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o] Ao B N AACR da o] 851 1T, N3} §-80] =& Air Products and Chemicals Inc. (APCI) jit:2] C3MR
(Propane Pre-cooled & Mixed Refrigerants) 1 A7} A A of] AR &= Sghlnf o] 22 ZAS EA8H] 7oz AA
3= Aotk FA A= A A BAE o] 890 o1 E3 Y ull = methane (C)), ethane (C,), propane (Cs)Z} nitrogen (N>)
2 A3ttt 183l EFHE A A|(mixture design, MD) 2} 541 ¢H4d A &) HH(central composite design, CCD)S ©]-8-3}o] &
A B4 oAUl A| 28]7F H 47} 57 Sk HHe] Eahgo) 2L AGSHATE AT AL /1E AA ol J) 11.28%2]
oY A] 48] A7 FolstAct E3F F A2 ¥ W 37| (main cryogenic heat exchanger, MCHE) 9] 2= i 21} Ql-S =3
A4 a&4% A vl as it

ZFH0] : C3IMR, E3Hyl, 223}, o= A, Wh-g-3E

Abstract : The purpose of this work is to optimize composition of mixture refrigerants used in the C3MR (Propane & Mixed
Refrigerants) process by a statistical optimization technique. C3MR studied in this work is one of widely used commercial natural
gas liquefaction processes with high efficiency. Process simulation was performed in a commercial process simulator and
methane (C,), ethane (C,), propane (Cs), and nitrogen (N,) were selected as mixed refrigerants. Using the process model,
optimum composition of refrigerants mixture was determined via mixture design and central composite design to produce
minimum energy consumption. As a result, it was confirmed that energy consumption is reduced down to 11.3% comparing to
existing design. It was also compared with heat effectiveness through temperature profile of MCHE (main cryogenic heat
exchanger).

Keywords : C3MR, Mixed refrigerant, Optimization, Mixture design, Response surface method
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Table 1. Mole fraction of components of natural gas, MR and Cs

Component Natural gas [%)] MR[%] C3[%]
Nitrogen (N>) 29 8 -
Methane (C)) 89.7 45 -

Ethane (C») 55 45 -
Propane (Cs) 1.8 2 100

n-Butane (n-Cs) 0.1 - -
Total 100 100 100
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Table 2. Boundary condition of C3MR

Stream/Equipment | Boundary condition Value
Pressure [kPa] 4000
NG
Mass Flow [kg/s] 2.78
C3-1, NG, MR-1 Temperature [K] 303.15
NG-3 Temperature [K] 237.83
NG-4 Temperature [K] 143.15
NG-5 Temperature [K] 116.25
MR-1 Pressure [kPa] 4790
C3-1 Pressure [kPa] 1081
MCHE Pressure drop [kPa] | Hot : 500, Cold : 50
Temperature [K] 110.45
LNG Pressure [kPa] 121
Mass Flow [kg/s] 2.60
AT &5 9 7Ish o= %‘: stof A Ci, Co, Cs,
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Figure 1. C3MR process flow diagram.
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Table 3. Analysis of variance results

Source |DF | SeqSS | Adj SS |Adj MS F P
Regression | 14| 66087.0| 66087.0| 4720.5| 1499638.55| 0.000
Linear 4| 66012.7| 58441.5| 14610.4| 4641523.07| 0.000

Cl1 1| 2379.1| 2379.1| 2379.1| 755822.91| 0.000

C2 1| 9804.7| 9804.7| 9804.7| 3114806.99| 0.000

C3 1] 49512.2| 41940.9| 41940.9| 13324075.18| 0.000

N2 1| 4316.8| 4316.8| 4316.8| 1371387.21| 0.000
Square 4 35.6 35.6 8.9 2825.21| 0.000

C1*C2 1 0.0 0.0 0.0 7.99| 0.013

C2*C2 1 35 23 23 725.15| 0.000

C3*C3 1 30.3 30.7 30.7 9762.36| 0.000

N2*N2 1 1.8 1.8 1.8 581.67| 0.000
Interaction| 6 38.6 38.6 6.4 2046.29| 0.000

C1*C2 1 0.3 0.3 0.3 80.17| 0.000

C1*C3 1 0.2 0.2 0.2 77.55| 0.000

CI*N2 1 0.5 0.5 0.5 144.25| 0.000

C2*C3 1 36.2 36.2 36.2 11512.61| 0.000

C2*N2 1 0.5 0.5 0.5 167.98| 0.000

C3*N2 1 0.9 0.9 0.9 295.17| 0.000
Residual error| 15 0.0 0.0 0.0
Lack-of-fit 0.0 0.0 0.0 * *
Pure error 0.0 0.0 0.0
Total 29| 66087.0
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Figure 3. Contour plots for compressor power.
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Table 4. Estimated regression coefficients

Hold Values
Cl 043
Cc2 028
C3 023
N2  0.09%5

Table 5. MR mixing ratio and power consumption in steps and
power reduction (%) achieved by optimal MR mixing ratio

Mole fraction
[%]

Optimal | 0.421 | 0.266 | 0.235 | 0.078
Case 1[18] |0.4180.299(0.213 | 0.070 | 4594.93 10.87
Case 2[17] |0.425]0.298 | 0.212 | 0.065 | 4605.77 10.66

Consump- | Reduc-
tion [kJ/s] | tion [%]

4574.12 11.28

C C, G | N2

]
]
Case 3[19] {0.390 | 0.408 [ 0.102 | 0.100 | 4843.55 6.05
Case 4[16] |0.450 | 0.450{0.020 | 0.080 | 5155.47 -

MAstel Wake PAYH FHEolth 44RO olRofd
MRo|H2 67}x]9] DL etion] 2t 7187t & A
B2 59 gl B Be 99 R aclo] of| lelx Ut

et A solth
AEZ} HA G AFE olste] o] g3u|E Fop
Hglom 1 dite £ 7 #22 24stgnh AfA= 71E
o] Aol AREaE ERhdu] 24d& oW Aol Ag3 2
of HEAIAN FHEE Foto] vaLstgleh. 1 A= Table
5°] L}EHHO*Q Hage 27] 2400 R8s 24 o
£ 5 dxe] ol A7 At H
- ol R 271 20 2
B

Table 601 rehujolet. u}]

Table 6. MR mixing ratio, power consumption and power reduc-
tion (%) achieved by steps

Mole fraction Consump- | Reduc-

[%] GGG NG [kJ/s] | tion [%]

Basic 0.450 | 0.450 | 0.020 | 0.080 | 5155.47 -

1st MD 0.415{0.435]0.080 | 0.070 | 4905.08 4.86

2nd CCD | 0.411 | 0.427 | 0.091 | 0.071 | 4860.26 5.73

Term Coef | Uncoded coef | SE Coef T P

Constant [4672.29 4676.41 0.02121 | 220332.118| 0.000
Cl1 9.96 3993.69 0.01145 869.381| 0.000
C2 -20211  -1999.12 0.01145| -1764.882| 0.000
C3 -49.46| -6647.00 0.01355| 3650.216| 0.000
N2 13.41 2644.73 0.01145| 1171.062| 0.000
C1*C1 -0.03| -1203.95 0.01065 -2.827| 0.013
C2*C* 0.29 716.77 0.01065 26.929| 0.000
C3*C3 1.37 6085.59 0.01386 98.805| 0.000
N2*N2 -0.26| -2567.80 0.01065 -24.118| 0.000
C1*C2 -0.13|  -1255.88 0.01403 -8.954| 0.000
C1*C3 -0.12]  -1646.91 0.01403 -8.806| 0.000
C1*N2 -0.17|  -3369.27 0.01403 -12.011 0.000
C2*C3 1.50 5016.56 0.01403 107.297| 0.000
C2*N2 0.18 9008.95 0.01403 12.961] 0.000
C3*N2 0.24 1606.51 0.01403 17.180] 0.000
S=0.0561049  PRESS =0.305094

R-Sq=100.00% R-Sq(pred)=100.00% R-Sq(adj) = 100.00%

3rd MD 0.435]0.234|0.239 1 0.093 | 4641.38 9.97

4th CCD (opt)| 0.421 | 0.266 | 0.235 | 0.078 | 4574.12 11.28
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