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<Refrigeration system> <L iquefaction system> <Refrigeration system for LNG> p3J+e’3J+m3J M1J M1J+M2J
\ Ambient / \ Ambient / \ Ambient / (Cascad e) (S M R) (D MR- I)
I 7o o
° ° ° NG 1T 2 3 4 s
Wc:> Wc:> ——— Gas Feed ) NG, 1 2 3 4 5 6 1 2 8 4 0 5 R Temperature [K] ~ 240.0 1464 1130 1093 1463
C Temperature [K] 298.0 271.4 2714 2714 2493 2493 Temperature [K] 298.0 1130 1130 298.0 298.0 113.0 Pressure [MPa] ~ 3.500 3500 3.500 0.300 0.300
— 1|1 lo Pressure [MPa] 0.949 0949 0448 0448 0949 0212 Pressure [MPa] 5300 5300 0400 0400 | 5000 5000 NG, Vapor fraction ~ 1.000 0000 0.000 0.059  0.696
' > Vapor fraction ~ 0.000 0.000 0.000 1.000 0.000 0.001 Vapor fraction 0.564 0.000 0.045 1.000 1.000 0.000 C Flowrate [kg/s] 0492 0492 0492 0492 0.492
L\IE 3 5 Ffwe r o
: . <):| h Flow rate [kg/s] 4.044 4.044 1.165 1.165 2.879 0.702 Flow rate [kg/s] 3.068 3.968 3.068 3.068 1.000 1.000 13 16 rll ! 0 n+m-+e+p+b [%] 11.9+64.0+21.3+2.8+0.0
We Q: We @ 3t><1¢ 2 1 43 6 7 8 9 10 11 12
LNG = ’ 8 9 0 1 12 13 14 n+Me+p [%] 8.6+30.1+24.3+37.0 é % % HX3
ﬁ o c ) ‘% z 2493 2307 2307 2307 2980 2714 2493 2307 A\ 10 5 1 2400 1464 1448 1463 2400 2980 2400
L 1 ?\ % = HX8 0212 00949 0100 0100 1.347 1347 1347 1347 x +-><}-T 17 3500 3.500  0.300 0300 0.300  3.500  3.500
/ Low-temperature source \ Liquid 10 6L><]¢5 13 44 1.000 0000 0002 1000 1.000 1.000 1.000 0.000 300 10 6 L1 4 0.000 0.000 0035 0230 1000 1000 0.307
— Y 0702 2176 2176 2176 1926 1.926 1926 1.926 [ T 2 % = HX2 1576 1576 1576 2068 2068 2.068 2.068
t t ol 8 |14 2054 2054 2054 1853 1853 1853 2054 168.8 2 [ 132% > 2| 13 14 1> 10 0 =l 18 19
aSS I I Ca I O n O e r I g e ra I O n yC eS > 45 1347 0566 0566 1347 0238 0238 0238 1.347 § 200 - |:IIX ,'r ;'7(?:: | 52 % J% "~ 298.0 240.0 240.0 298.0 298.0 240.0 164.4 113.0
@@‘ 27 0000 0001 1000 0000 0002 1000 1.000 0.000 s \ 1%/ / f 1400 1400 0310 0310 ) 5000 5000 5000 5.000
Toti £ " : 17| 21| 26 S 150l 4 0.000 0.000 0003 1.000 | 1.000 0994 0.000  0.000
2NN 1926 0644 0644 1282 0634 0634 0634 0647 & 150} 4 3 |19
. EXIStIng classification (Conventlonal) s = =2 S 2 Z|HX6 T o e 2 27 28 29 30 | N e > LNG 2471 2471 2471 2471 | 1.000 1.000 1.000  1.000
: 16] 20| 25 15 1688 1688 1853 2054 2244 2054 1853 168.8 oob—n - T ] 0.0+0.0+28.2+30.7+41.1
Refrigerant . — | [P 28 |46 2 4 6 800 02 04 06 08 1.0
/C T@Chnlcal te Fms Proper NOUnNSs Company y Y 0.100 0100 0100 0100 2261 2261 2261 2261 Entropy [kJ/kg-K] Fraction of heat transferred —_ .
omponents @l s 2 ¢ 2 < Z|HX5 0003 1000 1000 1000 1.000 1.000 1.000 0.000 [ [MIX, 0.3%
S Y 18 0647 0647 0647 0647 0571 0571 0571 0571 = HX1 PN N
Conoco Pilli PS > 29 |47 31 32 33 34 35 36 37 38 I\/I 2 J - i mem \._\
SMR PRICO APCI 2 2 ‘% ‘% Hxa 1442 1442 1442 1257 1257 1257 1442 1130 g N
2261 0800 0.800 2261 0283 0283 0283 2261 5 \ ;
C3-MR DMR(I, I1) AP-X st |2 2
: 0.000 0000 1.000 0000 0004 1.000 1.000 0.000 £ \ /
Linde 30 |48 5 :
- - 0571 0331 0331 0240 0155 0155 0.155 0.085 . 4
Nitrogen-Expander | Optimized Cascade LIQUEFIN & - - > : > ° ~
MUSTANG 33 37| 42 ‘ ¥ 4 4 4 ] 0 2448 4 0B Temperature [K] 2980 2400 2155 2222 2980  298.0 N
MFC TEALARC 2 S 2 S  Z|Hx3 1130 1130 1257 1442 | 2080 2714 2493 2307 Pressure [MPa] 4000 4000 0300 0300 0300  4.000 900 02 04 06 08 1.0
AXxens 2 % a1 a1 0.114 014 0114 0114 | 5000 5000 5.000 5.000 G Vapor fraction 0000 0000 020 0687 1000 1000 Entropy [kJ/kg-K] Fraction of heat transferred
Lk ! 0 0.005  1.000 1.000 1.000 | 1.000 ~1.000 1.000 0.975 Fefd Flow rate [kg/s] 1892 1892 1829 4257 4257 4257
(- i i 0.085 0085 0085 0085 | 1.000 1.000 1.000 1.000
% % m % % HX2 0 n+m+e+p [%] 1.1+11.3+30.3+57.3 8.6+30.1+24.3+37.0
 Proposed classification (Academic) = 3 . 6 o 13 . o o T T R T I TR
PLE g 50 2054 1853 1688 1442 1257 1130 2980 2400 1130 1118 2258 | 2980 2400 1130 p4\] T M 2\]
Refrigerant| Pure Refrigerants Mixed Refrigerants Pure and Mixed 5000 5.000 5000 5000 5.000 5000 12 4000 4000 4000 0300 0300 | 5000 5000  5.000
= S S| X1 0760 0000 0000 0000 0.000 0.000 ' ‘ (C3 M R)
Cvcle tvpe PR - ' ' ' ' ' ' bxy 1000 0312 0000 0045 0974 | 1000 0974  0.000
y yp ( ) (M R) Refrlge rants 39[ 38 |51 1.000 1.000 1.000 1.000 1.000 1.000 % = = 2365 2365 2365 2365 2365 | 1000 1000 1000
1 2 3 4 5 6 7 8
SMR with PS : If,[);;lg T2 MIX, 27% 300 — T Temperature [K] 2310 1425 1130 1088 1424 2310 1425 1408
JT Cycles Cascade C3-MR = 250! PIXS | AG 02T T _ ' i ﬂ:x 0.6% Pressure [MPa] ~ 3500 3500 3500 0300 0300 3500 3.500  0.300
PRICO = 7| ? - \ 24, 250 9{11 | Vapor fraction 1000 0000 0000 0062 0739 0000 0000 0035
3 200 = B HX6 T 247% \ = | /AN, \ A Flow rate [kg/s] ~ 0.392 0392 0392 0392 0392 1476 1476  1.476
DM R(I “) Z | ' | " FoM B 2001 o — | rom
1 2 . HX7 - \_— v 5 : | ] . n+m+e+p [%] 12.9+68.0+17.4+1.7 1.6+28.1+49.9+20.4
= 150 _ o | HXS X 69.8% 2 Hx | 533%
= 341153 i Al ingf X ; E’ 150 25.0% ;}' > 9 10 11 12 13 14 15
_ O . e e, (O N+ 1S Y 0 O AR PR IR ~ R : ~ ) G 1426 231.0 2980 2777 2600 2446 2310
N Turbine 0 2 4 6 § 1000 92 04 06 038 10 ool fo0 b C Feed 0300 0300 3500 3500 3500 3500  3.500
Brayton Cycles Entropy [kJ/kg-K] Fraction of heat transferred 1 3 5 7 0.0 02 04 06 08 1.0 7' 6 |l lo 0217 1000 1000 0889 0602 0411 0273
Dual N Turbine Entropy [kJ/kg-K] Fraction of heat transferred 19 oy ' ' ' ' ' ' '
R\ E s = S|hxe 1868 1868 1863 1868 1868 1868 1868
4.7+39.0+41.0+15.3
181 ] 17
n 1 B 12 29 16 17 18 19 20 21 22
. d HZB A\ 22% : % Slhxs 2980 2777 2777 2777 2600 2600 2600
Combined or (N Itrogen-EXpan er) ot 20 0949 0949 0543 0543 0949 0310 0.310
C3-C2-N2 NG Claude AP-X 13 30 0000 0000 0000 1000 0000 0001  1.000
25 v
Claude Cycles c % : = S|mHxa 3120 3121 1030 1080 2001 0990 0990
c\ % 23 24 25 26 27 28
A 1 2 3 4 5 6 ¥ 24T—l><1< ST 31
2046 2446 2446 2310 2310 2310
NG Temperature [K] 298.0 254.0 162.9 113.0 162.9 236.3 28 ] ! !
N omenc I atu e Of CyC I es Temperature [K] 2980 2722 1129 2549 2980 | 2980 2722  113.0 : . 10 Vapor fraction 1000 1000 1000 1000 1000 1000 K T 0000 0001 1000 0000 0002 1000
é % % 1Y Pressure [MPa] 10.00 10.00 0560 0560 0.560 | 5.000 5.000 5.000 é % % % HX3 Flow rate [kg/s] 6.919 6.919 3.244 3.244 3.244 3.244 0 . 9 32 1101 0635 0635 0467 0467  0.467
Vapor fraction  1.000 1.000 1.000 1.000 1.000 | 1.000 1.000  0.000 [ ! 8 9 0 10 11 12 = 0 29 30 31 32 33 34
: : 5 HX2
Refrigerant —\ /7 Number of stage Top cycle | | Middle cycle | Bottom cycle 2 l 4 |6 Flowrate [kgls] 4919 4910 4910 4919 4919 | 1000 1000  1.000 2 8 ; 210 39182.8 3?;66(3) (2)9480.8 29080.2 250458 ;6026?) ;10363 9% 8 7% s = o0 970 a0 smie siio 1ms 10
— A — A — A E HX1 E HX2 : : : : : : : P — 2 |33
b (butane) Q %3 %7 3 r - 1000 1000 1000 | 1000 1000 0000  0.000 5 ol 5000 5000 5000 5000 5000 5000 5.000
e (ethane) M ZJ 3 J 1 |3 J + 3 J s NG | S 3244 3675 3675 | 1000 1000 1000  1.000 2 S Z|hHxy 1000 1000 1000 1000 0976  0.000 0000
e' (ethylene) p e I I I /E\ S Z|Hx 0 1000 1.000 1.000 1.000 1.000 1.000  1.000
n (nitrogen) 1 f f 3 00: I ] ' ' ' T 7 ) 4 |12 NG 4 e 3 _3,4|_NG
M (mixed refrigerant) Cycle type — | g 1 1 N
Combination M 250+ / \ 300 e
m (methane) B (Brayton) _ P AC - %
+ = 3% —_ > = -
P (propane) C (CIaUde) / (l:()ser:lesl)) % 200 ‘ | ! 3 FOM NJ & 250 . /AC \ R, HX2
J (Joule-Tompson) aralle g xS 603% ® s \ o =
y 5 ‘ 2 .
= [ 12.4% / = | : S HX3
O [ Y £ 200 Lgx— = FoM | o T
= 150F N\ 4 ) \ 6.2% 671% = HX4 |
p3J+e’3J+m3J 3-stage propane, 3-stage ethylene, 3-stage methane JT cycles Cascade | 11 , _ £ <0 3 § - iEXsE ]
- ltrogllen e - 1 " 1 " ] I L L L 1 L 1 " i 1 L | = \\\\ /’/ / : Il‘l>(6 \\\“‘m ////
M1J, M2J 1-stage MR JT cycle, 2-stage MR JT cycle SMR, SMR with PS s 3 A 5 600 02 04 06 08 10 S — v TR e
Entropy [kJ/kg-K] Fraction of heat transferred 100 L Nitrogen ., ** ., . & . ¢, . . . 0 . . I " | | 900I | 0I2 | 0|4 II 6I6 i 0I8| 1.0
M1J+M1J Dual 1-stage MR JT cycles PRICO 2 3 4 5 600 02 04 06 08 10 Entropy [kJ/kg-K] " Fraction of heat transferred
Entropy [kJ/kg-K] Fraction of heat transferred
M1J+M2J 1-stage MR, 2-stage MR JT cycles DMR-I
M2J+M2J Dual 2-stage MR JT cycles DMR-I1
p4J+M2J 4-stage propane, 2-stage MR JT cycles C3-MR S umn ary AC kn OWI ed g m e ntS
blJ/elJ+M2J Parallel 1-stage butane/1-stage ethane, 2-stage MR JT cycles
nlB, n2B 1-stage nitrogen Brayton cycle, 2-stage nitrogen Brayton cycle N Turbine » The ref”geratlon cycles - Classified in a systematic way * " "
el e A Sl el A This research is supported by a grant from
m1B+nlB 1-stage methane, 1-stage nitrogen Brayton cycles Dual Turbine : . :
: Y TEAT (2 Eeon £ — By the type of expansion processes : JT / Brayton / Combined cycles the LNG Plant R&D Center funded
p3J+e3J+nlB 3-stage propane, 3-stage ethane JT, 1-stage nitrogen Brayton cycles C3-C2-N2 ] ] ] =
— By the type of refrigerants : Pure / Mixed refrigerants by the Ministry of Land, Infrastructure and Transport
M1C 1-stage MR Claude cycle NG Claude
: y . . . _ _ (MOLIT) of Korean government.
p4J+M1J+n1B 4-stage propane, 1-stage MR JT, 1-stage nitrogen Brayton cycles AP-X » A newly proposed nomenclature - Effectively used to identify the thermodynamic structure of refrigeration cycles
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