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Analytical solutions of steady-state temperature field for large-section
freezing with rectangular layout of single-ring holes
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(1. School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou 221116, China; 2. Department of

Geotechnical Engineering, Tongji University, Shanghai 200092, China)

Abstract: The temperature field is the basis for assessing the mechanical state and water-sealing performance of the frozen wall,
which is an important research direction of the artificial freezing theory. For the freezing pipes in the form of a closed
circumferential arrangement, there are only analytical solutions under regular annular conditions, including single-circle and
double-circle models. However, the rectangular arrangement of freezing pipes is also very common in practical projects,
especially for the subway station projects that use frozen concealed excavation, and the temperature field has not yet been
answered. According to the geometric consistency of rectangular and annular layouts, based on the four-pipe model, a method
of "replacing squares with circles" is firstly proposed for the rectangular problem. Furthermore, considering the boundary
separable properties of the steady-state heat conduction control equation and the superposition principle of potential functions,
the analytical solutions of the temperature field for rectangular arrangement with eight pipes and the generalized rectangular
arrangement with multiple pipes are solved. By comparing with the transient numerical results the model test ones, the
correctness and the applicability of the analytical solutions are verified. The results show that the temperature field exhibits a
highly rectangular distribution characteristic near the pipe layout line, and the isotherm gradually transforms to a circular shape
as it moves away from the freezing pipes. The inner side of the rectangular freezing wall develops faster than the outer side, and
the temperature field inside and outside the 0°C line is significantly affected. The influences of the freezing pipe arrangement

on the geometric characteristics of the freezing wall should be reasonably considered in the design of freezing scheme.
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Fig. 1 Model for rectangular arrangement with four pipes
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Fig. 2 Circular solution model for four pipes
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Fig. 3 Model for rectangular arrangement with eight pipes
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Fig. 4 Circular solution model for eight pipes
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b SENTREFNEUE M T 3G, TR R
JEE 3 A AT AR OO -2 s B B i RS B o 7R S br
URaE TREA, VRSSO FR o s Tt o 8 T 42 T
TR 2B, AMIR - 75 v 45 B AR s oRn 3 /K (A R0
THE B SRR LE . A SO AR RS B
FRAE VR 225 T 2 M 1D 3 W5 R AU Ao 43 3 P AE VT
ik SRR AR AT (VR &5 R SR i S a4

5 L L L L i L L . :
1.0 1.2 14 16 18 20 22 24 26 28 3.0
R/m

(a) #m1

Ly
BfE#

5 n n n n n n n n n )

16 1.8 20 22 24 26 28 3.0 32 34 36 38
R/m

(b) A2

11 FHESHE LR SRELRANEE XL

Fig. 11 Comparison between analytical and numerical results on

characteristic cross-sections
3.2 FEMMEREAE

PAT”INIER 6 S 26N % 3 SLIGSETZ LI ANYE
56, JFREWIHRSE A 122 mX 7.45 m, RAGE BT
DU 5 Rl Bd AT P20, Rt T B, o S i
TR L AMNAG 5 — BRI 70 AT RS, F IR
VAR S e S FREEAT B AR 2R k. [RIR, AT
PRAE K W7 T R 45 BT 42 I A AR Az g 1, Wi o

FRIE B T P BIN AR AL, s B 12 B
4is/ S8VE ] W 4

?voooooooo%ooooooo

)
)

0 0 00 00 o o 0 0 g O o o

& 12 FEREEARENEREE

Fig. 12 Diagram of frozen reinforcement of rectangular section

DAy TR R B AT S WAL, W ST Ik
T PR R 5 BE T RE 30 0 AT FUER - A 13 B, kR A
Cr=1.71 HJUA4EEL, FEIRW A K- A E 7
RRGEE, RO B E 4 RIKSE, WaIHm g
KRGS FLRE BE AN 23 X L T, X 3 A6
Gro AMABEIIEE A 130 mm (SEFRXFRLAEE 1000
mm), WREE AR 7T mm LR R 54 mm).

B s EEE c1
C5 Cé6
5t
I
IX o 1K mKX

(b)
E 13 HEREFE S RENSHE

Fig. 13 Layout of freezing pipes and monitoring points in model

tests
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], EIKELN 45%, RINE N 1700 kg/m?®, 7K AT
2)°-0.5°C. 25 FE BRI AF A [F) 7 B AR IR 22 57 vl g
PR = A, TR W T RE | 00 R B &
i B WHRINR S, M5 Cl~C6, HHELEE
TR O . AR S LA E 5 ANE AL LE, )
PH 58 mm. ARUR T, BT A& a4 3
FAME R GRS, W 13 (a) s

N T AL bR TRE SR K IR PR, iR e
PR 50 h A NN B S — I B REA ERR
FER-15°C, VR4 28 h Jaik LMESEscE, 2 JaitNER
T B, BRIV HIR B F 25 CHE S 4 ARG 4
W PR LG 40 h 28 Bl A R e 2 )5 I s
S @M AR AT RS R 3 AN 45 4 XOR ST
— 8 TR DAL R — O RERE AL 10 FRIKSS
BN LR, AARIE SBUETE O i, 45680
ARMT VSR, IR SRS S R PR B AR TR S
AR O = A R, = B VR 45 A 2420 N
Ri=14.5cm, R»=23.4 cm 1 R==19.5 cm.

DAMUEE L b C1 fl, BAkxfboridih: g
C1-1 P AA C1-5 M ASAE AR L MESE Py ANz S My
H My, g AR BRF SR FE AR i L R AR
NI (17D, BEA R 458 IR R 10 Ff Ho A VR 45 2 50
T=-25°C, To=—0.6°C, KfEzl (16) iREHFRIEAN
FREE R RTINS RN
1 R 145, 1 }+

T(R,0)=-41.8+1.15In| — +———)——cos2(0 -6
( ) |:22 (14‘52 R ) > ( 1)

1 R 145 1
1151n|:?(1452 +?)—ECOSZ(9+9|):|+
1 R 234* 1
1.77In| — (—— +=—=—")—=cos2(6-6,) |+
&Jnf #) f%( ”}
1 R 234* 1
1.771{?(—2342 +—R2 )—50052(9+92)}+

2 2
1.241n J;(—E—;+19f J—lcos2(9—~zj +13.32In R,
2 195 R ) 2 2
(19)

o, 01 H1 0, 53 ) A 5 — BEL RN 5 — Pl 1 45 8 AHDOT TR Rt
HIERE . A2 tand1=0.5, tand=1.5. = —BlIRLEE
Ve A2,

W C1 Ak A AR s ABARAR A (190 BPm] 3R
PR FE A AT SR, 0 P ABE AL X6 1 STl 3 5
B2, gk 3 pro.

T8I 3= 10 55 A R ) S IME 55 AT R 0T e
ROTUUEH, PR Z AT 2°C, FX R
ZEWHRLE 20% LAY, Fi BT AdeAes FE Re i 2 SEBm TAZ I

*®3 Cl1 FE 5 MU RAAR AR EXTEE
Table 3 Comparison of coordinates and temperatures of 5

measuring points on interface Cl

; AR/ SEINME/ TR AR FHXF
P s s
(cm, cm) °C °C REPC RE/FC

Cl1-1 (-1.4,0) -9.9 -9.92 0.02 0.20
C1-2 (-7.2,0) -10.0 -11.32 1.32 13.20
Cl-3  (-13,0)  -122  -1078 142  11.64
Cl-4 (-18.8, 0) -5.8 -6.86 1.06 18.27
C1-5 (-24.6, 0) -2.0 -1.99 0.01 0.50

FLABARR T IR A AT T R 5 C1 e 4 HRIA,
BRFSCE g, X0 Tt C1, X AL H
C2 X LEAE L, WEk 4 P

R4 C2EM| 5 NS BARFREXTEE
Table 4 Comparison of coordinates and temperatures of 5

measuring points on main surface C2

; AL FR/ MG/ RN AR A
= v vy
(cm, cm) °C °C RZEPC  RE/Y%

C2-1  (-14,65) -11.6 -11.62  0.02 0.17
22 (-72,65) -114  -1199  0.59 5.17
C2-3 (13,65  -135 — — —
C2-4  (-18.8,6.5) -6.2 -7.14 094 15.16
C2-5 (-24.6,6.5) -2.1 -2.08  0.02 0.95

4 & B

AL LI T B 5 TR 32 SR P A T
AT E TS BT R BRI, 1351 4 4
LEif,

(1) L 4 MRS58 AR, AR AT 1 L AT
RAE, $R T HIRATRS R < DURIAR T IR R
ik

(2) G ETRITRLD A B fTE, 8 T 8 e
AT BT, FEOE RSB 5T S S
ST 7O b, A AR T E IR P A 2R & R R
F) T T SRART 0 TER b o

(3) T LB MEEL, LT U MATE
R IR MR TR, IR A E LA R0 ¥ 4>
B 7 ST S5 RN AR AR 22, ToAlE 7 RN R0 TRSE
F P

(4 BT R T FRATIR 7, 5 50 2 P 1
0 0°C L LA P f935L 3 430 2 V5 425 5 A B O TR IR B (2.
%, (EVRGE VLN T DL
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