IV kv iipaE Applied Mathematics and Mechanics
42%104 2021410 H Vol.42,No.10, Oct. 2021

© R A )2 425 23, 1SSN 1000-0887 http ;//www.applmathmech.cn
AR EHEAEREBEHEHTHNAZEST
oOEY, REE, R O, ABHY, WrE, FRg”

(1. BT LR R HUBRESH )~ S sl el 58 A S0 %, At 210016
2. MR RS ZUREREAAR S 450 T A5 E A S0, #At 210016)

(RFV%hE P A 2 ERAD)

BE: SUREREBAET AR T AR (OB A0S A S ) TR UK (AN KT v R G A
B MEMS {0 E ISR 4755 ) R TAEREE o, ST B 408 N B A O 2 K AR AR 15 | R K AN, DA T 5 3
TRERYASTE 51057 W A2 SR ST IR T 5 R ERR B ST K Ty SR AR A B i v B 0P 5 AR, 2
At 1 VRO ARR A A 3 e P R A ) AR 1) 18 7, A BRLAEBE 7 g A 52 4 6 A0 S ORI o 6 A R R B0 R
M, ELSE MR /N BRBE JBE A ORI FE AN AT Bl T BRAFR AR W A A SER 39 P B 2 R K 2R LR, 38 AT oy MEMS S0 4%
SR BB R BT LR TR =

x 8 W M Fmakdr; ik ARBANERIERG RN

FESES. 0343 XHARERE: A DOI; 10.21656/1000-0887.420301

Mechanics of Low-Temperature Phase Transition in
Liquid-Filled Elastic Capillary Tubes

TAO Ze'*, LI Moxiao'*, TI Fei'?, LIU Yonggang'?, LIU Shaobao'?, LU Tianjian'"’
(1. State Key Laboratory of Mechanics and Control of Mechanical Structures,
Nanging University of Aeronautics and Astronautics, Nanjing 210016, P.R.China;
2. MIIT Key Laboratory of Multifunctional Lightweight Materials and Structures,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, P.R.China)
( Contributed by LU Tianjian, LIU Shaobao, M. AMM Editorial Board)

Abstract. Liquid-filled elastic capillary tubes are a kind of standard component in life bodies (e.g., capillary
blood vessels and plant vessels) and engineering fields (e.g., MEMS microchannel resonators and heat pipes).
Under a low temperature, the liquid in a capillary tube will undergo a phase transition and exhibit a frozen-
heave effect, which may cause deformation, damage and even fracture of the tube wall. In this study, the gov-
erning equations for elastic capillary tubes were established, with temperature difference, interfacial tension

and frozen-heave effect accounted for, and the equations for stresses developed in the tube wall during freezing
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were solved. It is demonstrated that stress distribution in tube wall is influenced by the thermoelastocapillary
number and the freeze-elastocapillary number, both dependent upon wall thickness. Results obtained in this
study are not only helpful for understanding the prevention of frozen-heave failure, but provide theoretical guid-
ance for tailoring the freezing resistance of microfluidic devices used in MEMS.

Key words: phase transition; interfacial tension; frost heave; thermoelastocapillary number; freeze-elastocap-

illary number
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Fig. 1 Diagrams of the water column in elastic capillary tube before and after phase transition
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Fig. 7 The dimensionless radial and circumferential stresses of thin-walled capillary tubes (n = 0.9)
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Table A1  Physical parameter values

physical parameter value range reference value

capillary size r; ,r, 1~10° pm r, = 450 um, r, = 500 pm

206 GPa( stainless steel) [°%)
3.7~4.2 GPa(glass) '3
’ ; 0.2~0.35 GPa( polyethylene) %)
Young’ s modulus of capillary £ _ 3 M
2 MPa(PDMS) 1%
0.8 MPa( PDMS) ( base : crosslinking=151) 5!

1.2~10.8 kPa(blood vessel) (3!
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physical parameter value range reference value
Poisson’ s ratio of capillary 0.33 0.33
) o 3.09%x107* K™!( sylgard 184) [*]
thermal expansion parameter of capillary o, 5x107 K™!

thermal conductivity of capillary A

6.75%107* K™'(silicon resin) [%7)

1.38 W/(m-K)

1.38 W/(m-K)

Young’ s modulus of ice E; 8~9.8 GPal*®) | 8.9 GPal®] 9 GPa
Poisson’ s ratio of ice u; 0.31~0.36%! 0.33
specific heat capacity of ice c; 2.1 kJ/ (kg-K) ! 2.1 kJ/ (kg+K)
density of ice p;,. 0.9 g/cm®[®] 0.9 g/cm?
density of waterp_ .. 1 g/cm?lol] 1 ¢/cm?
specific heat capacity of water ¢, 4.2 kJ/ (kg-K) %! 4.2 kJ/ (kg-K)
phase transition temperature of water T; 273 K136 273 K
frost heave ratio of water @ = (Pyuer = Pice )/ Pice 11.1% * 11.1%
latent heat of phase changeX 334 kJ/kg! 334 kJ/kg
ambient temperature T, 247 K | 231 K18 | 223 ~247 K[%] 253 K
dimensionless phase transition temperature
T = (T~ T)/(T, - T,) - 03
tube-water interfacial tension coefficient 7y 20 mN/m! 65 20 mN/m
tube-ice interfacial tension coefficient y; 40 mN/m! 66! 40 mN/m
ice-water interfacial tension coefficient 10~40 mN/m!% | 29.1 mN/m!%) 30 mN/m
Stefan number N, = (¢, Ty = T,) /X 0~0.62" 0.25
frozen elastocapillary number ¢ = ¢/ (y,/(r,E)) 8.25~8250" 100
thermoelastocapillary number A = o(T,, = T,)/(v,/(r,E)) 0~1875* 1 100
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