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Abstract

Subsea tunnel can be highly vulnerable to seawater intrusion due to unexpected
high-water pressure during construction. An artificial ground freezing (AGF) will be
a promising alternative to conventional reinforcement or water-tightening technology
under high-water pressure conditions. In this study, the freezing energy and required
time was calculated by the theoretical model of the heat flow to estimate the total
amount of refrigerant required for the artificial ground freezing. A lab-scale freezing
chamber was devised to investigate changes in the thermal and mechanical properties
of sandy soil corresponding to the variation of the salinity and water pressure. The
freezing time was measured with different conditions during the chamber freezing
tests. Its validity was evaluated by comparing the results between the freezing
chamber experiment and the numerical analysis. In particular, the freezing time
showed no significant difference between the theoretical model and the numerical
analysis. The amount of refrigerant for artificial ground freezing was estimated from
the numerical analysis and the freezing efficiency obtained from the chamber test. In
addition, the energy ratio for maintaining frozen status was calculated by the proposed
formula. It is believed that the energy ratio for freezing will depend on the depth of
rock cover in the subsea tunnels and the water temperature on the sea floor.

Keywords: Artificial ground freezing, Freezing efficiency, Freezing time, Liquid
air, The amount of refrigerant
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(Pimentel et al., 2011).
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Fig. 1. Schematic diagram of ground freezing (Colombo et al., 2008)
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Table 1. Characteristics of refrigerants (from Stoss and Valk, 1979)

Characteristics Brine Liquid nitrogen Liquid air
Minimum temperature -55~-34°C* -195.8°C* -194.5°C*
Application section Open and enclosed Open space Open and enclosed
Reuse of coolant Standard Impracticable Impracticable
Frost penetration Slow Fast Fast
Toxicity Small Required ventilation None
Refrigeration plant Required Not required Not required
*theoretical

A E
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Fig. 2. Temperature distribution curve according to distance of single freezing tube (Andersland and Ladanyi,
2004)
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Fig. 3. Schematic diagram of lab-scale freezing chamber experiment
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Freezing |,
Chamber L s

Fig. 4. Picture of lab-scale freezing chamber experiment

BZA(AE = 0%, 35%)7} Y2 A(HeFd A4, Halz 7))ol gt A3 272 Table 2] A]stirt.

e 2A(HE = 0%)°14 2] A¥(Case 1, 3)2 52 = A2 49 25 A|(FZ23fA 204 mmo|A) 9] =
Jgko] 0°Col| o125 HIE 70 = STt ¥, A 2 (A= = 35%) 9] ¢ =9 01—‘5@ izo] EAgst
02 4H 2 A0l 2H710] -1.91°C A|AL B4 2 7|50 2 AITt Table 3] A@ 70| mp2 A7
T gul ARSE A 2SI

178 713k 7t e el A2 0] 83 A-Q(Case 1, 2)7F HEE7E 0] 835 X Case 3, 4) .

o 2 25193k o= M ) 25 2ol(2F 10°C, Table 2 272 <15) S| B2 Zo] 7111,

Table 2. Cases of experiment with salinity and refrigerant types

Liquid nitrogen Liquid air
Cases
Case 1 Case 2 Case 3 Case 4
Salinity 0% 35% 0% 35%
In chamber 16.0°C 17.9°C 7.1°C 5.5°C
Temperature
In lab 16.1°C 17.9°C 4.5°C 4.5°C
Date Apr. 23,2015 May 13,2015 Dec. 24,2015 Dec. 22,2015
Table 3. Results of experiment
Liquid nitrogen Liquid air
Cases
Case 1 Case 2 Case 3 Case 4
Consumption (kg) 397.3 381.2 426.5 364.7
Freezing time (sec) 33,749 32,180 21,172 17,892
Freezing point (°C) 0 -1.91 0 -1.91
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420|224 24 AHE it

Table 40f1= 41U 52 4u] AJ-S )24 Ml Aptet 2 A7k} o) A Felsisich

Table 4. Results of theoretical model

Liquid Nitrogen Liquid Air
Cases Remarks
Case 1 Case 2 Case 3 Case 4

Amount of energy (J/m) 60,435,226 66,491,140 45,338,458 45,779,019 Eq. (2)
Freezing time (sec) 28,162 26,310 22,670 19.492 Eq. (3)
Heat of vaporization (J/mol) 5,570 5,820 *
Molecular weight (g/mol) 28.0134 28.8105

Amount of refrigerant (kgf) 39.395 33.441 22.827 23.024 ok

4.3 2514 A}

57 ] A5le] $7] RS 915 COMSOL Multiphysics S AH8}%ieh, 520] the 8e 34€ 2}
517] 918l 74 AeollAle] BHE REo] Al phase change) S Tejalo] A17H54 o4& Saleloict. 5
2 7ot o) BATH Fig. 5ol LIERA i} 0] 22491 S BHl(Axisymmetric model) & 51 447 7
UI7je BUR T P98 TIHICH FUS Bk DAl AL 1202 BALUE 3
o), BAAE AR A 52 A AT P 4 2EA] SRS 7130 2 Atk

H.l

Point 1 Point 3
Point 2 Point 4

e

Fig. 5. Modeling in numerical analysis

= 2] BERoA= 5 -0 244 E 701 Table 59t o] 851300t et =, A, Akl Hld
72l 4,182, 2,090, 830 J/kg - °C-2 7150 2 Aglo|| ALgH Se] 2 SHitslo] 25t 2 54 A7 0] 983 7k
ARESHITE 58 A Ao ek pAfsiA 2 ‘D—Hfﬂr Hohg7]ol| thate] T Aol o] Al¢(Case 1, 3)
3t G 270041 9] Al(Case 2, 4)2] ATt BT S350k,
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Table 5. Thermal properties input in numerical analysis

Case 1,3 Case 2,4
Cases
Saturated Frozen Saturated Frozen
Thermal Conductivity(W/m - K) 22 3.8 2.1 4.5
Density(kg/m®) 1,854 1,854 1,854 1,854
Heat Capacity(J/kg - K) 1,700 1,300 1,700 1,300

Fig 6o 53] 48 o)1} 250] el 7] o) G012 2 Bl 48 Al e o
Aefolm, o2 Astel FAL SIek FUIAS AT 4 Slek. 7SRRI HeL OSHEY)(-183.0°0)7H O
S}2(-194.0°C) R} 9521z 0}0] Zfo]7} ALt oful Ajage] nlsh] 2482 & 4+ ek

/A - A - ACase 2 (Nitrogen, 3.5% in Salinity)
©—8—@ Case 3 (Air, 0% in Salinity)
- & - A - A Case 4 (Air, 3.5% in Salinity)

100,000
E (O—E— Case 1 (Nitrogen, 0% in Salinity)

10,000

Energy (Jirad/sec)

1,000 L ' .
0 10,000 20,000 30,000 40,000

Time (sec)

Fig. 6. Freezing energy with time in numerical analysis

Table 691h= %] S4el] whE 52 Akt vl ARG5S AelshAry. Table 49 w5t A4 2 ke
21x]3he 210 2 Peke, Theo] s SAB oA AT, ol2A], S8 AukE vl At

Table 6. Results of numerical analysis

Liquid Nitrogen Liquid Air
Cases Remarks
Case | Case 2 Case 3 Case 4
Amount of energy (J/rad) 105,213,514 111,877,231 79,104,391 79,757,937
Freezing time (sec) 29,560 26,880 23,320 20,110
Heat of vaporization (J/mol) 5,570 5,820 .
Molecular weight (g/mol) 28.0134 28.8105
Amount of refrigerant (kgf) 57.453 61.092 42.517 42.868 wox

*Handbook of chemistry and physics (2004), ** Latent heat only
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Fig. 7. Freezing time from experimental, theoretical model and numerical analysis
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401 54 82 B 15.2%, N3571=10.9%2 A0 2 §-go] =] 9tk Table 7). o= %54
AT do)7FFwsH] Lo% Ay o] ST REE 20 &2 st T3k Holky ] o] A9 2 AL
Bzt AR =7] ofof, depd AT 2ul ool fEFo 2 WulkE F9lot3itt. B Hglgr]
|

Table 7. Calculation of freezing efficiency in lab-scale freezing chamber

Liquid nitrogen Liquid air
Cases Remarks
Case 1 Case 2 Case 3 Case 4
Amount of energy (J/m) 105,213,514 111,877,231 79,104,391 79,757,937 | Numerical analysis
Amount of refrigerant (kgf) 57.453 61.092 42.517 42.868 Latent heat only
Consumption (kg) 397.3 381.2 426.5 364.7 Experimental
Freezing efficiency (%) 14.461 16.026 9.969 11.754

0% H Q)R PR E ) A3 A 1 7 slook Tale o 24 52
B 54 4 oA Hl& LehglE st 12:0] 3 9(Case 1,2) FARAE 918 oA I
53,0401 61 Sanger and Sayles 1979)91 A o144 oF 00 S BAR O o
Avtot vl5gt AEFS 7 Qe SHAIR, ABHE710] A9 (Case 3, 4y B 18.8%2 vl F7] Zfol 7}

FIO Y
R
>

o,
A

T
ox T

FA

il

sieict. o= A 2}1"\4 - U] Z]9Ee] 2571 16.0°C2F17.9°ColH, H3l57]9] 49+=7.1,5.5°C=, =&
I 2po)(eF 10°C, Table 2)2 Q18] 5 2-FA1E 215 olHA] Hl&-2] Zfo|71 Aget 7.0 2 e,
Table 8. Energy ratio for maintaining frozen status
Liquid nitrogen Liquid air
Cases q g q Remarks
Case 1 Case 2 Case 3 Case 4
Amount of energy (J/m) 60,435,226 66,491,140 45,338,458 45,779,019 Eq. (2)
Amount of energy for frozen | ¢ 75 5o 23,258,905 8,336,104 8,700,075 Eq. (4)
status (J/m)
Energy ratio (%) 31.08 34,98 18.36 19.01 Eq. (4)/Eq. (2)
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1. FAAREZ At whE Z]9ke] M & o] 2to| & WARR 4= Q)= 42| oA o] Ay} oha ZA|RE, o] 2417} H]
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ZATO] Aol7h e AUIAF o] FHA|S ukedst 71 0 & mohelt), A4 olg S A= S AT ol o] £}
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