, it is always
a good idea to fill in the “holes” relating to minimum compressor limits.
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APPENDIX 1
Attribute RC_fixed_s_fixed_cl
Maximum Power 3000 hp (2237 kW)
Minimum Power 0 hp (0 kw)
Number of swept 5
volumes
Number of 8
clearances / swept
volume
Swept volumes 15.5,13.5,11.5, 10, 7.5 ft*
0.439, 0.382, 0.326, 0.283, 0.212 m®
Clearances (%) 90,100,120,140,160,180,200,220
Maximum speed 300 rpm
Minimum speed 300 rpm

Table 2 — Reciprocating compressor data
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design and engineering, risk assessment, asset integrity and optimization, QHSE, and ship management.
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