Numerical investigation on parameter influence in double- stage Vuilleumier type pulse tube cryocooler
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Conclusion

1. The VM-DPTC have the potential to work 1n the liquid temperature range numerically.

2. There both optimal average pressure and optimal frequency for both the second stage temperature and the cooling power at 5 K of the
VM-DPTC. The increase of the average pressure and the working frequency will enlarge the heat rejection of the thermal compressor.

3. The increase or decrease of the precooling temperature from the mitial point will both worse the lowest temperature, which 1s quite
different from the effect in single stage VM —type pulse tube cryocooler.

4. The main loss 1n the thermal compressor are solid conduction loss and shuttle loss between the cylinder and the displacer 1n this case.
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Background

Vuilleumier-type cryocooler (VMC) driven by thermal compressor 1s usually regarded as a thermal-driven Stirling-type cryocooler, which haves the
advantages of both low-frequency work pattern of GM-type cryocooler and the compactness of the Stirling cryocooler. It have been proved experimentally
that the VMC including Vuilleumier-type single stage pulse tube (VM-SPTC) and Vuilleumier hybrid pulse tube cryocooler (VM-HPTC) were both capable
to work at liquid helium temperature and even the VM-HPTC could hit the lambda line of the He4. The double-stage Vuilleumier type pulse tube (VM-
DPTC) 1s modified form the previous VM-HPTC of TIPC and expected to have the similar superior performance like VM-HPTC. In this paper, a numerical
model was built to estimate the influence of working parameters in VM-DPTC including average pressure, working frequency and precooling temperature.
The loss compositions in the thermal compressor were carried out.

cause the great irreversibility in VM-DPTC system. It can be indicated that
not only the double-stage pulse tube should be optimized, but also the
thermal compressor should be optimized for higher efficiency.

temperature will not always reduce the temperature of the second stage cold end. It has a minimum
value. The main reason 1s the precooling temperature will also affect the impedance of the second
stage pulse tube cryocooler.

Higher frequency means higher resistance in the capillary tube, so a shorter capillary
may be more suitable for higher frequency.

Equipment Component Parameter Value
T — " Thermal Cylinder Diameter 95 mm 4.6 28.0 ;
|
p— | - ™ 22 —=— Cooling power | _12
Q | I compressor Displacer Stro e 20 mm v ® ! PV e
) | sy, &[S0 Sz B vane  saem " Dtamsler SAL Y 12,5 11 — First stage | = " wor 1
O I l [Tl 2 7, G oo >u 1 ey 17 i) 4 *HH R ) Regenerator 200 mesh steel —~ - 5 2 4127.5 E B 20 F \ l/ \. _ E
O Rl e R - First stage - : © 4.5F  —e-Second stage . o = yd 1-15
; I ! S B9 oy < voay 3] VT sichoni 2nd hesler Bilse fbe (Regl) Packingl screen®*60 mm f-=-: o _ . .\ . \ Z
Ther ma, | i Tl Cappieas. i ?"her)mu! compressor " 5 . o
E I : 9 MG & i ~ > MGt 93 | 61 Quiey < !-?'l:hju 161 18 mpgp « I =g 19 2 MG < g7 = gy 21 cryO(:OOler PaCklngZ Lead Sp*l.gge (0.45 ‘E Fre uenc . 2 HZ / E M 18 ir® .< - é
ﬁ compressor ) % T EEE’;:JLI—EJ:TT :: 17 B:J :rh ':m,, -3 |L_.I| | First stage double inlet (ALt PTCO) Pulse tube i) . e ;d.;)- g Y ) 127.0 qh) l: 4 m .\ \ 4-18 &
: : : het end diacler 63 Gaig, © rotmonton 23 ; :;l\--f ,r”l:r!rﬁij'::.l-’:""'"--:“;"‘rf” | 15 cokd end 55 73 G < f?i'l - mg 74 (PTI) Diameter 12.1 mm : E 4'4 B / ? 2 16 I / .\ [ %
> e, B R TAT\TRD B e J o - 7, 2 -~ S | - o >
(O I —l 51 %_ U| =) n (0 Capﬂ(lgr%ﬁlt)ube ! Diameter 0.6 mm W ; o — 426.5 & = 14 e - \ 1-21 =
ernfic clindes Tl capilary tub st hot end 55 f oo - bn [ o P c o | . « pum|
e L2 R Re‘s'z Doy <) —>Batcy ; ;J Guldy < ) > Dtay E-‘- Ei Quidy < [~ llag : £ T X E:::; :ﬁ?ﬁzr RGS@I’VOif 1 Volume 500 ml. e ﬁ ./ %ﬁ o | \. " f
- 77K percooling| || b~ ™ CT1 1 o <ty & % e = S ol 5 o 3?]*’ [} | Secomtutegedonieinet I Double inlet 1 L oY 2 43 L = %‘0 e 4-24 ¢
= W E o 2R 2 i Y ot regeneraor = [T T (DIL) Opening diameter o0 mm = 2 1260 = = 121 [frequency=2 Hz e >
~ B3> K= R - Second stage regenerator \ . N — -
& ey 1;, K _ pr2 - o | o (DI2) Diameter 18 mm/8.9 mm ) & E \. a— = § d Y .\' >
- PT1 =1 TSR 8y <)o, % g ;ﬂ | 0w < SN Regenerator Er3Ni sphere (0.25 o 1o s = O 10 " =27
u e | CT2 f—1 .ﬁ:, o =/ Second stage : <z
__f,f = 1 ganesic cylndel 2nd capilo hube 2rd hol end S5 ik (RegZ) PaCklﬂgl mm)*30 iImm m 4.2 | i | ) | i ] A ] ! | 1 ] i | 25.5 | ] | ] ] I ]
et A ek . RESZ2 pulse tube |
n peareaililay e ke Packing? HoCu2 sphere (025 T 04 05 06 07 08 09 1.0 1.1 06 07 08 09 1.0 1.1
HH |4 o . . . mm)*30 mm
.L_) == the optimized parameter of capillary tube and double inlet @ PIC) Pulse tube e 2.1 mm 2 Average pressure / MPa Average pressure / MPa
4 oprmrzed, byssugell) soltvee .(PT2) The increase of the average pressure will make the first stage temperature grow up  The increase of the average pressure will make the PV work in cold cavity grow up
© Capillary tube 2 j hile the second has a mini lue. The optimal hile the cooll f th d Id end at 5K has a mini 1
o Frequency = Pressure CT1 CT2 DI1 opening DI2 opening (CT2) Diameter 0.6 mm while the second stage temperature has a mimimum value. The optimal average pressure  while the cooling power of the second stage cold end at 5K has a minimum value.
length length diameter diameter First stage Hocarni hilume 100 mI. in the present case for the lowest temperature 1s about from 0.65 to 0.85 MPa. The  The optimal average pressure of the cooling power at 5K 1s about from 0.8 MPa to
2 Hz 0.9 MPa 2.8m 1.9m 0.3 mm 1.0 mm phase shifter =~ . . ;5 - pressure ratio in the total system 1s about 1.5. According to our previous experience, the 0.9 MPa, which 1s almost in the range of the optimal average pressure of the lowest
(DI2) Opening diameter 0-1.5 mm optimal pressure will grow up when the resistance of the capillary grows up. temperature.
T - 5.0 B - - — L
(slﬂlil'derl It)ilsptliace: v = Frequency= 2 Hz o 34 Y 4.6 [ " Average pressure =0.9 MPa 28.5 a2 -=— Cooling power ./ 1-24
conauction 108s conauctuon 1oss _ 1 I .
o 0 ~ 49 Average pressure= 0.9 MPa / o ~ \ Ef = 20 - PV work = ~ =
7, Shuttle loss 14.86% 12.46%, Q » - ® 432 — g L 128.0 3 = /.,.--—" 7 Ja3 <
0 -l S N J P = 4858} = ™® pud L -
2. 17.77% R t = 4.3 ./ = et g 45 —s=— Second stage = » 3 o : b~
= egenerator - = i / 30 £ - 5 = ~ 18| / =
= conduction loss .I('-U' e 4.7 i . / = J = ] 0\ —e— First stage 1275 = ) _ -—pn o~ 122 §
0 - sy ' W = . - = = =
c Thermal 2.61% qh) g 46l /.// . {yg & T g 4.4 - i s = S 16 / . =
) ° 1270 & > ' 2 1-21 2
e compressor g\ Regenerator A 2 _ P . / _ 5 = o i \. - 2 E al . / 21 =
.9 \ enthalpy loss E D 4.5 e . 426 o g S 43¢ \- \.\ 6.5 3 =9 / f
= ' m / = s 1205 =2 on ' o It
= oo 766% [ S 44} Pl P { = s K N -\,7: ) g E 1t 20 2
S ——— ap = i ® 124 S N o = = - .
O -PV work in cold cavity enthalpy loss bo g 43} o e N | E oTa 9 4.2 e, VSR 426.0 = 6 1oL Average pressure= 0.9 MPa {-19 :
) o - - % n—
- — »n 4.2 1.6 18 20 22 24 26
g Pressure=0.9 MPa|  Total rejection at 77 K=49.8 W o . = WL la A Ak M
65 70 75 30 85 90 95 Working frequency / Hz —
o If there 1s no heat load attached on the pulse tube cryocooler, the total heat - & Q 5 9 y Workmg irequency / Hz
P v O Precooling temperature / K
wn rejection of the VM-DPTC can be regarded coming from the thermal ()] | S | B The increase of the working frequency will make the first stage temperature decrease  The increase of the working frequency will make the PV work in cold cavity grow
O compressor in thermodynamics. The losses are very obvious in thermal L S The d_ecrease ol precooling temperature reduces the first stage temperature. This 18 quite similar “flth while the second stage temperature has a minimum value. The optimal working up while the cooling power of the second stage cold end at 5K has a minimum value.
A compressor, especially the shuttle loss and solid conduction loss, which o the single stage VM cryocooler. However for the VM-DPTC, the decrease of the precooling frequency 1n the present case for lowest temperature 1s about from 2.2 to 2.4 MPa. The optimal working frequency of the cooling power at 5K 1s about from 2.0 MPa

to 2.2 MPa, which has little difference when compared with the optimal working
frequency of the lowest temperature.
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