
Fermilab 

ABSTRACT 

SIMULATION PROGRAM FOR CENTRAL 
HELIUM LIQUEFIER 

Shigeta Kawamura* 
February 20, 1984 

TM-1245 
2300.000 
2701.000 

The computer program described here analyzes the perfor­
mance of Fermilab Central Helium Liquefier (CHL) and predicts 
the values of the plant thermodynamic variables at all process 
points in the plant. To simulate CHL, this program is modified 
from the prototype program which was developed by Hitachi Ltd. 
a couple of years ago. This program takes care of only the 
steady state simulation and takes account of the change of the 
turbine efficiency, the pressure drops and the UA values of the 
heat exchangers. How to use the program is shown in Appendix A. 

PROGRAM DESCRIPTION 

The principal program SHEREL is approximately 2000 FORTRAN 
statements including comments. SHEREL contains the main program 
and the subprograms, each of which takes care of the calculation 
for the corresponding component; i.e., the heat exchanger, the. 
expansion turbine, the valve, the phase separators, etc. 
Figure 1 shows the flow diagram for CHL and the numbering used 
in the program. The components are connected by the linkage· 
points. The main program controls the sequence of the calculation 
and manages the data at each linkage point and each flow path. 
Each component subprogram calculates the outlet process condition 
from the inlet process condition of its component at each iteration. 
Through the iteration the temperature values of the process points 
are changing automatically, and the iteration stops when it 
converges to the appropriate distribution which satisfies the heat 
and mass balance of the system and the restrictions demanded by 
the components. 

In the subprogram for the heat exchanger, the differential 
equation for steady state heat transfer is solved by finite-differ­
ence method. The average value of helium specific heat is used at 
each flow path for reducing the calculation time. To prevent 
inaccuracy caused by this approximation, some heat exchangers are 
divided into a couple of smaller heat exchangers along the flow path. 

*Visiting engineer from Kasado Works of Hitachi Ltd., Japan. 
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The capacity of the heat exchanger is the product of the 
overall heat transfer coefficient U and the area A, available 
for heat transfer. At the heat exchanger, A is constant and u 
mainly depends on the mass flow M. In the program the following 
expression is used for estimating the value of UA. 1 ' 2 

U A = (U A ) ( M I M ) 0 
• 

7 

0 0 

Here, the suffix o means the design condition. 

The pressure drop in the heat exchanger, ~P, also depends on 
the mass flow M. The following similar expression is used in 
the program. 

~p = (~P) (M/M )i. 8 

0 0 

In the subprogram for the valves, the following expressions 
about the coefficient of the valve Cv are used for calculating 
the relationship between the mass flow M and the pressure P. 

IP i z - P2 2 
M = Cv at P2 >0.5 P1 

IT 

M = CV 
P1 13 at P2 <0.5 P1 --

IT 2 

(units: g/s, atm. K) 

Here, T i s the temperature and the suffix 1 and 2 represent the 
inlet and the outlet of the valve. 

The program takes account of the change of the expansion 
turbine efficiency. A typical tendency of the expansion turbine 
efficiency corresponding to the velocity ratio is shown in Fig. 2. 3 

In the program, this diagram is approximated by the following 
expression. 

Here, n is the efficiency of the expansion turbine, u is the rotor 
tip speed, C0 is the velocity equivalent of the adiabatic head and 
a is the value of u/C 0 where the efficiency reaches the maximum. 

The basis for the design of the plant is the TS diagram shown 
in Fig. 3. A total of approximately 1.0 g/s of helium flows out 
of the process through the labyrinth seals of the expansion 
turbines. The program neglects this flow which amounts to 0.07% 
of the design value of the compressor discharge. 
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APPLICATIONS 

A sample of output from the program is shown in Appendix D. 
This output corresponds to the design condition. The output is 
displayed in the order of the sequence number of the components 
shown in Fig. 1. The linkage point number LN and the flow path 
number NF correspond to the numbers on Fig. 1. 

As the first application, the influence on the J-T valve open 
rate is analyzed and the results are shuwn in Figs. 4-6. Figures 
4 and 5 show the tendency of the flow rates at several flow paths 
and Fig. 6 shows the tendency of the temperature at several points 
corresponding to the open rate of the J-T valve. The Cv value 
corresponding to the design condition is about 90. The liquid 
helium production and liquid nitrogen consumption take maxima at 
around the design point. 

As the second application, the performance of CHL is analyzed 
on the condition that the discharge pressure of the compressor is 
the same as design condition, 11.9 atm, and that the open rates of 
the J-T valve and the turbine #1 (T-1) inlet valve are changed. 
The J-T valve and T-1 valve are two main control valves in this 
system. The results are shown in Fig. 7. The curve A shows the 
helium production corresponding to the discharge flow rate of the 
compressor on the condition that the open rate of the T-1 inlet 
valve is constant and the open rate of J-T valve is changed. The 
other curves similar to curve A show the results in the case of 
the corresponding open rates of the T-1 inlet valve. The curve B 
shows the maximum helium production corresponding to the discharge 
flow rate of the compressor; that is the performance curve for 
CHL on this condition. 

Another performance curve on condition that the discharge 
pressure of the compressor is 9.9 atm is shown in Fig. 8. From 
the comparison between Figs. 7 and 8, it is the best way to keep 
up the discharge flow rate of the compressor for producing the 
most liquid helium at the reduced operation mode. 

The performance curve for another reduced operation is shown 
in Fig. 9. In this case, the discharge pressure is 11.9 atm, the 
design pressure, but the turbine #2 inlet valve is closed or the 
turbine #2 is isolated from the process line. The liquid helium 
production decreases remarkably. 
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APPENDIX A 

HOW TO USE THE SIMULATION PROGRAM FOR CHL 

1. Starting up. 

a. Log in. 

b. Type the following commands: 

/GET,HEREF/UN=V3055 
/GET,ELMDATA/UN=V3055 
/GET,INTDATA/UN=V3055 
/HEREF 

HEREF is a procedure program which contains the commands 
for transferring the permanent files to the local files, compiling, 
linking and executing the several kinds of programs. ELMDATA 
contains information about the refrigeration equipment and the 
linkage relationship among the equipment. A sample ELMDATA is 
shown in Appendix B. INTDATA contains the initial data of pressure, 
temperature, and enthalpy at each linkage point and the data of flow 
rate at each flow path. A sample INTDATA is shown in Appendix C. 
It takes a few minutes to start the calculation. 

2. Printing the results. 

When the calculation is completed without errors, 11 NORMAL END" 
a pp ea rs on th e term i n a l . Th e re s u l t of the c a l cu l a ti on i s w r i t ten 
in a local file called ROUTPUT. To print ROUTPUT, type 

/R, ROUTPUT 
/ROUTE,ROUTPUT,DC=PR 

3. Rerun. 

To rerun the program with the same INTDATA that was used at 
the previous run, type 

/HEREFR 

4. Continuation of the run. 

When the number of repetition of the calculation reaches the 
specified limit (default: 100 cycles) but the temperature distri­
bution does not converge, the following message appears on the 
screen: 

"THE CALCULATION IS NOW ON THE REPETITION LIMIT. PLEASE TYPE 
(HEREFC) TO CONTINUE THE CALCULATION. 11 

To continue the calculation, type 

/HEREFC 



A-2 

5. Time limit. 

When the program does not get to the end in the time limit 
specified by the computer "TIME LIMIT" appears on the screen. 
To terminate the run, type 

/
11 CTRL 11 + T 

then reduce the number of repetition limit of the local file 
ELMDATA. To rerun the program, type 

/HERE FR 

6. Post-mortem dump. 

In case of a fatal computation error, a post-mortem dump 
will be generated on the file PMDUMP. To examine this dump, type 

/R,PMDUMP 
/C,PMDUMP 

7. Change ELMDATA and/or INTDATA. 

To edit the data of ELMDATA and/or INTDATA, use ICE. 
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blh9 'f3 . 
252. z 11.3 12.9 

u·5 45.7 lZ 
J.l. 5 72.3 45.7 252.2 1.37 11. 5 13 45 272. 2 5 .s l<'. .9 74.6 11. 5 45.7 

14 46 
2(/6. l 1.1 ·1 8.0 53.1 l.l.. 4 37 .o 
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zot..4 1. 2 beO 37 .u 16 48 
l't4o3 1.397 406 29.6 H·4 25 .1 17 
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145. q o.o u.o l) n> 5.9 25.7 19 
3::.1. l 51 145.9 1.3 j(J 0. 0 !).9 2~.1 20 

79.66 -:..lo. 62 52 
Z5 .1 l't5. q 1.3 5.9 Zt 

ru.934 53 
145.9 1.3 79.66 5.9 2.'J. 7 22 
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ll'lo 2 1.3 7Y ,66 11.3 lo.l 23 

7tl.9 34 55 ·n.4 1.3 79.66 5.d 16 .1 24 
43 >. " 56 

6tio9 1.15 60.0 11. 3 iz.q 
25 
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74.6 11.8 'Hl .09 5.H 12. Q 

26 5tl 
74. b 11.B rn .09 jzu. b6 :i .8 12 .q 

21 59 
34 .2 I ll.tl 9U.09 !i«::o. 66 11.2 a. z 

211 60 l-' 11.H 9t!. 09 526.66 1.397 4.6 21.s co 29 61 
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l'<ORMAL ENO 

EL l'IOA TA" El MDA TA 

REPETITION NO·• 33 

INTDATA•tNTOATA 

OMIT" • 01000 RAMO" • 60000 

NO" 1 81FLOW CONT ) ND= l 
FLOW.MAX PRESS.sue op.sue 
1267,70000 1.05000 .04000 

II 
".I HO• Z 

0
p(NX2l ~ NO" AUl D 

l 
AlJ23D 

,, 300.00000 9309.00000 139022.00000 

_Qf~e- - AU13 AU23 
• .... U(;O 9281.07798 81Hl63 .65654 

i ,,, 

NO F~OW NO FLO~(~,!~ 
1 12 5d5.1657 
2 2 ll06.lJ49 
3 1 1264.9116 

}•11 

.... 1 NO• 3 161NU1 ) NO= 1 
I QL AU130 FlO 

"I 100000000 21'76,00000 588090000 

I I 
1,.,, 

DP2 
.09960 

NO 

1 
2 

FLOW NO 

12 
1 

FLOW RA TE 
Ft G/ SI 

585.1657 
1264.9116 

NO• 4 l21HX11-DIV I NO= 1 
QL AUl3 FlD 

400.00000 93849.00000 1109.30000 

DP2 
.19921 

NO.DIV 
v 

LNSTART 
&5 

NO FLOW NO 

~ f 
1.J·: "lD= 5 4!FLOW SEPR 

0.00000 

FLOW RATE 
FIG/SI 

1106.1049 
1264.CJl:..o 

NO" 1 

NO" 6 12(HX11-Dlv NO" 2 

SUMMATION OF OELf.T£M?o" .00923 

AUHP= • 70000 OPEXP•l.80000 

PRESS.DISCH TEMP.DISCH 
11.90000 311. 00000 0.00000 0.00000 0.00000 

FlD F20 F3D OPlO OP2D 
588.'ilOOOO llO~. 30000 1201. 70000 0.00000 .06000 

DPl on OP3 
0.00000 • 05969 • 09960 

************** HOT 
LN P(ATMI 

ENO ************** 
TIKI HIJ/Gl 

************** COLD 
LN PUTftJ 

ENO ************** 
TIKI tHJ/GI 

19 1. 30Ci:l z 1.0900 
1 11.9000 

300.00~3 lli.U9i3 
300.2517 1574.2584 
311.0000 1634.2000 

DP20 AU13 

22 l.31)J0 99.9317 lll.3978 
4 1.1497 80.2342 431.5442 

26 11.6004 100.2373 538.1763 

F20 
1Z67,7000v 

DPlD 
J .Jli\1\)0 .!vOOO Zl5ll.28354 

OPl 
11.0110110 

******•*•****• HOT END ************** 
LN Pl ATM I TlKI H(J/GI 
Z2 l. 3000 
27 11.8004 

9q.9317 101.3978 
100.2373 538.1763 

OP2D AU13 

************** COLO ENO •••••••••••••• LN PlATMI 
20 l.3000 
29 1 • 70~8 

TIKl HCJ/GI 
79.4269 -t16.a111 
60.8957 437.2751 

F2D 
1267.70000 

DPlD 
.05000 .20000 93662.07075 

!)Pl 
.04974 

************** HOT 
LN ?IATMI 

43 1.1497 
l ... 70(18 

ENO ************** 
TIKI H(J/GI 

80.2342 431.5442 
8v.e957 437.2751 

************** COLD END ************** LN P(ATMl Tl Kl H(J/GI 
Jv L.1994 40.0804 222.7608 
41 11.5016 46.1921 255.0114 

I 
I-' 
l...O 
I 



OL AU13 FlO 
200.00000 8238.00000 1109.30000 

OP2 
·l0l69 

NO.DIV 
0 

NO 

l 
2 

LNSTART 
75 

FLOW NO 

z 
5 

FLOW RA TE 
F(G/S) 

1100.1049 
· 3H;Tt869 

HO• 1 6(VALVE > NO• 1 

1

1:1!. 
1·1-1 

1

1,.; _NO" 
.cl . - .. 

I 

''I 
\iii 

QL CV 
0.00000 ·4092;00000 o.ootroo 

NO 

1 

FLOW NO 

4 

FLOW RATE 
ft G/S) 

910.4247 

8 2<TURBINE l NO= l ffflC o 0 . ... . CV . CU/CO )[J 
.82900 638.83000 .70000 

u.o 
233.13500 

NO 
1 

EFFICo 
.82900 

U.L 1JW 
229.44000 

FLOW NO FLOW RATE - --- -- ---- ~TGTSJ. 

4 910.4247 

NQc 9 7<HX12 zr -- - qu· . . 
1

1

,, .. I 200.00000 

) NO= 1 ou- -- . AU1311 -
0.00000 22045.20000 

,,J OP 30 
; .. r · .10000 

I ' 
I ' 
l.:'.'.J: 
lrn) 

r 

I 

"I 
.~ " I 

1''11 
I'.~, 
'Jo. 

NO 

1 
2 
3 

OP'tO AU13 
-~10000 2209~;~7598 

FLOW RA TE 
FfG/S) 

llOb.1049 
354.4869 
9).Q!.'t~H 

NO• 2 

NO•ll 7(HX12 ) NO'" 2 

F2D 
351. 20000 

DPlD 
0.00000 

OP20 AU13 
.10000 8256.48852 

DPl 
0.00000 

************** ~OT ENO ********•***** ************** COLD END •••••••••••••• LN PUTM) l<K) H(J/G) 
30 lol99~ 40.ceo4 zzz.1o~e 
4'J 11.5016 46.1921 255.0114 

aETAl 
o.noooo 2041.sao56 

BET AZ 
bOZ.07631 

PRESS.IN 
ll.50158 

LN PfATl'I) T<KI H(J/G) 
3Z l.l991t 37.2117 207.8180 
46 11•39119 37.5451 208.9271 

0.00000 

************** HOT END ************** ************** COLO ENO ************** 
J(K) H(J/G) 

46.1921 255.0114 
lN PCAfM> 
42 llo501b 

LN PC ATM) Tl Kl HCJIGJ 
43 ll.lt017 46.1813 255.0114 

OELT.ENTH. WORK 
45.63060 41725.30655 

BETAZ 
94.00525 

PRESS.IN WORK.O 
11.40174 42195.70000 

U.HIGH 
270.93000 

************** HOT ENO **********•*** ************** COLD END ************** LN PfATIH - TlKJ H(J/GJ 
7 l!.4017 46.1613 255.0114 

AU140 FlD 
'J4432.50000 1109.30000 

AU14 OPl 
54261~4b965 .04974 

F3D 
351.20000 

OP3 
.10169 

F40 
916.00000 

DP4 
.09691 

LN PC ATM> T<K) ~CJ/Gl 
47 6.0171 37.5243 209.1744 

OPlO 
.05000 

************** HOT ENO ************** ************** COLO END ************** LN PCATMJ 
32 lol994 
31 11. 399·:J 

8 6.0172 

TLKI H(J/G) 
37.2117 207.8180 
37.5451 208.9271 
37!5Z43 ZQ9,l744 

LN PC ATtU 
6 1.2492 

48 11.2982 
49 s.9l.83 

f(K) HfJ/G) 
23.7189 137.3468 
26.0191 146.2987 
Z6.0b84 l46el)l5 

QLZ QL3 AU130 AU140 HD f30 F40 DPlO 
100.00000 

DP30 
0.00000 

NO 

0!9_QQOO 3U2f>•'?()()OO ~~425.20000 1109. 30000 351.20000 444.00000 .05000 

OP40 AUlJ AU14 OP l 01'3 DP4 
.10000 31196.55756 362A6.90554 • 0497't 0.00000 .09857 

FLOW NO FLOW RAH 
F(G/SJ ************** HOT FND ************** ************** COLO ENO ************** LN P<ATMI l(K) HCJ/G) LN P(ATMI f(K) ~(J/G) 

j 
N 
0 
I 



1 2 1106.1049 
2 5 354.4669 
3 7 440.4713 

N0sl2 6(VALVE ) NQa 2 - -· Ql . - - - . . CV 
0.00000 2210.75000 0.00000 

FLO,,,j NO 
., 1 6 

! '·I 

FlDW RATE 
f(G/S) 

469.9579 

I ,: -ND•I3 2 <TURBINE ) NO= 2 
EFFIC.D CV 

I• e82100 476e0J~00 

~~ - - - - . U • 0 EFF IC • 
!11 244.20000 .82100 

) Nl)s 3 

(U/C[))O 
.70000 

u.rnw 
231. 38000 

CIL3 AU130 

,., 
I 

OPZ 
.10169 

NO.DIV 

NO 

1 
2 

1 

0.00000 14476.00000 

DP40 AU13 
0.00000 14513.56836 

LNS TART 
85 

FLOW NO 
10 

5 

HO 
637 .60000 

" N0sl7 6(VALVE } NOo: 3 
CIL CV 

. 0~00000 1487.06000 -0.000JO 

6 
5 

53 

1.2492 
11.2982 

5.<H63 

23. 7189 
26.0191 
26.0684 

BETAl 
0.00000 1053.36573 

BET AZ 
432.99427 

PRESS.HI 
5.91826 

1.2989 
11.2902 

5.BH7 

0.00000 

u:ns~ 
16.3518 

•+++********** ~OT END ++++++++++++++ ****O******** COLO END *********U*** LN P(ATMI J(K) H(J/GI LN P(ATM) T(K) H(J/Gt 
;o 5.9183 26.0684 148.1515 51 5.6179 26.0513 1~8.1515 

OELT.ENTH. WORK 
49.95467 23476.59172 

iSETA2 
93.27310 

PRESS.IN WORK.O 
5.81792 23470.30000 

U.HIGH 
305.23000 

************** HOT ENO ************** ************** COLO ENO ************** LN PCATMt T<KI H(JIG) 
9 5.13179 26.0513 148.1515 

AU140 
18367.20000 

l\Ul4 
18301.32051 

FlD 
637.60000 

OPl 
0.00000 

F30 
351.2001.10 

DP3 
0.00000 

fltD 
4H.OOOwO 

OP4 
0.00000 

LN P(ATMI T(K) HlJ/G) 
10 1.2989 16.2885 93.1940 

OPlO 
11.00000 

************** HOT END ************** ************** COLO ENO •••••••••••••• LN PC ATM> 
36 1.2989 
33 11. 2962 
34 5. 8197 

FZD 
351.20000 

HK> H(J/G) 
16.2748 98.l214 
16.3500 90.6409 
16.3518 94.7369 

DPlD 
.06000 

OP20 AU13 
.10000 29832.10952 

lN PUTIO 
12 1.2989 
56 11.2982 
'H 5.8197 

OPl 
.05975 

HK> H(J/G) 
11.9110 74.8114 
13.3058 71.6516 
13.2219 76.5787 

************** HOT ENO ************** *******•****** COLO ENO ************** LN PCATl11 
12 102989 

lfKl H(J/Gl 
11.9 10 74.811~ 

11 ll.2982 ~3.3ij58 71.6516 

0.00000 
BET Al 

98~.57624 
BETA2 

408.96003 
PRESS.IN 

5.81969 

LN P(ATMI JlKI H(J/G) 
38 1.3288 8. 576 5~.0909 
59 11.2474 e.2646 34.6012 

0.00000 I 
N 
I-' 
I 



NO FLOW NO FLO~ci'!~ 
1 7 440.4713 

liO!lfiEFFfl!~RBlliE cvl _NO= l. iUICGtO 
,,- .81300 323.05000 .10000 

( --,." •• His -- mm -,,.j~hs~ 
~D FLOW NO FLQ~c~1!i 

1 7 440.4713 

-'t--ll~l9_ ~.HfLtllil SUH 
,o 1 o ... ullCIO 

) till~. z. 
ill) 
'• ' NOa20 12lHX11-0IV ) NO• '! .. -- --u- -- AO 13 FlO 

100.00000 6679.00000 193.70000 

---- . o~ba 00() 

NO.OIV 
1 

lNSTART 
95 

NO 
1 

FLOW NO FLOW RATE 

2 

bl VALVE QL .. - . . 
0.00000 

NO 

1 

9 
5 

H~~HA 
354.4869 

l NO= 4 
CV 

90.15700 0.00000 

FLOll RATE 
f(G/~) 

354 .4869 

9CLIQ SEPRT I NO• l 
QL QRO 

40.00000 0.00000 
QR 

0.00000 

!',I 

1 N0=23 lBCCONTROLLER) NO= 
NO MEASUR. 

l 
CNTRL.ELM - - FLOW . 

NQ=24 

19 TEMP~-

P-COEFF. 
l~QQQQ_Q_ 

I-COEFF. 
- • ~0.00Q 

18lCONTROLLERI NO• 2 
- RO -ffEISUR; CNTRL.ELM 

11 FLOW PRESS. 

************** HOT ENO ************** ************** COLO END ************** LN P(ATH) f(K) H(J/GI LN PCATl'I) TCK) HCJ/GI 
57 5. 8197 13.2219 76.5787 58 5.7192 13.1958 76.5787 

OELT.ENTH. WORK 
22.46045 ~893.16191 

I.I.HIGH 
255.49000 

BETA 2 
88.93075 

PRESS.IN WORK.O 
5.71918 9525.10000 

************** ~OT ENO ************** 
T(K) H(J/G) ************** COLO ENO 

lN PUTH) LN PCA fl1) 
ll 5.7192 

F20 
351.20000 

13.1958 76.5787 

OPlO 
.03800 

OP2D 
0.00000 

4Ul3 
67Z't.65451 

14 1.3288 

OPl 
.113870 

•••••••••••••• T<K) HCJ/G) 
8.1623 54.1178 

•••••••••••••• ~QT ENO ••+•+••******* ************** COLO ENO ++•+••***•**** 
LN PHHU 
39 1.3.288 
37 11.2474 

0.00000 
SETAl 

122.05187 

HKJ HC J/G) 
B.1469 54.0305 
8.2646 34.6072 

BEU2 
36. 39311 

PRESS.IN 
11.24135 

~~ ~!~l~l 4.l!~~ z~!4lrl 
15 11.2474 6.1371 21.4649 

0.00000 

************** ~OT ENO ************** ************** COLO ENO •••••••••••••• LN PCATHI 
l'> ll.l41't 

FLOW.LIQ 
158.81112 

NU• 
12 

0-COEFF. 
.50000 

NO. 
47 

1-BEFORE 
.00529 

T lK I H(J/G) 
6.i371 21.4649 

Z-BEFO~E 
.00,37 

3-BEFORE 
.00542 

LN PUHi) 
60 1.3481 

4-8EFORE 
.00542 

Tfl() H(J/G) 
4.5555 21.4649 

I 
N 
N 
I 



w.,. 
°'"' 0.0 
l.L.0 
WO 
c:o. 
I .,. 

...., .... 
O<:N 
011' 
l.L.0 
WO 
c:o • 
I 

N 

WN 

°'"' Cl.,. 
l.L.0 
'4JO 
c:o • 
I ..... 

oO 
l.L.0 
l.L. .... 
LUO 
00 
u• 
I I 

0 

•O 
l.L.0 
l.L. ... 
LUO 
00 
u• 
I I 

•O 
u.o 
1,L.ll' 
wo 
00 
u• 
I I 
a. 
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