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SUMMARY

I. Project Title
Development of the Hydrogen Storage System using Cryogenic

technology

L. Project Objective and Justification

We should liquefy hydrogen gas to use it conveniently in many
systems as a substitute energy, and then need a hydrogen liquefier, a
pump, a transfer tube, and a storage tank to do this.

Cryogenic technology is needed to liquefy hydrogen. Especially,
this technology is very Iimportant In many indusirial fields such as
the propulsion system of rockets, a particle accelerator, MHD system,
cryosurgery, magnetic levitation train, and a high speed computer. But
a technological gap between our country and advanced foreign
countries 1s very large.

Nevertheless, the R & D on the hydrogen energy as a sub-
stitute energy is just beginning n our and foreign countries. For
many applications, it 1is necessary for the R & D of design and
manufacturing techniques on the hydrogen liquefiers, transfer devices,
and storage tanks. Therefore, the objective of this project 1s to

establish the related techniques.



. Project Contents and Scope

The research results of the first year can be summarized as follows :

1. Survey on the characteristics of the cryogenic materials and
fluids

2. Consideration on the characteristics of hydrogen at dryogenic
temperature

3. Thermodynamic cycle analysis on the gas liquefaction systems

4. Analysis on the hydrogen liquefaction system

5. Theoretical consideration and collection of design materials on
the main components of the hydrogen liquefaction system

6. Achievement of the basic conceptual design on the Claude hydro-
gen ligyefaction system with a nitrogen liquefaction system as a

pre—cooling system.
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. area
: Specific heat

: diameter

e . charge of an electron

ge
H
h

K

- conversion factor in Newton's Second law of moiion

: enthalpy

- Plank’s constant, enthalpy, convective heat transfer coefficient

- Specific heat ratio

K. : loss coefficient

k

k.:

L

* Boltzmann's constant
thermal conductivity

. length

m, ; mass of an electron

m
N

n

p

: mass flow raie
* number of atoms
. polytropic exponent

. pressure

Ap . pressure drop

Q
R

: heat transfer rate
: Specific gas constant
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w

. entropy
. temperature

- overall heat transfer coefficient

< o =

. volume

v : gas velocity through the valve

v, . speed of sound in the solid

v . average particle velocity

W - work rate(power)

x : mole fraction

y . liquid yield(the fraction of gas liquefied)

z : the nitrogen boil-off rate per unit mass of hydrogen compressed

Greek symbols

7 : specific heat ratio

7 . efficiency

8, . Debye temperature

1> mean free path of particles

4 . viscosity

uyr - Joule-Thomson coefficient

4 | isentropic expansion coefficient

p . density of material
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Subscript

¢ . Compressor, cold

e . expander, equivalent

f:fin

ff : free-flow (cross-sectional)
h : high

i: ideal, inlet

L : longitudinal

N, : Nusselt

O : overall, outside, outlet, outer surface
P : constant pressure

P; ! Prandtl

R : refrigerating

R. : Reynolds

T : transverse

v  constant volume

Other symbols

H : magnetic field intensity
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Table 2.1

Chronology of cryogenic technoclogy

Year

Event

1877
1879
1883

1884
L8932

1895
1898
1902
1507
1908
1910
1911
1912
1916
1917

1922
1926

1933
1934
1937
1939
1942
1947
1948
1949
1952
1957
1958
1959
1960

1961
1963

1966

1969
1970

L9735

Cailletet and Pictet liquetied oxygen (Pictet 1892).

Linde founded the Linde Eismaschinen AG.

Wroblewski and Olszewski completely ligueficd nitrogen and oxygen
at the Cracow University Laboratory {Qlszewski 1895).

Wroblewski produczd a mist of liguid_hydrogen,

Dewar developed 2 vacuum-insulated vessel for cryogenic-fluid
storage {Dewar 1927).

Onnes established the Leiden Laboratory. Linde was granted a basic
patent on air liguefaction in Germany.

Dewar produced liquid hydrogen in buik at the Royal Institute of
London.

Claude established Air Liquide and developed an air-liquefaction
syslem using an cxpansion gngine.

Linde instalied the sirst air-liguefaction plant in America. Claude
produced neon as a by-product of an air piant.

Onnes liquefied helium (Onnes [908).

Linde developed the double-coluran air-separation sysiem.

Onnes discovered superconductivity (Onnes 1913).°

First American-made air-liquefaction plant completed.

First comimercial production of argon in the United States.

First natural-gas liquefaction piant to produce helium.

Eirst commercial production of neon in the United States.

Goddard test-fired the first cryogenically propetled rocket. Cooling
by adiabatic demagnetization independently suggested by
Giauque and Debye. ]

Magnetic cooling used to atlain temperatures below | K

Kapitza designed and buiit the fivst expansion 2ngine for helium.

Evacuated-powder insulation first used on a commercial scaie in
cryogenic-fluid storage vessels.

First vacuum-insulated railway tank car built for transport of liquid
OXYEeR.

The V-2 weapon system was test-ired {Dornberger 1934).

The Collins cryostat developed.

First [40 ton/day oxvgen system built in America.

First 300 ton/day on-site’ oxygen plant for chemical industry
completed.

National Bureau of Standards Cryogenic Engineering Laboratory
established (Brickwedde [360).

LOX-RP-1 progelicd Attas [CBM test-fired. Fundamenial theory
(BCS theory) of supcrconductivily presented.

High-efficiency multilayer cryogenic insulation developed (Black
1960

Large NASA liquid-hydrogen piant a1 Torrance, California,
compicted.

Large-scaie liquid-hydrogen piant completed at West Palm Beach,
Florida.

Saturn laench vehicle test-fired.

60 ton/day liquid-hydrogen piant completed by Linde Co. at
Sacramento, California

Two liquid-methane tanker ships designed by Cench Methane
Services, Lid.. entered service.

Dilution refrigerator using He'-He! mixtures developed {Hall 1966;
MNeganov 1966). .

3250-hp dc superconducting motor constructed (Appleton 1971).

Liguid oxygen piants with capacities between 60.000 m’/h and
70.000 m'/h developed.

Record high superconducting transition temperature {23 K}
achieved.

21



2000
1800 \
1600 .
1400 \
\ \ "\-.\‘gl .
"\-__-‘--w
£ 1200 AN r‘3_{_____|'\-_.._
3 \\ 7 N ‘
H
1000 P
: \ \\
=} g - [
£ a0o . ) 2 X
H
.. (1) \ (6) —
600 \\\
. “"‘-—-—-L_\m.._ J
400
200
-\._\"'-—-—-i_a_{
% 50 00 180 200 250 300 350

Temperature, K
Fig. 2.2 Ultimate strength for several engineering materials: (1) 2024-T4 aluminum; (2)

berylliﬁm copper; (3) K Monel; (4) ttaniurm; (5) 304 stainless steel; (6} C1020 carbon steel;
(7} 9 percent Ni steel; (8) Teflon; (9) Invar-36 (Durham e1 al. 1962).

22



2000
1800
1600 \\
a
1400 <
5 1200 ]
% \ \\r‘” T
7 - ™~
£ 1000 S~ T3 T~
v \ ——— ] ‘\
% 800 P\.\\ [\‘ e
> {2} ] (7,9)
\ pp i
600 “\
{6}
400 \--..____(_!L,\“—-_____h
200
8)
-.'-'--_\__‘_.__L‘-—
04 50 100 150 200 250 100 350

Temperature, K
Fig.2.3 Yield strength for several engincering materials: (1} 2024-T4 aluminum; {2) bervi-

tium copper; (3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steck; (7) 9
percent Ni steel; (8) Teflon; (9) Invar-36 (Durham et al. 1962).

23



g oA Tozs ZxE FAAUG

eE7t RolAe wE AR YREY £Fo] ¥ LA
oo A& f9A9 E3HFE(thermal agitation)o] ZAH7 wEe
edAELS H99AgEd o 2 Yol FesA "o wEy A
EEE REZ woldFE FTd 7 FEAS(Ulimate 2 yield

strength)= 71814 H4.

2.1.2 Fatigue strength

o 233 (fatigue failure)i= Y@F oz 10%A}e]g ol4d AL
of 3gAZ LAYk A FE(microcrack)e] JARE QA G
Aol =d A%, a8x HEHoE AAuz(ductle rupture)st =
E(cleavage)ol] A FZHE g3}l o]FjAA . oHFE
MAE T4 A#e FHeAN wAsA "8 oFe AW (in-
homogeneous shear deformation)olt} FRel &AL FA LA
gt

Age L7t dopye] wa FE(crack)e AFd Bay
TH2 ©f AJA do gEd  exrl BepEsE yEin
(fatigue strength)= ZF718t4 "o 5 LSS0 EFY AL

exst wolge wd FeAwe WY H2Fwe Hs IFshch

2.1.3 Impact strength
THZE ANEE A5 AP Yol JELd Doy
BE duvAt FSH=UE Ygde Aot e AL AH

24



1000 <1

300 ]

{5\}

500

400 -l
\ > \\--.__; ]
(6)
300 \
200 —— %x_\*
[ ———
100 \ \

0 50 100 50 200 250 300 350
Temperature, K

600 [ \
N\

Fatigue strengih a* IO6 cycles, MPa

Fig. 2.4 Fatigue strength at 10° cycles: (1) 2024-T4 aluminum; (2) beryllium copper; (3) K
Monel; (4) titanium; (5) 304 stainless steel; {6) C1020 carbon stee! (Durham et al. 1962).

25



=Ue Fde 49 AR P=(attice structure)o] W :A FHo
o W49 2R (FCC; facc-centered—cubic lattice)= 441 A=
(BCC ; body-centered—cubic lattice) 2t} © @& wvlzd®(slp plane)
T 7T 99, =@ FCC e gurH Zt(hexagonal lattice) =

BCC ®o Fddez ®4d we Jduxs F4ah

2.1.4 A x(hardness)$} <4 (ducitility)

Aol A4L BT AAAYAMN AWy vREY HLgo|
Y A SUEME elongation) 24  UElAT. 25 made @A
& 5%E 71Fo2 HAQA(brittle material) b 94 A Z (ductile ma-
terial} & TFREM, QA go] 5%olHolH JNMHEE BFIT)

ALdM A4—-H4 Ho)9d Y (ductile-to-brittle transition)o] =
A g Ase ¥ eE7 PeldsE Q4L ey
By FaZe e, ALda Holddg sHed  Fig(2.5).004
ERol #Holddge ZAAR QLo 25~30%N4 2~3% WARAR
2 °old AREEe A9 dHol AT Fas Mg Age
Hajof gt

diHor FE(FEE)Ee Az FIZxe HAFHoz H4

BER xrl WolA4E Age Axe ZrsA "ok
22 24 54

221 E€A:=x

26



160
140
120
__—é‘-
< 100 vd
[ =y
B /
=
2
5 80 /
&
[+ N
E
>
o
8 &0 S
W]
y T
i
40
(&)
7-‘4‘( 2},7 4
— —
20 E=A1 / (3 T
(4'___________...--
(n
0
o 50 100 150 200 250 300 350

Temperaiure, K

Fig. 2.5 Charpy impact strength at low temperatures: (1) 2024-T4 aluminum; (2) beryl-
lium copper; (3) K Monel; (4) titanium; (5) 304 stainless steel; (6) C1020 carbon steel; (7) ¢
percent Ni steel (Durham et al. 1962).

27



60 |
(5) /
50 /
>
|~
e /
5 s0f— -
.13 /
R
8 T~ 3
8 30 T
a4 {7 ]
Q T —— ]
g‘ /’ »>.<""“‘--..___={““'—-———.______—-
5 / 3 T
: gh—
_____,__,--""' .
L/*"’TST
10 Sl
_—— /
0
0 50 100 150 200 250 300 380

Temperature, K

Fig. 2.6* Percent elongation for various materials: (1} 2024-T4 aluminum; (2) beryllium
copper; (3) K Monel; (4) titanium; (5} 304 stainless sieel; (6) C1020 carbon steel; (7) 9 per-
cent Ni sieel (Durham et al. 1962).

28



zae 8 99 A=dE 37HA HAAIF] Ak
ARE 2% =AJANYE AXEFIH, EAE oM FHER
(phonon) & F7 e AAAF % A F4olm, AAE A
g5 e Aot dFdgAe dixd FH s 2244
AgejAe sgol, wdd stzdAs FE A= V7 &

G4 stae ASE WALFAUAY Adeln, olgat 79

Ase WALEH HALFAYAY ALl

vE slae dAzxEE 227t Hold wH voldth 1
AL 7pxe LE ogozRE I BAE ot 3 5 Uk

kl = % (97—5)(‘-’0"1; ...................................................... (2.1)

AEaAA BE(@S AEQAd HBEEFAG@HA  FE
Adz QAST slae ude exd ARE @ oh=E,
2z 7las dAssE QA FIFEESE ¥FE F2NE

& qu a8T gAd HETLEEEE o A% Lo

AnFoz exst woldW Akl HFE EFEETH oA
2 AZe QATE7 el

29 WL ANF 2E AL o ) (Cryogenic liquid) & &

flo

exsl deldsz dAEse FZten 24 dAFid BF

24 Addr o dAAg dde E4E nojx uth

29



10000 F\\
¥ N\
/ \
/ \
000 // \
i
™
%
§
X 100 —]
;E AT
S L~
- (e)//(@j /flf L
E L1
= 10 ///‘V// %/ o
4 v 7] =T
e 4y ="
/// AN 4lv
/ ¥
A/ fid ///
VAT
| VANRVA
74
A7
wiwi /; d pd
[ VA ba
e L
0"r 2 4 6810 20 40 60 00 200 400

Temperoture, K
Fig. 2.7 Thermal conductivity of materials at low 1emperatures: (1) 2024-T4 aluminum; (2)

beryllium copper: (3) K Monel: (4) titanium: (3) 304 stainless stecl: (6) C1020 carbon steel;
(7) pure copper; (8) Teflon (Stewart and Johnson 1961).

30



222 ¥ 4

axe Hge EAGYTY FAce:r T THH 244
g A@sA ¢ & Uk A WA Debye 2EE L=
gg wae wsg BE2gA EIEH F Atk

QRT3 /T *Ax T T
— jﬂu z(;ex-l)ﬁ — BR(H)S D(h_,g_;) .................. (2_3)

Q714 D(T/6p)E Debye functionold @t 2(2.3)d) %
29L& Fig. 2.8 =Astgth Debye temperature(fp) ol T ol &3

Q 4 AEHH Brh

duidoz zAe AXe Hd(e)e LAY vAITMAR <
w71 2ol wa W& FHEZ RFolAA HE, W 3 o A
o WA)E LE7b Robdel ma FasA Bx I of A
g59 Hdge ©E IdAge €8 Lambda-point temperature &} il

2% 217K 2IdA dag ZPE olFE ol GAS

4

o
%3
)

23 A-zA713 EA

231 ANAzE
2Ade AVAEEE ©Y d¥3IT AFE AR ZES
ugre] A¢ WaeE UE ez A4 sich. A7) A& (electri-

3



/R

3.0

28

2.2 /
290 :

1.6

1.4 l I

1.2

1.0

o8

B S

——

0.4

I
0.6 l
I
l

0.2

1.0

20

T/,

Fig. 2.5. The Debye specific heat function.

Table 2.2. Debye characteristic temperatures

30

ép 9

Material K ‘R Material K R
Aluminum 390 702 Mercury 95 171
Argon 85 153 Molybdenum 375 675
Beryllium 980 1764 Neon 63 113
Calcium 230 414 Nickel 375 675
Chromium 440 792 Niobium 265 477
Copper 310 558 Platinum 225 408
Diamond 1850 3330 Silver 220 396
Gadolinium 160 288 Sodium 160 288
Germanium 290 522 Tantalum 245 441
Gold 180 324 White tin 165 297
Graphite 1500 2700 Gray un 243 412
a-Iron 430 774 Titanium 3s0 630
y-Iron 320 576 Tungsten 315 567
Lead 86 155 Vanadium 280 504
Lithium 430 774  Zirconium 280 S04
By permission (rom Scott (1959).
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Fig 2.9 Variation of the specific heat c, for hydrogen gas
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2.3.2 ZA %% (Superconductivity)

ol ZAo AL AHe ¥ uew Jshie #IE
szt zAs d@geld. A%E @RI AAY AN exF
gzm o exox 2AE ANl YojuA Hed old ol

&2

EAN L% Z Ho|& X (transition temperature)dti HEH A&7}
g 2 el gEth = AR el duz e FHAA
AAE AFY Mg FAAIE 2AE @l HAHedH o7
o) A9l A7|E critical field(H)etz ¥Bth Table(2.3)& =23
Al W@ Aolexwst critical fieldE YeEpim ok

245 @44 FHHA WPes PAY  HelHE,

N

critical fieldgto] @wt A st ZATAME Type 1 ZAZA L
stwy, ¥ critical field(Hoy)olA Holrt Al&AFHo] ¥& critical

field(He) oA Holrt a3 E 2AEAE Type I ZAEAGXL

e

O E% wEe wsE e5ARs 2ARAZ oF ¥ A

T 2 g zAxRAZ Hye AR AW

¢

24.1 ¥ 5F{(Helium)
52 He'9l He'd 279 <¢AHE Fad:2 &3, o

BHo| Hetolw Hels AA #H9 13x107%E AAY Polth

1

Huz BEUd AdFol & wdie He'd uvehdle Aot

=

dx dFe HAHL 4214K(758°R)elw, olde] EEE
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Table 2.3 Transition properties of superconductors

Transition Temperature Critical Field at
in Zero Field, Ty Absoluie Zero, %,
(K) {tesla)
Elements
Aluminum 1.19 0.0102
Cadmium 0.53 (0.00288
Gallium 1.09 0.0055
Indium 34 0.0285
Lanthanum (3) 6.10 0.160
Lead 7.19 0.0803
Mercury (=) 415 0.0415
Niobium 9.2 0.1390 (% ,); 0.2680 (% ;)
Osmium (.66 0.0065
Rhenium ‘ 1.70 0.0193
Ruthenium 0.49 . 0.0066
Tantalum 4.48 0.0805
Thallium 2.39 0.0170
Thorium 1.37 T 00150
Tin n 0.0305
Titanium 0.39 0.0100
Uranium 0.68
Vanadium 5.41 0.0430 (7 .,); 0.0820 (¥ )
Zinc (.85 0.0053
Zirconium 0.55 0.0047
Selected Alloys
Hg-Cd 4.1 0.041
Pb-In 7.3 0.359
Pb-T1 7.3 0.443
Sn-Bi 18 0.0807
Sn-Cd 316 0.038!
Sn,Sh, 4.0 0.0673
Sn-Zn 3.7 6.0305
Tl,Bi, 6.4 C.0702
TI-Mg 2.75 0.0220
Selected Compounds :
Au,Bi 1.7 0.0085
Cu-§ 1.6 0.0104
Li-Bi 2.5 .
KBi. 36 0.0234
Na-Bi 2.2 0.0198
Nb,Al 17.1 25.0 (%)
- NbjAu i1.5
Ta,Sn 8.35 24.5 (# )
V50 7.0
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1248kg/cn(7.79 lbm/ft)olm, olFe e ¢ 1/8FECT. EI
g3 Wge FgAzz WAUEE 17gstdAds ¥Hel EAs
A @od, Hugmdr ¢PL 25298 KPa(2497 atm)E ¢FE
sojormt WAd mgsA Hoh 9 FFL ¥4, FH2A HA
o]Ae] AA(heat of vaporization)e 20.90 KJ/kg(8.98 Btu/lbm)o]s
o] AL Bel ¢ 1/110°]H.

Fig(2.11)el He'o] % Phase diagramg XAI3At. He's
g =ad: gd AN g 2AR7] HE

A% (triple point)el EAIHA Fed.

2
B
Q
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B
S Liquid He-I
E
(-1}
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4 point
a
.. bd
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l — ! |
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Fig 2.11 Phase diagram for helium 4
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dFe 2719 ©E 4ol Utk Lambda lined AAME
e oz FF I(normal liuid) 3 fa] AE T (Superflud)=
U@ttt X Lambda lineo] Z71¢A3 whte H&  lambda point}
Raw o xFg LexE 2171°K(3.91°R)e]l ==, ¢¥€2 5073
KPa(0.05 atm)Xxo]t}. Lambda pointg}s= ol8c] £ AL 9H
gFo Hlgel o AHeA FAE FyE Holn dow I EF

o] ogela Az xYIH HKIHFL A EAR clFeIH-
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rn
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Specific heat of saturated liquid,
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Temperature, K

Fig 2.12 Specific heat of saturated liquid helium 4

dF 1& X7t #Zatd e ddzme FasA HW oA
& slzel FAF fAteth. AA €F 1o H©X $7l8 HHS
ZolW st ZusHHEKN 2%t AEEY. olff x7l lambda
pointe] T2 HW 4§ A4 ¥€§ I Ha ¥se HA
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7l FddErt. oA WEF N9 EAEEI WFE AN FAH F
Al bubblec] A2 ATH oARfE FA g7l wWEeld 44X HF
19 33Kejxe GAEErE o 24 mW/m-KQW usl 4§ I
dAEEE 85 KW/m-K2X Aedxe &47ee FAERd %
220v] ool Hrh

QA FF [eo = trg FAFd stve  superfluidity o] .
olZAL w3 HAGe]l gle AP Fe EA4E JEdz e Ao
o wEbd whEe] 917 HEe] wWaA £dYd £ Ut adE=
48 [ & 9AREE 7hds Axd deadr] Bk wWaE
4% WEeld A ¢ 4 Uk od® AP WAUEY FH

“fountain effect”® A& Hrt}

2.4.2 |2 (Neon)

&L air-separation plante] R-AEZ & F Ue TtEF
ol dhudeold, X J&e FAow gk 175tdA  ®FL 27
09°K(48.8°R)ol® W2 2454°K(443°R)ejct. H|FE dA i
Rey % L 22X JAT BEA JtaoH, @8 AHT A
do] F& HTp © an, dxrt © ate A2 43 Fad
Hg #H9 o wgyag oot

lee ZAgws 20, 21, 229 349 4HE FHLLE UH

A slew, 2 AAdiEel ¥l:= 10,000 @ 28 1 9710t}
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2.43 7 2(Nitrogen)

dx HAae T gen gAwsld BF FAsT. W
QoA wAEE 77.36°K(139.3°R)olw, WAL 63.2°K(1138°R)ol T
A ALe 1/geA LxE 807kg/m*(50.4 lbm/ft})els A3
wre Wgeldel AEe 1993 Ki/kg(857 Bu/bm)olth

Az s 149 FaE AFUz 149k 159 2704 FHUx
g 713 9geow, I HE 10,000 : 38°]th
2718l F  FAYA78.08% (A AH]), 7545% (FA )

©
olmz AA Frle FFel dd AdHez AgHz Atk

2.44 &% 9 2(Fluorine)

i Z==momi HHol 85.24°K(153°R)Q1 ¥& =74 9
o]t} WAL 535K(96.4°R)olm™ ol k=M T TZ "
28y &EE 456 KEZR)EZ ¢ w ¥ =34 IAs A9
Az wWad. 9x o=k AL 94 Fd4 #=s M@
a dxzA ugeAde "U=E 1,507 kg/m¥*(94.1 lbm/ft})ol .

Z2omyr HYxozn JAF WL dode FAol AW
g ZF2e =7 ©3l4a(hydrocarbon)st FEFE A HE EE
shede WA Hed, WHE IFe=g @& FHEM 2 A
£2 e @& YA " ZEeEA2dd AgdE A®R =
Heladl 2747 Monel?t Z& F&HSL FFastad HEAN EHIZ
go] AMzi=d, o BIWRL ZFeE-_IJ&I wgol FHEY
gtoz Adse AL AT
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2202 EAo] ofF Fsitt. HE FEAA ol 200ppm
8 EFFE 1A JHF x=&HY XWHe HW, 800ppmele
15%, 50ppmolE 4A1ZE 74F x&HW APHe] "k AdA
5145 HdAe lppm-hr(lppmolA 1A =F)oltt. oldd =

AuEe dx EBRoEE £ FEEE HBHE XRo|x e

2.45 ol=&(Argon)

3

H

Hm
o

grolzze wn TMow oH Fas Nz
i Utk BFAHoM EAHol vk /Yl A o=z

Ho] 87.3°K(157.1°R)eojiz WAL 838 K(150.8°R)ojt}.  17]]tellA

)

flo

E3AAol=xe] WrE 139 kg /m® (87.0 lbm/ftd)o]t}. o=
Z712e ¢ 0.934%(AH¥) 1.25% (A2 EAen, AGHIZ
36, 38 = 409 349 4AD EH9YA2E AT e L A

= 338 :63:100,0000] .

24.6 42 (Oxygen)

AF Azl HEE 90.18°K(162.3°R)ejx WHE 54.4°K(98.
0°R)olt}. T AAare] 2x 15C9 & w3 FAE 1,
l41kg/m* (71.2 lbm/ft)olth. 53] Hire & 2A2fASe ¢
2l ekzle] AL "W YgersE A& (HEEZE | magnetic sus-

ceptibility) & SAFozH  EHI| A Aol Fo] ofx=FERIA

AxE ey 9 wE HIH ¢H EASE Fas,

dast VIS4 4AETHY AFe 4Fd g oAU
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James Prescott Joulei#d William Thomson(¥ o] Lord Kelvino] 2 Eg

ARl o3 e BFHo Joule-Thomsond 7Hat 3 . o] EFH
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h
flo
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Fig 2.13 Principle of Joule-Thomson effect
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0 AgHe Relth BAESe]l 2E¥®E ¢ 2EAlole]  Van der
Waals 2@ s} 2oz, o £Feo TaF uA:
2&9  FFANA(kinetic energy)2 ¥E LA™ ol %
wzlel 4L k2o YR duiAE dol=gdA Hu ARFoz exrt 3
steth. FPLBE FTh= AYHT(steady flow)o] ©is]l s A1E3
S FE3tZ, g Foiae dhgol fUF, YR T UE glon, 59X
& AXANGAY Hsg FAstE WPRsE AZso Jdgne wa
T $1tHhi=h). @24 Joule-Thomson EF= 591w (isenthalpic) 77 o] th.

Joule-Thomson &3A] dAse ¢PAse g exwstg

< Joule-Thomson A& (ur)EX JERW 4(2.7)58 2t}

L O Y e e e
Iy _(BP b (2.7)

olF7IMe HSAE pp7t FF G (Zero)olATH AR H A
= Folotd™  wrdtel (1)1 AR WAaRNE d9¢ $ x
mrikel (=) Aol e3l8 2xs Aasth BWsE] prghol
Y(Zero)l HES AAFH(inversion curve)oldt &H Fig(2.14)9]
AL ST Wle, F4 2dn 9F5FY 2 MY apy
geol (=)7t Hed AL olE Jlxd g Ho o HL % (maxi-
mum inversion temperature)7} 4 &(room temperature) Xt} o}

71 WEolth. n#Ez YZEsHE fdged st2o WnsE B3

s71H9  AEHE Fig(21l4)dM A ¢z REd JEE  stodel

g},
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Inversion
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Temperature
decrease

Temperature T
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Fig 2.14 Inversion curve for isenthalpic expansion of a real gas

Table 2.5 Maximum inversion temperature

Maximum
Inversion
Temperature
Gas K ‘R

Helium-4 . 45 81
Hydrogen 205 369
Ncon 250 450
Nitrogen ' 621 1118
Air 603 1085
Carbon monoxide 652 1174
Argon 794 1429
Oxygen 761 1370
Methane 919 1650
Carbon dioxide 1500 2700
Ammonia 1994 3550

3.3 @9 A A7 (Adiabatic expansion)

Joule-Thomson & %7} ¥ <& A @31 APEIHE F
d  7res  LxEE  RAIAE wde ddgFdade BFAA
(expansion engine)& Al&3a] Jt27 BFE W dxd U &

o2M rt2e exyt WolAA =HW ol d& HFEr] wWE
46



Gg0 Hotdd. wdBARAL FAE=V(isentropic) HH =N
gdHdsd Og eE  #3eE FI==2s  HBFAF(sentropic

expansion coefficient, )83 FHTh.

FRAA] Arge 190283 TF2Q George Clauded] & AHE
AE HYo. Fig2l5)e RIZAAL AEd 27 Claude< 5} 71 &
BRoFEs it}

AR INLET HiGH LOW
40 otm. _ PRES SURE PRESSURE

|

RETURN AIR
1 atm,

LIQUEFIER

EXPANSION
ENGINE

LIQUID AR

Fig 2.15 Early Claude liquefier employing expansion engine to make
liquid air

g AR o8 2% ZsadE  Joule-ThomsonE ¥ HT

$4 au dque saddddE 4 ex FaneE dg &
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34 wWiZlZgaS

7t28 WZAANIIE sl d3se] d8E  slAv F99
2 F5dd JYREAE AALT Table(2)ofx & 5 Yol
24 FYA(ESENZ AgHE 9FS 7oA wFHe 4.2
Kolzg sl2g dgAs® 427K7AA 9 4 9T AW THL
A dA g4EE AW T'KY ex 717 d¢ F Stk
5 ThEY O s dAZFE MK gEE #RE 2x:E W
olA = HElE ol&de AHeltk oHFFT MAFYEHAT 1'Ko| e
SZdMe dHe FHFHol wWiZIFEY Wiy R AN F
719 4HE A7l olgrh

35 A7] Y E(magnetic' cooling) & 7

I"Ko]3tel &2 8 A798AM = A7])dE(magnetic cooling) & 3}
E o]lg&of I} HSAAGHRE)Y  (adiabatic demagnetization) 2
AR (ERME)Y  (paramagnetic salts)@]  iron alum, chrome alum
iron ammonium alum, chromium potassium alum¥Eeo] & A A
T2 gAEE FAHA ddw A AR Fig(216)3F 72
F=Ael & AFAA AL dv Wyeld. ARG
FAEEY FASe] FAARA A JAT AAA(powerful mag-

I

netic field)oll FolA A AFAEL AENA Hed o HA
A Ede weEstd g9, oFA WHEd €2 FYFAEHY o
3} AAFH ke ¢A I'K2 JedA 9. o AAE A
AANZE AGAEL A AL FAMT JHE SoirtA €k

48



TEMPERATURE~DEGREES KELVIN

10 4
‘__________,_.—-—-"""—_ \
] >
r—-\x
o]
001 - ‘xr—
LIQUID HELIUM
B ~y N M "~ .-1 ~
H |3 E = =208 Stk
H (VN H | [t S =ENFNI:s
H |-\~ B =] { =1 H ({7 B
H (4= B ElXdl: E".:,";._-
H >4 E == |H | B
DEWAR ATOMIC MAGNETS EXCHANGE GAS MAGNETS DiS-
FLASK ALIGNED TO PROVIDE ORIENTED, SYSTEM
‘ THERMAL CooLs
CONTACT WITH
LIQUID HELIUM
A. SYSTEM .B. WORK DONE C. HEAT REMOVED . D. SYSTEM
ISOLATED ON SYSTEM WITH EXCHANGE ISOLATED;
BY MAGNETS GAS MAGNET
REMOVED

Fig 2.16 Magnetic cooling
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o osjrM FA2IE YR AL #dA g FePFste FHH
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A4d 5-BFok

2Ed ZAL 7iEL Table(26)olA RHFEo] ZAHL WAV
AL $471¢ ¢ Adriez dEdgv™, 53 EEkE B
FELE 29 HFGoEy dFBe JlEd £dd. gdHA 2A
Zled PG Vg9 Zxvisedy @ F UATh
o 2AE FA N2y d@x wAg2AE AR AAHF
&7F AMEEY, 2ol E(Space Shuttle)e] FHAILFL
2AL JAA JqH Ak, F2E &

O ZHAHok: A9 masersTI T FEE microware amplifiers
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AL EL dAYEeR dAHY ojFA WYAANFoE
3 amplifier element®] #=te] HWHNFo] microwave o
Ao WHag EFFE WHEA Yerth 2ALeE WAL
masers  HA}D 7 A X (missile detector)E Bl ESI  H
LaA2REld ASE E7AT ARAEH Fo AEEH
91tk SQUID(Superconducting quantum interference device | &
AT A 2aFDe F3) AR gAY AHA (magnet-

ometer) 9 A LA (voltmeter) 24 AMEHe  fedl ol F

A= ZALE  FI(Josephson effect)tit REE ZAEIHY
o 71xE Fx Stk
ool ZA=FFL o4& HAAAdE AR FTFH7

(amplifier), A7) (rectifier), W 7| (transformer) R A4
(magnet) %ol <tk E£3 2F= A4 MHD(Magneto-hy-

drodynamic) System, 213 7}4: 7] (linear accelerator)9} tokamak

eLr

o ged g AFE L7 98 ASHD UG =T
£82 < 500km/h7lx 28 & Y AVHFE A=
o]-gdrtt

ZIARA  2Ac@EAT BAYE Meissner effectE o] &3l
o} Fr wAe AFE AREse FohEe o] Y (zero-
friction bearing)o] ¢t} A71F £4& ddv] AT =A
E ¥H % #Hixsg FrE Folg 2Ix ACREIZ
(gyroscope) 5ol AH-g-Ht}.

Space simulation % ZIAF/ & $+FE FF A2 (Space
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propulsion system)3< ¥ $FHARY BHE HAdMe
o7l (outer space)?t L& AFAHEHQ0E~107 torr)B  UE
oo} @t oj¥F ZuPFd ol cryopumpTe] UTh
4EG 2% gRpor: dALALFEL ol ¥, FF AH
z2%, F29 AA%5L F7 wEEHY, HYe W (Par
kinson's disease)2] X EF 9% Rolz Fo¥ U
Lig=)

Agel A4 A7l S ddE AFe I ATA
ze EgEloldojtt. EololE A A AN FTERE MY
nREe 4 RadF AL A2 BAT 4 do wEA

2Rst golojd, FHAEE EI%L, X

2

v us %

a

A AEE 5 UA "ok
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Table 2.6. Technology tree of cryogenic field
— Joule — Thomson
Rec;;;rauw J‘—— Joule —Brayton
L_
-*E}L—K—?]—T Cla..ude System
= o — Ericsson
Regenerative | [— Gifford —McMahon
type — Stirling
27IE L~ Vuilleumier
— He'-He' H4%7]
: —  A71EEF7)
—1K®9 gk .
:‘ -~ Pomeranchuk cooling
— He' 9%7|
— d%¥=z, MHDIA
- YATHET]
- 2REAY | — REAF
—  AVRAEA, AnaEsEd
= — WA FETFEE
—  AFHIA
Al rzme == = :
oL E8NE - mdead | = 2ARFAIAYA
=3 — EAESIA
—
l—Ji g A AE3F
| 2R
— 4 & |—‘ — ¥E%A
' —  F%717]
HAEE L A=277)
— AZIFTHZ
— ALFs7]
— 4YFAF
—zA=As]
35Ng ‘
| HAFzAR |
Ad7lE —
| 32554
EgEa |
7 A A& A




ALY Sae] guy 4

A Fres B Dyey Table(24)el4 wZo] wume] 20.
FKB65R)o| 2, mgoye wmox 70.79kg/m* (4.42 Ibm/ft?) © = A]
=9 % 1/4FEEN ms A ted A sme A A o] o},
T 4 vEocax: CaHA gon pax so T71%ke] AY
A g8 dagy. TE-F7 A= i AHo] 18~59%
+ Fe4o 9o

AL FaE FA94 209 EgAE Hojgew A2} Fo
19 REFLG AT 20 342D deuterium) = F45

dot. FAaIA= o] 4} (diatomic) o] H:%}  HD(hydrogen deuteride)

3.

= TEHE e 1w 3,200 1 1ol $aE Bomw A

0,

¢ A% (T;tritium) 2} 3 ¥EHE F99291 gizy) FL wrz

71(1239) 8 7l was =dolmg AAdME oz 3] 4 3t}
A2A Ortho—hydrogen(O—Hz)i'} Para-hydrogen (P-H,)

The 54249 e orthod & paragle] 27} 218 g
2 EAIdE Aoy, =3 & (room temperature Yl Al 8 g
9q e Fars normal-hydrogen(n-Hy) o2}z &}ry, °lg  o-H,¢} pH,
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o EHulge AHue Az 75%, 25%7F "R EF o= F
oA exdoH o-H9 pHyot BIFHE ol THER TAY
B & EW3 equilibrium-hydrogen(e-H;)°lgtil HEo

Zx= & A9 %A (proton)® 1 ¥A FHE Te T
Mel HA(electron) 02 o] FjF F By A FEE AL
eom, X ARAE £H¢ Moz AA(spn)E T F2EAR
= o@d 2/ €x8& Az gew, o W 249 FApro-
ton)¢] spingdo] TE A S (paralled)9t WY B -F(antiparalle) E
742t ortho-hydrogen(o-H), para-hydrogen(p-H;)o.2 FEZ¥oh. w2
A4 o-His 278 A(proton)d] @ Z  $5 % H (angular mo-
mentum vector)7} & wtgkelm, p-Hae Z £FFHEt v
v} aFol ok,

E-H, AHdAe p-He ¥We €59 FF24 verds, =
Ho|Me EAHE o-Hyb 02%°lx, pHe 99.8%2A4 AAZ =E
= pHoz 2 $ gtk Table(31)e HAAE(e-H)dH 2=
dste] @ p-He =% Jed RHolth

Table 3.1o)4 HE AMY =7t wolddl  wet  o-Hpell A
p-H2 WaHT. oHdF WPe FHez douA I AT
9] A% A7) A& (molecular magnetic interaction)o] ¥ VYA HIRE
Este wW@simz o AxY ARF FE AR AT
Wilo] TASGE F¢ oHLEAE © ¥ duA 4
w, o] W duAE Ww&aA =Hzd o duiAE WHI(heat of
conversion)o| &1 §trh WHAL spin W] WE W FL9Y
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HYDROGEN ATOMS

A 8 c D
(& (O (o {©
|
3 ﬁ
0 ()
|
QORTHOHYDROGEN PARAMYDROGEN

Fig. 3,1 Ortho and Para hydrogen

Table 3.1. Equilibrium concentration of P-H, in

equilibrium-hydrogen

Temperature Mocle fraction
(K} Para-Hydrogen
20.27 0.9980
30 0.9702
40 (.8873
30 0.7796
60 (0.6681
70 (.5588
R0 0.4988
90 0.4403

100 0.3947
120 0.3296
140 0.2980
160 0.2796
180 0.2676
200 0.2597
250 0.2526
300 0.2507
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sz watsl A7 Utk 53 HEEL A il 7134 (heat
of vaporization) 2.t} =2tk Table(2.4) %} Table(3.2)clA] € F AR

o] wWAolAe AL 443KJ/kgol HEEL 703.3KJ/kgol ot

Table 3.2 Several properties for gaseous hydrogen(normal—hydrogen)

k

Temp. i €, u

(K) (kg/m*) (kJ/kg-K) (uPa-s) (mW/m-K) Ne,

77.36 4.604 1.084 5.41 723 0.811
100 " 3484 1.067 6.98 9.33 0.797
125 2.760 1.055 8.57 11.64 0.776
150 2.289 1.047 10.08 13.77 0.767
175 1.958 1.044 11.54 15.85 0.759
200 1711 1.043 12.95 18.02 0.750
225 1.519 1.043 14.29 20.05 0.743
250 1.367 1.042 15.55 22.10 0.733
215 1.242 1.042 16.73 24.04 0.725
300 1.142 1.042 17.86 25.79 0.722

olEF WPAL 2% AfANEY Fade= Z-&-3H7)
Gop @tk wek WA e dAAFzs A
kil

Hgrlel So igw wW@doel VoA TAsA HL, o]

e

o g7 wade EAA Zoer dd 98 Zsde AATL
o ur WA Atk 2E ARMPAN wEHE A AF
4 Aiecs ATY ¢ 1%3E ARAAN AF ge Fo o
MexE ARA7A B Aot WA &2 AFHFAN JAF
b AREAZ Solsbyl Aol mM@dE AAN AR FAAE
Agstel Hsdge #=A FUAAG

sae 271Ae ouAdd @R ¥dE FigG2AAM e
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A AAYE ZAZ gEdq. ol#@g ude Aojd i EFHFAY0
M2 29 p-H9 dixEze Hdel E7] wWid o-HrRY H
A At

ZF<A(deuterim) 9] A9E  FAAE ortho, parag] 23 H=
ZAgY. Fr29xed ¥ @Ae  FA(proton)t T A FA
A(neutron) 8 TAFo gorm mL&die ZFA¥l(normal deuterim
ZA¥))e  ortho-deuterium(o-D;)o]  2/3¢]w, para-deuterium(p-Dz)°]
1/32  Hod. Iy FFie Fad @8 2xvb Wb
et p-Dold  o-D2 E#Ho Fad il A4E BRIk Fig
(3.3)2 H¥AHS Hy, D ¥ T 2x¥sle] W@ paras HE

Jeyz .
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Temperature, K

0 50 100 150 200 250 300 350
| ] ] I | | { |
30
: |
25 /’—4_____
|
. f{_"n' //

2.0

s
L)

1.0 — ;

0.5

I
0
0 100 200 300 400 500 600
Temperature, °R

Fig.'3.2. Specific heat ¢, for p-H,, n-H,, and o-H, (by permission from Fowler and Gug-
genheim 1949),

100 T T e
Hy
T

ot 4
o
o

> Dz

0 'l I 1

0 50 100 150 200

Temperature, K

Fig. 7.3 Variation with temperature of the para content of eguilibrium hyvdrogen. deu-
terium and tritium.
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A4 4 A Ax¥

AE i AR

~a8 ojm gmo olgdr] AN AFE A HedW &
29 WG WHAE Ted 47bd dwel gtk

o %7}~ (high pressure gas)

o a7t EE® 8FE (hydrogen rich chemicals)
23} & (metallic hydrides)

2=
o 2AL A (cryogenic liquid)

1.1 3 ¢7b2~(high pressure gas)

Agse 9RAEY AR He x=Hoer FAE AWTME I
e Agd goed :el g8 2ddd FAOH A 273 ¥l 7}
Mol Eo] FA TRES Hopldy A 20A @Erh #HE e
A7 (maraging steel), EEHE(iitanium) &-& glass, boron, carbon fi-
lamentE ¢ 4& EFARE Agsd AEM FAE 2H A
A Asst ALdD. 289 kA= Ass FAd Ass A
zulgEoz s oAs A B E agel=E 4EEY
o 2ae o 3 TN x Aol Jdernz HFA X3

o

60



12 $47l E5% 33 E(hydrogen rich chemicals)

o} = 1] o}(NH;), hydrazine(N;H,), methanol(CH;OH), gasoline(CsHis)
5 A28 ERA ez emz Ash AdAMxz Ao
golstth. olgT FHEL A4 dxd o HFE T AA
2 AL Fx en a2 FAA ol8¥ F= e A
o] gtk E3 ol FAdue UWEREL AFEAGE BACA
E oAE  sEsig. uwEe dAsae FAme AAdN 84
gestch vl H¥AB(fossil fuel)7t BHW FAEFH old
3 YPARE Asteor & Felw, Farg HA HsE Aol
- :

dwuolel hydrazine I SAUEY A3 EAE ¢
o VAR FHI dEE A S dn Ay FFEAS
HHAd #AE AT Utk

1.3 & F438%(metallic hydride)

222 AR 313 metallic hydride 71 I F8%

S
L
o
o
2.1
jo
fru
4z

Zvsls gleow, 53| ferrotitanium¥® LaNi;& 4
& BIAAN F2g AFsn HAFsrld ofF F& Ass ¥H
Attt Metallic hydridee] #Fde EL ARZYUZE AFId. JdAF

A7t £71% compactdt AP ARY I Ades © Ak

Iy o] WEe Zgd EAFELE F2EF ARNE TEY
Aol aAtted Atk wALH xeA Thed FHS i

Ha BANA Ae BRI wed Fed 2 A B4
o,
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14 %2AL& AA(cryogenic liqud)

42 AYgz olggHd AR, FEFol Ak Y
W2 BA 2 HFe) Folstddck wrh 22 Adrkad
metallic hydride59) AR Aol & AL AAFi2ER BT
AL 2AL Uz AZHnz AqFF2AAY olE %ﬂﬂ

Jek z2Ae 7ed $4d Tugd 9%e 73

A2 AL Aelg A4

21 €933 old AolF

A7 dRAsde wzstm  EZLANEE At EA9EH
ol dsradd dig HHo] Basn.

Qey8a o)A Ape]ZE& Carnot cycleolth. HsiHAF L TEH
o2  AMuAle]lZolm=m  Carnot cycled| A8 & 2374 (isothermal,
isentropic)& AH#Th Figd.l)olAl EXol JlxE 1ldAd AU
2% AgEeoe AT HPrid H4F gFAERI AA
< F3 f(EsdA)z BwIFED & 27 1% ZE dHoIth

N2adase  gstd gFdAuA, AXguAE  dALgH s
Hs R gz ARSE duA Fe FAE ¢ UL o] AF
AAHEd dP 298 AEYe HEHW JUDH} Eoh

Qe — Wi = ma(hy—hy) = —mahy — hy)ereemeeeemmmmmeneesneeenes (4.1)
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Compressor /‘ QR

. X

m@ L% —
T

Liquid
Q|

n

Liquid reservoir —

(a) (b)

Fig. 4.1 The thermodynamically ideal liquefaction system.

@mg Aol Carnot cycleo]r] 7tdTol2z EA(H 29
oz BH U2 Ao

QR = rhT],(Sz“S]) = _I'-nTl(Sl_Sf) ....................................... (4.2)

A @2 Qe aASA o] AA 2 (ideal system)
o] dAlo] WLFT o|A4Y(ideal work)E HEE T =

_g‘l = Tl(sl_sf) — (hl_hf) = —w—l ........................... (4_3)

mg

ol AolZd AL mo=m, & ¢FE ke 100% 4
g7 "t A@3)e sxdztd PeF Hi9 Lol olda T
(ideal work requremen)e 1o]Mel exsh ¢¥ B shxel FFHel
me gaAh Table(d1)e 7k& FHE ideal workd WER A
ol t}.
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Table 4.1 Ideal work requirement for liquefaction of gases beginning
at 300°K(80F°) and 101.3 kpa(1.4.7 psia)

Ideal Work of

Normal Boiling Liquefaction,
Point —-W/im,

Gas K *R kl/kg Buy/lb,,
Helium-3 319 5.74 8178 3516
Helium-4 421 7.58 6 819 2931
Hydrogen, H, 20.27 36.5 12 019 5167
Neon, Ne 27.09 48.8 1335 574
Nitrogen. N, 71.36 139.2 768.1 330.2
Air 78.8 142 738.9 317.7
Carbon monexide, CO 81.6 146.9 768.6 3304
Argon, A 87.28 157.1 478.6 205.7
Oxygen. O: 90.18 162.3 635.6 273.3
Methane, CH, 1117 201.1 1 091 469
Ethane, C,H, 184.5 3321 3531 1518
Propane, C;H, 2311 416.0 140.4 60.4
Ammonia. NH, 236.8 431.6 359.1 154.4

2.2 Carnot cycle

Carnot cycle® S o] Ate]EL Tatw 2719 dEH
A 278 FeAFoE ofFoAw F Aol sldxHolrk. Fig
(4.2)= Carnot cycleg A3tz ¢lem Carnot cycled AIAS

(coefficient of performance)i=,

T,

COPi = Th_Tc

............................................................... (4.4)

2 34839 Carnot cycle?] COPiE ©& 93 AjxdHsg 7]
ol HI ol & Az A2"le FEE (458 o] e
Wi o}

COP {actual)

B 7wl L D R Y YT PP TR PP PPN 4_5
e Copi(carnm) ( )
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T, 2 chonst 1
B z i
w %r §J
a
=%
E
= T
=Con
T e a3 onst 4
1
!
I |
| i
| |
1 1
! |
i |
Entropy s

L Fig 4.2 Carnot cycle
2.3 Stirling cycle

Stirling cycle2 ZAFHE sl Alzdge AR 7] (regenerator) &
Agse AR FEYe o] §dhe  Stirling system#  AHAF
(thermal compression)@go] #%=E  Vuilleumier systemo]  ged,
5 o &%, TouEAdd 4 aps FHHoz TAET.
Srirling cycle] P-V, T-§ Hz& figad)ol verdfe o Al
ze 474e @dAg FHoz FAHY U

0 1-2:ToqE(Ty, 5 Twold AFAAGM HFE g4

2 (Qw)

o 2-3:%5HzH, AFAAZREH A= QAG(AA 7]

agg ¥7h)

0 3_4:TeqIF(T), APUAA(TIZ ¥H FeAd2d <

A2(Q)
o 4-1:3A#NH, AMZERH LAz AL (A7)



P g S
3
1 Te
T3 a
4
Vv S
Fig 4.3 Stirling Cycle
A714 A7l zZge 100%y ww o] cycleg] ojxgl
o dnEAFL A3 ex T.o TedllX  o]RolxAmg COP=
Carnot cyclest Ze ge x4 =d.
Q.

C Pi T 2 B L R 4.6
AN Q. = :Tds ......................................................... 4.7)
\'

= r PAdV = RTJIn—2 ccoererenieniieeeeeenerennn, (4.8)
V:
Vi
B Q= RTHNmr crerereereeiicummeententeeesee e e (4.9)
V,
Vi Vi V; = Vzolm=z
RT. 1 n.:]....l_
Vs
“op = v v
RT - — RT.1,-%
hlrr—v—; RT.1 7.
TC llllllllllllllllllllllllllllllllllllllllllllllllllllllll
= Tt .- (4.10)
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2.4 Ericsson' cycle

Stiding cycled@d AMA7IE ASSHET  systems gg FFEAM
Ericsson cycle® Stirling cycleciA ¢l =d QugHYE =g ag
Agoz WAF HAoZA Solvay system, Gifford-McMahon system-&
o] o AtelE2 AFTEY-

Ericsson cycle®] P-V Ax$ T-SAE= Fig(ad)st 2w

AEAe EES  valved] ol =do] Hth Ericsson cycle®

P32 T

- — o e =

o

A S

Fig 4.4 Ericsson cycle

Stirling cycle® @tz AA 718l FE&° 100% o)™ COPw Car-
not cycle®t 2t

2.5 Linde-Hampson cycle(Joule-Thomson cycle)
Linde-Hampson system+> g AR o2 cascade systemojj 0]04 2
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A2 7t&dste] o] &8 714 198 438 A2¥olth. Linde-
Hampson system& recuperative® <Em&s]E Al&3l8  Joule-Tomson
R A3 AE AL o] Alojge NPz T-SHMLE Fig
(45), (4.6)e ZZd e |

Makeup

gas Compressor
- / . Heat exchanger
f QR /
[OREmAUn ®
CT) 4 =AM, >
o AN
4 1 Joule-
| Thomson
T (—1i,) J /vai\re
: X
W 0]

Liquid‘-""" Liguid @ :
reservolr mr

Fig,4,5 Linde-Hampson liquefaction system

Temperature T

Entropy s

Fig 4.6 Linde-Hampson cycle

68



o]@} % Linde-Hampson system? ARAASE  TF7 A
AAeEd W I AlEAL Qagy], #aEn g AAF

£ 7)(liquid receiver)ol H-83Hd A(4.12)7F B

Qo = th (hymhig) eeeseereesersesss e (4.12)
aw, gasld detel dds AlgEe AgHd
QR _ W = qh (hy—hg)eeeeereeerennnennecesnsnaennes s nm ey (4.13)
o 714
B = Ty (s 8) O ELE rererserssssmsssssssas o (4.14)
e wis)
=719 EEL,
I T —— o
2 Reszz
_V_Vf _ T.(Srs;)m— (hithe) e (4.17)
w2t A
-Qu/1h peolhi—ha) (4.18)

COP = w-7m ~ Tilsi—s)) — (hi—ha)
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2.6 Claude cycle
BEAYEE o4y HBAFL urldgyelmz ol H) 7} & A

€ Ed FY ol¥H A

—

MEA HIE £ Ue  cycleo]
Claude cycleojt}. Claude cycle Linde~Hampson cycle®} 23 @3

HB(E2 Joule-Thomson¥ B)E AFE-8LA] oFT 38 9l A (expansion

Mo

engine) L WP (expander)E ALEF Aotk o Al
MN&= s Cycle® Fig(4.7), (4.8)0] =Asgth

claude cycle #HAVIE 58 ZFIEZY HFL 5y Y
I Linde-Hampson cycleo] SAEAHAS e dojAe Lxmt
248 32 228 dg 4 gtk

Claude cycle®] 4A7A+g 371 98 Qu@r), HZ7), o
AT87lel dsted 498 A1EYe Agstd 44197 P

Qa = m (h;—h;) + We ................................................ (4.19)
We = e (hg—h,) oeeeevemmommeemrrmnnnesererareneeeerermsessessseanns (4.20)
I8 ez,
Qu = m (hi—hy) Frie(By—hy) ceosreererserermeroremeseeseseserenss (4.21)
o] Hrth

FHId #Heloge

daEZ FEAA olFoArz H(414)E Hgsw
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Compressor

Makeup
gas )
// % y////#/jhxh“ﬁﬂ“\\
@ 3 @

Heat exchangers

lm@) > =AY O
: ; A AV~ AAAN
L | @ @ sN7
L. " J|'T
T (=) c | valve
€
W | w—f ©
Expander :_d?
@ —L'th;d
L
0,
Fig. 4.7 Claude liquefaction system

Femperalure T

Fig. 4.8

Entropy s

Claude cycle
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Qﬂ = rflTl(s;—sl) ......................................................... (4.23)

$E7 LRV E&e BT,

W = _\;'Vc/%o_we,]e_m .......................................... (4.24)
- m[Tl(Slﬂ_SZ)_(hi—hZ)] _ﬂe,mfn(h.‘i_he) _____________ (4.25)
ho 2 =~
e,
COP = W (4.26)
. (h;—h, )+ x(h,-h,)
ETI (Sl"‘sz )_(ha"hz ) ]_x’? e,m(ha_he)
Ne a
7] A X = MG I eeereeteererecrerieiei e e e an e (4.27)

oo  dstAlade  S8HE ZEHQ A9 Alo|Z
dal zFste] Bgeu e, 2 B YEFL ALsE A9
© Hd 9AL&x(maximum inversion temperarure)’} RES 7] A
He 2zxd ol o Y¥(precooling)e)] QTHEE precooed Linde-
Hampson system$& A}-&3le] 4933 38 ¥ol7] 989  dual-

pressure X+ cascade system€ FASI|E ol

A3E F& A A=

3.1 d¥4 Linde-Hampson system

Linde-Hampson systemo] gbgk Aoz <3 ATES o
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8 Axdd HZaAT e, Fax ¢ g8 dsiMe 2 714
E9] maximum inversion temperature’} Wre% o] & (Table(2.5))¢l
9l7] w&d| Joule-Thomson #AFAE (+) (exeh)7l H2F 3
o Joule-Thomson M FAd] 719 &% E maximum inversion tem-
peraturec] 32 @Folep k. ol @ LEf z7) AE A
A 2¥jo] of ) 4] (precooled) Linde-Hampson systeme] t}.

o] ANade @A (precoolant)s F&e AW FHREE o
o 4+27 (iriple-point temperature)& Ad iAE AHg3teiok gt
JRAZE Table(25)eld mEol FFLE, #a, 37, #W" <
2 ¥ az::%—ﬂ gtk Fig(49)e AFA4LE A= T 499
Al Linde-Hampson system?®] ALt cycles 724zt = AF Reojth.

Fold AFE ddA Aed IFLE

22

&, 371 % W
o Zuws ¥4 wWEd Agsx gow o2z dAdzd
e o w7 wWEd duAzA dash sbg @ol elgdrh
o] A2 HAFEHE TEH o
o 1-2:14®¢ 7A7 B¢ qFHE FAFoth #HHE
JAaME sedgez ARI}G LAAERe polytropic
#AAe& Al
0 2-4:4A47 EYP AolFE ANIM FartEE A
o
o0 4-5:¢W-gE® Fartasl counterflow IERPIIE AA
§ we &x2 Yzeth(recuperative cooling)
o 5-6:31¢9 A Sdeddye AXEM Ager A
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3t th.(Joule-Thomson expansion )
O 6-f-g!3dgy HIFE I} 72e wHolslz exs #
st A 71Alek Ao 24(two phase)e] HIT
AlAst AA7 RBelE® gAle 487 (reservoir) 2
So719 slAle A cydez 2w |
O g-7-1:23%7] AH9 Jide CIHVNE Ax g2z
HEteWA Solev JAE WA o (recuper-
ative heating)

¥4 Linde-Hampson system®] <§33% Z1a o] ok A (4.

28)3% ).
mf hT_h‘ ...........................................................
m  h,—kh (4.28)

of AXWolN Fad Wi AAAas dsiFolth welA
4 A A A 4 7) (liquid-nitrogen bath) ¢} BAFA2L7], F3A8 ¥ dn

71 ¥ FAsEe 998 A1gUe Hgsiw,
0 = myhc+ (m—m)h, + i —mgha—tihy eeeerereereeenenann (4.29)

H71A Z = my/MmEB WA BFE e (4.30)

H29)e dex 2o

- h,—h, h, —h

7z h.—h. + yhc—h, ................................................ (4.31)
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Fig. 4.9 Liquid-nitrogen—precooled Linde-Hampson

system and cycle for hydrogen liquefaction
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SEX A v9dLE B Azxe ssige

My, Myz/m Z
— = = T T fttttrreessrsesttimirecsesnscnettranrtiecncenns 4.
My I'hf/m y ( 32)

°l dv. Fig(410)¢ 425 ¥e ¥4 Linde-Ham.
pson systemell ofsf oNFE s ©wo @Y g Aa7stsg, &
Z/VE AAF287 % (bath tempetature)®] = L}Epd
A o]},

10.0

T
- Fluid: hydrogen
Precoolant. LN2

p] = 1 atm
— Tl=294K

z/y, kg Nafkg Hz liquefied
!

-
-

60 65 70 75 80
Bath temperature, T & T, . K

Fig. 4.10 Nitrogen boil-off per unit mass of hydrogen produced for
the liquid-nitrogen—precooled Linde~Hampson system as a
function of the liquid-nitrogen bath temperature
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Compressor

LN, bath
Makeup . 2
gas My, /
f QR _;"._—.;"_‘.
" ; 3 LN,

) mAAA A"
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AANA€ ]
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T (m~my) 1
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W, st
1 . 10 5
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. 9 . .
Expander "
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:
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2 iv’aﬂe
8
__ng
Pl

Fig 4.11 Tiquid-nitrogen-preccoled claude

system for hydrogen liquefaction
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3.2 ¥4 Claude system

Claude systeme <HQ26E) M= AZFPRe] A7 E o
TAERY BFg &7 wEe Fduy WY wg g we o
=% A4% # %z F¢E o Y % . Claude systemo)
NE HADALE ]8T o4 Claude systemS ALg-3te A&
EU9. Fig(411), (412)& AqAQW2E A18d ¥4  Claude
system®] gz Y Cycleo] o}

3/ T=const /!

4

5 "
)
g g
a Q
£
e

10

Entropy s

Fig 4.12 Precooled Cluade liquefaction cycle

F2E AAAY AAALE o]88 YA Cluade cycle
ol9¥4] Linde-Hampson systems]] Hl3]  FOM(figure of merit)o] ok
50~75% W &t (FOME  systemo] A] olgFq HasFY
(theoretical minimum work requirement)-2- A 8 FU(actual work

requirement) 2 i oz A o))
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3.3 Helium-refrigerated hydrogen-liquefaction system

Fxoste 98 LIS W=718 A& helium-gas re-
frigerator7t Ab&EEdl gFH7i4 A4 tzyg £ty #AF W
278 A8F%(work requirement)g o171 A AL 370
a8 GuE F FEFom WZAHe WFIHEse dwgd 9
3 Azt

o] systems] FHE AdHez ¥ FHAA %ol 7bE
soe Rolt. @AM ¢FNd ang Y T AL & FAE
zg 4 9d. Figal3)e o A2de AREE EATR Aotk

o] Aj~%e] hydrogen loopel HHZ 300kpa(3atm) ~800kpa
(8atm) AE7t HAZdtch AF7t2e ¢HEHLS iMpa(10atm)el®, 42
2 ANxwd  dojA AT F(work requirement) & AA AXFE A
Ay 9% deF@e EFsiA % 11,000KJ/kg (26,000 Btu/Ibm)

olnj, FOM& 0.11 A=olth

3.4 QGifford-McMahon system

Gifford-McMahon system-& Fig(4.13)l el R o] ¢
%7, o To] Wdd A¥d, 4Id U9 displacer ® AA7IE
asle] gltk Fig4l4)E G-M systemd] A7t} wE 7h=el &
= #zxg Jehia

G-M systemel RAE&Me oo

0 <+¥A}4 : exhaust valve® E3]il intake valver} €% @&

o] volume 1& iﬂ—?‘ﬂ]‘ﬂ‘ﬂ ol AEITH

79



gHe]ium compressor

fQ'R. He

A
7 — AW

= —l [LNZ bath

Makeup TWHe TmNz

o Qp ——— - eI
l AL SYYVY AAAA
7 Rl AAAA, —AANN

T |

) H ) ™~ Main
t compressor

| o

4 -

f—
T
3 Helium

expander

Fig. 4,13 Helium-gas-refrigerated hydrogen-liquefaction system.
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0 FYYA :intake valvers EHUR displacere A48 gl
A 912 &tk o] w volume 18 Z{rtEE
AY71E At BAHEA volume 22 FAAT
o W3R : displacer= Ao Hurle] Ui, intake valve
7} 283 exhaust valvert @A A&7 WA
Usiaa  gol ZAstdch. d¥dste vhkg &
=& "oz
o 7187 :exhaust valver P23, displacer’t HAH el
A oflE &Felxm, o] = volume 2 Y& A
s A4VIE AW R %éam L2
o]2] ¥ cycled WHEEA EH.
o] $dl= Gifford-McMahon cycle#t Joule-Thomson valveE
2ol A4d Z¥F systemo] Uk Fig416)& 1 A& =AY
Aoltk o] A& e 3-stage G-M cycled o|&3te] "ES &

T E inversion temperaturec]dt® Hol=¥@ F  Joule-Thomson valve

fild

28 SAgY BFL AH ARAAR ode 2YE A2
e Be AEBIE AR HEe Axdel BRI
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/ Q, ' /Surge voiuwme

} ]
: / Intake valve
e - p2 —4)(’— M

=T 4
- ” ; BM— 1 | S—

f - > volume 1

b
Iz Surge =
W / volime ¥ } :mr—- Seal
F I [

4
Exhaust
valve
3
Regenerator

-‘-“h
) AN
o volume 2
A +  Displacer
MW

Fig. 4,14, Gifford-McMahon system

| FROM VOLUME (1}

FROM COMPRESSOR REGENERATOR
aT
* 200 RN
f NET REFRIGERATION
(']
2
2 200
-
@«
1)
[
3
(5}
= oo
)
0

L
TEMP OF GAS FROM MiXiNG OF GAS EXPANSION WARMING IN
COMPRESSOR FROM YOLUME (1) REGENERATOR
AND COMPRESSDR

PRESSURE BLHLD-uUP COOLING (N REMOVAL OF HEAT
IN VOLUME (1] REGENERATOR FROM LODAD

Fig, 4.15. Temperatule/time history of gas in the
Gif ford-McMahon system,
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1520 wPg
1351072 mPraec

550 wPo

103 kPq 12 21073 mYsec

Ll

13 80 K

AR
o

e e —

Fig 4.16 Multiple stage Gifford-McMahon system combined with a

Joule-Thomson valve for helium liquefaction
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A53 $& A3 2w FTAH 94

€ A difye §IAZrIedTE] ATFRIALA TFAHL
£ ®E7 A7) JdE&es FHe=2 Jeddt

A1E 57

HZ7l= AZgA 2o o] oduA] JFHe gREeo] 4F7]
TEA AMREHEER GEVY A ¥ JdIxe AA Aide A
s 2 AR & 9%e "dAYt oFgy fxd &4 ®Y T
o we HEF FFHVE ARl o FI HFHA, &8
H o9 edid Wie HEE HEo2 4FIY AHAw R OAH
TE ¥ UE Aot

b Qs A2 ASEHE gEVe ZA GEHA ¢4F7)
(reciprocating compressor) ¢ rotary ¢&712 JE 4+ 3z £F

R, ME, TEYY S oH odsd AEs € 5 stk

71 7HEE AddA agezE dFATe 98L&,
olAHY FE g7y YZBAL FeAAHe=, oFHA ro
tary ¢279 ¢433de TAEEdARHe=s HAsn AT
2y AA g2 gE7d Ade FLEEFE HUAE A%
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€4 2 Bage dmPol ofPrl HEe PV =CQA=n{r 7=
Ce/Cv)2l polytropic #F o2 ¢EFHY rotary ¢F719 B¥e AL
#3doz Aste FtAAAY  fFol WF wFd WHd ARH
df7t germz FIE2Y HFezE PFHA R PV =C(

=m)9 polytropic Aoz <gHHrl

7}& s AAd"e] ole ¢FH7Ie A FDHH (reciprocat-

ing)® rotaryaloz E £ Uth[1]

121 54 {57

1) 53 ¥ &=

FEA GV HWe 4¥ #Hsd4 FFEE F A =L
SodE2H F& (isentropic efficiency)® 713 Wldels, dwtyoe=
3¢t (4~20MPa, 600~3000psia)ellA AMg-8c. ZEF  FF] ofF
H A sealinge] & EAZ HAZE AgdH AEHT

F8H F7e gF2E B
A zdes BB 438 Yod =AY LAAE T ZEH
AF B zAde] fold AMel itk uwEe] fFolm A ¥

M3, 53 44, ;A Fe AfERLE ¥ st=d dEAe

sfge WHsNA denz 4

$A8 7} Hol=th[6] EF moving partF HEo] BerxE JF
T 92 o] FHrth
G2 AF7le 2ALE Aladed W@ AP 277t =
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5 A#=o] Qow, WRE aALS FFY UdSE At Y
=76 AILHT Qe gZrIe F FHolyk glexm divky 43
e wed 27 gEE ¢EFAFD strd HHI}ES W A A

gy qEe xg =y 2 Wgd o IR FR2

Table 5.1 2E24 ¢F718 FF
o TJEud electric motors
steam engines
L diesel engines
0 FEEH HH hermetic compressor
Topen compressor
o Add uWid inline multiple cylinder
vee-cylinder
radial cylinder
O crank-connecting rod double acting crank-connecting rod
T single acting crank-connecting rod
O cylinder @4y 3 2]
2

Table (5.1)9] TEEHY X wWE EFAA Hermetic
compressors TS YLV 4EFVI¢ RHE AN ReolH,
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open compressory:  tEL7lo]  G&:NE AT fFolA dA
T ZEE V-velt, chain TE 7]olE oj&d FEAINE ¢F7)
otk =3 pistond FEAF|E crank-connecting rodd] ¥ EFHF
oA YREeo gEA 4=7]E single acting crank-connecting red®
pistong TFFAZIL Stk

Table (5.2)& 984 &7 FF % 54& dedz 3l

(3) &8 W3]

2z dlEEely HWolgE £8FY ALE ¢FVE 29
a8 of7|A]A 9r=A] oil separation AXsF Hastth wapA @
& waAAFE Ze AAL oFdHd FAHANA 2 £¥E ¥
Basl Q5S84 oil separation AR HFeAdE foe FEYH
co) AAEE ARG a2y o wWys FaEd 3 P (ring) T
Aoz Q3 A= HWHe hydrodynamic gas lubricationo] $lth

Oile]l 9§ FEvlAe] ode davIEe opFd & FA%
dAE 2AL Axgd dolME ¢F7tE T R5UhE (liquefied
gas)o] &£k A% NEE Z EFA o

o EAS ddrl 939 oilg AFLEA ¥ dry piston
ringe AW el Axjsm He dolke {Hd Ax(dyE
A2 ¢Ase dry-lubrication WS AHEH  Frh[3] o WEE
carbon piston ring# ol & AL FTrl FHFIA 2AREY A
£83m g 2t A2s AzxE Hole carbond® FAF .

dry-rubbingo] ©]&¥ % & carbond AME HE=ERE -30CH
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Table 5. 2 Classification of reciprocating compressor [7]

e =2
3 F

3

s

High pressure gas

compressor

+ Small closed cycle Linde—Hampson cryocooler$-
- Four stage pressure balanced opposed piston

» Twin-tandem compressor, scotch — yoke drive mechanism

- 100 12] & A2

I'ree travel plunger

G—M compressor

- Free travel plunger o]-8 —Gas discharge process%&

- Dead space® &% 7] uw 5ol rigidly connected plunger

theoretically reversible adiabatic gas explosion precessZ2 )

B} §&¢] Fol4.~ideal expansion engined] H

Dry helium

compressor

« 8/0¢] reciprocating piston—swash plate drive mechamism
+ Rulon-& piston ringe = A}
- F&n] 1:15

. oil condensation &4 At piston ringe] +HA T

Qil-free resonant-
Piston compressor

(RPC)

. Linear motor driven, oil-free resonant-piston comp
* Hydrostatic helium gas bearing 4 4], clearence seal’d 3|

- Spring mass system— linear motor®] Z3F-of &%

. Rotary motion-linear motion A&A2] Yagix

resonant® T

oil lubrication ¥ 8%1S.

| Saturated VApOr

compressor(SVC)

- Wet expander$} cold compressor& Z9

- Precooling?] €3¥€ W3 9 main compressor size

A,

Double—yoke
balanced ‘

compressor

. Stirling cycled] HE

- Doube — yoke compressor(piston and cylinder yoke)

- Total cylinder mass®} piston mass’} H L o]F 1

axially offset® F71¢] crankshaft journal2 %

Zureko]l §lo] A A2 R piston cylinder?] linear
direction?] 2 Y o] E.
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Z71¢e Agstm qed —30C F7GRDG k2t ARE AF
ol carbon& v}d (abrasive) @ wl@AFr F71EHA Flmg A}
£ Agg TA Aoh

olz@ldt ALl carbon ™A plastic polytetrafluoroethylene
(PTFE, Teflon, Fluon)& Al&go=zx #Axd HAFdx: dry-lubri-
cationg ¥ 4 9tu}. PTFE E339 H2AEY Fe Moo &
A¥n ¥ EE &9 d@e] HE Agde =EAAY R thEst
axw F£¥d PTFER 2EH "olAyzt =g ¥ 78 I3
e ol A7A Hel W@ ¥ wEsk gasA He PTFE I
~EZs gl ssAn. PTFES oz S4¢ Adss) 98
o] metal powders, brass, chopped glass %= carbon powderE #H7}
st} E3] glass7t #7189 PTFEE Rulon-A2 €A 2}

Lubricatione] = w& wHoz gaslubrication® & F %
=g o wie da 2&¥x 23n Utk Gas-lubricated piston
& XA free-piston stirling engineso] A}8-F 3L glo™  Joule-

Brayton rotary stroking engined] XT® EFrldx ARSI ok

1.2.2 Rotary compressor

1) 53 % $=

Rotary compressors 4%, A% 2 2&3d ZAH R
isentropic efficiency® Za o] £ #Fo ATH  gHEHdAMY
gdol sttt ¢Evl9 s R 2Pl LoisAT HAUYH
(moderate pressure)s] Mg £#¥ 4 enz A WAL EAE
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1 3}

_‘l?l_
Hold A Bl AW deedd Hwsw 2y

lo,

F&28 dgd APsy] @R AAzULE FH

Woigko] Az niFEdol glemz AAE F G4sEel =X, F
2 ®AMZL AeHd, ¥|uFH Ko

Rotary compressory axial flow, centrifugal flow % rotary
screw compressor= ¥ 4 ¢1om[10], Ayt JE7| o A}&-3sL U= ro-
tary compressor 2 axial flow compressor® A& 1 Uth. &3] rotary
screw compressor & A& Al2deld ol 4ol AR FrsE 249 ¢
T}

2y & #

Axial flow rotary compressordj= Fig. 51 % Fig. 5.2¢] &t
9 wHje}zro] rolling piston-typed} rotating vane-type2.= s & 4
t}. Rolling piston type (Fig. 5.1) roller7t HAlZo] AHxse] R
blader} FAstx o= Adust$Ad AxsHol oA rollerst 3
Ao wal blader} FELES A Hoh & AR FUT
2 3o TYHol rolleryt ATl wmE ¢FHo EEFTE T
o] ¢=¢ 7tAr7h E2¥th Rotating vane-type (Fig. 5.2)2 rotor
o FAlol 2o HAse Y¥ AL roling piston-typed AR
bladez} rotoro] R EdAH BAHAB =& FHoz 34 rotor7}
3| A%}, Axial flow rotary compressor reciprocating compressor A
g gguj7 Aol mE AFaesd FAT FAIH feEER X
&0 Fo-.



Fig 5.1 Rolling piston-type rotary compressor

APl
e,

7
\1

L

Fig 5.2 Rotating vane-type rotary compressor

Screw compressors single screw compressor = twin screw
compressor® w4 Itk Fig. 53¢ e ulel o]  single
Screw compressorv=  AYUTE  FH9  sutel  rotor 2 39 star
wheel (gate rotor)z 7A Hol 9tk twin screw compressor= Fig.
SAXNE 2749 UAHE Fol T rotorzm T dlew o =

rotorE male(lobe) % female (gullies) 2 H s} ATt
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o,
-

_:_:5»_;_: \ .- -

) =

I FW i
"’b ///f’f’ llllldqyéﬁ;a '

SHAFT

Fig. 5.3 Single screw cOmpressor

Discharge \I

Fig 5,4 Twin screw COmpressor
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131 %719 #e(1]

A2AA QdEAge T e FAEEy AFoHn A
stk add gEAdels oldd o3HA AT vdaaks
A s WstgAel EAszz AAZ EEHAL polytropic HA
o2 dojupA €r-

Fig. 552 P-V %@ T-S #H"d o3 4&534& HaEil
th. o] FAHEL AWIHdE ©H Fr

1-2 %4 : PV = const.d] F24EHA
1—4 31}A : PV’ = const.9] zdezd#A, r=Cp/Cy

1-3 #A : PV® = const.(1 =n{r)9 polytropic &%

® 6 ® e

15 A : PV™ = const.(m =7)¢] polytropic7

Reciprocating g%71e] o1 4H  AelFe FLAFAZLR
gxBAe] AYHE AojZoln rotary FF7lY olFAL AlF
e SdesdRgoz PEHE AolFoth Y HAHLE Te

ciprocating ¢Z71E 1-3 #HFe %7+ polytropic HFLE FtEE

&

el F AAAtelZa olgAlelae Holg oAHAAL L
24 Jded & Atk
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!
P - 4 /
6 2 3 4 5 ]
Pﬂlll Pﬂ'l-al N ‘,
3 i
!
]
| gnl n
Pin : 2
7 1 1
v S

Fig 5.5 Compression process on the P-V and T-S

plane

I:inlet valve loss

0 :outlet valve loss

o | exhaust

Fig 5.6 &7 WHelrMe gHE&d



(1 ) %’%i‘%y 7liso

. _ lsothermal compression work  areal-2-6-7 __ H:—H, e (5.1)
* indicated work areal-3-6-7 ~ H, — H, )

o 71X indicated work2  actual workej] 4] NAH &4L Fyu
?—:1_0] E]- ‘?15' W&ctu&] = Wind + Wrr

(2) ¥de=zs zg, lisen

adiabatic compression work  areal-2-6-7 _H,—H, eeer(5.2)
indicated work " area 1-3-6-7 ~ H; — H, )

Tisen =

B) 1A 28, .

_ indicated work _ 1 __ivﬁ_ .................................... (5.3)
Tmect actual work W actnal )

dutzo = GEY g9 age 60~80% Axo)lm ro
tary compressor: 909 A2 gy A}

(4) i“ &] i%,ﬂvol

_ volume of gas actually compressed ) _ coernee(5.4)
Mool displacement volume of compressor )

132 ¢4&9 agxs g9
(1) Reciprocating = ZIA & g9
@ Inlet-valve B outlet - valve &4
%5719 inlet-valve = outlet -valveol] A ¢} 75}7) LAY 5} 7]

AEA YISl ¢ sas gEugng wg gs
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W7} HWoldth (Fig 5.6) olgld ¢HZ3d= Axggn B3y H
gaepuns Fad wn b=t gFFstE @ Zol EEE

F A Ty PP PP PP PPT S ST TR T LT LI R 5.5
P, Ku zgcRTl ( )
AP; vy
P PP PP T TS TR 5.6
P, 1 2gRT; (5.6)

Wy &29 9ly  isothermal compressor ALY aFde o

23 el vurd + stk

W _ R (I LEVES

m P; (1 - AP1/P1)

Q@ BgAF A3

yraAs Hype AuAAAG] I PA T F AT
(reciprocating®] 7A%) Wpe Ade H2ES A, AR AFA
N AAmz ANAZE HAs zAsdN EERF RS WA
g+ U

@ ¥=g =F

HrEe e HzER AYH Add FA R AR
sjzsnz o237 o¥T. oHE #wWHAZ A HEA7E
AAE ¥=Th
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(2) Rotary F&7|elA &4da<d

@ 47 &4

g7 ¢de (.54 HeT 4 Utk Rotarys) AFE E
sgpw gAY F9 2 ESUEI WS A% U7l W&
nze] 7ASd mEste &do wEwh

@ dzz =

Rotorst 712 Apole} wmigeldx £4& 43719 2849
Z718 Svgd.

@ 9" &4

guiy S4& %7 blade ZE, blade?] %‘%?ﬂﬂ i
A £x 2 e ddel ¥z depd & A%

@ Leaving loss

Leaving loss& &7F&%¢ kinetic energy= Qg oA &4

ot &

A Dug = V2 2 wreesrerresmmmesesss s (5.8)
A 24 4% 7] (Expander)

# %} 7] (Expander)& Claude cvcle system & Joule-Brayton
eycle Alzdd] &5z oW BRAge FAdEziRPos o
20o]At}. Expander¥ piston expander®} turbo expander® J= 9

Qom =y 3 WAYHd =@ & FFs expanderh U

"
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21 71 =

ztzts] cycleo] wWet HAVY ¥d B J¥e] ©BE2I IFH
= t%stg. Claude cyclesisl #F7NE Agste olf=  Joule-
Thomson valve2 HAA7FHA &, & % FF =8 43

2% (inversion temperature) ©|3tZ ZetAACk 7] WEel t}.

2.2

ol
Hu

2.2.1 Turboexpander[4], [6], [11]

Turboexpandere 48 cyclesd & % VIx7t =31 A
e zv] wge WeE Yk ALEH, AFex, ¢F 7 &%
o) wet HA§ turboexpanders] HEl B AVIE "SR @

Turbo expandert %3lo]4& % (load carrying capacity)©) 2 7]
qEd HAAF £FL 7l AHME Fo] AMAE HAGFEE
HAg wolPxjage] PesA B WoFAAPeRE 4£¥ X
z8e YEAOIFAMNE F= 72wl (gas bearing) A =HE AHE
stz Qo shavege  AbgEE edede EAZ feidn.

Expanders] Z2& AA Alade] & 9%& vAt. F  expander

l

o Hg&o 5% Z718W W EE % (refrigeration capacity) 10% 7}
z7157 Btk AurE el turbo expanders] Z &S 60~70% AHEC]

=

98



2292 Piston expander[2]

Piston expanders {7F¢Eel =1 (200atm) HE& HFTLE
2 gyes dax  Fe A" Apgs2 %Atk Piston
expander2%  collins expansion engine (1958), Doll-Eder valveless
expansion engine, Matsubara (1968), Claudet and Verdier (1972),
Dobrov and Orlov(1974) % o718 e}e] expansion engineo] AT
Azts @ed ma FE % Fus g=s e =2ATHC
=21,

e ZEE variable inlet cut off, variable speed trans-
mission, oil pump % inlet throttling o] Wy ow fﬂﬂ' £ Ut

Fig. 5.8& Doll-Eder valveless expansion engineg] 7 FrE2A
piston expanderd] @ & UEWIL gtk HAE(4)o] FAEC
ge o Y7 THA st27 bore(5)E AIF Wagol Ae¥
o wa FYFsE WA AFol Hul, FH=EC| e - e
Bad a7 B2 el HolAA He W AE0] B
277 @iz FU4F/E gE Aelgg HES =

23 & &[12]

o) 33l Aol ZdA #HAFAL T (isotherma) &A@ 2 T
=2 9734 (isentropic process) &2 71A¥ ¥ gtk g FEdel
o A (infinite rates of heat transfer) o] B71532 2  piston
expander’t Se#Yyez I st Aol BrMEste  turbo expander
= TZdEzygdoez HBFHY] AHAT gaAgde] oFoiAck
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¥

AT LR Y

EiEZéZ%Z&ZZQZ%WZZM
. MET THRUST

S
: \ ] -

\Zz=) ]
% ///@l

" oxeanoer {;;2 _ S;;}

AUTOMATIC
CONTROL

Fig.5.7 Turboexpander

Fig 5.8 Simplified cross section of Doll-Eder
valveless gas lubricated piston
expansion engine,

100



oz Sdezaggen P BrAwdt IHEE LA s

#Ae Fig 590 ed NP 1-2" A (polytropic HH)L =

o gkt
-
S
Fig 5.9 Expansion process on T-5 plane
2.3.1 JdE =3 FH& (isentropic efficiency)

5
=d =27 &% (isentropic efficiency)& A degsFi-st 3 of

dgxae] vz vepd ¢ 3o (Fig. 5.9)

h1 - hz,
I B R OO PP PRL PP TRIY 59
— (5.9)

Tisen

232 &% &8 (temperature efficiency)
ol Ael UH FJdEZAETLL Gt dAHEERE 259

gz dEd + At F

o 1-T,/T\
T = 2T/,
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olale] o} ArAle AugAE  HEst  temperature ef-
ficlency & T3 2ol A

_ 1-T/T,
ar— 1 ___ (Pz/P[)(K_l)/K (5-10)

2.3.3 Polytropic efficlency

A WY HARE polytropic FFoREZ (51004 TH&H

xige )

_ 1 - (Pz/P])cn*l)hl _ Wactual
= 1 — (Py/P)&-D/K T Woeversitie (5.11)

davie] #ad (511)AL P/Pg 12 FIAAL L'Hos

pital A2IE ZHE&std polytropic efficiency® A< gt

K I (T T) s
Tpoly = K — 1 11‘1 (Pz/P1) (5.12)

2.3.4 Thermodynamic efficiency

(1) Kapitza A9

_ reversible work needed to produce the cold
e actual work needed in producing the cold

To(s0—s") — (ho — h2")
_ o dolsems ) AT 12 e 5.13
TO(SD_SZ)Z /nmmp - (hl - hz)’?isen ( )

A (5.13)8) ERdM RAWA ¥& FTLEFHLE FEA ¥
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£ expansion recovery workE e

(2) R. Hilsch # 9]

_ obtained refrigeration
reversible isothermal compression work-work recovered by expansion engine

77th

ol 471Ae BE e HEH Hth

_ (To—T2")
T = (T /T2’ ) — (To— T2 )

(414)4 & T/T/9l 524 gue AHAS(COPYE YENET.

2.3.5 Refrigeration efficiency
Refrigeration efficiency®= expansion machine X#Te] FHF&SE
$#A3s BT bypass ¥ FHLE S uBdd AE&E BHIHA
o}
Refrigeration efficiencyv TtTh&3 o]l AHeoldth

= Wr
T W+ We kW

d714 W& ERFET 2xdA drade LEsed Haw

7t ol Wee WEEFHE LAy g dAd

o
°
k)
£
b

Aok aFz Wee ZESAY wdz 99 2ALe o we

E AFSAY aME A% ¥ALe vz Ao
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2.4 Gas bearing[4]

Turboexpander?] =& &AL 371 wFE HEE o
g ANade dez Fg. dddez 423 R FTEY  tur
boexpanders] M & oilel @& loh7l 9skel gas bearingg AH8-3h
T Utk Gas bearinge EHMHL XAy e e journal
bearingi® &}1}e] thrust bearingo. 2 FAH o] <lojA  journal bear-

inge d5e AHAdsie HEE A o

4

wlo] g &  self acting’} externally pressurized¥EHE £ 7
9lth. Externally pressurized bearinge -3lo]4 8 % (load carrying ca-
pacity)o] & %o Z@m HWolPe FFHE ke gH
232 7] HEo] AF T AAAA FHel Uth

£9 A8 gas journal bearingd AY 2 FEAHEL shaft
whirlo]th. ¢A® X HE27 Frigd o 34L& €4
% (circular path)& met AsA Hz FE4=7k GASEE d
A 224e JAH X (spiral path)E wW AA3A En.(Fig 5.

10)

[a} Unstatie {nl Slabie

Fig 5.10 (a) Unstable and (b) stable whirl in a gas bearing
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olw journal EW} uiFEHo wWFE A =% stA
atEgel  Hwoldol &, oldFE EAE WA A A=
Whirle] Azsle dA&xg Adedgzet ad gAsect @
t. 783 journal bearingo] WAWH E 9 (radial restoring force)
2 anti-whirl stabilizing force® ZHZH 31 FIAHEEYH FE
o] %A 7]HE #AY (inertial force)e]l A¥E F UAF damping for-
s ZA Hol m&YHe AwHAY. Fig. 5l1le damping force
2 radial restoring force® Z#EE HAF gas bearing®] &TdE

BT -

£naft

e Exit
restngior

Fig 5.11 Arrangement of one type of externally pressurised

gas bearing

A3E §En

Joule-Thomson valvedlAe  7j#l7F 1A FaeddF e
ANWH Agez HojAdA Hm, o HFlA LE BEIL o
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A WHHEHTL o] FoiAA B oA BIAAE throttled F=
Joule-Thomson expansiono]#} 3#}¥, Joule-Thomson expansion valve:
2Ed ZlAe A3y dF A" g AgH vk

3] PRI A= maximum inversion temperatureZ} 4F
250 gAT, ¥F, F4& Z2 dL9 A (Table 25)v AR
o W7 w24 W3] Joule-Thomson valveZdd] HWZ/|FL o]lLF

o] Hgstrh

3.1

0

8

3.1.1 Fixed orifice type
50ddidle HPBEZL AL UFE 2L orifice typeo] Tt
oM FEEERFHol dHOAM zI|EAAY FFE AFEEAYHAA
E #FAk 7] HEe, A GHIIAe EHol EIEAUT
271 8N FFE €017 HAH orifice AZE EolA HT cool
down AlZte] & A Hz, E&£E A orifice?t 93]
He AV ZAsA dd wEA Agde 7lAe exd oE

A operational reliability7} 9@t}

3.1.2 Demand flow type
60dd EolAM HEFES ZFHEE 4 Yv demand flow F&
throttling cryostate] S&AstA HAT. SFxFH WL orifice

flow areag needle valve§ Al§ &} 5&@@' F UA FY=H A
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A 747 9 AAE @¥FASsE A2 de ABE A}-g-3}
o, &= Wste] wEl orifices] WAL =AF F W B R,

EAe

MzezE ASsa £x9 WHd we @242 75

3 ae o|&F Aojth. Demand flow types) gdozNE T

3 2ok

Fixed orfice typer.tt Fx7} 2F3|A4.

AEo] on—off modeZ® e A7t AA exe AFAE
o277} W=w B3 belowsd: AEF A ° dgol
AsA e

ex wWad wgsA AFE 4+ Y F2RE A F
=42

Needle valvest orificert = Bx @ AS7t A2 F
ok

Fixed onfice typeRTHe THgel @izt AT, W4 7be

Qe Q7 dEd 94 xaxd JAE ASdHcr Tk

[t

=3 bellows® AM8® A$e wHFozNE oed 22
Agol At

s T oMM slAd FEO AL F AW
Bellows?} $l& expansion chambertle] & wWshel whebA]
fluctuation® ded 5 Ut

e nAsAd =Py YSTh

BellowsZ A#str] P& Fz7F HFEAAT

o2 uwRA HE bellows Wel ZIAE I 87
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2o A B3, ZHsop 3
Bellows& & %A]7]% sensor bulb7l A#rs1A 8oz <l

st ZR AE &t bellowsE AR AFAE F£ Utk
32 F W

3.2.1 €A o]& cryostat
(1) Graham Walker[13] (Fig 5.12)

o] HMELZ HEo A& FAHA d& FIHIHEAM HFse
Aol of]#}l, valve member (62)2} valve seat(64)8 FHASH+= g
2ol B2E T3 #HAHRA Ed. wEx BHg JAE AT
WAYE 4 Jdo. #WREp FEo AFdes, valve member (62) 2t
JR¢] AZAHE main section (42), extension(44)L FHZAF7L @
< AEE AL, valve seat(64)9l tubular sheath (50)= <EHF
A7t w2 AZE AHEA A ©EtA cryostate] FAFEHI] AF¥
gl %7l FolAW, valve seat7t U FZ3WA HFBoZ olF
Al =3, {FARE FEQ P ZFolEo AAYeE F
Fe FolA

(2) R.L.Berry[14] (Fig 5.13)

o] #|¥2 temperature sensing element(30)7}, €Z& <duy
719 AEFoEAN YAARHY YA HI  LEFHS  threaded
portion (32) 22 B2 & itk gedx FAAY 2xEsted
ol YHAY 2x WIHdx ¥ FA o o] temperature
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Fig 5.13. Throttling valve employing the Joule-

Thomson effect by R,L. Berry

4a 4 8 2 1
! J N [ ] |
ll;\ L[ L“L"\\\‘-\\!\-‘L~ ﬂ/a
r ‘ ] _._‘ﬁ
| -:." M A 2a
i 7 |
5-—*&"' Sa ] ' S I
[ 7 %
| l: :' :' ,”/ e rorss sssral h% ;‘
Ly \ 4\ | \
i e NSRS W W S
[ \ P
7 © g 10 N

4b

Fig 5.14, Device for regulating Joule- Thomson

refrigerator by Rene D .M, Albagnac
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sensing element7t collar(36) & 23 needle valve (38)] <HZAFo
9], ©] needle valve7} orificeE wA "t f9#E  temperature
sensing element7} 2x2 W3 e 4% HANEA orifice®
gAY EA 8%

(3) Rene D.M. Albagnac [15] (Fig 5.14)

o] AT YW needle valvedt orificed A& ol of
Uz, expansion nozzle(8)3 choking component (98 Argstac %
#}A] choking component$} nozzle We B2 F3o 1A% )
84 =9, choking component?] #3& HZol gt fFe] =
A At nARFY =2 FHEI HEA argle] £z d A
Zaitn 2 F AT

3.2.2 Bellows ©}& cryostat

(1) D.N. Campbell [16] (Fig 5.15)

Fig. b5.1b(a)= cross bar (148)¢]  orifice (150) 7} 93 bel-
lows (140) 9} needle valve (147)7} dZAso] At Sensor (152) =
(151)& £3to] bellowss] s} d@gol Aok AR FA7 oA A
sensoro] @7 HW, sensordiel YD 1A eZ=|s gl
Holx, bellows o%<tge] HolAA Hth welA]  bellows7t 3
sz WARAA HiL, bellowsdl SZH needle valve7} 18 et
9l A, orifice® o} FFZE Zo]lA €. Fig 5.15 (b)+ Fig. 5.15
(a)st Qe FYsAEL (160) Zoto orifice7t UL needle valve

A valve block (163)& ol §atgth wEtM AF73I AdHE TEE
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Zal gyl W, AFEAT e Fad dAdor F AL
Hgstth. Fig. 5.15(c)= expansion nozzle (170)& ©°F7t 9z
A stod, sensor(172)& #HMREH FHIH HzF Igd. o
sensor?t  FHo] UWF FZA HWE, I Aleld] HFE gF Eo
714 Hel, F&F 4A7 gl HE EBEFNn 227 dod #
TE Y % U dEolth

(2) E. W. Peterson [17] (Fig 5.16)

o] AFE bellowss} springg o]E3F Ho A, bellows] =
=7 @7t HAsA =W, spring P& WA e valve seat
member (10)& =2 o]FAF|HA], valve seate] W32o] Z7ly &
Fo] FutstA "ok didE Lxrt @l £3%3H  valve seat
member7} Eo=2 RZo|HA, poppet valve(12)7} valve seat 'H3]

& Z2ANA grh
A4d A7)

BRE7 e AFALHAqN ¢ FoF FAHLA Fo Y
oltt. 2 Jlee AL, AL JdYrlA(return gas)E  ¢E7]6A
Hee i gHF7MAE YHAAFE= dojth

41 % #[1, 3]
dr@rle I type, B, AV, WAdWEd o I EFI
% ksl A| g, =A  recuperative typed} regenerative typel T B
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Temperature sensitive valve arrangement
Peterson

by E.W.

Fig 5.16,



72 F Utk

Recuperative type2 29 fAe H9 FAAZ 44 =¥

i

TEE TGN FuPo] olFAMW, dYRE I FHI
T WEFYR ALHA 59 w¥e]l W  counterflow typeo]
Bd. I £REX tubular 832%7), plate and fin ERBY], per
forated plate @@ &7] Fo]l Ul

Regenerative type® A F=27F & sz, ze9 #4
o ALY KAZ =iz s=2WA SnL olFA Hrh 9
type2} AT A9 A5E HYEan@rldA TFrE AT

4.1.1 Tubular € &7

Tubular dxgrle SEHHEE o8 FAo2AN, F=, FFHFE
M festr Hzd ded ZIeE EJFFT FAE ALY F
Jde #AHELE Az gtk

Fig 517 A2 7Fxel AlxdHe o)Lz tubular €137
olth. (a)& ¥AHF:93 LadrizAd 7% vaed gz a¢
9 I FAZE &2 Heor 2 I FHE AU AIIAT}
z2A dEd. 53 FAolZEF IEn@rld wire spacer® AL

71 (e)= Atk wire spacerys= Tl FEFQ  turbulentE F7}A

B T it
K

Qugds ITHAIIY AF#e EXE dFHE I 9

£ i

ftlo

3ttt Multitube (b) type2 delAled #AE& o Fd wxF
o]™, bundle type(d) Ex&’/I= AddAMe FE dip-brazing 716%
o] &3} bundle HEHZ YE Aok
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High-pressure straam
Low-pressure stream

3

Fig 5.17. Tubular heat exchanger ; (a) double pipe
h.e, (b multitube h.e (¢ double pipe
h.,e., with wire spacer |(d) bundle h,e,

N=ZR

i
4

o .

Fig,5.18 Giaugue-Hampscon heat exchanger
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Fig 518¢ & Twwel 98 Azdd olgse Glauque-Ham-
pson @ @rlojth ol LYY a7t z2E A& B T
N9y =98 Jdge= TAADG o AL ¥ 98 A¢-A
&9 start 2y FHIHh

o] W% colins BE#7|(Fig 5.19)8 shell and Tube type

Augds) Fol Aok

|

\\\\\\\\\\\\\\

Fig 5.19 Collins heat exchanger element

4.1.2 Plate-Fin |ng 7l

Plate-fin 9§ 7= Fig. 5200 =2 ANY F HE} 2
Aole] =EA oz FAHY Utk cRAE @ vHE A48 I
oz MWe e header® ¥o|¥ Fig. 5.21% e dngreg <

—_—

2 ot Fig. 5228 O%% #©d e BAFIT AT ©

o

gm@re APe FAsNL FIHHAL Az ste WA3eol HoAH
@e ARYE axg Wag dehle area density7}  600ft*/ft’c. =2
e Eoe RHoith wHez AHHE Ao $HAEg0 =¥ 7}

Holn ¢ ¥F EAEJ Hds Holrth
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SEPANATOR SHEEY

FLUID FLOW

TEPARATGOR SHELT

Fig 5.20 Construction details of a single element of a plated

fin heat exchanger.
42 7lzolE

4.2.1 Heat transfer coefficient$} friction factor
(1) A<’} #3F Tx9 A
Aded BANY geF TS RRY A5 Atk
* Prandtl number ; Np = uCp/k.

+  Colburn J-factor ; ju = (h/GC,)N,>2?
of 7] A

G =m/Ax

m , mass flow rate

Ay ; free-flow (cross-sectional) area
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Fig 5.21. Crossflow and counter-flow arrangement
of plate fin heat exchanger
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Fig 5.22, Fin configuration used in plate fin

heat exchanger
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. Nusselt number ; NNu = the/kt .................................... (5.18)
. Reynolds number ; NRe = DeG/ J trreeeesisiiieiisiiiiicnaniee (5.19)

» Friction factor ; f = (AP/L) (G%/2g.PD,) «-++sevuersneennnne. (5.20)

(2) Asxse HaETA
&P Inside flow
a. Circular tubes

+ laminar flow (Ng.<2300)

0.0668 (Do/L)NxNp:
= 3658 + w000 e/ L) NelNpy 5.91
N = 8658 + ) 02 [(Do/L) NNy 5 (521)

f = B4/ Ngererrrrresnnmmrrnrmmnisteruniiiieririiemneenerneseernsrs (5.22)

« turbulent flow (Ng. > 3000)

u =0.023Ng. "2 [1 + 3.5 (De/Dg) ] wevverervrererernenaerennns (5.23)
f = 0.316Nze "% (3000 { Ng, { 50000) +-verrseverneaeancrene (5.24)
f = 0.184Ng. %% (Ng. D)50000) rereovvernrarrrncmimnrniennnnnn. (5.25)

b. Noncircular tubes
Tubee] ¥E 7} noncirculare] 7 -$oj=  circular tubeo] T

AelM Degtwt #WAsw @o.

» Heat-transfer correlations

Dec QAL /A oo, (5.26)
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714 A gdg B3
L ; tubeg] Zol
Ay ;. tubeg] free-flow (cross—sectional) area.
« Friction-factor correlations
Do = AAGL/ A, oveerreoessrmssnssmmresnrssnssintsstn st (5.27)
o714 A, ; the wall surface area that is weited
by the fluid.
@ Outside flow (across flow)
a. Staggered tubes

» J-factor

0"1 7‘ }"1 NRe = Dquax/ iU (Gmax = m/ Affm, Agin minimuum

rlo

free-flow areao}t})
- friction-factor

Outside flowe] w# friction factore 4 (5.29)% 2

o] Ao Hrt
f o AP N s
U = G280 (5:29)

o]7]A, N ; total number of tubes in line across which

the fluid flows

£/ = [14 047 (Xr— 1) "®INg, 816 coveremmmrnanannreaee (5.30)
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o] 71 M X1 = transverse pitch /tube outside diameter

/Longitudinal pitch
I

Flow

direction ' | !
" N Y
./ \/
Tra;isi\éﬁrse | 1 ——
AN TN N
! \:/ ./
| (a)
Longitudinal pitch
!‘_L' A-\ Minirm'.:m flow area
Tran%;ﬁrse \J ] F \i/_,__
g Y ‘.|L m + -!.
R AN P
direction { m ‘ m

Fig 5.23 Definition of longitudinal and transverse pitch for

(a) tubes In line and (b) staggered-tube arrangment

b. tubes In line

+ J-factor

+« friction~factor
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7 = [0.176 + 0.32X (XL — 1) "™ Nge 0% cererereoeerenere (5.32)

0§71+, X. = longitudinal pitch /tube outside diameter

n = 0.43 + (1.13/Xy)

422 An@y) A

amgrle  #HYd 7zt = wgele e NTUSHS
LMTD (log-mean-temperature-diff erence) 7t ole®, Fojd < 274
A g7 AL ¢IL &Y A 9nx gHe eNTUHNHE &
Agstn, g 2Es e@e 9 ERE/NY aslge ARl
sz LMTD W& Ag@ch |

(1) Effectiveness-NTU (Number of Transfer Units)

amsse WEAY L=HHI Fig. 5.24¢) JEpiith. Fig.

5.24 ()l A TaWA dAd U P& 2498 doE HEH Z

o] & & Utk
dq: _Cthh: _Cchc:UdA (Th‘_Tc) ........................... (5_33)
d(T—T)——(l — l)dQ ....................................... (5.34)
b c C Ch .
d(Ti—Td _ L L ygga e
o S oo )U dA (5.35)

il
4
it
¥
)
o
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A

fif

:exp[—UA( i — _1._. )J ........................... (5_36)

Ch‘g_ Cmim Cc"% Cmaxi 7}’% -5']"@.

Thz - Tcl UA. Cmin
—— < — — — e m Y] ceesennesiinenanene rrernans .37
Thl - TcZ exp [ Cmin (1 Cmax )] ( )

4 (537) $Woe Z22% Iy wWEr = elutA "
UA/Coin® NTU (Number of Transfer Unit)2A Exng712] =7
UEE #3271 53, Cuo/Cons  Ce(Capacity rate ratio)o] H

Effectiveness ¢& w23 o] Aeswy

actual energy transfer  Cy(Ty — Tw) _ Ce(Te—To)

max.possible energy transfer = Cui (Toi—Ta)  Cun (T —Te)

............ (5.38)
olth. & (5.37)2} 4] (5.38)= A @A E
l—exp(—NTU(1-Cy))
T S 5_39
¢ 1 - Cr exp(— NTU (1—-Cy)) ( )
o] Ht}.
(2) LMTD (Log-Mean-Temperatue-Diff erence)
4] (5.36) 9| A
T — T. 1 1
_ [— i e ) ttimeresasmaserarcncnatntntsannans 5.40
In T =T, UA ( o c ) ( )



Hot fluid
u —
3 n ¥
u AT _
g 1, §__, Cold fluid
(]
’—
Area
(a})
© T _ o T Hot fluid condens:ng_ r
5 Hot fluid 5 "
g ®
« @
[=% B )
Cold fluid
E p | Codfluid T 57T, ui
¢ Bailing
Area Area
{b)
Thl
= @ Het fiuid
2 2
2 8 Th?
é g /—_Td
w
= ", Cold fluid
el
Area
{d)

Fig. 5.24 Typical temperature variations in heat exchangers: (1) Condenser-reboiler; (b)
condenser;, (¢} counterflow; (d) parallel flow.
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=L
Q= CoTa — The) = Ce(Tez— Tei) coerresrermmmeenmrnenensrancraceiiannes (5.41)
ojmz 4 (5.40)3 4 (5.41)¢1A

q=UA (T —Ta) = Tu—Tad e, (5.42)

Thz"" ¢l
1 il S
n( f T, )

A7]x $¥e L£%3E Log Mean Temperature Difference (A

Ta)el

4.2.3 Fin effectiveness

2dg WAL FAN77 A AEHE fingd, WY ZHol
d WE exrl HIgoes A 100% FETF € WHE #
Ay B3t o5 HEH JEHE fin effectiveness=
tanh (ML)
Ufzw—

M = (h./k®)'% 8 =V;/As

ke=fin Age ddxE, V,=fingd A, A=finel I2F,

Li=fing] Zol2 Hojdt

4.2.4 Surface effectiveness
AH QAY FAHALE Acg . finel RAHA ¢ BAH
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& Ap?} 31 surface effectiveness o= THEH o] AHLAZ <

At

HQA_O = I‘Ap -+ anf ............................................................ (5_44)
A
o =1— K: (1 — 7)) eveversremmersmmeeen ettt (5.45)

4.25 Overall heat transfer coefficient

RPN EHEEL TeH} #o] EHIFHET
Q = UA AT eeermereseerserssssssnmunnianiiiiinnnmsmnariiiiimenssess vveenee (5.46)
G71N Ue olZa#d 7AF otdst 2t

1 In (ro/13) 1 A

U=l +A 70 TR A

._+_

4.3 Effectivenesse] 93FL wmlXs L4

dut dARE7= % 0.84%9 effectivenessB2% o F  FA 7}
gde F= AL, FHE duprie 095 dre I ol
effectiveness7} Q7 HTl g2 Barron(1966)2  Linde-Hampson
systeme] $XRdWyd& B39, 5% effectiveness A2Vt 33% Y
figure of merite] Z3E 7IAES RAFT A, Eugr]  effec-

tivenessol]l AFL HRE [LAEL 9714 HdPEHxE AT
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4.3.1 Maldistribution

1 8

flow passage’} A8 Y wWe ol4HozE 7+ passaged EE
= %ol EUsol AT, AAHeze FAw "WEAFY] HZ
goz ®Wol z2A He wWFLAHe uehiA Hed, olE mal
distributiono] 8  @tth. o] AL effectiveness7t ®& A¥E T
27 A %AW, IALs WE/NYG TE ES effectivenessd]
Qe & BEAEZ diFdr.

(2) & ¢«

o] WAre e, FaEr ARZA & FH=g FFAFI
917] W&o 2zt passagest RolAE manifolddlAe  ¢FAEIL A
Aulth T2y YRe & passage2d fFel gHAA fAg. =
& dm#y] Fued AAHE BEE gF U= U7 SAS

3) A4 %

o] Wae =T FALEE WA, Fig 525004 BExRol
oxRYErs Z7TRBAA oAHY uwgdE ®el olFel @ EHAE
Bol 2t} Cowans(18)E& maldistributionde @HE 1/22 BERE
o MAF NTU=50, ¢=00980x HAAZ2¥x NTU=17, ¢=0944
2 dWojze 2dFT Utk & fE GALEEHl %y Feld
ge R red.

(4) #AZ WY

Fig. 5260914 Ad Qu@r] FARAANY 2=wssL Ie&F
A f%5d AFEY d¥e nNA=E dAs @k F ext &
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&T OUT GAS

TEMPERATURE TEMPERATURE

HEAT EXCHANGER

HEAT EXCHANGER TEMPERATURE

& TEMPERATURE

14 GAS
TEMPERATURE IN GAS

TEMPERATURE

TEMPERATURE —-— =
TEHPE RATURE

‘%

HEAT EXCHAKGER LENGTH

HEAT EXCHANGER LENGTH

Fig.5,25 Effect of maldistribution of the Aow in the local temperature distribution in a heat
exchanger with multiple flow conduits coupled in parallel (after Cowans, 1974).

HOT FLOW
= COLD FLOW ==
HOT FLOW b

= Ao
~——COLD FLOW

e T, S

N oy

= T2k

== —

-y s

Fig. 5,26 Heat exchanger geometry to counter maladjustment of flow (after Cowans, 1974).
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B HA Ze{KARTA W Al Frstd, meHAFFol
ZasA e feedbackiAE Yo7A ©d. AA=Z Cowans(18]
NTU = 20, ¢=095¢1 <Qu@riedg AL7/Td s NTU = 33,
¢e=0972 F7tsln 1Y} TL feedback FFL ¥ A$ NTU

= 167, ¢=0.99471x ZF78L B33

4.3.2 Axial heat conduction

(L 9 %

O 78] o4 Edufy] o|&8FL, FEWFLZA 1A Wi &
Aol Ae] EAxE FALE Utk Liquid metal S A9 § iy §ajo o
FErE @7 gEe fAdNe] dAxE und oA, vud e
GHAEEE v 2P YoMy €AdEFSE FAL & g Folz,
€20.90] 420 RV M e effectivenessE FA2Al7)l= & 8910 ).

(2) 2 "y

SUE ddxz ATE o] AdAe, zAY ARE EA
Exrt %2 2% "ok AAW, ol BUE zEE HAL
A Wi 2902 FLHM AN A

Kroeger (19]= Fig. 5.27% & Wye& 193 ded, o«

A7 22 #L g W2 dAdExd EFE ARH F

e 51 dZAPo2ZA {ADL dAgo] # oFARE 3}
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4.3.3 Core Pressure drop

BE SHREA g0l WolAA =W, WY o g ol
FOHIBZ a3 PE4Fel Zo=e aAE ARed. o 44
A3E d-2ToNMY Qg E 3x Py wBe g8 Gl
At E¥ 2%, W3, gue 4y S0 o:sm gens o
VET BN ZA SR BoMsA wtEe og dF7dde A
Ae EHE 7lAeA 9t 58 9z Qu@7e e o] g
Aol Foq FAD, ANy ge ue 2xe fAY Fee
& 54o] 9FE B4 mIoly Tasg ¥ = AT

HEAQ] gAZLE FE £ Y= Ae o3 2t

2
O = ol Ket =) +2( 2 -1+ (2 Yoy (g %y
D: 2g.:p1 V1 Ac Vi Vi
entrance flow core exit
effect acceleration friction effect

K., K. : entrance and exit loss coefficient

o [ ratio of free fllow to fronta] area

HEE A, 27 9dge a3 AA @3 core frictiondto] 7}

T 9% uHrh

434 8§ HE9 9Ag 99
SF2RES dAdgoe] QWY %4 K= 9% Bar-

ron(20)e1 A FTHAG. 2k 9% gAY P ymyzs
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thermal conductance ratio R& A<std Re wzle) e g7

o Heg& ¥z A=sHn.

U.A,
UA

R =

dAA ov Y49 dufe Y= ALY ;%

Fig. 5282 Re H3ld wgE LZEIE HAZ3 Jed,
R=09 At 32, AL fFAL=s 25 F7stA4 =39, 4
Aol R=10d ZHfols x2RA7 Y780 o 71g9s:s @47
A% APE ¢ 4 sk Fig. 5298 effectiveness7t R=09 o
© 09914 R=01¢ A% 06877 "ojxe nAzxz Aok o}
g draree 9dge Adsts AT wdo] Hasnm
s o

A52 YA 287] (Regenerative heat exchanger,

regenerator)

AMER@7]d  daide IR EATEY  AFEHIANQ
"ARAl 87171 B sz AF,[8]d AAE 7IEEo o

22 & ddAMe 894 Iyt

51 4 9
AVLAE G e B2E: Fid 1y fAg ALl
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ELEMENT
[~ teneTn
X Xo .

acTive |
"TLENGTH ' R\L
Xq INACTIVE
LENGTH
X

Heat exchanger geometry to

counter axial heat conduction

Fig. 527
HOT FLUID
e e e COLD FLUID
brT1TTTrrTT71T 77
1.2
1.0
eh
or 0.8
8. o8
04
0.2
o Lt 1 v 1 v o1t
0 02 04 06 08 110

1 =x/L
Fig. 528 Temperature distribution
for heat transfer from

ambient to hot fluid
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eyt mUz 32E FRE7Y @ Pz gutdg da@y)
¢l recuperator$} TEIE g 7)o}

Recuperative type G3&7)= noeeAS AHHFA7L b A
= TzE Tad FAd fTIHVA DT Agste 9HEd <
agE Ao '

A 7)E recuperative typedt W] ALFHA ged 2e BHEE
Zta Atk

. gz e FA AEE AES AgFezs W &

gddg uwEge 44 4¢ F I+

. ARZH =zgel HmH peHTL 2L g 9und <

T;7]¢l recuperative typedl FREVIRTE 73 A H ol T}

. Z7Moz £F WHe] HWAERE 24 (self-cleaning) & 3

7t Atk
gde oed 2o
. $Eo] wE9 wWsst ¥Ed A nesAt ALRA
o Efel EIHEHH

. %aﬂ%ﬂMWMMtnmemmma@q ASos LR
wdo] @m, =3 xmed ALFAL ggx7 & AF
e ¥4dol 53 ARdTh

52 A&7 E£F % AFdd
Zj) Al 7] (regenerator) < Jquidoz FF A A 7] (Dynamic regen-
erator) 8¢ A 2 A4 7] (static regenerator) = gEdch[21]
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521 %3 AAY2g7) (Dynamic regenerative Exchangers)

ditdoz FAAYR7E TL&HAS AL{ASL AR ol
o uwgoew FrFez HEYAA EHW 2 FIhe po
rous matrix’} o] RFFHol vlEH ALoz AFWUA Ldaks
== o vk (Fig. 5.30)

TefAY ALt FAHeE 527 wEd AYTIRE
Porous matrix7} ZL&HA] daME stEHe] FE& AW AL
FA7 sEdole W¥ZAse WdeE 2z AAFHoZ:e AR
A AfA=z dolFel Arle AeE HNY 5 Ao

FAANNE TERPo] gom=m %%ﬁmm%ﬂﬂ A A o]
2L FS/F gasch 53 ne ® AHATA GHAV wAe

g ASde AEAAE 5 49 F4do "Wy T8I

Y

T FAANA teg fFANE HA7 52 W porous matrix F-E

AE &AlE FH &A9g zE2or {EFIRE E5I ATy @
Ax7l 2an 1202 HAY uw oYL (carryover loss)o] wi ¢

HARAAM Ao B 9L nziv. omddr Claude System ZEe
Joule-Thomson system Z& ZFA2LA2EoAN= YHA a2 F

2 AANE Ae¥n UqA @k

5.2.2 A AA AL TE 7] (Static Regenerative Exchangers)

Fig. 530[22]914 A¥ F/A9 2L matricesg A3 F
1Az LE&RKAY ALLAJ 52T matricesd] 4& FE3
A7t wdde ERBIIEAM FHolE FEo fue A Uth
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VALVED TYPE

KOT FLUID
coLd FLUID
VALVE
1
T (.I)opsu
TR
oot
e L
- . "- '
: 'ﬁ € cLOSE0
]
I | !

HOT Fu'10

ROTARY TYPE

AXIAL FLOW RADIAL TLOW
=l == =
Dass Ry SRR
o COLD FLUID i v
PN 2221 = |
L Py >y [ — ry
< st ‘ =7 .
N e e e e,
Fne—— HOT FLUID sy
S T MATRIX L —— —

Fig 5.30 The static (valved) and dynamic (rotary) types

of regenerator

53 A4z Fzst ¥4
AR7E ABLRB7] 95 (shel), FIAE (matrix)t FA7

~2 FAde Ud. ZAAme Fzs W] wek Table 53#

Zol Ukol Ath
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Table 5.3 Type of regenertors

T E k- 1
Packed bed type sphere bed type
(Conventional type) tube type

wool type

cylindrical bar type

stacked screen type

disk type

Annulus type straw type
(Gap type) foll type

plate type

54 A7 AE
HA7e] FAME7 Fulsiel ¥ xHoZe oHHS 2}
— (EEA/AHA) E3

- g3l 23

— 7bFol foldn ATl TAEEY
A7) Age wEde Ade F

O ¥% matrix

_ stainless steel : AF&olAl 40K7A  ALE

— bronze : A&dlA 40K7AA AR

__ copper

L lead : A&, 15K AX7A A&
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mild steel
[ super conductor : NbTi, Nb;Sn, V;Ga, NbsAl, NbiGe
Nb; (AlGe), PbMosSs, 15Ko]3elA  A}-g-

0 Y|¥4% matrix

G—10 fiber glass-epoxy : €A%yt FHZ 7}Fo] £0]
Kao wool

glass fiber

silica wool

drinking straw

sponge

Europium surfide

55 AAZld A&

A7l Qe AN AsdME A7 TR Y
o] AtgdglelA Hao] HxE HA 2 ARg sk I HH
AHE @7 AMME AR dRoM FEHAHe] HPHook
sty oldl uwg dAGAF F& Tk FTh

gl 9% Fe dwse A2 9 FAEAAgA ¥ F
59 993y, 23489 Hel, FHukF, porosityol T

agtel AN FAY Fx ALV A& 9¥S
A el

AAH ALe FIEV[(8l1E F=sy]l uETh
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A6 A ik NI Aas ou] AA 4

e Az AR F2E F4F Al gtz 9
5 AAA Bt @A 44 22F ol8® 4 HHel FPHL
zZ o)lg¥x Ud3;, A2y Frle £ (air separation)d] o <«
ojZ .

FAads EZWE9 £FE o 15~250t/day (TPD) i floid, <f
10~15TPDR} £Fo] AL EZAEE FAAMol fl3, 250TPDE T+
g SdE= mﬁltiple moduleso] AHg-#t}.[23]

23 O-Hold P-H=2o @A gAsts HIILE 748
A &4¢ HRsA =, od¢ WAL reservoir£e] HH
a8 19 AAA 18%, 4FY AR 0% BE FAAAH
[24] w& olg@d A@e W A gy, BEPo] LA
ol=ojd 4 Fdol ALETL[25] webd W@ BEE FAA
79, AMAE ANE2E 95% ol@s] P-HE HEANAI A
Zdq FHE AXA €9

A1E AN AL

Fig 6.1& & d3t7] AA AN="9 flow diagramolt}.[24]
2 oz ANage aA 249 AsPHoez FolAR, jue

ZaAg Zdgy HFAF] Hol maximum inversion tempera-
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NITROGEN LIQUEFACTION PLANT

18

v 7RI
19 "’4@_’ Lty

Fig 6.1 Flow diagram of hydrogen liguefaction

system,
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wre ollz dAWAzZ S8 daE AmAE Aa 9% A2
Holw, & FjuUE FFPE 8§ 5 3 P expansion valve
2 E3d HEHoz I F2EF AL Claude systemoZ
FAHo Aok

AA Sa 93 EHENGE F4 7t2E dPEn E F4
29 AL JA2E AL YE7) (nitrogen refrigerator)Z  HE L7}
= Ale]& (recycled) & ol W, Hie £4& BFIHY] AR} ar
separation plant’} #ml#EEo] Qo

dE27Ee FaddvdM edel o8 EAE #A] 44
gas lubricated bearinge &% U4%Z7] (centrifugal compressor)7t
Aol $A7k ARG GHvie g A7 A& AW
2 Age AZsE, I AlolAlojdl cooling Al=WE& FHsA €

.

P

Bl Fx st BEFe @$ %e £EA 24
3

e

o2 AFR o 3, wEla @ (cross section)o] Adh dHE#
g dus 2o &xe d9¥ Zae AL dew, TET
FA87) slaHe impellers] ¥F &xsb Aotz Avle HFH
rpmo] Aok Fck AN AFA woF A2k 2E Th=% A
2 Jhxe) ERE WA G8l sb2e fdE dobokstw, AL
ofA wE Ao &x9 dFL AA e gas bearingT mag-
netic bearing% o] A& €th

Brazed aluminium heat exchangert A& (En#EL 3= F
FA Aol Wl e exolw AL ¢F FE HAG-
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A2A & A% LD

21 A &

300°K, latm(101.33Kpa) 8l F&7tEs 1~8& AXEA
ax wze wasA Hed, ¥He 952 Qs Asd T&
el €28 AAA7 g ol 8¥E FIHSE Fa7tEE
orgoe] 4,053.2Kpacl™ EEE 190°Kolth. «i71d wAl BHFEE
masta(a2)sh WUA H3, ol¥A W FRIPES Hield A&
7}2 (GNp) &+ A7+ 2a7b2 (GH) Al 98 87 A H2dlN
s A (LN, bathdd B#AHE quge HaA AXNM 69K
2 ex7 #sEh AR 205% MH= P37 (E2)2 7tH T
dezy #AFFREL AXNWN ¢ 253.Kpa, exE 260K &
ssjola] HBolA WA 795% sa7lzg 42Kz 374 AR
d. & A 495% (M4 GH,7t % %71 (E3)elA sde=zy W
2o st HPL 253.3Kpa, TET 00Kz 7atsje] HeEolA A
zde Wze AA WA 30%8 GHE 7" Kz AsAANL, ©
a7 #a8 GHE J-T valved AAEA sdgs #FL Y
¥ 101.33Kpa &% 20°K7} 9o ol AME 24%e AATE
(LHD= 198 AA storage tank= AAL®Y UHA 6% GHE
thA] He, H5 H3 % HiZ ANBA H4se GH:E BGA 7L
G&:swA (35) 49 253.3Kpa, £E 196°KE Ak o) AHA
@3y E29 E3E SHHIL retunsHE 70% (M’ +M")&)  GH.%

s}  ¢t¥  4,053.2Kpa, <X 190°K2 =0 8% F4# A+l 71
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gol @AY cycdlex oIFA T Table 6.1[24]& A3tAF
(liquefaction coefficient) 7+ a = 0.244 1 & 2+ A @AM A o}

Bl Aojn.

09 Zi ¢&F 484U (hydrogen compression work requirement)

Claude systemeld <A F&F g7 9% ¢EYe Fig 6.1
oA mZo] Cl, C2 % C3A ax =z, =¥ B3 E2
E3dlx =g T 4dwEg €A g, ¢=mAR L  polytropic
Holn #AAZF Lxs GHA gAE

T
Ts

I 2 T T 1Y ORI R TP L
= ( 5. Y-t (6.1)
ojw, dgs W3 (AHE

AH = GG, (Ty = Ty)  reseerersssssssssssuemsssassssesssssts s e (6.2)

dag. mEd 246Dy #AF ol g5t 2 (6.2)8 WF A7
Pz | -
AH = GG, T [( b Y P (6.3)
3

o] ®©th
d&:7e] HES 0.790]¥ polytropic AT n& 1.383¢]t.
@ ClolAe work requirement

Cl1e 3¢ (three stage) & oj2ojd Yow HFAHALE 101.
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Table 6.1 Conditions for each point of Claude system

in Fig 6.1

STATION FLUID WEIGHT FRESSURE TEMPERATURE ENTHBALPY

N kPa K kJ/N
1 GH, 0.24 101.33 300 432.7
2 " " " 180 261.7
3 " " 390.1 262 377.2
4 " " ' " 190 275.6
5 " o 1 256.5 263 379.1
6 " n n 130 275.4
7 " " 4 053.2 263 379.5
8 " " " 190 276.7
9 " 1 v " 274.5
10 " 1 " 120 180.6
11 " 1 " 88 140.6
12 " 1 " 78 127.5
13 " 1 " 69 115.3
14 " 0.795 11 " i
i5 H " " 42 77.3
16 " 0.3 " " "
17 " " " 27 36.6
18 " " 101.33 20 "
19 " 0.24 n " 27.5
20 " 0.205 4 053.2 69 115.3
21 " " 253.3 26 79.4
22 " 0.495 4 053.2 42 77.3
23 " " 253.3 20 55.5
25 " " " 29 79.4
26 " 0.7 " 26 "
27 " " " 64 122.3
28 " " v 78 138.3
29 " " " 152 228.8
30 " 0.06 1¢01.33 20 75.0
31 " " " 26 81.3
32 " " " 64 123.2
33 " " " 78 138.9
34 " o " 152 27R.8
35 " " 253.3 196 289.2
36 " 0.76 " 155 233.8
37 " " 1 033.6 224 330.8
38 " " " 190 288.4
39 " " 2 046.9 230 338.5
40 " " " 190 288.4
41 " " 4 053,2 230 346.5
42 " " " 190 280.9

144



33KpaolA 4,053Kpa® ¢ZFHctt. x7] &xe 180°Keld. 3wA =
o]Folxd glerz GAY PYF Sy (partial compression ratio) =

Fahw

o=V (4053/101.33) = 3.42
kA &Y Wee

W = (0.24) (1.411) (180) (3) [(3.42)%%%1.38 __ 17/ (0.79)

= 93.9 (KJ)

@ C2914 2]  work requirement
C2& AuUwA 253.3KpadlA 4,053Kpas ¢t&Hn oz 3

QAE olfdPY. 272z 155°KolH WFUYZWE 2520k
We = 179.74KJ

® C3949 work requirement
C3& AdEA ¢8e  101.33Kpad] A 253.3Kpa®2 A%}

F7I2Ee 150°Kelw HF gHH= 2.50]t}.
We = 4.47KJ

@ E29Me 34 g
W37 E2& AUdEA g"He  4,053Kpad] A 253.3Kpa2 7}3}
3t3, 2EE 69°KelAM 26°Kz  Zskgch ®MAs] zee 0.840]

=5
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P

WEz = GCpTl [1 - ( Pl

o] g,

= 6.82KJ  sereeeseeeeeecsiesseessiniiiseiiinnan (6.4)

® E39A9 4+ 9o
P37 E3E AUEAM YL 4,053Kpaclx 253.3Kpaz 73}

a3, X% 42°KojAd 200Kz #shgc. #APAy] E&& 0.720]th
W33:8.76KJ

by  B3A 7 0.2491 Claude systemo]A A2 INE

AaEr] A gad 4542,

(WCI + Wcz + Wc3 - WEz - Wga) /0.24 = 1.094MJ/N - LHz

ot}

AM3A HAi& Q3 ALEH

31 7/ &

As 43 A2 (nitrogen liquefaction system)£ 101.33Kpa,
180°K Arejo]+ @&-@¥zhe  AX®  4,053.3Kpa, 190°K7l Ha
H7& AxEA 143K2 yzgd, o714 7%= B371(EDE
%3te SdE=y PFL o 101.33Kpa, 777K FH7F sHol o
wia 25%¢9 GN,& H8dlA 97°K=2 34& Atk °|3A ¥4

d3 GNy= J-T valveg® %39 101.33Kpa, 77°KE Yo HH,
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reservoir R2, R3E E3@ LNy= GHol ool Agsz o A
NN " GNE oAl cycled Rt "t old® #HBF
=M% GN;j= air separation plantZ 3t AAE GNE BRI
A €. Table 6.2[241€ Fig 6.1 U= Ax oAz A=¥e
AN A& veEbd Rt

3.2 AA ¢E 229 (nitrogen compression work requirement)

Ax A A2FoMx Claude systemt gol AA HAA2E
a7 9§ AL Cigk CoolA @A HI, AR Elo4 €
8 %¥9¢ arg A €4

@ C4914 9] work requirement

Cie 3uAz  ojFozer HFHoz 10133KpadA 4
053Kpaz o] A&z x7LEE 180Kelth ¢ ied
079, ZelE2¥ A4 n=1430th

gAY BE dEvle

o= + (4053)/(101.33) = 3.42

Wa = 31.19 KJ/N - GN?,

A7 A, A 7hx=el ddd BaH AA A 4& AA
o] 205%°0lm ojrle]l AgHE FHol FLIEE A Al7=H

Agsoez A3 AxAN)E WF,

W’o = 31.19/0.205 = 152.15 KJ/N — LN, o] #th
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Table 6.2 Conditions for each peoint of nitrogen

liquetaction system in Fig 6,1

STATICN FLUID WETGHT PRESSHRE TEMPERATURE FRTHALRY
M kPa K WJ/N
50 GN,, 11.687 101.33 180 45,1
51 " " 385.00 270 128.3
32 " " " 190 108.2
33 " " 1 256.5 270 127.4
54 " " " 190 107.0
55 " " 4 053.3 270 126.5
56 " " " 190 44.0
57 " " " 143 37.3
58 " 2.922 " " "
59 " " " 97 36.1
60 " " 101.33 77 17.3
61 " 8.765 4 053.2 143 37.3
62 "o " 101.33 77 29.5
63 " " r 1] 11
64 " " " 97 36.1
65 " " " 180 44,1
66 " 0.486 " 77 77.6
67 LN, 1.946 " " 12.8
68 GN, " " " 33.1
69 " 2.432 " " v
70 LN} 0.489 " 4 12.8
7l " & 12.63 63 28.1
76 GN, 0.035 wo " 76.7
77 LN, 0.454 " I 23.0
78 Gil, " " " 32.7
79 11 0'489 113 1" 11
80 " " " " 35.3
81 " " 101.33 180 44,1
90 1 2.432 " n 1
100 rr 9.255 u " "
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@ C5 @ Elojrxe ¢

C5v ¢tde] 12.65Kpacs 101.33Kpa® AxatA HI ol
9 289 WeE 3654 KJ/N-LN;olth EldiAle] 24d Wgd,
etgo] 4053.2Kpad|A 101.33Kpaz wWsat= g, 36.55 KJ/N—LNyojt}
@ LHS LN.ote) 27

IN®] LH,E A&7 9% GHsel d¥d =aw LNE
Fig 6.1 % Table 6.1, 62914 2 @AE F+€ <+ U9 LH: 0.
243 A3y A8 2WSE LN %&  H2eA  1.946Ne)x,
H4ol A 0.454Nojt}.

welad, LH9b LN.o) #7lE,
(1.946 + 0.454) /0.24 = 10N-LN, /N-LH,

7t do
adeg Wy We R Wgd LHE HEsSE LH;INE A
A5l7] A% AadE AlAde 2898 1.521 MI/N-LHo|t.
Pﬂiﬂ N2"dx £25e YL Claude systemol|re] AH[Y
1.094 MIJ/N-LH.9} #A4 93}l Al2"gore v 1.521 MJ/N-LH,
ol gol =, oo A Fiartae e BLY R-227
288 o B ortho-para W] Wag o AiY AF4 =

axE dY[24] & 181 KJ/N-LHelth. 22z HA] A2y

b

H e 2796 MJ/N-LH,7} €t
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Arx A £

ZA2g & 42 AF Je AEE 4¥ A 1Ad=E

A7 A%E afsd ged R

1.

F& 948 7led riEe He AL V& AdFHA U
€ ZA-Asd o] Zigd W@ vl ARE =HEFHAT
Fa9 EE5F 549 O-H P-HY 43& #gsd 24 7
2A8F ATAAD-

T4 48 A|2¥el FFE AelE HY H FF HHAE F
At Fadar] Add JjE A=E AASAT

& 937 F FHasEd #F 54 HqAe T T
dqg7] AA-AFA BLY Jed ARE AITHAC

Aa 97 AN2YE qYrLFgeR e Claude F& A
A&gel dg ujd ALy E4E B 71EF A9 2
A Axsyd

Para-hydrogen®] T-—S diagram® JF7|& ZAFHAZ 3T 434

F{

29 FHE AT ¥IE HFI54 AU
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Fig, A.1, Temperatnre-Entropy diagram for
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Table A1, Comparison of liquelaction systcms using air as the working fluid with T, =
300 K (80°F)and p, = 101.3 kPa (! atm or 14.7 psia)

Work per unit
mass liquefied,

Liquid — -
yic!d y Wimy Figure
Air liquefaction system = mym  kl/kg  Btu/lb, of merit
1. Ideal reversible systemn 1.000 738.9 317.7 1.000
2. Linde-Hampson system, g, = 20.27 MPa 0.079 5739 2487 0.129
{200 atm), n, = 100%, ¢ = 1.0
3. Linde-Hampson system, p; = 20.27 MPa 0.062 10 573 4544 0.070
(200 atm), . = 70%, ¢ = 0.965
4. Linde-Hampson system, observed 10 327 4440 0.070
{Ruhemann 1949)
5. Precooled Linde-Hampson system, p;, = 0.158 2928 1259 0.251
20.27 MPa (200 atm), 7y = —35°C
(~31°F), . = 100%, ¢ = 1.0
6. Precooled Linde-Hampson system, p, = 0.143 4691 2017 0.158
20.27 MPa (200 atm), 7 = —35°C
(=31°F), e = 70%, ¢ = 0.965
7. Precooled Linde-Hampson system, 5582 2400 0.129
observed (Ruhcmann 1949)
8. Linde duai-pressure system, p, = 6.08 0.057 3056 1314 0.242
MPa (60 atm), p, = 20,27 MPa (200 atm), '
i= 0809 =100%¢= 100
9. Linde dual-pressure system, py = 6.08 0.039 6535 2809 0.113
MPa (60 atm), p; = 20.27 MPa (200 atm), '
i =0.80 9. = 70%, ¢ = 0.905
10. Linde dual-pressure system, observed 6350 2730 0.113
(Ruhemann 1949)
11. Linde dual-pressure system, precooled te 1582 1540 0.201
—45°C {—50°F), observed (Ruhemann
1949)
[2. Claude system, g, = 4.05 MPa (40 atm), x 0.262 815 350 0.907
= rirfm =070, 9, = n. = 100%, ¢ = 1.00
13. Claude system, p, = 4.05 MPa (40 atm), x 0.198 1906 8§19 0.388
= m St = 0.70, q, = TO%, 7,4 = B0%, 7.
= 90%, ¢ = 0.965
14. Claude sysicm, observed (Ruhemann 1949) c 3582 1540 0.201
15. Heylandl system, p, = 20.27 MPa (200 0.377 873 275 0.846
atm), x = 0.60, 7, = 5. = 100%, ¢ = 1.00
16. Heylandt system, p, = 20.27 MPa (200 0.305 1839 791 0.402
atm), x = 0.60, n, = 70%, n,g = 80%, 5.,
= 90%, ¢ = 0.965
17. Heylandt system, observed (Ruhemann 3326 1430 0.216
1949) :
18. Cascade system, observed (Bail 1954) 3256 1400 0.221
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