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Abstract

In this study, the experiments was carried out to investigate the
effect of LNs precooling temperature of 288K, 243K, 213K, 173K
at 1 ~ 4bar of air liquefaction system. Experimental appratus on
the air liquefaction system by using the LNz precooling with
direct cooling was designed and equiped. It was consisted of an
air compressor, a GM refrigerator, liquefaction vessels, a liquid
nitrogen precooler, and a vacuum pump. In case of the cooling
without load, the temperature of GM refrigerator was decreased
to 24K at 1st stage and 7K at 2nd stage, which meaned that the
liquefaction vessel was well insulated and the cooling system was
high performance. The experimental results showed that while
increasing air pressure and decreasing the precooling temperature,
the cool-down time was decreased significantly, and the
cumulative liquefaction rate was increased about 22%. Also FOM
was Increased as Increasing air pressure and decreasing the

precooling temperature.
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Table 2.1 The components and materials value of LNG

e~ | F-Frfo] | obF-thn] [QIE Ao} QI =] A] o}
Flde]) | (FEE) | (Y &) (v =) (o} &)
] EH(CHy)| 99.81 89.83 82.07 89.91 86.58
o TH(CoHp) 0.07 5.89 15.86 5.44 8.27
I 2 (CsHyg) 0 2.92 1.89 3.16 4.13
= E B (n-CqHyo) 0 0.74 0.07 0.75 0.41
o] 2 H-eH(i-C4Hyp) 0 0.56 0.06 0.67 0.53
H EH(CyHio) 0 0.04 0 0.03 0.03
A 2(Ny) 0.12 0.02 0.05 0.04 0.05
Table 2.2 Properties of LNG components at latm
v g | o B | T2 |o|aker| TR dAg EAS
(CHY4) (CoHs) (C3Hg) | G-C4Hip) | (n=C4Hio) | (C4H12) (N2)
B21eF | 16.043 | 30.070 | 44.097 | 58.124 | 58.124 | 72.151 | 28.013
Hl ==
](;é)” -161.5 | -88.6 -42.1 -11.7 -0.5 36.1 -195.8
5+ A
() -182.5 | -183.3 | -187.7 | -149.6 | -138.4 | -129.7 | -209.86
<71%
- - 12. 4,91 51 1. -
(keferr?a) 93 9 3.5 06
A=
) -82.1 32.4 96.8 135.0 152.0 196.6 | -147.1
AALH
, \ | 45.44 48.16 41.94 36.00 37.47 33.25 33.55
(kg/cm’a)
Sz
121.8 116.9 101.7 87.52 92.03 85.33 48.78
(kcal/kg)
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Table 2.3 Physical properties of air components

2| A | %E |Wks Fa W e | A F
ﬁ' Q’ }i], Oz Nz Ar COQ Hz Ne He
ZA .
20.99 78.03 0.93 0.03 0.01 1.8x10% | 5x10'
(Vol %)
2 | 32.00 28.01 39.95 44.01 2.02 20.18 4.003
71 AL =
3 1.429 1.251 1.783 1.977 0.090 0.900 0.179
(kg/m”)
oujﬂueh:
1.141 0.808 1.398 1.030 0.071 1.204 0.125
(kg/L)
"4
0.888 1.038 0.523 0.833 14.193 1.047 5.225
(kJ/kgK
Zresw
. -183 -196 -186 -78.5 -253 -246 -269
()
HELR
. -219 -210 -189 -56.6 -259 -249 =272
(©)
A=
) -118 -147 -123 31 -240 -229 -268
017;] ol&]
AW 5.08 3.39 4.86 7.39 1.3 2.73 0.23
(MPa)
o] 7;”1311:
= = -
0.427 0.311 0.536 0.468 0.031 0.484 0.069
(kg/L)
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Table 2.4 The history of air liquefying separation system

1772 | A2, AFAe] vbA Rutherford, Priestley(England)

1872 | AFA 9] As) AF Cailete(France), Pictet(Switzerland)

1886 | BaOs o] & H x| AtAA|Z3AL T3 Brin's Brother(England)

1894 Joule-Thomson &35 ©| 8% Linde(Germany)
B8 A

1902 | BANAL A3 F7|N3}HR = Claude(France)

1906 ?Z:l—?ﬂﬁi} BEERZ oledd AR Heylandt(Germany)

1910 | HE2AFH(Double column) 57 Linde(Germany)

1925 | 44 A dusty] e Frankl(Germany)

1936 | Aot AbaAz s Kapitza(Russia)

1963 | 24 7= (PSA) % uce
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Rt alo] ATHAY. o5 Ak, Aa AR FH 9 FRE oF
© AYEA= 19359 Linde3]Atell o]t A12te Linde-Frankl W4

o] wAE Aoz A4l BRENE Ause] dgLdons AuHn

y =

7] A3t A dAY FFE (DASA A7k AlxzAA,

(Aol 2] gl Akl b e AA AL Az, (DFLA

_14_



/ HyO and COs Heat exchanger
removal

—_—
L

Air _—k

Impured Furified
nitregen Jaseous
oxygen I

=

Exponsion X
valve

Furified
liquid oxygen

Fig. 2.3 Linde single—-column gas-separation system

_15_




Air

/ Hesat exchanger

lmpured
nitrogen

Furifiad
gusecUs

DRYgEN
X r T Lox

[
N LN

Condenzer
| revailer

Expansion X X

valve
]—‘ Bailer

Enriched liquid air

Fig. 2.4 Linde double—column gas—separation system

_16_



Table 2.5 Components and functions of the air liquefied separation
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T = const

Temperature (T)

Entropy (S)

Fig. 2.6 Cycle path on the T-S diagram of the air
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Table. 2.6 Ideal-work requirements for liquefaction of gases

(Initial condition at 300K and latm)

. ) Ideal Work of
Normal Boiling point| _ . .
Gas Liquefaction(-Wi/mp)
K kl/kg
Nitrogen, Ng 77.36 768.1
Air 78.8 738.9
Argon, Ar 87.28 478.6
Oxygen, Oq 90.18 635.6

Table. 2.7 Performance of the Linde—Hampson system
using different fluids.
(P1 = 101.3 kPa, P2 = 20.265 MPa, T, T2 = 300K,

Heat-exchanger effectiveness, compressor overall efficiency = 100%)

- Work per Unit .
.. |Normal Boiling|_ . . i Work per Unit
Fluid . Liquid Yield Mass . . FOM
point Mass Liquefied
compressed

K) (m;/m) (kJ/kg) (kJ/kg) (W,/W)
Ng 77.36 0.0708 472.5 6673 0.1151
Air 78.8 0.0808 454.1 5621 0.1313
Ar 87.28 0.1183 325.3 2750 0.1741
02 90.18 0.1065 405.0 3804 0.1671
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Table 2.8 Optimal data of three cryogenic refrigerators

for given parameters in the system

CTI CVI CVI
1020CP | CGRO09 | CGRO11

Heat exchanger effectiveness: ¢ 0.95 0.95 0.95
Compressor work (w) 270.4 604.5 1295.5
Precooling load (w) 30.34 51.13 102.2
Preccoling temperature (k) 66.98 77.58 80.20

Optimal high prssure (bar) 110 120 120
Optimal mass flow (g/s) 0.032 0.07 0.15
Maximum liquefied mass flow (g/s)| 0.00623 | 0.00961 0.0187
Liquid yield : y 0.1948 0.1373 0.1247
Figure of merit : FOM 0.0143 0.0374 0.0332
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Table 2.9 A comparison of the advantages and disadvantages

of the insulations used in cryogenic system

Advantages Disadvantages
o g
B ded £ rigid vacuum jacket Q| ¥& & FF
xpanded foams }
P G A zbell el AAETL W

1A & FS

Gas—filled powders and
fiberous materials

e v
E9td 720 44 28

sta 4ol 8l

ek FxEo dA A&

Lo FIw= 39
3L o L= =
Vacuum alone Cool down ©] A< N
e WAlgo]l g
U F-of o5 740 45
/\LEHZ-] o7 AL S
el = — 1o - Tim - =
Evacuated powders and | cemo a7 A8 5kl A3 Abo] 2
. . = H o= s el . .
fibrous materials Ay 7 22
Aol JA %
Evacuated powder®.t} ¢
Hio] 29 Evacuated powder X.t}
o T H)go] )k
Opacified powders e FxE 4A A4 orzulio] Zuo] gl
X]:'—B_‘—rLEﬂ' /\]'TLHZ‘]OE =T 137 = =270 2T
Al & H S = &R A7t 9o
= = RN =]

Multilayer insulations
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Table 2.10 The capacity of the air liquefaction plants

Tokyo Oxygen

Tokyo Liquefied . Conventional
o Ltd and Nitrogen T
xygen co.,Ltd. e
A Co.,Ltd. P
. Isogo, Sodegaura,
Location . -
Yokohama Chiba
Producti C it
roduction sl B oN0d 18,300 10,000
(Nm°/h)
Liquid O
s 6,500 6,000 7,000
(Nm?/h)
Liquid Nitrogen
aue TIos 13,500 12,300 3,000
(Nm°/h)
LNG Consumption
60 45 -
(T/H)
Electric Power
Consumption 0.4 0.4 1.1~1.2

(KWH/product Nm?®)
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Table 3.1 Data sheet of air compressor

MODEL

LT-104

TYPE

2-STAGE AIR COOLED

NO. OF CYLINDER

2

CYLINDER BORE <1% / 2¥ >

100mm / 45mm

STROKE 42 mm
CAPACITY(F.A.D) 15 m’/hr
REVOLUTION 1150 rpm
NORMAL WORKING PRESSURE 30 kg/cm®
AMBIENT AIR TEMPERATURE Max. 45C
LUBRICATION SYSTEM SPLASH

VIBRATION LEVEL

Max. 0.2mm(PEAK TO PEAK)

NOISE LEVEL

Max. 85 dB(A)

REQUIRED POWER

3.5 kW

METHOD OF DRIVING

DIRECT COUPLING

ROTATION(FROM FAN) C.W.
WEIGHT ABOUT 75 kg
PAINT COLOR 5Y 7/1
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Table. 3.2 Design of the pond type exchanger

AAZA
7Y TFLE = 30T FNEFLE = -100C
l7lﬂr = 3/8 i (%% = 430W/mk) 7] % = 80 I/min
AN d;) 007350 m R AW (d,) = 0.009525 m
LNy, 2% = -196C St A A (D) = 0.02 m
Pp R WA A = %Dﬁ 4.243%107° m?
= o 2 Q=m-C, - AT 259.2 W
Re = 4 - m 22488.10F5)
e ’ﬂ'DZl,L . T
B Gnielinski—Petukov and Roizen
kair 2
h, = Nu - D 148.34 W/m°K
AH-FE Sdazte] olsws A h, 15.736 W/m°K
) 1 1 D, D, 1, D,

Z2TA A | — = — 0 0 — 0 2
FLARIAF |5 . + 2kaln(Di ) + ? (DZ» 13.834 W/m’K
o g __Q )

o 7 g 4] A AT 0.1234 m
-100 -4

°c D, 4.124 m

#20] [ -80T " 3.160 m

-60C " 2.406 m
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c. Filter(5micron, lmicron) d. Filter(0.01micron)

e. LNy Exchanger
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f. Cyostat

h. Liquefied Air vessel 1. LNz Tank j. Diffusion pump

Fig. 3.6 Photographs of equipment
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Fig. 4.6 Liquefaction rates with precooling at lbar
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Fig. 4.8 Liquefaction rates with precooling at 3bar

Liquefaction Rate (kg/min)

Time (min)

Fig. 4.9 Liquefaction rates with precooling at 4bar
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Fig. 4.10 The average liquefaction rates

at various pressure and precooling effectiveness

Tabale. 4.1 The average liquefaction rates

at various pressure and precooling effectiveness

1 bar 2 bar 3 bar 4 bar
288K 19.191 g/min | 19.631 g/min | 22.257 g/min | 23.061 g/min
243K 20.126 g/min | 20.828 g/min | 22.897 g/min 24.03 g/min
213K 20.643 g/min 21.58 g/min 24.16 g/min 25.314 g/min
173K 21.809 g/min | 23.271 g/min | 25.942 g/min | 27.217 g/min
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Fig. 4.14 Cumulative liquefied air mass with

various precooling temperatures at 2bar

_61_



15+
1.4
134
124
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Cumulative liquid mass (kg)

1 ~ T 1 1 T T 1 T ° 1
0 100 20 30 40 50 60 70 80 90

Time (min)
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