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1. INTRODUCTION

1.1 OBJECTIVE OF THE NOTE

This note gathers process PFDs, TS diagrams and efficiency compared to Carnot for the 6
Operating modes described in the Technical Specification for the Procurement of CHL 4.5K

Cold Box System.

In addition, a 7" mode named “50% Mode” and a 8" mode named "50% Standby" given by

JLAB during project execution are also integrated in this note.

1.2 REFERENCE DOCUMENTS

[1] Technical Specification for the Procurement of CHL 4.5K Cold Box System

[2] Mode 7, 50% Turn-Down Operating Mode for the Cryoplant, (Dt:10/16/2015)

[3] Mode 8, 50% of Mode 6-Standby, (Dt:03/16/2016)
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2. MODE 1 - MAX CAPACITY
2.1 PROCESS INPUTS
Supply Return
Load w p T p T q
[gs] | [atm] (K] | [atm]  [K] | [kW]
Warm Shield =146 Note 1 =35 =>2.5 <55 =15.2
—Cold-intereept =3 — b5 =230 55 e
4-K Refrigeration
4-K Liquefaction =15 =3.2 4.5 1.10 300.0
Sub-Atmospheric =200 >3.2 4.5 1.20 30.0 +
Max. Capacity: Model
Loads: Supply Return
w p j i p T q
lg/s] _____[atm] K] _Jatm] [K] [KW]
C. Shield 364 3.000 5.10 1.277 7.50| 1.3

2.2 MAIN RESULTS AND REMARKS

SHe supply for 4-K Liguefaction and Sub-Atmospheric at 3.2 atm and 4.55K
Sub-Atmospheric Return pressure at 1.236 atm.

Supply Return
w P T P T q
oad [g/s] (atm] (K] (atm] (K] [kw]
Warm Shield 145.5 3.56 35 2.56 55 15.2
Cold Shield 40.59 3.0 5.43 1.277 7.5 1.3
4-K Liquefaction 15 3.2 4.55 1.10 300 23.4
Sub-Atmospheric 200 3.2 4.55 1.236 30 31.8

2.3 PROCESS PFD
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LPL_00

Mode 1: Max Capacity

Bearings
+Leaks

From
Liquefaction

LPR_01b
PipingLPL ipingLPR

Return_Liquefaction

LPL_03b

Cryoline
LPL

Recycle_MP Recycle_HP Heat Loads
ons Warm_Shield Cold_Intercept Refrigeration Liquefaction Sub_atm
Comp_LPLIoMP R o o DUTY W 15200 1300 0 23420 31754
e v o0a e oon PoingrORS Feed Temperature K 35.00 5.43 4.55 4.55 4.55
¥ = PipinghP oo Feed Pressure atm 3.558 3.000 3.200 3.200 3.200
oL oad - o Bearing Product Temperature K 55.00 7.50 4.47 300.00  30.00
HX-2ndStage Product Pressure atm 2.558 1.277 1.250 1.100 1.236
LPR_00 HP_01 Mass Flow als 145.5 40.6 0.0 15.0 200.0
1
MP_00c
rxRecycte Warm Compression Station
< " on Comp_LPLtoMP  Comp_LPRtoMP  Comp_MPtoHP
LPR 01a vLv-8 - Capacity (act feed vol flow) ACT_m3/h 15701 5579 5042
e — — Feed Pressure atm 1.050 2.350 6.000
vLv-r - Feed Temperature K 306.1 306.3 310.0
Product Pressure atm 6.150 6.150 19.000
Mass Flow als 729.5 579.4 1318.9
N2_03a
V_N2
- LN2_Supply Cryogenic Expanders
T1 T2 T3 T4
Power kw 28.62 20.96 14.05 294
Feed Temperature K 55.48 29.94 16.48 6.90
Feed Pressure atm 18.054 17.974 17.882 17.871
Product Temperature K 35.00 17.19 7.49 5.49
Product Pressure atm 3.603 2.609 1.260 3.242
Mass Flow als 2614 3186 3675 3443
Adiabatic Fluid Head kJ/kg  140.4 84.4 49.6 115
Adiabatic Efficiency 78 78 77 74
Return_Shield

UA (Calculated)

Supply_Liquefaction

Q_Liq Uiduefaction

Heat Exchange
HX-01A HX-01B HX-02 HX-03
W/C 203302 234542 9814 151549

HX-04 HX-05 HX-06
4249 146507 58807

79.75
18.344
1291.8

HP_09b

16.48
17.943
3443

LPR_07
28.99
2.582
318.2

Minimum Approach K 3.34 331 08 079 140 035 035
Heat Leak w 203 234 10 152 5 147 59
T1 050 HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
Q_Shield UA (Calculated) W/C 76304 5878 26772 2034 0 1722 3948
o Minimum Approach K 0.56 061 010 010 052 010 008
Heat Leak w 76 6 27 5 5 5 0
T1 06a Warm | Shield
TLDGGN T1 06C !
Supply_Shield
Supply_Shield_a Streams HP
=ONEEE vLv-supplyshield HP_00a HP_0Ob HP_00c HP_01 HP_Ola HP_Olab HP_Olb HP_Olbb HP_02 HP_02a HP_02b HP_03a
From 2o Temperature K 552,30 310.00 31003 310.03 31003  310.03 31003  310.03 8236 8236 8236
T o ugqimz Pressure atm  19.000 19.000 18500 18500 18500  18.480 18500  18.480 18.348 18.348 18.348
2 Mass Flow g/s 13189 13189 13189 12918  598.7 598.7  693.0 693.0 12918  598.7  693.0
HP_03b HP_03c HP_04 HP_05a HP_05b HP_06 HP_07a HP_07b HP_08a HP_08b HP_09a
2 08a Temperature K 79.78  79.78  56.40 5548  55.48 3534  29.94 2094 17.78 1780  16.48
Pressure atm 18186 18.176 18117 18115 18.115 18058 18.035  18.035 18.005 17.945 17.943
et SubAm Mass Flow g/s 12918 12918 12918 12918 10304 10304 1030.4 711.8 7118 7118 7118
- | S HP_10 HP_1la HP_11b HP_12a HP_12b HP_12c HP_13a HP_13b HP_13c HP_13d HP_13e
HP_08bQ_ads20k BTy Temperature K 7.59 6.89 6.89 5.91 5.70 5.49 5.30 5.30 455 455 455
1x08 T2_08c VLvTaout Pressure atm  17.933 17.932 17.932 17.932  3.234 3234 3233 3233 3231 3231 3200
Mass Flow  g/s 3443 3443 0.0 0.0 0.0 3029 3029 3029 3029 2150 2150
& T3_09b
3.09 VLV-T3
Hx-09 T Streams LPR
LPL_10b .,L LPR_00 LPR_0la LPR_Ol1b LPR_03a LPR_03b LPR_04a LPR_04b LPR_05 LPR_O6A LPR_06b
< Temperature K 306.3 306.3 306.3 78.99 79.01 55.00 55.00  53.93 34.99 34.99
rom VLV-T30ut Pressure atm  2.350 2.400 2.350 2.498 2.491 2.533 2533 2534 2.568 2.568
Coldintercept Mass Flow gls 579.4 579.4 579.4 579.4 579.4 433.8 579.4 433.8 318.2 433.8
HX-10
Return_ColdINtercept HP_1la T4 11b
HP_11b T4 tla VLV-T4 T Streams MP
MP_00b MP_00d MP_00e MP_00f HP_Olb HP_Ola HP_0lab HP_Olbb HP_02a HP_02b
Q_Cokdmareet Temperature K 3100 3100 3100 3100 3100 3100 310.0 3100 8236  82.36
4122 Pressure atm 6150 6150 6.150 6.000 18500 18.500  18.480  18.480 18348 18.348
Cold_iercept Pz - Mass Flow  g/s 7295 579.4 1319 1319 6930  598.7 598.7 693.0 5987  693.0
Supply_Coldintercept L] WP 120 I
- T4 12b
F T4 12d [ﬂ - N
tcuolulmercept Cotdintercept ~Huvraon Streams LPL
5 o LPL 00 LPL_O0la LPL O1b LPL 03a LPL 03b LPL 04 LPL_ 05 LPL 06 LPL 07a
Temperature K 306.10 30620  306.21 78.99 79.00 5500  53.93 34.99 28.99
Pressure atm 1.050 1.100 1.050 1.168 1163 1193  1.194 1.218 1.228
Mass Flow  g/s 729.5 695.5 695.5 695.5 6955 6955 6955 695.5 495.5
L 13 HP_13b LPL O7b LPL_08 LPL 09 LPL_10a LPL_10b LPL 11 LPL_12 LPL 13a LPL_13b
- Temperature K 29.28 17.19 14.93 7.49 7.49 5.40 5.39 4.47 4.46
VLV-Deviar Pressure atm 1.228 1.240 1.241 1.245 1245 1245  1.245 1.250 1.245
Mass Flow  g/s 695.5 495.5 495.5 87.9 495.5 87.9 87.9 87.9 87.9
LPL_13a
SC_13d
Streams Subcooler
G 13 SC_13a SC_13b SC_13c SC_13d SC_13e
c 13 sc 13 Vapour Fraction 0.0000 0.0334 0.0000 0.9980 1.0000
= _ 13 Temperature K 455 4.47 4.47 4.47 4.47
se Pressure atm 3231 1250 1.250 1250  1.250
Hel 130 Mass Flow gls 87.9 87.9 74.4 74.4 13.4
SC_13¢
| HP-1%e Streams Nitrogen
Q_subam EE-104 N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b LN2_Supply
Supply_SubAtm Temperature K 306.32 78.95 78.95 78.95 78.95 78.95 91.41
Pressure atm 1.050 1.200 1.200 1.200 1.200 1.200 4.000
ey Mass Flow gls  104.0 13.9 90.0 1040  104.0 90.0 104.0
Vapour Fraction 1.0000 1.0000 1.0000 1.0000 0.1341 0.0000 0.0000

Thu Jan 21 14:46:13 2016

Case: R:\\GCRY\1002336-C1303-SLAC-JLAB-LCLS IN\04_Definition\01-NT Technical notes\C1303 NT 100 - Note interne process\Materia\HX1A&B\01-JLAB-MAXCAPACITY(1)HX1AB.hsc

Flowsheet: Case (Main)
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2.4 TS DIAGRAM
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Mode 1 : Max Capacity

1000 K
MPto HP LPRto MP LPL to MP
1664339 W 577499 W 1590/599 W
m=1 9.5 g/fs - -
pOUT ~6.1% atm 19 atm
7 -=-=--23atm
/// ~---1.25atm
/ = = =LV equilibrium
/ HP
100 K / —— PR
L / oL
AHs=140.4 ki/kg / d,
h=261.4g/s , / em— | 35t HX
g = / i:g";" " h'e'd/ 4 Subcooler
= i vpim N7 ? Hauefaction
o M=3186g/s A //
g_ / {’/, — — = Sub-Atmospheric
£ = \ | A i
14 046 W z WarmShield
ﬁ AH —AQ'I{I’/l(g / \ 4’ 7
h=367.5g/s N,,»‘ Cold Intercept
& 7
a7 7/ —> 1
- ’
td 4
- - - / é T2
10K 5439 - 7 7
AHs = P =3 T3
=3
— é T4
LPL to MP
Supply_Liquefactio
/
15.0g/s > =+ LPR to MP
v A S
=223 MPto HP
T
1K
0 kl/kg.K 5 ki/kg.K 10 ki/kg.K 15 kJ/kg.K 20 ki/kg.K 25 ki/kg.K 30 ki/kg.K 35 ki/kg.K

Entropy
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2.5 PROCESS DESIGN PERFORMANCE EVALUATION
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Mode 1 - MaxCapacity : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 1455 15.20 35.00 | 3.56 196.83 17.77 2.769 55.00 2.56 301.28 20.82 1.96 118.1
Cold intercept 40.6 1.30 5.43 3.00 18.93 5.03 6.411 7.50 1.28 50.97 11.65 4.46 79.3
Refrigeration 0.0 0.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 0.0
Liquefaction 15.0 23.42 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 101.4
Sub Atm 200.0 31.76 4.55 3.20 12.08 3.65 6.820 30.00 1.24 170.86 19.17 2.32 899.9
Total 1198.7
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P maradin y Motors
gls K atm atm kw kw hp hp kW
MP/HP 1318.9 300.00 6.00 | 19.00 947.3 3.17 53.1% 1785 2393 1 2500 4.3% 96.0% 1859.1
LPR/MP 579.4 300.00 2.35 6.15 347.3 2.62 55.8% 623 835 1 1000 16.5% 94.0% 662.5
LPL/MP 729.5 300.00 1.05 6.15 803.5 5.86 48.5% 1656 2220 3 800 7.5% 94.0% 1761.2
Total 4282.9
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 104.2 91.41 | 4.00 -92.51 3.18 -1.05 306.27 1.05 317.72 6.85 -1.74 71.9 0.35 205.5
Total 205.5

Total Carnot Efficiency

26.7%

Total Carnot efficiency

without motors efficiencies

28.1%
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3. MODE 2 — NOMINAL TURN DOWN
3.1 PROCESS INPUTS
Supply Return
Load w p T p T q
[g/s] [atm] [K] [atm] [K] [KW]
Warm Shield <96.7 Note 1 =35 22.5 =55 =10.10
SR e — == s== = ==z ==
4-K Refrigeration
4-K Liquefaction
Sub-Atmospheric >157 >3.2 4.5 1.20 30.0
Norminal Capacity: Mode 2
Loads: |. Supply Return -.
w | P T p T q
[g/s]  [atm] [K] | [atm] K] [KW]
C. Shield 24.6| 3.000 5.20 1.257 7.80 0.
3.2 MAIN RESULTS AND REM ARKS
*  SHe supply for Sub-Atmospheric at 3.2 atm and 4.55K
Supply Return
w P T P T q
L
oad lg/s] (atm] (K] (atm] (K] [kw]
Warm Shield 1123 3.5 37.5 2.5 55 10.1
Cold Shield 28.9 3.000 5.5 1.234 7.8 0.9

4-K Refrigeration
4-K Liquefaction
Sub-Atmospheric 157 3.2 4.55 1.20 30 24.9

3.3 PROCESS PFD
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Heat Loads
Warm_Shield Cold_Intercept Refrigeration Liquefaction Sub_atm E-100 E-101
10100 900 0 0 2

DUTY w 0 0
Feed Temperature K 37.76 555 455 455 4.55 306.08 310.00
Feed Pressure atm 3.500 3.000 3.200 3200 3200 1166 4.741
0 e Product Temperature K 55.00 7.80 4.47 300.00  30.00 306.09 310.23
Product Pressure | atm 2.500 1.234 1.250 1100 1200 1.050 1.050
Mass Flow os 1123 289 0.0 00 1570 1259 500
]
- ‘Warm Compression Station
- Comp_LPLtoMP | Comp_LPRtoMP  Comp_MPtoHP
. Capacity (act feed vol flow) ACT_m3/h 16529 5486 5049
[ g | Feed Pressure atm 1.050 1.166 4591
‘Q LPRa Feed Temperature K 306.1 306.1 310.0
oo Recyclo P e Product Pressure atm 4.741 4.741 14.850
L Mass Flow os 768.1 2831 1011.1

Eypass] ecycle
2 Recycl '
Hp_onc

PipingORS

b L

Byhss .
omp, LPLIOMP
LK PL_00

s ipingMP.

Bypass.

Cryogenic Expanders
< we_boez 1T T2 T3 T4

g W Hetond s | R i Power KW 1696 1578 1032 196
Cwmwkww_f Feed Temperature K 5476 30.11 1610 7.34

Feed Pressure atm 12,813 12.449 13.802 13.800

tetfon Ty Product Temperature K 37.76 1629 7.84 563

LPR_O1b VP00 Recycle < Product Pressure  atm | 3.545 1377 1217 3.241

— oo T oy HP_01b J—eunot Mass Flow als 187.9 2217 2889 2855

Adiabatic Fluid Head kJ/kg 1165 918  46.7 95
LPL_ota 78

Adiabatic Efficiency 78 77 73

e ota
Heat Exchange
2 0% HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06
oL om UA (Calculated)  W/C 158061 205083 5544 125015 3519 121447 49387
h e — Minimum Approach K 251 252 088 087 125 027 041
- N2 suply Heat Leak wr 203 234 10 152 5 147 59
HX-07  HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
. HP_03a N2_02b UA (Calculated)  W/C 64274 5217 23705 2206 0 1727 3804
- s B0k Minimum Approach K 059 051 033 014 083 013 008
Heat Leak w* 76 6 27 5 5 5 0
Cryole_LPL Qadsao
Streams HP
yoine HP_O1 HP_02 HP_04 HP_06 HP_10 HP_00a HP_00b | HP_00c HP_0la HP_01ab
Temperature K 31003 8153 5562 3632 8.22 557.85 31000 310,03 31003 310.03
e, Pressure  atm 1435 1423 1401 1397 13.85 1485  14.85 14.35 1435  14.33
Mass Flow g/s 9839 9839 9839  796.1 2855 10111 10111 1011.1 4162 4162
HP_O01b HP_Ol1bb HP_02a HP_02b HP_03a HP_03b HP_03c HP_05a HP_05b HP_07a
Temperature K 31003 31003 8153 8153 79.82 79.86  79.87 54.72 5472 3014
Rewn shed Pressure  atm 1435 1433 1423  14.23 14.23 1407 14.06 14.01 1401 1395
o MassFlow g/s 5677  567.7 4162  567.7 983.9 9839 9839 983.9 7961  796.1
LPR_0ta HP_08a HP_08b HP_09a HP_0%b HP_1la HP_11b HP_12a HP_12b HP_12¢ HP_13a
roxo4 Temperature K 1730 17.32 1611  16.11 734 734 632 5.70 5.63 5.45
Pressure  atm 1393 1387 1386  13.86 13.85 1385  13.85 3.233 3233 3232
MassFlow g/s 5743 5743 5743 2855 2855 00 00 0.0 2557 2557
HP_13b HP_13c HP_13d HP_13e Bypass LPRa Bypass LPRb LPR_01 Bypass MPa Bypass MPb MP_00e2
TR ey 105 Temperature K 5.45 455 455 455 306.08 306.09 306.08 310.00 31023 310.00
™ Pressure  atm 3232 3231 3.231 3200 1.166 1050 1166 4741 1050 4741
X085 T Warm_Stietd QJ_— Mass Flow g/s 2557 2557  157.0  157.0 125.9 1259 2831 50.0 500 10111
l 106
LPR{ 06b HP_06
TN g e Streams LPR
Suppy_Shield LPR_00 | LPR_ Ola LPR_Olb LPR_03b LPR_04a LPR_04b  LPR_05 LPR_06a
Temperature K 3061  306.1 306.1 7902 5436 54.55 5334 3591
L om Pressure  atm 1166 1216 1.166 1285 1317 1317 1318 1345
B HP_07a Supely_Shield2 )\, supplyshield Mass Flow  g/s 409.0 409.0 409.0 409.0 296.7 409.0 296.7 221.4
P From Ler_o7 = LPR_06b LPR 07 BypassLPRa BypassLPRb LPR_O1 Bypass MPa BypassMPb MP_00e2
L on o T Temperature K 3638 29.29 306.1 3061 306.1 3100 3102 3100
- - . Pressure  atm 1345  1.355 1.166 1050 1166 4.741 1050 4741
Mass Flow | g/s 2967 2214 1259 1259 2831 50.00 50.00 1011
. Ads_20K Streams MP
- T2_psc MP_00b MP_00d MP_00e MP_00f Bypass LPRa Bypass LPRb LPR_01 Bypass MPa Bypass MPb MP_00e2
e AR T2 80 Temperature K 3100 3100 3100 3100 306.1 3061 3061 310.0 3102 3100
1xos = I Pressure  atm 4741 4741 4741 4591 1.166 1050 1166 4741 1050 4741
Mass Flow g/s = 768.1 2831 1061 1011 125.9 1259 2831 50.00 50.00 1011
LPL_09 HP-0%
T3_09%a VTS T3_09b Streams LPL
i LPL 00 LPL 0la LPL_Olb LPL 03a LPL_03b LPL_04 LPL_05 LPL_06 LPL 07a LPL 07Tb  LPL 08 LPL_09
Hxoo a0 Temperature K 306.06 305.65 30565  78.99  79.01 5436 5334 3591 29.29 29.49 1681  14.84
LpL_i0b i 1o . Pressure  atm 1050 1100  1.050 1149 1144  1.165 1.166 1182 1189 1189 1198 1198
e - = MassFlow g/s 7681 5730 5730 5730 5730 5730 573.0 5730  416.0 573.0 4160 4160
Hon o P10 [T Lv-T30u LPL_10a LPL_10b LPL_11 LPL_12 LPL_13a LPL_13b BypassLPRa BypassLPRb LPR_O1 Bypass MPa BypassMPb MP_00e2
e Temperature K 8.08 7.89 5.50 550 247 4.42 306.08 306.09  306.08 310.00 31023 310.00
Pressure  atm 1202 1202 1202 1202 1250  1.202 1.166 1050 1166 4.741 1050 4741
Return_ColdiNtercept Ao Mass Flow | g/s 98.7 4160 98.7 98.7 98.7 98.7 125.9 1259  283.1 50.0 500 10111
LPL_11 VLV-T4 P
Q_Coldntercept X Streams Subcooler
T4 120 SC_13a SC_13b SC_13c sc_13d SC_13e BypassLPRa  Bypass LPRb
o inden L1z 3 Vapour Fraction 0.0000 0.0335 0.0000 0.9980  1.0000 1.0000 1.0000
Temperature K 455 447 4.47 447 447 306.08 306.09
e Jig Pressure am 3231 1.250 1.250 1250 1.250 1.166 1.050
P Conercept O E— [ETIN Mass Flow als 987 987 84.9 849 138 125.9 125.9
102 o e Q_100 LPR_O1 BypassMPa BypassMPb Q-105 MP_00e2
e [ — Vapour Fraction 1.0000 1.0000 1.0000 1.0000
Temperature K 306.08 310.00 310.23 310.00
g LY Pressure atm 1.166 4741 1.050 4.741
S Mass Flow as 283.1 50.0 50.0 1011.1
HP_13b
X vevomar
LPLtsa sc_id Streams Nitrogen
N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b  LN2_Supply
Temperature K 306.08 7895  78.95 78.95 7895  78.95 9141
se.se Pressure am 1.162 1200 1.200 1.200 1.200 1.200 4.000
Mass Flow as 515 69 446 515 515 446 515
i Vapour Fraction 1.0000 1.0000  1.0000 1.0000 0.1341  0.0000 0.0000
sc Bypass LPRa Bypass LPRb LPR_01 Bypass MPa Bypass MPb MP_00e2
wel1ad Temperature K 306.08 306.09 306.08 310.00 31023 310.00
Pressure atm 1.166 1050 1166 4741 1050 4741
. Mass Flow als 1259 1259 2831 50.0 500 10111
1 pize Vapour Fraction 1.0000 10000 1.0000 1.0000 1.0000  1.0000
Q_subAm Supply_SubAm

Sub_atm
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Mode 2 : Nominal

Temperature

1000 K
MP to HP LPR to MP LPL to MP
1308 774 W 468139 W 082 0b7 W
th=1049.9g/s th = 4455 gfs - L
pOUT=15/04atm  |p OUT = 4.98 atm: ou5T9 ) 'igés o 19 atm
/ ----23atm
----1.25atm
= = = LV equilibrium
HP
100 K — e | PR
‘;; 5972 \\ LPL
AHs =11
i = 208. em— | 35t HX
T2 Subcooler
14727 W . .
AHs=79.9kl/kg| 7 e | iquefaction
m=038.0g/s ~
o = = = Sub-Atmospheric
T3 L7 y \ .
10532 W /;/ WarmShield
AHs = 47.2kl/kg
th =291.9 gf§ _z Cold Intercept
Pd )| //
7,/ _-°. ,/ —_> T1
T4 .- ‘1 1 -
10K 1941\ s | II\Y - ,/ %TZ
He =04kl o Supply_SubAtnr P y
.1.-28.7;?'(’/ woge SN —> 13
“ td s
,I’ _ | - LT "4 é T4
4 g/ S ly_Coldint t
‘ T - -~ 289 }4
Supply_Liqus faction / = < . ,g/S LPL to MP
/ Ea e i
0.0g/s /' A," > =<3 LPR to MP
. & ~
=<9 MP to HP
T
1K
0 kJ/kg.K 5 kJ/kg.K 10 kJ/kg.K 15 kJ/kg.K 20 kl/kg.K 25 kJ/kg.K 30 ki/kg.K 35 ki/kg.K

Entropy
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Mode 2 - Nominal : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 112.3 10.10 37.76 | 3.50 211.31 18.20 2.654 55.00 2.50 301.28 20.87 1.94 79.7
Cold intercept 28.9 0.90 5.55 3.00 21.66 5.53 6.265 7.80 1.23 52.81 11.96 4.37 54.8
Refrigeration 0.0 0.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 0.0
Liquefaction 0.0 0.00 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 0.0
Sub Atm 157.0 24.93 4.55 3.20 12.08 3.65 6.820 30.00 1.20 170.87 19.24 2.30 709.4
Total 843.9
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P maradin y Motors
gls K atm atm kw kw hp hp kW
MP/HP 1011.1 300.00 459 ([ 14.85 739.6 3.23 53.1% 1393 1868 1 2500 25.3% 96.0% 1451.4
LPR/MP 283.1 300.00 1.17 4.74 247.4 4.07 52.3% 473 634 1 1000 36.6% 94.0% 502.8
LPL/MP 768.1 300.00 1.05 4.74 721.5 4.52 49.9% 1447 1940 3 800 19.2% 94.0% 1539.0
Total 3493.2
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 51.5 91.41 | 4.00 -92.51 3.18 -1.05 306.08 1.1622995 317.49 6.82 -1.73 35.1 0.35 100.3
Total 100.3

Total Carnot Efficiency

23.5%

Total Carnot efficiency
without motors efficiencies

24.7%
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4. MODE 3 - MAX LIQUEFACTION
4.1 PROCESS INPUTS
Supply Refurn
Load w p T p T q
[g/s] [atm] K] |atm] K] [KW]
Warm Shield <155 Note 1 <44 >2.3 <56.5 =10.1

Cold Intercept =20 >3.2 =5.8 >1.23 =10.8 =0.9

4-K Refrigeration
4-K Liquefaction =140

Sub-Atmospheric

4.5 1.10 300.0

1
tas
(B

4.2 MAIN RESULTS AND REM ARKS
* SHe supply for 4-K Liquefaction at 3.2 atm and 4.55K

Supply Return
w P T P T q
Load
[8/s] (atm] (K] (atm] (K] (kW]
Warm Shield 141.4 33 42.8 2.3 56.5 10.1
Cold Shield 19.9 3.2 5.7 1.23 10.8 0.9

4-K Refrigeration
4-K Liquefaction
Sub-Atmospheric

4.3 PROCESS PFD
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Return_Liquefaction

LPL_00

Mode 3 : Max Liguefaction

Recycle_MP

Recycle

Comp_LPLIOMP R
Comp_MPIoHP
e
F:U MP_00a PipingMP

From
Liquefaction

Cn
bt

LPL_03a

Return_ColdINtercept

Q_Cold ¥

Intercept
\Q‘cmd,mmrcem

Supply_Coldintercept

Supply_Liquefaction

PipingLPL

LPL_Ola

LPR_01b] MP_00c

HX-Load

HX-Recycle

MP_00f

HP_00: HP_O
HX-2ndStage

LPR_0la N2 01
~ —
HX-01A % % — VLV-8

HP_02b

Q_ads80K

LPR_03a

L

HX-03

N2_03b

HX-04

UA (Calculated)

HX-05

LPL_07b
- HP_07a

LPR_07

LPR_06b
HP_06
LPL_06 J:- T1_064 T1_06c
LPR_06a r
HX-0

LPL_07a T2_07a

HP_07b

HX-07

HX-08

VLV-T20ut

T3_10a

TEE-106

LPL_09 HP_09a
T3 09b
T
509 VLV-T3
HX-09
LPL_10b]
HP_10 N T3_10b
From i T3_t0e VLV-T30Ut
Coldintercept LPL_10:

HX-10

HX-11

1k

To o
Coldinercept ~ Coldintercepy

T4_12¢

HX-12

HP_13a

X HP_13b

VLV
LPL_13a sc 13d

T
L
RS

HA_13¢

scip JI3C scia | =3
| Se s

VLV-T40ut

Heat Loads
Warm_Shield Cold_Intercept Refrigeration Liquefaction Sub_atm
DUTY W 10100 900 0 2.1859e+05
Feed Temperature K 42.78 5.71 4.55 4.55
Feed Pressure atm 3.300 3.200 3.200 3.200
Product Temperature K 56.50 10.80 4.47 300.00
Product Pressure atm 2.300 1.230 1.250 1.100
Mass Flow als 141.4 19.9 0.0 140.0
Warm Compression Station
Comp_LPLtoMP Comp_LPRtoMP Comp_MPtoHP
Capacity (act feed vol flow) ACT_m3/h 13757 5574 5019
Feed Pressure atm 1.050 2.080 5.270
Feed Temperature K 307.5 309.5 310.0
Product Pressure atm 5.420 5.420 19.110
Mass Flow als 636.3 507.2 1153.4
Cryogenic Expanders
T1 T2 T3 T4
Power kw 32.58 25.36 15.98 2.26
Feed Temperature K 68.40 42,54 19.70 7.96
Feed Pressure atm  18.209 18.142 18.047 14.500
Product Temperature K 42.78 24.79 9.31 5.73
Product Pressure atm 3.345 2335 1.212 3.243
Mass Flow als 238.1 269.7 333.6 284.9
Adiabatic Fluid Head kJ/kg 178.8 126.2 63.4 10.9

Adiabatic Efficiency

HP_00a HP_0Ob HP_00c HP_01 | HP_Ola HP_Olab HP_0lb HP_Olbb HP_02
31003 31003 31003 31003 31003  310.03
18.610 18.610 18.610 18590 18.610  18.590
502.5

Temperature K 588.81
Pressure atm  19.110
Mass Flow  g/s 1153.4

7

75 76 73

Heat Exchange
HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06

310.00
19.110
1153.4

HP_10 HP_02a

Temperature K 9.43
Pressure atm  18.100
Mass Flow  g/s 284.9

91.90
18.495
623.7

HP_09a HP_09b

Temperature K 19.71
Pressure atm  18.108 18.108
Mass Flow  g/s 618.4

LPR_00 LPR_0la LPR_0l1b LPR_03a LPR_04a LPR_04b LPR_05 LPR_06a LPR_06b LPR_07
309.5  309.5  79.68  68.33 6503 68.17
2130 2080 2216 2251 2251 2.252
507.2  507.2  507.2 3658  507.2 3658

Temperature K 309.5
Pressure atm 2.080
Mass Flow  g/s 507.2

19.71

284.9

Streams: MP
MP_00b MP_00d MP_00e MP_00f
3100 3100 310.0
5420 5420 5.270
507.2 1153 1153

Temperature K 310.0
Pressure atm 5.420
Mass Flow  g/s 636.3

LPL_00
Temperature K 307.51
Pressure atm 1.050
Mass Flow  g/s 636.3
LPL_07b
Temperature K 40.05
Pressure atm 1.176
Mass Flow  g/s 477.1

W/C 185657 179812 16406 108152 3462 119397 47467

Minimum Approach K 0.55 0.30 0.80 0.10 0.8 0.22 0.27

Heat Leak W* 203 234 10 152 5 147 59

HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC

UA (Calculated) wiC 71940 5725 24479 2590 0 2195 4332

Minimum Approach K 0.33 1.36 0.10 0.27 0.30 0.14 0.08

Heat Leak w* 76 6 27 5 5 5 0
Streams: HP

11534 1126.2 623.7 623.7 502.5

HP_02b HP_03a HP_03b HP_05a HP_05b HP_07a
91.90 79.75 79.78 6839 6839 4254
18.495 18.492 18.334 18279 18279  18.203
502.5 11262 11262 11262 8881  888.1

HP_11a HP_11b HP_12a HP_12b HP_12c HP_13a

7.87 7.87 5.89 5.70 5.73

18.099 18.099 18.098 3.235 3.235 3.233
284.9 0.0 0.0 0.0 264.1 264.1

Streams: LPR

Streams: LPL

LPL_0la LPL_0lb LPL_03a LPL_03b LPL_04 LPL_05 LPL_06

309.74  309.74 79.68 79.70 68.33 68.17
1.100 1.050 1.136 1.131 1.151 1.152
477.1 477.1 477.1 477.1 4771 4771

LPL_08

LPL_09 LPL_10a LPL_10b LPL_11 LPL_12 LPL_13a

21.44 16.89 9.16 9.33 5.59 5.59
1.191 1.192 1.197 1.197 1.197 1.197
477.1 477.1 124.1 477.1 124.1 124.1
Streams: Subcooler

SC 13a SC_13b SC 13c SC 13d SC_13e

Vapour Fraction 0.0000
Temperature K 4.55
Pressure atm 3.231
Mass Flow als 124.1

Temperature K 309.48

Pressure atm  1.050
Mass Flow als 420.5
Vapour Fraction 1.0000

0.0334 0.0000 0.9980 1.0000

4.47 4.47 4.47 4.47

1.250 1.250 1.250 1.250
124.1 109.5 109.5 14.6

Streams: Nitrogen
N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b LN2_Supply

78.95 78.95 7895 7895 7895 91.41
1.200 1.200 1.200 1.200 1.200 4.000
56.4 3641 4205 4205 364.1 420.5
1.0000 1.0000 1.0000 0.1341 0.0000 0.0000

Thu Jan 21 16:54:15 2016
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Mode 3 : Max Liq

1000 K
MPto HP LPRto MP PLto MP
1674485 W 507 885 W 258 148 W
m=1153.4g/s 'm=507.2g/s h =636.3 g/s
p OUT = 1911 atnmp OUT = 5.42 atm p, QUT k 5.42 atm ———- 19 atm
LX) e - o e ) > ,ﬂ
/ ,/ ----23atm
/ /,,/ ~---1.25atm
// / - — — LV equilibrium
/ A HP
100 K T1 / / 7/
32578 W yd )y 7 LPR
AH$ = 178.9 kJ/ S V.
g % 7 LPL
[ V' |7
T s Shield // Last HX
25361 W 11:1.4 g/s — | a5
e ARs = 126.5 KI/Kg / \ %
3 = 269.7 g/s N// | e Sybcooler
© \ a4 . .
et °
o ,/ \ '/ Liquefaction
T .
£ Torsw / ,\// WarmShield
(V] =63. .
= Al =Sy 1/ 1 / Cold Intercept
/ e / — T1
/ e — T2
;4253 w / X, /
P
10K AHs=109K/kg 27 4 —>T
m=2849g/s | ~ |7
// 1 /,/ - < ,/ é T4
A,, Scopi:Colimtercept” LPL to MP
) / - -19.9g/s /
Supply_Lique factuzrt 0 R N B SN =<+ LPR to MP
140.0 g/s 7 S
Ky N —--3 MPto HP
T
1K
0 kl/kg.K 5 ki/kg.K 10 kJ/kg.K 15 ki/kg.K 20 ki/kg.K 25 ki/kg.K 30 ki/kg.K 35 ki/kg.K

Entropy
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Mode 3 - MaxLig : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 141.4 10.10 42.78 | 3.30 237.61 18.98 2.447 56.50 2.30 309.05 21.18 1.86 834
Cold intercept 19.9 0.90 5.71 3.20 24.25 5.94 6.144 10.80 1.23 69.47 13.77 3.84 45.9
Refrigeration 0.0 0.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 0.0
Liquefaction 140.0 218.61 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 946.5
Sub Atm 0.0 0.00 4.55 3.20 12.08 3.65 6.820 30.00 1.22 170.86 19.20 2.31 0.0
Total 1075.7
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P maradin y Motors
gls K atm atm kw kw hp hp kW
MP/HP 1153.4 300.00 5.27 19.11 925.9 3.63 52.9% 1749 2346 1 2500 6.2% 96.0% 1821.9
LPR/MP 507.2 300.00 2.08 5.42 302.7 2.61 55.8% 543 728 1 1000 27.2% 94.0% 577.3
LPL/MP 765.0 * 300.00 1.05 5.42 782.4 5.16 49.2% 1590 2132 3 800 11.2% 94.0% 1691.5
* LPL compressors fully loaded and extra flow is by passed Total 4090.7
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 420.5 91.41 | 4.00 -92.51 3.18 -1.05 309.48 1.05 321.06 6.86 -1.74 290.3 0.35 829.5
Total 829.5

Total Carnot Efficiency
21.9%

Total Carnot efficiency
without motors efficiencies
22.8%
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5. MODE 4 - MAX REFRIGERATION
5.1 PROCESS INPUTS
Supply Return
Load w )] T P T q
lg/s] [atm] [K] [atm] [K] [kW]
Warm Shield =146 Note 1 <35 22.5 <35 =15.2
Cold Intercept =31 >3.2 <53 =1.23 <9.0 =1.3
4-K Refrigeration <481 >3.2 =4.5 =1.23 <4.45 =9.0
4-K Liquefaction
Sub-Atmospheric

5.2 MAIN RESULTS AND REM ARKS
» SHe supply for 4-K Refrigeration at 3.2 atm and 4.6K

» Pressure in LHe phase separator regulated at 1.25 atm -> Temperature at 4.5K

Supply Return
w P T P T q
Load
[8/s] (atm] (K] (atm] (K] [kw]
Warm Shield 145.5 3.5 35 2.5 55 15.2
Cold Shield 31.2 3.2 5.4 1.23 9.0 13
4-K Refrigeration 487.5 3.2 4.6 1.25 4.5 9.0

4-K Liquefaction
Sub-Atmospheric

5.3 PROCESS PFD
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Mode 4 : Max Refrigeration

Recycle_MP - ‘\a Recycle_HP Heat Loads
Re?yc,g Warm_Shield Cold_Intercept Refrigeration Liquefaction Sub_atm

Comp_LPLtoMP Comp_MPtoHP HP_00c DUTY W* 15200 1300 8996 0 0

LPL_00

= MP_00a PipingMP Piping+ORS Feed Temperature K 34.99 5.40 4.55 4.55 4.55
Feed Pressure atm 3.500 3.200 3.200 3.200 3.200
Bearings fix-Load MP_00e MP_00f HP_00: HP. 00D, Bearing
* Leaks HX-2ndStage Product Temperature K 55.00 9.00 4.47 300.00 30.00
mmp,wmjﬁ Product Pressure atm 2.500 1.230 1.250 1.100 1.220
LPR_00 Mass Flow als 1455 312 487.5 0.0 0.0
LP|._01b
LpR 016 HX-Recycle > HP_01 Warm Compression Station
PpngLPL PipingLPR HPO1h g HP_o1 ’_D Comp_LPLtoMP Comp_LPRtoMP | Comp_MPtoHP
LPL 01a LPR_01a Capacity (act feed vol flow) ACT_m3/h 12554 5550 5037
HP_O1ab '\ HP_01a Feed Pressure atm 1.050 1.990 4.930
Feed Temperature K 305.7 305.7 310.0
Product Pressure atm 5.080 5.080 17.300
Mass Flow als 584.0 489.1 1083.1
LPL_03b [
LN2_Supply Cryogenic Expanders
T1 T2 T3 T4
Power KW 2313 1022 0.00 243
Feed Temperature K 53.62 20.87 12.77 6.53
Feed Pressure atm 15786 11.867 16.192 16.255
Product Temperature K 3499 12.69 5.69 5.41
o Product Pressure atm 3545 2202 1205 3.248
i Mass Flow gis 2330 2567 0.0 3289
Adiabatic Fluid Head kJ/kg  128.1 51.7 33.4 10.1
Adiabatic Efficiency 78 77 75 73
LPI
Return_Shield HEat EXChange
N b HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06
Toias UA (Calculated) W/C 179889 204096 6290 132969 3661 126345 50985
Minimum Approach K 2.54 2.55 0.80 0.91 1.51 0.33 0.66
Hx04 Heat Leak w* 203 234 10 152 5 147 59
1 05 HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
— Q_Shield UA (Calculated) W/C 69744 1929 29495 7232 2736 6125 3909
- VLvTL T Minimum Approach K 0.10 010 012 113 010 039 008
Hx.05 warm_Shied Heat Leak w* 76 6 27 5 5 5 0
T1_06a
T1706d>< T1_06c Supply_Shied Streams: HP
- HP_00a HP_00b HP_00c HP_Ola HP_0lab HP_0lb HP_Olbb HP_O0L HP_02 HP_02a HP_02b HP_03a
o Temperature K 579.77 31000 31003 310.03  310.03 310.03 31003 31003 8143 8143 8143 7975
Wﬂpwwm Pressure atm 17.300 17.300 16.800 16.800  16.780 16.800  16.780 16.800 16.687 16.687 16.687 16.684
Mass Flow g/s  1083.1 1083.1 10831  495.8 4958  564.3 5643 1060.1 1060.1 4958  564.3  1060.1
HP_03b HP_04 HP_05a HP_05b HP_06 HP_07a HP_07b HP_08a HP_08b HP_09a HP_09 HP_10
Temperature K 79.78 5465 53.60  53.60 3193 2114 2114 1282 1284 1278 1278 9.45
ror Pressure atm 16526 16472 16471 16471 16432 16417 16417 16403 16.343 16.342 16342 16.320
Mass Flow g/s  1060.1 1060.1 1060.1  827.1 827.1  827.1 570.4 5704 5704 5704 5704  570.4
HP_1la HP_11b HP_12a HP_12b HP_12c HP_13a HP_13b HP_13c HP_13d HP_13e
Temperature K 6.53 6.53 5.17 5.56 5.49 4.82 482 455 455 455
g‘f,“OTMEM Pressure atm 16316 16316 16312  3.240 3240  3.237 3237 3231 3231  3.200
Mass Flow  g/s 570.4 2416 2416 2416 5384 5384 538.4 5384 4875 4875
HX-08 VLV-T20ut
T oon % o Streams: LPR
- VLTS 3 LPR_00 LPR Ola LPR_0lb LPR_03a LPR_04a LPR_04b LPR 05 LPR_06a LPR_06b LPR_07
Hx09 Temperature K 305.7 305.7 305.7 78.87 53.14 53.70  51.90 31.27 3221 1958
Lwoi T3-102 Pressure atm  1.990 2.040 1.990 2.123 2.152 2152 2.152 2.175 2175  2.183
N 73,100 Mass Flow  g/s 489.1 489.1 489.1 489.1 343.6 489.1 3436 256.4 3436  256.4
From VLv-7
Coldintercept
HX-10
Return_ColdINtercept] HP_11a T4t
PL11 T4 lla VLV-T4 T Streams: MP
xan MP_00a MP_00b MP_00c MP_00d MP_00e MP_0Of
Temperature K 6639 3100 4911 3100 3100 3100
Q_Coldintercept T4_12a
L 12 Pressure atm 5080 5080 5080 5080 5080 4.930
Cold_Iptercept T Mass Flow  g/s 5840 5840 4891  489.1 1083 1083
Supply_Coldintercept HP 12 T
:9 L} g E Ta_12c T
go\dln[ercep[DQ i ) wmon Streams: LPL
b hx12 LPL 00 LPL_Ola LPL_Olb LPL_03a LPL_03b LPL 04 LPL 05 LPL 06 LPL_07a
Temperature K 305.69  305.66  305.66 78.87 78.89 5314  51.90 31.27 19.58
Pressure atm 1.050 1.100 1.050 1.148 1143 1165 1165 1.180 1.185
Mass Flow  g/s 584.0 569.6 569.6 569.6 569.6  569.6  569.6 569.6 569.6
wdenar HP-130 LPL_O7b LPL 08 LPL 09 LPL 10a LPL 10b LPL 11 LPL 12 LPL 13a LPL_13b
Temperature K 19.58 12.74 12.66 8.29 8.33 5.40 5.07 4.47 4.43
LPesa sc_13d Pressure atm 1185 1197 1198 1205 1205 1205 1205 1250  1.205
= Mass Flow  g/s 569.6 569.6 569.6 538.4 569.6 5384 5384 538.4 538.4
sc_13d Streams: Subcooler
SC_13a SC_13b SC_13c SC_13d SC_13e
e Vapour Fraction 0.0000 0.0335 0.0000 0.9980  1.0000
sc_iap JT_SC sdT Temperature K 4.55 4.47 4.47 4.47 4.47
sc 134 Pressure atm 3231 1250 1250 1250  1.250
. Mass Flow gls 50.9 50.9 38.4 384 5000
Return_Refrigeration HP_13e Streams: Nitrogen
N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b LN2_Supply
- Supply_Refrigeraton " Temperatre K | 30571 7895 7895 7895 7895 7895 91.41
QRer Refigerstion Pressure atm 1050 1200 1200 1200 1200  1.200 4.000
Mass Flow gls 55.1 74 477 55.1 55.1 417 55.1
Vapour Fraction 1.0000 1.0000 1.0000 1.0000 0.1341 0.0000 0.0000

Thu Jan 21 17:14:48 2016 Case: R:\\GCRY\1002336-C1303-SLAC-JLAB-LCLS I1\04_Definition\01-NT Technical notes\C1303 NT 100 - Note interne process\Materia\HX1A&B\04-JLAB-MAXREF(1) HX1AB.hsc Flowsheet: Case (Main)
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Mode 4 - MaxRef : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 1455 15.20 3499 | 3.50 196.78 17.80 2.759 55.00 2.50 301.28 20.87 1.94 118.6
Cold intercept 31.2 1.30 5.40 3.20 17.89 4.80 6.479 9.00 1.23 59.57 12.77 4.13 73.3
Refrigeration 487.5 9.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 645.2
Liquefaction 0.0 0.00 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 0.0
Sub Atm 0.0 0.00 4.55 3.20 12.08 3.65 6.820 30.00 1.22 170.86 19.20 2.31 0.0
Total 837.1
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P maradin y Motors
gls K atm atm kw kw hp hp kW
MP/HP 1083.1 300.00 493 | 17.30 847.3 3.51 53.0% 1598 2143 1 2500 14.3% 96.0% 1664.9
LPR/MP 489.1 300.00 1.99 5.08 285.6 2.55 55.8% 512 687 1 1000 31.3% 94.0% 544.8
LPL/MP 772.0* 300.00 1.05 5.08 758.4 4.84 49.5% 1532 2054 3 800 14.4% 94.0% 1629.3
* LPL compressors fully loaded and extra flow is by passed Total 3839.0
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 55.1 91.41 | 4.00 -92.51 3.18 -1.05 305.71 1.05 317.13 6.85 -1.74 38.0 0.35 108.7
Total 108.7

Total Carnot Efficiency
21.2%

Total Carnot efficiency
without motors efficiencies
22.3%
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ADVANCED 3USINESS & TECHNOLOGIES

6. MODE5 - MAXFILL

6.1 PROCESS INPUTS

Supply Return
Load w P T P T q
[g/s] [atm] [K] [atm] [K] [W]
Warm Shield <146 Note 1 =35 >2.7 <55 >15.2
Cold Intercept <35 >3.2 5.3 >1.23 <7.8 >1.3
4-K Refrigeration
4-K Liquefaction 245 >3.2 4.5 1.10 300.0
Sub-Atmospheric >157 >3.2 4.5 1.20 30.0
6.2 MAIN RESULTS AND REM ARKS
» SHe supply for 4-K Liquefaction at 3.2 atm and 4.6K
e Sub-Atmospheric Return pressure at 1.236 atm.
Supply Return
w P T P T
road g/s] | (atm] (kI (atm] (K] o
Warm Shield 190.5 3.7 37.4 2.7 52.7 15.2
3.2 55 1.27 7.8 1.3

Cold Shield 39.5
4-K Refrigeration
4-K Liquefaction
Sub-Atmospheric

6.3 PROCESS PFD
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Bearings
+ Leaks
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Return_Liquefaction

Mode 5 : Max

Fill

Recycle

Comp_LPLtoMP N
LPL_00 Comp_MPtoHP j»
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by PipingMP

“HX-2ndStage

LP_01b

HX-Recycle
PipingLPL LPR_01b ve

Recycle_MP e Recycle_HP
X

MP_00e MP_00f HP_00: HP_00b

ipingLRRR_01a N2_01 Hrﬁolhh i HP_O1b
]

LPL_01a
HP_01ab

| — ——] —— D<)
vLve
ot [ %L ?
HX-018
Hé ;a

HP_02b

LPR_03b HP_02 D
LPL_03b V_N2
HX-02
N2_03b
Q_cryolineLPf
Q_cryolineLPL.
ryoline HP_03b  Q_ads80k
Cryoline_LPL PR
Cryoline
ngm
Q_cryolineHP
LPE HF, 03¢
from
shields.
T1_05b
T1_05a VLV-TL
LPL_06 LPR. 06b
T1_06d T1_06c

LPL_O7b
HP_07a

From
SubAtm

HX-07

Return_SubAtm
HP_08b Q_ads20K

HX-08
VLV-T20ut

Eiﬂ T3_09b

VLV-T3 T3

HX-09
T3_10a

T3 100 0
i

From VLV-T30ut
Coldintercept

HX-10

Return_ColdiNtercept - {g&}

LPL_11 {Hpinh VLV-T4

T4_11b

HX-11
Q_Coldintercept

T4 12a
Cold_ifercept

Supply_Coldintercept T4 120

10 0
Coldintercept T4_12d T4_12¢

VLV-T40ut

to
Coldintercept
b HX-12

Pl _13b

X\/LV—Dewar

HP_13b

LPL_13a

sc_tse HP_13c

sc_13p T-SC  sC_13a
D —

SC_13¢c
HP_13e

Q_SubAtm
Supply_SubAtm

Supply_Liquefaction

Sub_atm

Tiquefaction

Warm_Shield Cold_Intercept Refrigeration  Liquefaction =~ Sub_atm

0 70260 24927
4.55 4.55
3.200 3.200 3.200
4.47 300.00 30.00
1.250 1.100 1.225
0.0 45.0 157.0

Comp_LPLtoMP  Comp_LPRtoMP  Comp_MPtoHP

5552 5039
2.346 5.950
307.4 310.0
6.100 19.450
573.5 1307.0

Heat Loads
DUTY W 15200 1300
Feed Temperature K 37.37 5.53
Feed Pressure atm 3.700 3.200
Product Temperature K 52.65 7.80
Product Pressure atm 2.700 1.273
Mass Flow gls 190.5 39.5
Warm Compression Station
Capacity (act feed vol flow)  ACT_m3/h 15622
Feed Pressure atm 1.050
Feed Temperature K 307.1
Product Pressure atm 6.100
Mass Flow als 7235
Cryogenic Expanders
T1 T2 T3 T4
Power kw 30.10 2261 14.82 2.84

Feed Temperature
Feed Pressure
Product Temperature
Product Pressure
Mass Flow

Adiabatic Fluid Head
Adiabatic Efficiency

UA (Calculated) W/C 200725 226053 12570 148373
Minimum Approach K 2.59 2.46 0.80 0.51
Heat Leak w* 203 234 10 152
HX-07 HX-08 HX-09 HX-10
UA (Calculated) wi/C 76554 5937 25408 2137
Minimum Approach K 0.54 0.77 0.10 0.12
Heat Leak w* 76 6 27 5

Supply_Shield

HP_00a HP_00b HP_0OC

Temperature K
Pressure atm
Mass Flow gls

HP_03b HP_03c HP_04 HP_05a HP_OSb HP_06 HP_07a HP_O7b

Temperature K
Pressure atm
Mass Flow als

Temperature K
Pressure atm
Mass Flow als

Temperature K
Pressure atm
Mass Flow als

Temperature K

Mass Flow als

Temperature K
Pressure atm
Mass Flow als

Temperature K
Pressure atm
Mass Flow als

Vapour Fraction
Temperature
Pressure

Mass Flow

Temperature K 307.44 78.95 78.95 78.95
Pressure atm 1.050 1.200 1.200 1.200
Mass Flow als 174.1 23.3 150.8 174.1
1.0000 1.0000 1.0000 1.0000

Vapour Fraction

K 59.01 3230 17.03 7.09
atm 18.513 18.429 18.336 17.443
K 37.37 1847 7.73 5.54

atm 3.745 2602 1256 3.242
gls 260.0 3141 369.1 3365
kJ/kg 148.4 92.3 52.1 115

78 78 v

Heat Exchange
HX-01A HX-01B HX-02 HX-03

560.69 310.00 310.03  310.03
19.450 19450 18.950  18.950
1307.0 1307.0 1307.0 614.3

79.78 79.78 59.39 59.01
18.642 18.632 18576  18.574
1279.8  1279.8  1279.8  1279.8

7.82 7.02 7.02 5.86
18.387  18.387  18.387  18.386
336.5 336.5 0.0 0.0

LPR 00 LPR 0la LPR Olb LPR_03a
307.4 307.4 307.4 79.27 79.29 58.79 56.75
2.346 2.396 2.346 2.493 2.486 2.528 2,528
5735 5735 5735 5735 573.5 383.0 573.5

Streams MP
MP_00b MP_00d MP_00e MP_0Of

310.0 310.0 310.0 310.0
Pressure atm 6.100 6.100 6.100 5.950
7235 5735 1307 1307

HP_0la HP_0lab HP_Olb
31003 31003  310.03
18.930 18950  18.930

74

HX-04 HX-05 HX-06

4017 139204 57277
0.59 0.67 0.52
5 147 59

HX-11 HX-12 HX-SC

0 1817 4039
0.42 0.10 0.08
5 5 0

Streams HP

614.3 665.5 665.5

59.01 41.27 32.30

18574 18516  18.490
10198 1019.8  1019.8
HP_10 HP_1la HP_1lb HP_12a HP_12b HP_12c HP_13a HP_13b

5.70 5.54 5.35
3.234 3.234 3.233
0.0 296.2 296.2

Streams LPR

Streams LPL

LPL 00 LPL_Ola LPL Olb LPL O3a LPL_03b LPL 04 LPL_OS

307.09 30757  307.57 79.27
1.050 1.100 1.050 1.162
7235 659.3 659.3 659.3

LPL_10a LPL_10b LPL 11 LPL_12

7.70 7.72 5.44 5.44
1.241 1.241 1.241 1.241
94.2 502.3 94.2 94.2

79.29 58.79 58.32
1.157 1.187 1.188

4.47 4.46  310.03
1.250 1.241  18.950
94.2 94.2 614.3

Streams Subcooler

HP_Ola HP_0lab HP_Olb HP_Olbb HP_02a HP_02b SC_13a SC_13b SC_13c
10000 1.0000 1.0000  0.0000
31003 8417 8417 4.55
18930 18.804 18804  3.231
665.5 6143  665.5 94.2

1.0000 1.0000  1.0000

K 310.03 310.03  310.03
atm 18.950 18.930  18.950
gls 614.3 614.3 665.5

Streams Nitrogen
N2_01 N2_02a N2_02b N2_02c

N2_03a N2_03b LN2_Supply

78.95 78.95 91.41
1.200 1.200 4.000
174.1 150.8 174.1
0.1341  0.0000 0.0000

HP_01bb | HP_01

LPR_03b LPR_04a LPR_04b LPR 05 LPR_06a

HP_02a HP_02b HP_03a

84.17 79.75
18.804  18.800
665.5 1279.8

HP_09a HP_09b

17.03 17.03
18.397  18.397
705.7 336.5

HP_13e
4.55
3.200
202.0

LPR_06b LPR_07

40.14 31.09
2.559 2.574
383.0 313.8

LPL 07b LPL_08

30.83 17.92
1.222 1.235
659.3 502.3

HP_02b HP_0lbb HP_Olab

84.17 310.03

18.804 18.930

665.5 665.5

SC_13d SC_13e
0.9980  1.0000

4.47 4.47
1.250 1.250
80.6 13.6

LPL_09
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Mode 5 : Max Fill
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Mode 5 - MaxFill : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 190.5 15.20 37.37 | 3.70 209.26 18.03 2.703 52.65 2.70 289.06 20.48 2.05 124.8
Cold intercept 39.5 1.30 5.53 3.20 19.75 5.14 6.379 7.80 1.27 52.71 11.88 4.39 78.5
Refrigeration 0.0 0.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 0.0
Liquefaction 45.0 70.27 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 304.2
Sub Atm 157.0 24.93 4.55 3.20 12.08 3.65 6.820 30.00 1.23 170.86 19.19 2.31 707.3
Total 1214.9
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor Y P marain Y Motors
gls K atm atm kw kw hp hp kW
MP/HP 1307.0 300.00 5.95 | 19.45 964.7 3.27 53.1% 1817 2437 1 2500 2.5% 96.0% 1892.9
LPR/MP 573.5 300.00 2.35 6.10 341.5 2.60 55.8% 612 821 1 1000 17.9% 94.0% 651.3
LPL/MP 757.0* 300.00 1.05 6.10 830.0 5.81 48.6% 1708 2291 3 800 4.6% 94.0% 1817.3
* LPL compressors fully loaded and extra flow is by passed Total 4361.4
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 174.1 91.41 | 4.00 -92.51 3.18 -1.05 307.44 1.05 318.93 6.85 -1.74 120.2 0.35 343.5
Total 3435

Total Carnot Efficiency
25.8%

Total Carnot efficiency
without motors efficiencies
27.1%
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ADVANCED 3LiSNESS&TECHNOI.OGIF:; PROJECT: LC LS-II 4-5K COLD BOX SYSTEM
7. MODE 6 - STANDBY
7.1 PROCESS INPUTS
Supply Return
Load w p T p T q
[2/s] [atm] K] [atm] K] [KW]
Warm Shield <96.7 Note 1 <35 =27 <55 =10.1
Cold Intercept <25 =32 =53 =>1.23 <7.5 =0.9
4-K Refrigeration <27 =32 <45 =>1.23 <4.5 =0.5
4-K Liquefaction
Sub-Atmospheric
7.2 MAIN RESULTS AND REM ARKS
e Cold Shields supplied at 3.0 atm
* SHe supply for 4-K Refrigeration at 3.2 atm and 4.55K
Supply Return
w P T P T q
Load
o [g/s] (atm] (K] (atm] (K] [kw]
Warm Shield 85.9 3.7 32,5 2.7 55 10.1
Cold Shield 35.7 3.0 5.68 1.23 7.5 0.9
4-K Refrigeration 27.1 3.2 4.55 1.25 4.47 0.5

4-K Liquefaction

Sub-Atmospheric

7.3 PROCESS PFD
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Comp_LPLtoMP

LPL_00
* MP_00a

HX-Load

0ump7LPR[oﬁ

Recycle_MP

Recycle_HP

PipingMP

Comp_MPtojiP

Recycle

HP_00c
Piping+ORS

HP_O!

X P_00|
HX-2ndStage

Heat Loads

Warm_Shield Cold_lIntercept Refrigeration Liquefaction Sub_atm

DUTY W* 10100 900 500 0 0
Feed Temperature K 34.80 5.52 4.55 4.55 4.55
Feed Pressure atm 3.700 3.000 3.200 3.200 3.200
Product Temperature K 55.00 7.50 4.47 300.00 30.00
Product Pressure atm 2.700 1.230 1.250 1.100 1.220
Mass Flow als 95.7 29.7 27.1 0.0 0.0

I Warm Compression Station
U]R o fix-Recycle b HP_01 Comp_LPLtoMP Comp_LPRtoMP Comp_MPtoHP.
PipingLPL 3 ‘ HP_01bb e HP_01b Capacity (act feed vol flow) ACT_m3/h 4784 3925 4030
PiNgLPR - LPR ota Nzot Feed Pressure atm 1.050 1.050 2.350
LPL_0%a HP_0lab ﬁa HP_01a Feed Temperature K 306.9 307.0 310.0
X018 Product Pressure atm 2.500 2.500 12.450
Mass Flow als 221.7 181.8 413.5
HP_02b N2_03a Cryogenic Expanders
LPL_03b LPR_03b ‘T‘E—N‘—“— T1 T2 T3 T4
102 - LNZ_Supply Power kw 1311 0.0 1.95 0.00
Feed Temperature K 48.38 30.00 9.96 6.35
N2_03b Feed Pressure atm 11.667 3.939 5.129 11.605
Ads_80K Product Temperature K 34.80 23.04 6.31 5.43
Product Pressure atm 3.745 1.500 1.132 3.239
Cryoline L Q_acisB0K Mass Flow gls 1821 00 1449 0.0
Cryoline Adiabatic Fluid Head kJ/kg 935 50.1 195 6.9
e Adiabatic Efficiency 77 72 69 70
’ Heat Exchange
HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06
UA (Calculated) W/C 90216 102301 2055 66491 1675 15738 18940
Return Shield Minimum Approach K 1.96 1.96 0.80 0.73 2.77 0.10 0.10
1 < - Heat Leak W* 203 234 10 152 5 147 59
'sll’(\)lr;‘lds HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
UA (Calculated) WIC 29826 3248 2272 486 428 1100 24
Minimum Approach K 0.26 1.70 0.10 0.10 0.24 0.10 0.08
Heat Leak W* 76 6 27 5 5 5 0
Q_Shield
T1_05a T1_05b F*_ Streams HP
VLv-TL 1 HP_00a HP_0Ob HP_00c HP_01 HP_0la HP_0lb HP_0ibb HP_Olab HP_02 HP_02a HP_02b HP_03a
Temperature K 702.08 310.00 310.03 310.03 310.03 310.03 310.03 310.03 81.12 81.12 81.12 79.75
N Pressure  atm 1245 1245 1195 1195 1195 1195 1193 1193 1191 1191 1191 1191
T1_06a B Mass Flow  g/s 413.5 413.5 413.5 394.8 184.0 210.8 210.8 184.0 394.8 184.0 210.8 394.8
DL N P L e HP_03b HP_03c HP_04 HP_05a HP_05b HP_06 HP_07a HP_08a HP_07b HP_08b HP_09a HP_09b
Supply_Shield ' Temperature K 79.83 79.84 50.94 48.37 48.37 34.86 32.04 16.21 32.04 16.27 11.25 11.25
Pressure atm 11.76 11.75 11.74 11.74 11.74 11.73 11.73 11.73 11.73 11.67 11.67 11.67
Mass Flow  g/s 394.8 394.8 394.8 394.8 212.7 212.7 212.7 212.7 212.7 212.7 212.7 67.8
HP_10 HP_1la HP_11b HP_12a HP_12b HP_12c HP_13a HP_13b HP_13d HP_13e
Temperature K 6.59 6.35 6.35 5.89 5.59 5.59 4.56 4.56 4.55 4.55
Pressure atm 11.67 11.67 11.67 11.67 3.231 3.231 3.231 3.231 3.231 3.200
Mass Flow  gis 67.8 67.8 67.8 67.8 67.8 38.1 38.1 38.1 27.1 27.1
Ade20K Supply_Shield_a VLV-SupplyShield
HP_08b Q_ads20K Streams LPR
Hx-08 LPR_00 LPR_ 0la LPR_01b LPR_03b LPR_03a LPR_04a LPR_04b LPR 05 LPR O6a LPR_06b LPR_07
Temperature K 307.0 307.0 307.0 79.16 79.11 48.17 51.79 44.72 34.76 34.77 31.77
LPL_09 Hp0%a Pressure atm 1.050 1.100 1.050 1.129 1.136 1.143 1.143 1.143 1.146 1.146 1.146
e T L Mass Flow g/s 181.8 1818 1818 1818 1818  86.13 1818 86.13 1.000e-006  86.13 1.000e-006
T3
HX-09
T3_10a
LPLJCE. HP_10 T3_10b
] ] T3_10c < -
i — i 1fa vLvTsou Streams MP
X0 MP_00b MP_00d MP_00e MP_00f
Temperature K 310.0 310.0 310.0 310.0
Retur_ColdiNterceqt - Pressure  atm 2500 2500 2.500 2.350
M O e Mass Flow  g/s 221.7 181.8 4135 4135
Q_Coldintercet HX-11 " Streams LPL
LPL_00 LPL_Ola LPL_Olb LPL_03a LPL_03b LPL_04 LPL 05 LPL 06 LPL 07a
Cold_|ntercept tan Temperature K 306.89 306.88  306.88 79.11 79.16  48.17 44.72 34.76 3177
Supply_Coldintercep Pressure atm 1.050 1.100 1.050 1.110 1.105 1.112 1.112 1.114 1.115
Mass Flow g/s 221.7 212.2 212.2 212.2 2122 2122 212.2 212.2 212.2
o m LPL_07b LPL_08 LPL_09 LPL 10a LPL_10b LPL 11 LPL 12 LPL 13a LPL_13b
b Temperature K 31.77 14.57 8.39 6.49 6.49 6.11 5.49 4.47 4.34
HX-12 Pressure atm 1.115 1.117 1.117 1.117 1.117 1.117 1.117 1.250 1.117
Mass Flow g/s 212.2 212.2 212.2 38.1 212.2 38.1 38.1 38.1 38.1
Streams Subcooler
SC_13a SC_13b SC_13c SC_13d SC_13e
Vapour Fraction 0.0000 0.0334 0.0000 0.9980 1.0000
Temperature K 4.55 4.47 4.47 4.47 4.47
Pressure atm 3.231 1.250 1.250 1.250 1.250
Mass Flow als 11.0 11.0 0.1 0.1 38.0

Return_Refrigerati

pn HP_13e

Supply_Refrigeration

Q_Ref _Refrigeration

Streams Nitrogen

N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b LN2_Supply

Temperature K 306.97 78.95 78.95 78.95 78.95 78.95
Pressure atm 1.050 1.200 1.200 1.200 1.200 1.200
Mass Flow gls 16.7 2.2 145 16.7 16.7 145
Vapour Fraction 1.0000 1.0000 1.0000 1.0000 0.1341 0.0000

91.41
4.000
16.7
0.0000

Fri Apr 15 16:25:10 2016

Case: R\\GCRY\1002336-C1303-SLAC-JLAB-LCLS I1\04_Definition\01-NT Technical notes\C1303 NT 101 - Process calculation including TS\Materia\HX1A&B\06-JLAB-STANDBY (2) HX1AB.hsc

Flowsheet: Case (Main)
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Mode 6 - Standby : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 95.7 10.10 3480 | 3.70 195.75 17.65 2.802 55.00 2.70 301.31 20.71 1.99 77.5
Cold intercept 29.7 0.90 5.52 3.00 20.82 5.38 6.310 7.50 1.23 51.09 11.74 4.43 55.8
Refrigeration 27.1 0.50 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 35.9
Liquefaction 0.0 0.00 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 0.0
Sub Atm 0.0 0.00 4.55 3.20 12.08 3.65 6.820 30.00 1.22 170.86 19.20 2.31 0.0
Total 169.2
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P marain y Motors
gls K atm atm kw kw hp hp kW
MP/HP 510* 300.00 235 | 12.45 529.9 5.30 50.0% 1060 1422 1 2500 43.1% 96.0% 1104.3
LPR/MP 260* 300.00 1.05 2.50 140.6 2.38 55.6% 253 339 1 1000 66.1% 94.0% 269.0
LPL/MP 260* 300.00 1.05 2.50 140.6 2.38 48.4% 290 389 3 800 83.8% 94.0% 308.8
* compressors fully loaded (with 2 LPL compressors stopped), extra-flow is by passed Total 1682.1
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 16.7 91.41 | 400 -92.51 3.18 -1.05 306.97 1.05 318.44 6.85 -1.74 11.5 0.35 32.9
Total 32.9

Total Carnot Efficiency
9.9%

Total Carnot efficiency
without motors efficiencies
10.3%
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8. MODE 7 -50% TURN-DOWN
8.1 PROCESS INPUTS
Table 7: Mode 7. 50% turn down
Supply Return
Load W p T P T q
[g/s] [atm] [K] [atm] [K] [KW]
Warm 3545 >25 55+5 7.5
Shield [Note 1] [Note 3] [Note 3] [Notel |
Cold 5+£05 >1.29 8+0.5 0.7
Intercept >3.2 [Note 3] [Note 4] [Note 3] [Note 1]
4-K Liq. -
Sub- 1.9
Atm. 100 >3.2 4.5 1.2 30 [Note 1]
8.2 MAIN RESULTS AND REMARKS
* SHe supply for 4-K Refrigeration at 3.2 atm and 4.55K
Supply Return
w P T P T q
Load
o [g/s] (atm] (K] (atm] (K] [kw]
Warm Shield 77.8 3.5 36.5 2.5 55 7.5
Cold Shield 22.1 3.2 5.5 1.29 7.5 0.7
4-K Refrigeration
4-K Liquefaction
Sub-Atmospheric 100 3.2 4.55 1.2 30

8.3 PROCESS PFD
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Mode 7 : 50% Turndown
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SC_13¢

Sub_atm

VLV-T4
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T4 124 T2 veraou

HP_13b

HPL13d

HP_13e

Q_shield

Supply_Shield

DUTY

Feed Temperature
Feed Pressure
Product Temperature
Product Pressure
Mass Flow

W
K
atm
K
atm

Heat Loads

Warm_Shield Cold_Intercept Refrigeration = Liquefaction = Sub_atm
7500 700 0 15877

36.53 5.50 4.55 4.55 4.55

3.500 3.200 3.200 3.200 3.200

55.00 7.50 4.47 300.00 30.00

2.500 1.290 1.250 1.100 1.200

77.8 22.1 0.0 0.0 100.0

als

Warm Compression Station
Comp_LPLtoMP | Comp_LPRtoMP

Comp_MPtoHP

Capacity (act feed vol flow) ACT_m3/h 10301 5534 5008
Feed Pressure atm 1.050 1.580 4.005
Feed Temperature K 306.1 306.2 310.0
Product Pressure atm 4.155 4.155 12.240
Mass Flow als 478.6 386.7 875.2

Cryogenic Expanders

T1 T2 T3 T4
Power kw 1339 1197 6.28 0.16
Feed Temperature K 51.16 26.69 11.83 592
Feed Pressure atm 11.364 11.314 11.236 5.526
Product Temperature K 36.53 15.74 5.76 551
Product Pressure atm 3545 1771 1181 3.240
Mass Flow als 172.6 2147 290.1 170.7
Adiabatic Fluid Head  kJ/kg  100.8 72.4 28.6 2.2
Adiabatic Efficiency 77 77 76 45
Heat Exchange
HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06
UA (Calculated) W/C 153098 175757 4815 113992 3245 111918 44203
Minimum Approach K 2.44 244 080 0.93 1.64 0.11 0.44
Heat Leak W* 203 234 10 152 5 147 59
HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
UA (Calculated) wiC 59808 4694 6717 629 0 921 1912
Minimum Approach K 0.21 1.05 0.10 0.10 0.15 0.10 0.08
Heat Leak W* 76 6 27 5 5 5 0
Streams HP

HP_00a HP_00b HP_00c HP_01 HP_Ola HP_Olab HP_Olb HP_Olbb HP_02b HP_02
Temperature K 542,99 310.00 310.03 310.03 310.03 310.03  310.03 310.03 81.32 81.32
Pressure atm 12.240 12240 11.740 11.740 11.740 11.720 11.740 11.720 11.637 11.637
Mass Flow als 875.2 875.2 875.2 848.1 392.2 392.2 456.0 456.0 456.0 848.1

HP_03b HP_03c HP_04 HP_05a HP_05b HP_06 HP_07a HP_08a HP_08b HP_09a
Temperature K 79.79 79.79 52.40 51.16 51.16 33.82 26.69 14.36 14.38 11.83
Pressure atm 11476 11.466 11.426 11425 11.425 11.390 11.375 11.358 11.298 11.297
Mass Flow als 848.1 848.1 848.1 848.1 675.6 675.6 675.6 460.9 460.9 460.9

HP_1la HP_11b HP_12a HP_12b HP_12c HP_13a HP_13b HP_13c HP_13d HP_13e
Temperature K 5.78 5.78 5.55 5.51 5.51 5.29 5.29 4.55 4.55 4.55
Pressure atm 11.295 11.295 11.293 3.232 3.232 3.231 3.231 3.231 3.231 3.200
Mass Flow als 170.7 0.0 0.0 0.0 147.8 147.8 147.8 147.8 100.0 100.0

Streams LPR
LPR_00 LPR Ola LPR_01b LPR_03b LPR 04a LPR 04b LPR 05 LPR 06a LPR_06b LPR_07

Temperature K 306.2 306.2 306.2 78.88 50.77 51.62 49.37 33.38 34.34
Pressure atm 1.580 1.630 1.580 1.689 1.718 1.718 1.718 1.743 1.743
Mass Flow gls 386.7 386.7 386.7 386.7 308.9 386.7 308.9 214.4 308.9

Streams MP

MP_00b MP_00d | MP_00e | MP_00f
Temperature K 310.0 310.0 310.0 310.0
Pressure atm 4.155 4.155 4.155  4.005
Mass Flow als 478.6 386.7 875.2 875.2

Streams LPL

LPL_ 00 LPL 0la LPL_ 0lb LPL_03a LPL 03b LPL 04 LPL 05 LPL 06 | LPL 07a
Temperature K 306.11 306.07 306.07 78.86 78.88 50.77 49.37 33.38 25.19
Pressure atm 1.050 1.100 1.050 1.134 1.129 1.144 1.145 1.155 1.159
Mass Flow als 478.6 459.5 459.5 459.5 459.5 459.5 459.5 459.5 359.5

LPL_07b LPL 08 LPL_09 LPL_10a LPL_10b LPL_11 LPL_12 LPL_13a LPL_13b
Temperature K 26.24 13.33 9.28 5.87 5.86 5.41 5.41 4.47 4.39
Pressure atm 1.159 1.164 1.165 1.166 1.166 1.166 1.166 1.250 1.166
Mass Flow als 459.5 359.5 359.5 47.8 359.5 47.8 47.8 47.8 47.8

Vapour Fraction

Temperature K
Pressure atm
Mass Flow gls
Temperature K
Pressure atm
Mass Flow als

Vapour Fraction

Streams Subcooler
SC_13a SC_13b SC_13c SC_13d SC_13e

0.0000
4.55
3.231
47.8

306.20
1.050
41.1
1.0000

0.0331
4.47
1.250
47.8

0.0000
4.47
1.250
35.7

0.9980  1.0000
4.47 4.47
1.250 1.250
35.7 121

Streams Nitrogen
N2 01 N2 _02a N2_02b N2_02c

78.95
1.200
5.5
1.0000

78.95
1.200
35.5
1.0000

78.95
1.200
411
1.0000

N2_03a N2_03b LN2_Supply

78.95
1.200
411
0.1341

78.95 91.41
1.200 4.000
35.5 41.1
0.0000 0.0000

HP_02a
81.32
11.637
392.2
HP_09b
11.83
11.297
170.7

25.19
1.751
214.4

HP_03a
79.75
11.634
848.1
HP_10
5.96
11.295
170.7
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Mode 7 : 50%Turndown

1000 K
MP to|HP LPR to MP PLto MP
1060 987 W 387413 W [44 615 W
r =875.2 g/ rh=3_§6.7g;s m=478.6 g/s
ggffﬂ".%tif’atm OUT = 4.16/atm - 19atm
i P /,//
/’/ xy ,/ ----23atm
papa . '/,r/ - -~ 125atm
,’// /’4 — — — LV equilibrium
= / ) 7 / HP
100 K . s
J 1 17 LPR
T L /' ’ /'/
13.390 W /z’ ,/, ,4/ |_P|_
AHs = 100.8 kI/kg’ e 7
v =172 G,HK'/ Supply_Shield_~" Z / = Last iX
> 2 L7 \ 77'8/5/5/’ L7 e SUbCOOlEF
© 11974 W P 1 / h
S - s 7’ 2 - = - - i
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6275 W / \7
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Mode 7 - 50% Turndown: Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 77.8 7.50 36.53 | 3.50 204.84 18.02 2.699 55.00 2.50 301.28 20.87 1.94 58.8
Cold intercept 22.1 0.70 5.50 3.20 19.25 5.05 6.406 7.50 1.29 50.93 11.63 4.47 429
Refrigeration 0.0 0.00 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 0.0
Liquefaction 0.0 0.00 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 0.0
Sub Atm 100.0 15.88 4.55 3.20 12.08 3.65 6.820 30.00 1.20 170.87 19.24 2.30 451.8
Total 553.5
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P maradin y Motors
gls K atm atm kw kw hp hp kW
MP/HP 875.2 300.00 401 | 12.24 609.3 3.06 53.0% 1149 1540 1 2500 38.4% 96.0% 1196.5
LPR/MP 386.7 300.00 1.58 4.16 233.0 2.63 55.8% 418 560 1 1000 44.0% 94.0% 444 .4
LPL/MP 519.0 * 300.00 1.05 4.16 444.9 3.96 50.6% 879 1179 2 800 26.3% 94.0% 935.2
* 2 LPL Compressors fully loaded, 1 stopped, and extra flow is by passed Total 2576.1
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 41.1 91.41 | 4.00 -92.51 3.18 -1.05 306.20 1.05 317.64 6.85 -1.74 28.3 0.35 81.0
Total 81.0

Total Carnot Efficiency
20.8%

Total Carnot efficiency
without motors efficiencies
21.9%
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9. MODE 8 - 50%STANDBY

9.1 PROCESS INPUTS

Supply Return Q [EW]
Warm =3
Shield :
Same as in Same as m
Cold mode 6 =0.45
mode 6
Intercept
4-K Ref =0.25
9.2 MAIN RESULTS AND REM ARKS
e Cold Shields supplied at 3.0 atm
» SHe supply for 4-K Refrigeration at 3.2 atm and 4.55K
Supply Return
w P T P T q
Load
o [g/s] (atm] (K] (atm] (K] [kw]
Warm Shield 46.58 3.7 34.45 2.7 55 5
Cold Shield 14.83 3.0 5.51 1.23 7.5 0.45
4-K Refrigeration 13.55 3.2 4.55 1.25 4.47 0.25
4-K Liquefaction
Sub-Atmospheric

9.3 PROCESS PFD
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Comp_LPLtoMP
LPL_00

MP_00a

T

Recycle_MP

Recycle_HP

Recycle

Comp_MPtoHP ,

HP_00c

MP_00b PipingMP Piping+ORS
fiX-Load MP_00e MP_00f HP_ O
“HX-2ndStage
Comp_LPRtoMP
HP_01
1PR 01h HX-Recycle B

Recycle_LPLb
LP|_o01b
PipingLPL

LPL_01a]

LPR_Ola

HP_01bb
N2_01

VLV-7

HP_01b TD

HX-01B

%1 HP_0lab

HP_02b

LPL_03b LPR_03b

Cryoline_LPL.

Ads_80K
"~ Qads80K

Cryoline
HP

HP_0la
VLV-8

N2_03a

e

vz LN2_Supply

N2_03b

Mode 8 :

0%Stand

Return_Shield

LPL_06

from >
shields
Q_shield
T1.05b
VLV-T1 T
4 Warm] Shield
LPR_06b HP_ 06 T1 06a
T1_06d T1 06c i
{ Supply_Shield

|
LPR_06a
HX-0f

LPL_07b

=

LPL_07a

HX-07

HX-08

LPL_09

HX-09

LPL_10b

HP_07a

Supply] Shield_a

LPR_07 s

HP_07b

) W
HP_08b Q_ads20K
1

HP_09a

4 N3

—><

VLV-T2

L

VLV-SupplyShield

T3_09b

{ T3 09a

HP_10

VLV-TD

T3_10a

T3_10b

From
Coldintercept LPL_10a}

HX-10

Return_ColdiNtercept

HX-11

Cold_Ifitercept

Supply_Coldintercept

fe————

to o
Coldintercept ~ Coldintercepta

HX-12

VLViDewar

LPL_13a

T3 10c

=

SC_13¢]

SC_13b

sC

Return_Refrigeration

Supply_Refrigeration
Q_RefRefrigeration

VLV-T30ut

HP_13e

Turbines

Heat Loads

Warm_Shield Cold_Intercept Refrigeration Liquefaction Sub_atm

DUTY Ww* 5000 450 250 0 0
Feed Temperature K 34.30 5.51 4.55 4.55 4.55
Feed Pressure atm 3.700 3.000 3.200 3.200 3.200
Product Temperature K 55.00 7.50 4.47 300.00 30.00
Product Pressure atm 2.700 1.230 1.250 1.100 1.220
Mass Flow als 46.2 14.8 135 0.0 0.0

Warm Compression Station
Comp_LPLtoMP  Comp_LPRtoMP  Comp_MPtoHP

Capacity (act feed vol flow) ACT_m3/h 3517 3110 3086
Feed Pressure atm 1.050 1.050 2.350
Feed Temperature K 307.5 307.3 310.0
Product Pressure atm 2.500 2.500 11.400
Mass Flow als 162.7 143.9 316.6

Cryogenic Expanders
T1 T2 T3 T4

Power kw 7.34 0.00 1.24 0.00
Feed Temperature K 43.94 30.00 9.49 6.56
Feed Pressure atm 8.779 3.939 3.980 10.562
Product Temperature K 34.30 23.04 6.60 5.51
Product Pressure atm 3.745 1.500 1.129 3.239
Mass Flow als 144.2 0.0 1144 0.0
Adiabatic Fluid Head kJ/kg 66.9 50.1 16.6 6.4
Adiabatic Efficiency 76 72 65 70
Heat Exchange
HX-01A HX-01B HX-02 HX-03 HX-04 HX-05 HX-06
UA (Calculated) wi/C 76811 81536 1509 54957 1481 8058 8861
Minimum Approach K 1.87 1.87 080 073 291 0.10 0.10
Heat Leak W* 203 234 10 152 5 147 59
HX-07 HX-08 HX-09 HX-10 HX-11 HX-12 HX-SC
UA (Calculated) wi/C 23715 2585 1327 282 314 697 16
Minimum Approach K 0.24 1.64 0.10 0.10 0.26 0.10 0.08
Heat Leak W* 76 6 27 5 5 5 0
Streams HP
HP_00a HP_00b HP_00c HP_01 HP_0la HP_0lb HP_0lbb HP_0lab HP_02 HP_02a
Temperature K 674.18 310.00 310.03 310.08 310.03 310.03 310.03 310.03 81.07 81.07
Pressure atm 11.40 11.40 10.90 10.90 10.90 10.90 10.88 10.88 10.86 10.86
Mass Flow als 316.6 316.6 316.6 297.9 145.6 152.4 152.4 145.6 297.9 145.6
HP_03b HP_03c HP_04 HP_05a HP_05b HP_06 HP_07a HP_08a HP_07b HP_08b
Temperature K 79.85 79.87 46.93 43.91 43.91 34.37 32.61 16.32 32.61 16.41
Pressure atm 10.71 10.70 10.69 10.69 10.69 10.69 10.69 10.68 10.69 10.62
Mass Flow als 297.9 297.9 297.9 297.9 153.7 153.7 153.7 153.7 153.7 153.7
HP_10 HP_1la HP_1lb HP_12a HP_12b HP_12c HP_13a HP_13b HP_13d HP_13e
Temperature K 6.79 6.56 6.56 5.95 5.59 5.59 4.56 4.56 4.55 4.55
Pressure atm 10.62 10.62 10.62 10.62 3.231 3.231 3.231 3.231 3.231 3.200
Mass Flow als 39.3 39.3 39.3 39.3 39.3 24.5 24.5 245 13.5 13.5

Streams LPR
LPR_00a LPR 0la LPR_0l1b LPR_03b LPR_03a LPR_04a LPR_04b LPR_05 LPR_06a

HP_02b HP_03a
81.07 79.75
10.86 10.86
152.4 297.9
HP_09a HP_09b
10.98 10.98
10.62 10.62
153.7 39.3
Recycle_LPLb
310.00
1.050
9.5

LPR_06b LPR_07

Temperature K 307.3 307.3 307.3 79.20 79.13 44.02 47.56 40.36 34.27 34.27 32.37
Pressure atm 1.050 1.100 1.050 1.129 1.136 1.140 1.140 1.140 1.144 1.144 1.144
Mass Flow als 143.9 143.9 143.9 143.9 143.9 97.70 143.9 97.70 1.000e-008 97.70 1.000e-008
Streams MP

MP_00b MP_00d MP_00e MP_00f Recycle_LPLb
Temperature K 310.0 310.0 310.0 310.0 310.0
Pressure atm 2.500 2.500 2.500 2.350 1.050
Mass Flow als 162.7 143.9 316.6 316.6 9.460

Streams LPL

LPL_00 LPL Ola LPL 0lb LPL _03a LPL_03b LPL_ 04 LPL_ 05 LPL 06 LPL 07a LPL_07h
Temperature K 307.46 307.30 307.30 79.13 79.19 44.02 40.36 34.27 32.37 32.37
Pressure atm 1.050 1.100 1.050 1.110 1.105 1111 1111 1.112 1.113 1.113
Mass Flow als 162.7 153.2 153.2 153.2 153.2 153.2 153.2 153.2 153.2 153.2

LPL_08 LPL_09 LPL_10a LPL_10b LPL_11 LPL_12 LPL_13a LPL_13b Recycle LPLb
Temperature K 14.77 8.15 6.69 6.69 6.30 5.49 4.47 4.34 310.00
Pressure atm 1.114 1.114 1.114 1.114 1.114 1.114 1.250 1.114 1.050
Mass Flow als 153.2 153.2 245 153.2 245 245 24.5 24.5 9.5

Streams Subcooler
SC_13a SC_13b SC_13c SC_13d SC_13e Recycle_LPLb

Vapour Fraction 0.0000 0.0332 0.0000 0.9980 1.0000 1.0000
Temperature K 4.55 4.47 4.47 4.47 4.47 310.00
Pressure atm 3.231 1.250 1.250 1.250 1.250 1.050
Mass Flow als 10.9 10.9 0.1 0.1 24.4 9.5
Streams Nitrogen

N2_01 N2_02a N2_02b N2_02c N2_03a N2_03b LN2_Supply Recycle_LPLb
Temperature K 307.26 78.95 78.95 78.95 78.95 78.95 91.41 310.00
Pressure atm 1.050 1.200 1.200 1.200 1.200 1.200 4.000 1.050
Mass Flow gls 12.1 1.6 10.5 12.1 12.1 10.5 12.1 9.5
Vapour Fraction 1.0000 1.0000 1.0000 1.0000 0.1341 0.0000 0.0000 1.0000

Recycle_LPLb
310.0
1.050
9.460
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Mode 8 : 50%Standby
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Mode 8 - 50% Standby : Carnot efficiency

Supply Return
Mass Flow q T P h S € T P h S € EL
Heat loads gls kW K atm J/g J/g-K kJ/g K atm J/g J/g-K kJ/g kW
Shield 46.2 5.00 3430 | 3.70 193.14 17.58 2.822 55.00 2.70 301.31 20.71 1.99 384
Cold intercept 14.8 0.45 5.51 3.00 20.74 5.36 6.314 7.50 1.23 51.09 11.74 4.43 27.9
Refrigeration 13.5 0.25 4.55 3.20 12.08 3.65 6.820 4.47 1.25 30.53 8.12 5.50 17.9
Liquefaction 0.0 0.00 4.55 3.20 12.08 3.65 6.820 300.00 1.10 1573.55 31.39 0.06 0.0
Sub Atm 0.0 0.00 4.55 3.20 12.08 3.65 6.820 30.00 1.22 170.86 19.20 2.31 0.0
Total 84.2
Supply Return
Mass Flow T P P 'd';ilv\'lr;‘:m P2/P1 Isothermal [Compressor Mechanical| Number of |Motors rated ’\sg\t/\?érs Motor IEIE\(/:vt:rC:tI
Compressors Efficienc Power Motors ON ower efficienc
P compressor y P marain y Motors
gls K atm atm kw kw hp hp kW
MP/HP 510* 300.00 235 | 11.40 501.9 4.85 50.9% 986 1322 1 2500 47.1% 96.0% 1026.9
LPR/MP 260* 300.00 1.05 2.50 140.6 2.38 55.6% 253 339 1 1000 66.1% 94.0% 269.0
LPL/MP 260* 300.00 1.05 2.50 140.6 2.38 48.4% 290 389 1 800 51.3% 94.0% 308.8
* compressors fully loaded (with 2 LPL compressors stopped), extra-flow is by passed Total 1604.7
Supply Return
N2 Mass Flow T P h s € T P h s € deal input | LN equivalent Input power N2
power N2 efficiency
gls K atm Jig J/gK kJ/g K atm J/g J/gK kJ/g kwW kW
N2 12.1 91.41 | 400 -92.51 3.18 -1.05 307.26 1.05 318.74 6.85 -1.74 8.4 0.35 23.9
Total 23.9

Total Carnot Efficiency
5.2%

Total Carnot efficiency
without motors efficiencies
5.4%
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