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ABSTRACT

A new type of thermal heat switch has been designed and analyzed using a numerical ap-
proach. A passive helium heat switch using adsorption of helium on activated charcoal is expected
to facilitate the rapid cool down of the second stage of a two-stage cryocooler. The heat switch
contains vertical fins in a staggered array, an activated charcoal bed, and helium gas. Those compo-
nents are isolated from the outside by a thin-walled cylinder. The heat switch thermally connects
the first and the second stage of a two-stage cryocooler at high temperature in order to utilize the
larger refrigeration capacity of the first stage for the initial second-stage cooling. When the second
stage reaches a certain low temperature, the heat switch opens and thermally isolates the second
stage from the first. The thermal connection between the first and second stages is determined by
the pressure of the helium gas in the switch, which is the function of activated charcoal bed tem-
perature.

In this paper, the cooling time of the second stage is calculated by a heat transfer analysis that
takes into account the helium gas adsorption on the activated charcoal, the various flow regimes in
a vacuum environment, and an energy balance. The calculated heat transfer rate between the fins
shows that the thermal resistance of the designed heat switch can be changed passively with the
variation of the temperature, and a thermal resistance ratio of more than 2000 can be achieved.
Moreover, the numerical results indicate that the cooling time for a 9 kg copper block using the
two-stage cryocooler (RDK-415D) with the heat switch will be reduced by 71 %.

INTRODUCTION

A gas-gap heat switch is a device which thermally connects (ON state) and disconnects (OFF
state) two objects for a specific purpose. As early as 1973, researchers began introducing the con-
cept of a gas-gap heat switch in order to improve the lifetime of cooling systems for the electronic
equipment in spacecraft. An article by R.P. Bywaters and R.A. Griffin! describes the prototype of a
gas-gap heat switch. The experimental results of this prototype indicate that the thermal resistance
can be changed by more than a factor of 500 by varying the helium pressure in the switch gaps.
However, in order to change the ON to the OFF state, the prototype needs to be evacuated by a
vacuum pump. P.J. Shirron et al.2 introduced passive gas-gap heat switches for adiabatic demagne-
tization refrigerators. The heat switches passively turn off (OFF state) near 1 K or 4 K, relying on
the temperature dependence of the vapor pressure of “He adsorbed onto neon or copper substrates,
respectively.
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A gas-gap heat switch also can be applied to a two-stage cryocooler. For example, supercon-
ducting magnets are typically cooled by two-stage cryocoolers. This kind of superconducting mag-
net without using liquid helium for its cooling has received significant attention in recent years.3-7
The conduction-cooled systems are easy to operate and do not require any liquid cryogens. How-
ever, it generally takes a very long time to cool down the superconducting magnet by the second
stage of a two-stage cryocooler. For instance, the cryogenic cooling system using a two-stage cryo-
cooler (RDK415D, Sumitomo) for a superconducting magnet developed by Y. S. Choi et al.” re-
quires about 14 hours of cool down time for initial operation.

In order to achieve a fast cool-down rate by a two-stage cryocooler, many researcherss-10 have
developed cryogenic thermosiphones where the two-phase fluid plays a very efficient heat transfer
role based on its boiling and condensation phenomena inside the thermosiphon. The thermosiphon
has higher thermal conductance than pure copper during its ON-state and its conductance can be
turned off when its working fluid freezes due to the low temperature of the 2nd stage of cryocooler.
A cryogenic thermosiphon charged with the proper fluid and installed between the first and the
second stages of a cryocooler can be regarded as a thermal diode and greatly reduces the cooldown
time of the object that is attached to the second stage.

On the other hand, instead of using a two-phase fluid heat switch such as a thermosiphon,
H. Chang and H. Kim!! developed a gas-gap heat switch. The heat switch employs nitrogen gas
and connects the first and the second stages of a two-stage cryocooler to take advantage of the large
cooling capacity at the first stage. The main merit of the heat switch is that the OFF state can be
achieved without any external actuation because the nitrogen gas is frozen, and the corresponding
vapor pressure inside of the heat switch is greatly decreased. On the other hand, if the gap of the
conductive surfaces is very small, the frost of nitrogen can stick to the surfaces and cause additional
heat conduction during the OFF state. Since the spacing of the conductive surfaces significantly
affects the thermal conduction of the gas, solidification of nitrogen gas makes it technically diffi-
cult to reduce the gap in order to improve thermal conduction of the heat switch.

Helium gas has been employed as the thermal conductor inside gas-gap heat switches by many
previous researchers!-2-12. 13 because of its high thermal conductance and adequacy of its operating
temperature. In order to utilize a helium heat switch for a two-stage cryocooler, we need an efficient
method to turn off the helium heat switch passively above 4 K. D. Martins!3 developed a helium
heat switch which uses a sorption pump as the actuating device. The sorption pump consists of an
activated charcoal bed in order to adsorb and desorb the helium gas depending on the temperature
of the activated charcoal. In this case, the sorption pump needs to be cooled and heated by the
cryocooler and a heater, respectively. If the temperature of the activated charcoal bed changes with-
out any additional device, a helium heat switch can passively switch the ON and OFF stages.

This paper introduces a new type of passive helium heat switch for fast cool down of cryogenic
systems using a two-stage cryocooler. The heat switch is designed to change the ON to OFF state at
a temperature of around 50 K. The performance of the heat switch is analyzed by numerical calcu-
lation. Furthermore, the cooling time of a copper block using a two-stage cryocooler with the heat
switch is calculated and compared to that without the heat switch. The main parameters which
affect the performance of the heat switch are discussed in this paper.

DESIGN SCHEMES
Correlation of Isotherms

Figure 1 provides a schematic illustration of the heat switch. The heat switch is a closed con-
tainer and consists of upper copper fins, lower copper fins, activated charcoal bed, and thin-walled
stainless steel tube. The gap between upper and lower copper fins has been filled with helium gas.
When the heat switch is cooled, the gas pressure decreases by adsorption of helium gas on the
activated charcoal bed. The mass of the adsorbed helium gas can be determined by the correlation
of absorption isotherms.

L. Duband et al.!s have proposed the following correlation for adsorption isotherms of helium
on activated charcoal for the pressure range from 100 kPa to 3 MPa.
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Figure 1. The helium gas heat switch using a activated charcoal bed.
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C = f(T,P)=0.1358-exp(—0.1359x) where x=0.0975-T(5.2- In P) (1)
Here, C is the mass of helium gas adsorbed per unit mass of charcoal. This correlation is valid
for a temperature range from 15 K to 70 K. Since the helium gas pressure in the heat switch is lower
than 100 kPa, the correlation has to be compared with experimental results in the low pressure
range. D. Martins et al.!4 have measured adsorption isotherms for helium gas and their results are
compared with the correlation in Fig. 2. We observe that this correlation is fairly consistent with
the experimental data in the low pressure range from 0.01 kPa to 100 kPa. If we know the mass
(m .. of activated charcoal bed and the volume of helium gas (V), the gas pressure is then
determined using the following ideal gas equation.
P(T) — (minil -C- mcharcoal) RTLM
vV ' 2)
where m, . is the initial mass of the helium gas; R is universal gas constant; and 7}, is the log mean
temperature between the upper and the lower copper fins. In this paper, however, the software
REFPROP (NIST) version 9.1 is employed to calculate gas pressure instead of using the ideal gas
equation for more precise results.
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Figure 2. Adsorption isotherms for the helium gas'* and the correlation developed by L. Duband et al.'
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Heat Transfer Coefficient

In order to determine the representative heat transfer coefficient between the upper and lower
fins, the flow regimes in the heat switch have to be estimated. The flow regime is a main factor to

determine the state (ON or OFF) of the heat switch and can be deduced in terms of the Knudsen
number as follows!¢:

1. Continuum flow, Kn <0.01

2. Mixed flow, 0.01 <Kn<0.3 Kn 3)

il
S NS

3. Free-molecular flow, 0.3 <Kn

where Kn, A, and § are the Knudsen number, the gas mean free path, and the gas gap between the

lower and upper copper fins respectively. In the continuum flow regime, because the gas gap is very

small compared to length of the fins, the heat transfer coeftficient between the fins can be calculated

by thermal conductivity of the gas (k).

k()
)

In the free-molecular flow regime, the gas molecules rarely strike each other.!¢ Therefore,
individual gas molecules directly transfer energy from one heat-switch surface to another. The
equation for the heat transfer between two parallel surfaces!!- 17 is expressed as

WT) =~ “)

41l [R_P(T)
MO et 1, )

where o, v, and M are accommodation coefficient, the ratio of specific heats, and the molecular
weight of the gas, respectively. The accommodation coefficient is taken as 0.5, which is valid for
helium gas [14]. As a result, Equations (1-5) show that the heat transfer coefficient between the
fins is a function of the temperature.

Cooling Time Calculation

The overall cooling time is calculated by considering an energy balance. A schematic diagram
of the cooling system using a two-stage cryocooler is illustrated in Fig.3. Each stage of the two-

stage cryocooler cools down the copper block with the mass of m , m, ;. The heat switch is
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Figure 3. Schematic representation of a conduction cooled system by a two-stage cryocooler
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Figure 4. Schematic diagram of simplified cooling capacity of a two-stage cryocooler.

mechanically connected between the first and the second stages and stays thermally active (ON
state) at high temperatures and inactive (OFF state) at low temperatures. The cooling capacities of
each stage (q,, q,,,) are simplified as shown in Fig. 4. In this paper, q;, . > Broe L imax Limin® Lomax?
and T, ., are setto 80 W, 20 W, 90K, 30K, 14K, and 3 K, respectively, to represent the two-stage
cryocooler model RDK-415D manufactured by Sumitomo Cryogenics Group.!$ Although the actual
variation of cooling capacities with time is indeed different, simplification will facilitate the analysis
of the heat switch effect on cooling time. The heat transfer rate of the heat switch (q.,,,, ) includes
wall conduction (g, ) and the heat transfer rate through fins and the helium gas (¢, ).
The thermal conductivity of the copper block or copper fins is assumed to be infinite.

Goien ) = (D) +q 1, (0) (6)
_ A 20

GO =7 [ T (7

4, (D) = hd (T, () - T (1)) (8)

The temperatures of each stage are estimated by the following energy balance equations. The
masses of the designed upper and the lower fins of the heat switch are 0.195 kg and 0.232 kg,
respectively. They are included in the first (2, ) and the second (m,,, ) stage copper block's masses,
respectively, in the numerical calculations. We assume that the thermal masses of the charcoal bed
and thin-walled stainless steel tube are negligible compared to the copper blocks.

T(t+AN=T(6)— Qi ~ Dwiren ~ Drtea At ©)

ml St C\:I St

qlm/ + quilCh B ql,/euk

204 Cy.2nd

T,(t+At)=T,(t)- At (10)

The specific heat of the copper block is calculated by Debye theory [14].

3
c‘_:3R(Lj D[Lj where T>wK (11)
310 310 12
3
c, :M where T<ﬁ1( (12)
310 12

The software MATLAB version R2013a was used to calculate the temperature variation of the
first and second stages with time. The cooling time is defined as the time required for the first and
second-stage temperatures to achieve steady state. The initial conditions and dimensions of the
heat switch for the analysis are specified in Table 1. Figure 5 shows the schematic configuration of
the designed heat switch.
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Table 1. Dimensions and initial parameters of the cooling system with the heat switch.

Length of the heat switch 60 mm Mass of the activated charcoal 476 ¢
Diameter of the heat switch 40 mm Volume of the helium gas 1.6-10°m?
Length of fins 48 mm Initial pressure of the helium gas 18 kPa
Gap of the fins 1 mm Mass of the first stage copper block 1 kg
Thickness of the wall 0.4 mm Mass of the second stage copper block 9kg
Thickness of a fin 2 mm Mass of the upper copper fins 0.23 kg
Heat transfer area of the fins 0.0145 m’ Mass of the lower copper fins 0.20 kg

A~ Activated charcoal bed

©

Figure 5. Configuration of the designed heat switch: (a) the lower copper fins with activated charcoal
bed, (b) the upper copper fins, and (c) the assembly of heat switch.

RESULTSAND DISCUSSION
Heat Transfer Coefficient

The heat transfer coefficient between upper and lower fins is depicted in Fig. 6(a). In the con-
tinuum flow regime, since the thermal conductivity of the helium gas depends on temperature, the
heat transfer coefficient decreases according to the temperature. Furthermore, if we set the gap of
the fins smaller than the value specified in Table 1, the heat transfer coefficient will increase in-
versely proportional to the gap of the fins in the continuum flow regime. Dwelling in a mixed flow
regime has to be minimized in order to achieve a rapid change from ON to OFF state.

Figure 6(b) illustrates the relation between the volume of helium gas and the temperature span
of the mixed flow regime (AT) during the transition. The temperature span increases with the
volume of helium gas inside the heat switch. Moreover, a precise regulation of the initial pressure
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Figure 6. Heat transfer coefficient as a function of temperature with the gap of 1 mm (a) and mixed
flow region with the volume of the heat switch (b).

(P@300k) of the helium fill gas is needed when the heat switch has a large gas volume. Ifthe volume
of helium gas increases, the pressure change of the helium gas due to adsorption of the activated
charcoal bed will decrease. Therefore, the initial pressure should be set slightly higher than the
pressure for the mixed flow regime. For these reasons, any unnecessary helium gas volume should
be removed when one develops a helium gas heat switch with an activated charcoal bed. The heat
transfer coefficient in the mixed flow regime is estimated by the two asymptotes between the con-
tinuum flow and the free-molecular flow regime. It should be noted that the heat transfer rate of
rarefied gas exponentially decreases when the temperature of the heat switch decreases lower than
38 K. The calculation of the heat transfer coefficient with temperature shows that the thermal resis-
tance of the helium heat switch can be modulated by more than a factor of 2000.

Cooling Time Calculation

Figure 7(a) shows a comparison of the cooling time with and without the heat switch. The
external heat leaks to the first and the second stage are neglected in the cooling time calculation.
The cooling system with the heat switch has a small temperature difference between the first and
the second stages. This is because the heat switch facilitates the first stage to cool down the cooling
load attached at the second stage and thus reduces the cooling time. When the heat switch reaches
the temperature where free-molecular flow initiates, the heat transfer coefficient rapidly decreases
and causes thermal isolation. As a result, the second stage becomes solely responsible for further
cooling of the copper block to achieve its target temperature. In the case of a cooling system without
the heat switch, the temperature of the second stage decreases slowly because the second stage
cannot take advantage of the higher cooling capacity of the first stage at all.
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Figure 7. Calculated the cool down time with and without the heat switch (a), and the estimated heat
transfer coefficient during cool down (b).
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Figure 8. The cooling time and heat transfer rate of the heat switch with a heat transfer area of
Ay, = 0.004 m* (a), 0.0145 m* (b), and 0.05 m?* (c), respectively.

Figure 8 shows how the cooling time and the heat transfer rate vary with the heat transfer area
of the fins. The results show that the cooling time decreases as the heat transfer area increases.
However, there is a limit to reduce the cooling time. If the heat transfer area is infinite at the ON
state, the maximum heat transfer rate of the heat switch can be calculated by the following equa-
tion:

m-c

qmax = (ql.\/ (Tl.\/ s Tlnr/) + qu/ (7;\-1 > TZm/ ))
m - C

vlst ~ 5,0 (T, T,,0) (13)

v,lst + m2 ) C\".anl

Since the cooling capacities of the first and second stages (¢, ,, 4,,,) are set to constant values
of 80 W and 20 W, respectively, we can deduce from Eq. (13) that the maximum heat transfer rate
is 70 W. For this reason, the heat transfer rates shown in Fig. 8 cannot exceed 70 W, although the
heat transfer area is further increased.

CONCLUSION

In this paper, we have presented a new design of a helium heat switch using adsorption charac-
teristic of activated charcoal. The designed heat switch can change its thermal resistance passively
with the variation of temperature. The numerical analysis predicts that the switch resistance ratio
can be on the order of 2000. The cooling time of a copper block is estimated using the simplified
cooling capacity map of a two-stage cryocooler. In spite of the simplification, the calculation
results clearly demonstrate the effectiveness of the heat switch on the cooling time. Although the
performance of the designed heat switch is not yet verified, our study provides a framework for the
development of an efficient helium gas heat switch.
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