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Experimental study on the applicability of liquid air as the refrigerant in artificial

ground freezing for subsea tunnels
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ABSTRACT: In this paper, the liquid air was selected as the refrigerant in artificial ground freezing to be used for rapid ground
freezing and to reduce the risk of suffocation and the applicability of liquid air was verified. In order to evaluate the stability
of the liquid air, the oxygen concentration of mixtures with liquid nitrogen and liquid oxygen was experimentally examined
to meet the oxygen concentration criteria in the Occupational Safety and Health Act. In addition, the effects of the mixture
ratio of liquid nitrogen and liquid oxygen, pressure and flow rate change in the storage vessel on the oxygen concentration
in the liquid air were investigated. As a result, the ratio of liquid nitrogen and liquid oxygen 8: 2 was shown to meet the oxygen
concentration standards. Pressure and flow rate change in the storage vessel did not have significant effects on the oxygen
concentration in the liquid air.

Keywords: Acrtificial ground freezing, Subsea tunnel, High water pressure, Liquid nitrogen, Liquid air

= B! 2 O dMEAL 20| 24 SZ0| JisciHA 2A2| /@S HIME 4 U= iz HSEIIE ).‘_ éf%ﬂ 0|2l
HEMS HIISIICE WSIBT(2| QPHMS HIISH| o UMEAL} BHAATL SBHE MBIBT|9| AA SET} AP A0
MAIE AL B 7|20 REE=XE A2 HBSINOH, HHEA 3 MHMAS| S5 HIE, HIST| KME: |9 UHS|
3 FEHS0| M2 MEF7| b SEHSIE MEEUCE T 20} HHEA 3 HHMAS 822 SF6IUS ER H%“HKJE?_*EOH
HAIE AL Sk JIE0 REiEls AS 2RISR MkZ7| MEE7|Q YdHs & fEftist= Melgr(|el ML s=0 2
S DIXIX| Y= A2z LIEHRCH

F20: SZE3Y, siXMEHE, 142, HHEL, HMST|

L A&
. =] o ]
*Corresponding author: Tae Young Ko SiAE g LRbAl %PHQI'—]' ge] Alg 2o
E-mail: tyko@sk.com A G512 B3t q12=0to = o3} 2 WET} upy
Received February 15, 2016; Revised March 2, 2016;
> ; > ; o - .

Accepted March 3, 2016 Sk 4= Qlom R SfAEYY ’Sﬂl ‘3—4 Algolle 14t

Copyright (©2016, Korean Tunnelling and Underground Space Association

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativescommons.org/license/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



U
oo
&

20Ae] 4 W w7lo] Washt W)

9 H7}74a o] Fewn
o ane 27 7|gEk) ol dicke 2 EATY

slon, Sl M8 ARPEAe)
AT 79|

FATH YKo 48R Yol vejel

o] #gd

L, dRiE

2o d

(brine) T} A AA(LN)E 5 4= Urh(Harris, 1995).
AR A5 Sl et 249 5 5 ES SlsiA

= AELE ARESE o] & o ZARieithar e thEA] Yok ARt ik Fe olSo] of iRtk

E|SIcKSon et al, 2014). 0= -196°C A1) AAE &2 AFo A= AA AL Y ARk &35} HlE,

27F FEAARNE EY o A 55 = AA s ARET19] ofede) Bl el wE

wot T4 Boll Ausk] tiRoIolck AR S 1% Ak BEelE dwngton], ojstE]e)

Sz} o] WAl BUo] Pt S 5A A Blo) i £9E Ask1e) e

W AAEE A b E Qs AQIAe] MA Ak T ARIEARAe] AXE Ak B 7]

Apate]] Tiigt $iglo] EAISH, Wil AGE Aavt  Eol RaEEAE AdHoR PEsc

A2 oRR MiEE 4 gl HIA o] #7124

Elojof sh= FAIHo] ULk ol T AISIKR W al
olo} e BAHE A S Tt 2l mﬁ]m“ AL

A 4 o] 7Hs e o] Tt ghetol

Hastarh b 2 Aol AFEAae el 2 1 i) A=

T4 BAo] ZHsatuA A4 918 WA 4

Sl WEIEA AIBE7IE AR HEAS e Jaet shAEE g B AekelE ALgat

Fom dojd £33 Table 19 o5 X*ﬂ‘fﬂ‘i“i‘:}- 7] §PeliMe WA deler] o] Al otk 4=

O]Fo|R|A] 982 A

[eR 3] o
o= ey T

= A(-182.95°0)=

ofck

A AL}

&3t Hle=

olgstol Eak 4
0 WZjo] ofslo] LE7} e F elile A
W olzold iy
(Giancoli, 1984), v]-do] Atjaog ¢

g o) Hol £}
T oA BRAoR Flsht Aol Hk of
WA Vst wshs

=L

o

L)

[e]
T

e 1ot

g

Hugs sH

2

24
N

fex]
=
5]
[¢)
2
Al
o

ol}
o
ol

A uhitel ofaka] A

Solstol AA| 243 AlA =r

o] A& ThE AR A(-195.79°C) iE 7t Fdasith $AS BHO0R AMEE 2AE Tk
Table 1. Comparison of the refrigerant in artificial ground freezing
Division Brine Liquid Nitrogen Liquid Air
Flow rate of
Below 2 m/day Below 20 m/day Below 20 m/day

groundwater
Freezing period 3~12 weeks Below 1 week Below 1 week

Frozen section Tunnel Shaft for TBM, Cross-passage Tunnel

Features

1. Available reusing refrigerant

2. Less toxic

3. Require a long time for freezing

4. Require complex freezing
equipment (Require large plants)

1. Impossible reusing refrigerant

2. When liquid nitrogen is
vaporized, nitrogen concentration
in the air is increased. So, There
is risk of suffocation

3. Relatively, require a short time
for freezing

4 Relatively, simple freezing
equipment

1. Impossible reusing refrigerant

2. Less toxic

3. Relatively, require a short time
for freezing

4. Relatively, simple freezing
equipment
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Table 2. Oxygen and hazardous gas concentration criteria
in confined space

Gas Concentration criteria
18~23.5%
Less than 1.5%

Oxygen
Carbon dioxide (CO.)
Hydrogen sulfide (H.S)

Less than 10 ppm
Less than 10%

Flammable gas

2 olsl7|S Axsp] 919 Fig 1 22 Al A0S
TAB AF AL 248 87I(LGC, Liquid
Gas Cylinder) Uj50]] o740} MAALLS 015}

of EUT The BB Ak HAYIE o] g3l
Aetg719] 71 ALFES Zste] S

B7h & 5 oA stk
*P%*"deiﬁmoﬂfﬂi g7
aflilz2] Stojof glctar dra|al tkMinistry of
Employment and Labor, 2013). T3} A|5§712l0] o5t
wslgrte] 71e Al HsAL Foke 984
A7) B R TE e L do] o]} A1t Ao
Wt sk Aelst gl e BATHS Hgal
= ke wslEztos wewi weby Walagt
o] kARt gt AFEEE Clsl| HOHH“ 9
) 7he7t 318 4) olulolnd, Agat Ak HEE 44
dolob skt ol Table 29 0tk
Table 2& 7|&0 =2 slo] M3l 7|9 A%
718 5= 19.0~23.0%7F HE=E ExE Xéi%]-

P2k Al A7l

Aka

\11

N )

LN2
+LO2

Lo2 —

Vent gas
:>/\J components
analyzer
~ Liquid air
— «k\&/‘*—» components
analyzer

Fig. 1. Conceptual diagram for liquid air mixture experiment
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Table 3. Boiling point of gases with respect to pressure (Sharp et al,, 2008)
Pressure (kPa) Liquid Nitrogen Liquid Oxygen Liquid Air Remark
0 -195.8°C -183.2°C -194.5°C
49.0 (0.49bar) -192.3°C -179.2°C -190.9°C
98.1 (0.98bar) - 189.5°C -176.1°C - 188.1°C N :LO:=8;2
(in mol)
196.1 (1.96bar) -185.3°C -171.4°C - 183.8°C
490.3 (4.90bar) -176.9°C -162.0°C -175.2°C
Table 4. Liquid air material
Material Purity Capacity
LN, 99.999% 121 kg (1507)
LO, 99.5% 168 kg (150/)
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Table 5. Experimental conditions for oxygen concentration
in liquid air with respect to mixture ratio

LN, Portion LO; Portion Pressure
(in mol) (in mol) (kPa)
7.5 2.5 279.5
8.0 2.0 282.4
8.5 1.5 281.5
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Table 6. Experimental conditions for oxygen concentration
in liquid air with respect to pressure
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Table 7. Experimental conditions for oxygen concentration
in liquid air with respect to flow rate

LN, Portion LO, Portion Pressure LN, Portion | LO, Portion Flow rate Pressure
(in mol) (in mol) (kPa) (in mol) (in mol) (Nm3/hr) (kPa)
8.0 2.0 86.3 8.0 2.0 0.1 282.4
8.0 2.0 282.4 8.0 2.0 45 281.5
8.0 2.0 437.4 8.0 2.0 8.7 251.1
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