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The design and experimental demonstration are reported of an active convective heat switch suitable for use at
cryogenic temperatures. The switch is mechanically simple, relatively inexpensive, and requires no moving parts,
instead being operated entirely using heaters. The working gas used is “He in a closed cycle and, as such, the
switch requires no external gas connections. Closed conductances on the order of 50 mW/K have been
demonstrated with residual open conductances on the order of 0.4 mW/K. Novel modelling is presented which

shows excellent agreement with the experimental data and significant improvement over existing models.

1. Background

Heat switches, of which there are many varieties, are used in a range
of cryogenic systems to make and break thermal connections as
required.

Switches may be categorised primarily by the method of changing
the conductance through the switch (e.g., mechanical, gas-gap, liquid-
gap, superconducting, magnetoresistive, etc.) and secondarily by the
method of actuation (i.e., active or passive, depending on whether the
open/closed state is set by an external control signal or by the temper-
ature of the switch respectively).

The salient figures of merit for a given switch are the open conduc-
tance, closed conductance, ratio of these two values, and time required
to change between states.

We report here a novel active convective heat switch using *He as the
working fluid.

2. Design

The forthcoming generation of Cosmic Microwave Background ob-
servatories will be based around large cryogenic receivers housing
multiple cold optics stages at progressively lower temperatures down to
<1 K; typically, 40 K and 4 K stages are cooled using pulse-tube cry-
ocoolers, with either closed cycle *He/*He sorption coolers or a dilution
refrigerator providing <1 K stages (see for example References [1,2]).
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Due to the large masses and high level of thermal isolation of the <1 K
cold stages, modelled cooldown times can be on the order of 1 month in
the absence of any explicit precooling schemes [3]; these durations can
be significantly reduced through the use of heat switches [4]. The <1 K
cold stages may be strongly coupled to the 4 K stage to precool close to 4
K, then decoupled to be cooled further to <1 K. A second application of
heat switches in these types of receivers is the operation of the cry-
opumps required to operate sorption coolers which must also be coupled
and decoupled from the 4 K stage during operation [4].

The active convective switch described here has been developed for
both applications. It is clear that the switch closed conductance should
be maximised for effective heat transfer and the open conductance
minimised to reduce the thermal load on the cold stage. Times for the
transition between these two states on the order of a few minutes are
acceptable.

The switch design that has been developed essentially consists of a
circuit comprising two stainless steel tubes (having relatively low ther-
mal conductance, measuring 0.25 in x 0.010 in x 94 mm) and a copper
heat exchanger (having relatively high thermal conductance) at either
end connected to the thermal stages that one wishes to couple and
decouple. The switch is charged with helium gas at room temperature
and permanently sealed. The key novelty in the design of this switch is
the addition of a charcoal cryopump which may be used to evacuate or
fill the circuit with helium, opening and closing the switch respectively
(i.e., providing the active control). A cut-away schematic of the switch is
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shown in Fig. 1 and photograph of a completed switch in Fig. 2.

The cryopump is weakly coupled to the cryostat 4 K stage and has a
small resistive heater attached. When the heater is off, the pump will be
cooled to ~4 K, at which temperature the charcoal will strongly physi-
cally adsorb the helium [5], removing it from the circuit. In this state,
the only mechanism by which heat may pass through the switch is
conduction through the thin-walled stainless steel tubes. Owing to the
relatively low thermal conductivity of stainless steel at cryogenic tem-
peratures and the small cross-sectional area of the tubes, the heat flow in
this condition is minimal. This is the open state of the switch, whereby
the two ends of the switch (denoted “hot” and “cold” in Fig. 1) are
decoupled.

In order to close the switch, the cryopump is heated to ~40 K. At this
temperature, the helium is only weakly adsorbed [5] and the circuit fills
with gas. As long as the cryostat cold stages are designed so as to have
the cold end positioned higher with respect to gravity than the hot end’,
a convective loop is established as shown in Fig. 1. This provides a very
effective mechanism for heat transfer and hence a high conductance
through the switch in the closed position. The gas entering the hot end
warms as it passes through the heat exchanger. It then, having warmed
and hence reduced in density, rises to the cold end. Here, heat is rejected
as it passes through the cold heat exchanger, and the gas increases in
density again, returning to the hot end. This operating mode is referred
to as gas-gas. This operating mode was studied in detail via analytical
modelling, computational fluid dynamics (CFD) modelling, and experi-
mental measurements as reported in Sections 3-5 respectively.

A different flow pattern that was considered during this analysis was
that where separate convective loops could be established within each
tube. However, as discussed in Section 4, this type of flow pattern could
not be reproduced in CFD. Furthermore, as discussed in 5, a single-tube
switch showed “closed” conductance significantly lower than half that of
a double-tube switch, constituting further evidence in favour of the flow

M Heater

“Cold” side

Charcoal pump

Convection

“Hot” side

Fig. 1. Convective heat switch schematic.

1 This may be achieved with copper heat straps where the design does not
naturally support this geometry
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Fig. 2. Photograph of convective heat switch built in Manchester.

pattern described above. Finally, Torii and Maris [6] make reference to
negligible convection within a tube with diameters < 10 mm (diameter
of the tubes used here is 6.35 mm (0.25 in.)).

It is also expected that there exists a second regime of operation
whereby the cold end is suitably low in temperature that the helium
condenses to liquid in the heat exchanger, falls under the action of
gravity to the hot end where it evaporates and returns as low density gas
to the cold end. This operating mode will be referred to as gas-liquid,
and is not treated here. It is noted however that in the case of “He, the
superfluid nature is such that below the lambda point a superfluid film
will form on the inside walls of the tubes and be accelerated in the di-
rection of positive temperature gradient until it is warmed above T; and
the superfluid state is broken; this process is expected to contribute
significantly to the heat transfer in the switch in this mode.

Furthermore, there is a third expected regime whereby both ends of
the switch are suitably cold to condense liquid. In this case, the lower
vapour pressure in the cold heat exchanger serves to pump vapour off
the liquid in the hot end which then rises to the cold end, recondenses at
a lower temperature and then returns under the action of gravity as
liquid. Again, this behaviour may be complicated by the superfluid na-
ture of “He below T; where it is expected that a superfluid film would
again form along the walls of the tubes moving towards the hot side and
contributing to the transport of heat. Again, this is not reported on here.
This operating mode is referred to as liquid-liquid.

Both gas-liquid and liquid-liquid modes are expected to be the
subject of future work.

3. Analytical model

Having provided a qualitative understanding of this switch, we now
consider a quantitative description of the gas—gas mode of operation. On
the assumption that the gas is evacuated to an extent that any residual
heat transfer through the gas is negligible®, the heat flow Qopen in the
open state may be calculated as a function of the two end temperatures
Ty and Tc as

. A [T
O =17 | KTVaT M

2 This assumption is addressed experimentally in Section 5.2
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where k(T) is the conductivity of the steel, A is the total cross sectional
area of the two tubes, and L is the length of the tubes between the heat
exchangers.

The closed conductance on the other hand is somewhat more com-
plex; an effective model is reported here extending the work of Torii and
Maris [6].

It should be noted that the contribution from conduction through the
steel remains, although ideally (in order to have a high switching ratio),
this term will be dominated out by the contribution from the convective
heat transfer.

Firstly, taking the continuity equation [7] and considering that in
equilibrium the flow is steady, it may be seen that the quantity pUA is
constant for any “cut” through the circuit shown in Fig. 1, where p is the
gas density, U is the mean flow velocity and A is the cross sectional area
of the flow.

Next, it is assumed that heat transfer between the gas and solid
components of the switch only occurs at the two heat exchangers. The
gas can therefore be considered to exist in two discrete regimes, also
shown in Fig. 1.

The next step is to consider that in the equilibrium condition, the sum
of potentials around the loop is zero, i.e., the total pressure gain around
the circuit has to be equal to the total pressure loss in order that the
equilibrium condition is satisfied. The source of pressure rise is the
buoyancy force; this occurs as the switch supports a denser (colder) gas
at the top of the switch and a less dense (warmer) gas at the bottom, with
respect to gravity. The pressure gain AP, may be found from the dif-
ference in densities as

AP, = Apgz = (p, — p,)8z (2

where g is the acceleration due to gravity and z is the vertical distance
with respect to gravity between the heat exchangers.

In opposition to this are pressure losses in the flow due to dissipative
forces; viscous effects in the flow as it travels around the loop causes a
drop in pressure. In the case of laminar flow®, the pressure drop per unit
length of tube travelled L is given for this geometry by the Dar-
cy-Weisbach equation [7] as

AP, 12840
L ~ aD*

3

where y is the dynamic viscosity of the fluid, Q is the volumetric flow
rate and D tube diameter.

Considering the two flow regimes shown in Fig. 1, the sum of the
viscous losses around the circuit is given by

128;¢QL> N <128/4QL>
1 2

zD* zD* Q)

AP, + AP, = <

By considering that the volumetric flow is related to mass flow M
(which, from continuity, we know to be constant around the circuit) by

0==— %)

and taking the lengths of the two sections to be the same, i.e.,

Ll = Lz (6)

and defining L, to be the total length of the circuit, i.e.,

Ly=L +L, @)

then it follows that the sum of the viscous losses can be rewritten as

3 This assumption is addressed in Section 4
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8ML, <ﬂ1 ,u2>
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Recalling that the sum of potentials around the loop is zero gives

o Ver ML (1
(01 —py)gz = po (pl+p2) ©)

Rearranging for the mass flow rate gives

ot (p—py)gz
M . 1
4L, %: + % (10)

This analysis is thus far consistent with the approach taken by Torii and
Maris [6]. We now develop the model further as follows.

By considering a control volume around each heat exchanger, the
first law gives that, in the steady state condition, the heat transferred
into/out of the switch is equal to the difference in enthalpies of the
outgoing and returning gas flows to the heat exchanger. Thus, the heat
flow through the switch Q is the product of the mass flow (constant
around the circuit) and the difference in enthalpies Ah. This gives

ar* (py *ﬂz)gz.(h

0=MAh= L —hy) 11
AL, G4l

It may further be seen that the difference in enthalpy (neglecting pres-
sure loss through the heat exchanger due to the short path length) is

hz*hl :Cp(TZ 7T1) (12)

where c, is the specific heat capacity at constant pressure. It is important
to note in designing this type of switch that the heat exchangers will in
reality be imperfect; the exit temperature of the flow will approach but
not be equal to the heat exchanger sink temperature, i.e., T; > T¢ and
Ty < Ty.

From Eq. 11, it can be seen that in order to find the power through
the switch the densities and temperatures of the two regimes must be
determined. The densities are a function of temperatures themselves, as
well as the initial gas charge in the switch. It is clear from inspection that
the higher the charge of gas in the switch, the greater the closed
conductance of the switch. However, the practical upper limit on the
charge is given by either the capacity of the cryopump (as it must be able
to fully evacuate the circuit) or the mechanical limitation given by the
structure in terms of the allowable charging pressure at room temper-
ature, whichever is the lower. The cryopump may be easily sized greater
than this and hence in practice the switch mechanical limitation is likely
to be the determining factor. This is typically found using a finite
element approach where a limit greater than 30 bar at room temperature
is not unreasonable.

Given the switch geometry and the initial charging pressure, the
number of moles of gas may be calculated from the perfect gas law. By
considering the two gas regimes, the number of moles and hence the
density may be calculated as a function of the two regime temperatures.

Using the model described by Eq. 10, it may seen how a contour plot
may be produced for the mass flow through the switch as a function of
the two regime temperatures as given in Fig. 3. As Eq. 10 shows this
scaling with * and Lj?, the plot is presented in arbitrary units.

Furthermore, it can be seen from Eq. 11 how this translates into the
power through the switch as a function of the two regime temperatures
as shown in Fig. 4.

It is clear from Fig. 4 that there exists a temperature regime sup-
porting peak heat transfer. If the temperature differential is too great,
then the density in the denser region will be sufficiently high so as to
result in great enough viscous losses so as to more than offset the
increased head gain from buoyancy forces.

Next, it is considered that the real values of mass flow and power will
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Fig. 3. Mass flow in switch (arbitrary units).
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Fig. 4. Heat flow in switch (arbitrary units).

depend heavily on the efficiency of the heat exchangers. The heat
exchanger geometries are identical and, as the mass flow through both is
the same, the assumption is made that the efficiency of each is also the
same. A model can then be considered where the efficiency of both ex-
changers is parameterized by a single value f as

n:(“;nj+fchgn) 13)

T, — (THerTC> _f(TH;TC) a4

such that where f = 0, the mean temperature T,;, = T» = Tj, and where
f=1,Ty =Ty and T; = T¢. Unfortunately, modelling of f from first
principles is exceptionally difficult owing to the complex geometries
used to maximise the surface area and the flow conditions in this part of
the circuit. As such, f must be fit to experimental data as reported in
Section 5.3.

Section 2 described qualitatively other heat transfer modes involving
gas-liquid phase changes. The vapour pressure of *He at 3 K is 2.405E4
Pa [8]; therefore for a switch charge of <23.7 bar at 295 K, no liquid will
be condensed in the switch and it is guaranteed to be operating in the
gas—gas regime.

4. Computational fluid dynamics modelling

In order to further investigate the flow behaviour inside the switch, a
computational fluid dynamics (CFD) study was carried out. The 3D CAD
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Fig. 5. Section-view of 3D CAD model of switch used for CFD model.

model of the switch, shown in Fig. 5, was imported into Autodesk CFD
2019".

Material properties used for the simulations for OFHC copper, 304
stainless steel, and helium were taken from References [9-11]. The
helium gas charge taken for the simulations was 335 mbar at 4 K
(equivalent to 25 bar at room temperature).

Auto-meshing was used, giving a mesh length scale of 0.717 mm,
with gap and surface refinement allowed. Further mesh refinement gave
no difference in the final results. Turbulent flow was allowed by the
model.

As a boundary condition, the cryopump housing temperature was set
at 40 K (temperature typically operated to ensure desorption of helium
gas). A series of simulations were then run with fixed heat loads applied
at the switch warm end. For each simulation, the switch cold end tem-
perature was set to the coldhead temperature given by the cryocooler
load curve for the corresponding applied heat load at the switch warm
end.
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Fig. 6. Simulation results alongside experimental data for heat switch warm
end temperature as a function of applied heat load (switch cold end at cry-
ocooler temperature 4 K).
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In each case, the equilibrium warm end temperature was found for
the applied heat load. Fig. 6 shows these data along side experimental
data (see Section 5). Whilst the simulation appears to overestimate the
overall conductance of the switch, the general form of the simulation
results is consistent with that of the experimentally obtained data. It is
suggested that this overestimation stems from difficulties in accurately
capturing the turbulent flow in the heat exchangers.

Fig. 7 shows the temperature distribution in the gas. This appear to
be consistent with that given by the model described in Section 3; i.e., of
two discrete regimes as a result of heat transfer in the two heat ex-
changers dominating the gas dynamics. Similar conclusions can be
drawn from the density distribution which follows the same form. The
direction of flow shown in Figs. 7-9 arises from the assymmetry in the
vertical position of the tubes as shown in Fig. 5.

Fig. 8 shows the gas velocity in the bottom heat exchanger. It can be
seen from this that turbulent flow occurs in the heat exchanger as would
be expected. It is the difficulty in capturing this and hence modelling the
heat transfer between the copper and helium that is suggested to
contribute to the discrepancy in Fig. 6.

Fig. 9 shows the gas velocity in the tubes. Laminar flow is clearly
shown, consistent with the model described in Section 3 and use of the
Darcy-Weisbach equation as described. This does highlight a limitation
of the analytical model however, insofar as it doesn’t account for tur-
bulent pressure drops in the heat exchangers (although this is accounted
for to some extent by the parameter f). The results in Fig. 9 are incon-
sistent with convection within a single tube, one of the flow models that
was initially considered in Section 2.

5. Experimental testing

Along with the analytical and simulation work that was carried out
and described in Sections 3 and 4, experimental measurements were
made of the switch conductance in both the open and closed states.

Two experimental runs were carried out. The first run studied the
change in switch conductance with gas charge (detailed below in Sec-
tion 5.2); the second made detailed measurements of switch conduc-
tance with a fixed gas charge for comparison with the models described
above (detailed in Section 5.3). In both runs, the same experimental
setup was used.

(6) Temperature - Kelvin
13.765
13

5.01999

Fig. 7. Gas temperature distribution for simulation with 1.0 W applied
heat load.

Cryogenics 128 (2022) 103585

(1) Velocity Magnitude - cm/s
72.9886

Fig. 8. Gas velocity distribution in bottom heat exchanger for simulation with
1.0 W applied heat load; colour indicates magnitude, arrows indicate direction.
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Fig. 9. Gas velocity distribution in the tubes for simulation with 1.0 W applied
heat load; colour indicates magnitude, arrows indicate direction.

5.1. Experimental setup

In each run, a pair of switches (designated HS1 and HS2) were tested
in a 4 K dry cryostat. The cold heat exchangers were mounted directly to
the 4 K stage provided by a Sumitomo® RDK415D G-M cryocooler, as
shown in Fig. 10. 330 Q resistive heaters were mounted to the bottom
heat exchangers to apply heat loads up to 3.1 W during testing. Heaters
and diode thermometers were mounted to the switch cryopumps, which
were weakly linked to the 4 K stage, to allow for temperature control and
monitoring. Cernox” RTD thermometers were used to measure the
temperatures of both heat exchangers.

Gas lines were soft-soldered to the charging connection at the end of
each cryopump to allow the gas charge to be altered during cold testing.

5 shicryogenics.com

6 lakeshore.com
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Fig. 10. Photograph of heat switches in test cryostat.

The switches were evacuated and the cryopumps baked out before
cooldown. Each measurement set was automated using an XML script
which applied incrementally increasing heat loads to the bottom heat
exchanger, waited for an equilibrium to be reached, and then recorded
the temperature at each end. At low powers, the cold end temperature
was essentially constant, whereas at higher powers the cold end tem-
perature increased according to the load curve profile of the cryocooler.
The warm end temperature increased with power with the AT across the
switch set in equilibrium by the switch conductance.

5.2. Switch conductance as a function of gas charge

It was expected a priori and from the model presented in Section 3
that the switch conductance would increase with gas charge. As dis-
cussed in Section 3, the practical upper limit on the charge is given by
either the capacity of the cryopump (as it must be able to fully evacuate
the circuit) or the mechanical limitation given by the structure in terms
of the allowable charging pressure at room temperature, whichever is
the lower. Finite element analysis for this particular switch showed that
with an appropriate safety factor, a maximum room temperature charge
of 30 bar was acceptable. The cryopump size allowed for a greater
charge than this (charcoal capacity data taken from Pobell [5]), and so
the first set of measurements were made of the open and closed switch
conductance with room temperature equivalent (RTE) charges in 5 bar
increments up to 30 bar.

Thermal conductivity k(T) across a range of temperatures cannot
typically be quantified by a single value. In the first instance however, to
compare the relative performances for varying gas charges, the switches
were characterised simply by plotting the measured temperature dif-
ference (AT) across the switch against the applied heat load and fitting a
straight line to the data. This was done for both the closed and open
states.

In the open state (i.e., with the cryopump cold and switch evacu-
ated), no measurable difference was found between zero charge and
each 5 bar increment up to and including 30 bar RTE charges. In all
cases, (AT) was measured across the switch with power loadings up to
2.0 mW and with fitted gradients found of 0.4 mW/K. It is therefore
concluded from the lack of increase at higher charges that there was no
evidence of saturation, i.e., the cryopump capacity was sufficient to
pump out at least a 30 bar RTE charge as expected from the calculations.

Fig. 11 shows the measured conductance in the closed state (i.e.,
with the pump at 40 K and the gas in the switch circuit) for charges
between 0 and 30 bar. Again, the conductance is characterised simply by
plotting the measured temperature difference (AT) across the switch
against the applied heat load and fitting straight lines to the data.

Fig. 12 shows the linear approximations of conductances from
Fig. 11 plotted directly as a function of RTE charge. It can be seen here
that the closed switch conductance increases with the amount of helium,

Cryogenics 128 (2022) 103585
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Fig. 11. Measured heat switch conductance in closed states for a range of RTE
gas charges.
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Fig. 12. Linear approximations of closed switch conductance as a function of
RTE gas charges (line added to guide the eye).

however there are diminishing returns; extrapolating from this, it could
be inferred that there exists some maximum charge beyond which there
is no further improvement in closed conductance (notwithstanding the
existing limitations on charge discussed above). At 30 bar RTE charge,
the closed/open conductance ratio given by the linear approximations
from these two data sets is 153.

5.3. Switch conductance as a function of temperature

Having investigated the dependence of switch conductance on RTE
gas charge, the next experimental run was conducted to investigate the
conductance as a function of temperature.

With the switch in the open state, incrementally increasing heat
loads were applied to the warm end over a much wider range than in the
data set given in the previous section. These data are shown in Fig. 13
along with modelled values using Eq. 1 and the same material properties
referred to in Section 4. Reasonable agreement is shown between the
experimental and modelled data. It is suggested that the cooling effect of
the vapour inside the switch may contribute to the small discrepancy.

Fig. 14 shows the conductance measured in the closed state over a
wide temperature range. It also shows the model described in Section 3
fit with the model from Torii and Maris [6] along with the new model
proposed in this paper in Section 3 with f = 0.25.

Itis clear to see the strong agreement between the new model and the
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Fig. 13. Measured and calculated heat switch conductance in open state across
wide temperature range.
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Fig. 14. Measured and modelled heat switch conductance in closed state across
wide temperature range.

experimental data, as well as the divergence of the Torii-Maris model at
high temperatures. This arises from the fact that the new model accounts
for the temperature dependence of the viscosity u of the helium gas,
whereas the Torii-Maris model which only considered a small temper-
ature range took u to be constant. Across a wider temperature range, this
assumption can no longer be considered valid as shown by Fig. 14. Also
of note is the observation that the gradient of the experimental data and
new model are close to constant over a wide temperature range, being

Cryogenics 128 (2022) 103585
on the order of 50 mW/K, consistent with the data in SubSection 5.3.
6. Conclusions

A novel cryopump-controlled convective heat switch has been
designed for use at cryogenic temperatures. The design and experi-
mental demonstration have been reported. Closed conductances on the
order of 50 mW/K have been demonstrated with residual open con-
ductances on the order of 0.4 mW/K. Novel modelling has presented
which shows excellent agreement with the experimental data and sig-
nificant improvement over existing models.
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