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Deformation Analysis of Miniature Metal Bellows Charged Nitrogen for Temperature

Change to Cryogenic Condition
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Bellows is used to control temperature of a Joule-Thomson micro cryocooler. It is made of Nickel-
cobalt alloy that retains mechanical properties from cryogenic temperature to temperature of
570K. The geometry of bellows is an axisymmetric shell and Nitrogen with high pressure was
charged at temperature of 293K. During cool-down process, the pressure and volume of Nitrogen
are changed and must be satisfied with state equation. At cryogenic temperature, Nitrogen can
exist as a part liquid and part vapor. Pressure-density-temperature behavior under this vapor-
liquid phase equilibrium is closely given by the Modified-Benedict-Webb-Rubin(MBWR) state
equation. To evaluate deformation of bellows for temperature change, the numerical calculation of
the volume within bellows and finite element analysis of bellows under internal pressure were
iteratively performed until MBWR state equation is satisfied. The numerical results show that
deformation of the bellows can be analyzed by the present method in a wide range of

temperature including cryogenic temperature.

Key Words: Miniature Metal Bellows (4% &% ®122X), Cryogenic Temperature (S X 2), MBWR State Equation
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Fig. 1 Geometry of bellows
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Table 1 Nitrogen coefficients for MBWR equation (Coefficients are for temperature in Kelvin, pressure in atmospheres

and density in mols/liter)

N; 0.136097243686983 e-2 N7 -0.110400310752087 e-5
N, 0.107028500555504 e+0 Nis 0.341309483327025 e-3
N3 -0.243926251659031 e+1 Ny -0.166216790652177 e-5
Ny 0.341240789637052 e+2 Ny -0.164616585853003 e+5
Ns -0.422956791527436 e+4 Na; -0.119724198386865 e+6
Ne 0.105277159433708 -3 Nz -0.948085610750225 e+2
N7 -0.111355267180312 e-1 Nx 0.554879602331972 e+5
Ng 0.142748464727047 e-3 Na4 -0.174677685666810 e+0
Ny 0.179621096187021 e+5 Nos -0.256709963280944 e+1
Nio 0.751267113751007 e-7 Nag -0.404528219006087 e-3
Ny, 0.231737284741220 e-2 Ny, -0.257279422571519 e+0
Ni, -0.509008258448481 e+0 N -0.121204517440575 e-6
Ni; 0.488523311385766 ¢-4 Ny 0.104690038752288 e-4
Nig -0.112001704676209 e-2 Nio -0.529499586313775 e-9
Nis -0.678366343173806 e+0 Nx -0.774723053052639 -8
Nisg 0.742796115735318 e-4 Niz 0.610368224362452 e-7

Table 2 Nitrogen coefficients for vapor pressure equation

¥ =0.0056; R =0.0820562 liter-atm/mol-K

Table 3 Mechanical properties of bellows

(Coefficients are for temperature in Kelvin and Ultimate Tensile Strength (psi) | 1034.2 MPa
pressure in atmospheres) Yield Strength (pai) 827.4 MPa
. —+
4 0.83944094440 e+4 Modulus of Elasticity (psi) 151.7 GPa
0. —+
Ao 018900452590 e+4 Poisson’s Ratio 0.31
A -0.728222 -+
3 0.72822291650 et Shear Modulus (psi) 57.9 GPa
Aq 0.10228509660 e-1 Nickel-95%(Min)
As 0.55560638250 e-3 Composition Cobalt-balance
Ag -0.59445446620 e-5
1EER % A
Ay 027154339320 e-7 dUHY 35 Ase 2Edse] e ASe
A 0.48795359040 e-10 gRAr REn. & geds g 24
s i & sH)7 FAL Aol BYE ge #A 4n
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Fig. 5 Analysis results for axial deformation of bellows

Table 4 Pressure, volume and displacement of bellows at

each temperature

Temperature | Pressure | Displacement | Volume
X) (kPa) | (mm) (mm’)

77 97.2 -0.0010 8.7373

93 462.1 0.0855 8.9831

113 787.1 0.1625 9.2020

133 950.5 0.2012 93121

153 1167.5 0.2384 9.4178

173 1259.5 0.2744 9.5202

193 1407.6 0.3095 9.6418

213 1552.1 0.3437 9.7173

233 1693.4 0.3773 9.8126

253 1832.1 0.4101 9.9059

273 1968.0 0.4423 9.9974

293 21013 0.4739 10.0872
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Table 5 Numerical results by the proposed method and
the vapor pressure equation (3)

Analysis Vapor
ot | Rewl - Eaen |
(kPa) (kPa)

96.0 583.2 583.8 0.1014
94.0 500.2 500.7 0.1008
92.0 426.2 426.6 0.0963
90.0 360.5 360.8 0.0920
88.0 302.5 302.8 0.0864
86.0 251.7 252.0 0.0850
84.0 207.6 207.8 0.0846
82.0 169.5 169.6 0.0839
80.0 136.9 1376.0 0.0863
78.0 109.3 109.4 0.0958
77.0 97.2 97.3 0.1005
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