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passive thermal regulator
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Thermal regulators are devices that can adopt either the role of a thermal insulator or a thermal
conductor, depending on the thermal input conditions, and play an increasingly important role

in thermal management systems. In this study, we developed and tested a new passive thermal
regulator design that operates around room temperature and achieves high switching ratios. Our
regulator is structurally integer, scalable, orientation-independent, resistant to vibration, and can be
easily integrated into existing thermal management solutions. The working principle of the passive
regulator is simple yet effective, whereby an aluminum plug attached to a bimetallic strip enters and
exists a wedge-shaped gap between two conductors. We demonstrate a switching ratio of =50 (fg"):l
for a fully packaged prototype (=320 (+ 200):1 for a non-packaged regulator) operated in the open
laboratory environment. Through geometric optimization using numerical simulations, we show that
a switching ratio of =100 (ﬂg):l can be easily obtained, which can be further increased by increasing
the cross-sectional area of the input conductor, hence increasing the ON-state heat transfer rate. The
OFF-state thermal performance is much less sensitive to the size of the conductor, making the device
highly scalable.

Thermal regulators are becoming increasingly popular as adaptive components in thermal management systems,
including electronics and battery thermal management', refrigeration®-®, space applications such as satellites
and rovers’, and even building envelopes®. Analogous to electrical regulators, which allow or prevent current from
flowing through a circuit, thermal regulators are able to manipulate the flow of thermal energy, i.e., heat, between
a warmer source and a colder sink. They adopt either the role of a good conductor (“ON”) or a good insulator
(“OFF”). One of the key parameters to evaluate the performance of a thermal regulator is its switching ratio (SR),
which relates the thermal conductances C in the ON and the OFF-states: SR = Con/Copr A high switching ratio, a
high ON-state heat flux, a low specific mass, and a small volumetric footprint are desirable for most applications.

Over the past 50+ years, many thermal regulator designs have been proposed to manipulate the flow of
heat”!, most of which fall into one of the two categories: Active or passive. In passive thermal regulators, the
change in effective conductance depends solely on the temperature or applied thermal load and does not require
active manipulation or control of the device. As an example, the regulator can be fully ON at a temperature Ty
above the transition temperature T, and fully OFF for Tg: < T:. Actively controlled regulators, also called heat
switches, have a more versatile operating range, but require additional external triggers, such as electric or mag-
netic fields''~!%, mechanical actuation (e.g., via compression, displacement, or gravitational re-orientation)'*-%,
or pumps, compressors, or fans**** to operate. This manuscript focuses on passively actuated thermal regulators
operating around room temperature (i.e., ignoring gas-gap regulators for cryogenic applications®*-*%) for use in
stationary or remote applications with passive thermal management requirements.

The earliest passive thermal regulators were developed primarily for space applications, such as missions to the
moon or Mars**’. Many of these regulators were paraffin-based, whereby the volumetric expansion of paraffin
wax upon melting (up to 15%) brings two thermal conductors into mechanical contact, thereby closing the ther-
mal loop. Paraffin-based regulators are durable, low cost, and have no material compatibility issues, making them
popular to this date®-¥”. By adjusting the molecular chain length of the paraffin wax, the actuation temperature
can be set between —95 and + 85 °C and switching ratios up to 130:1 have been achieved (though most designs
have practical SR <<100). Alternative designs replace the paraffin and the metallic actuator with an all-solid mate-
rial assembly. Examples include shape memory alloys, bimetallic strips, or rods with high coefficients of thermal
expansion (CTE)”*-*. Some of these designs have a significantly smaller volumetric footprint than paraffin
regulators, albeit at the cost of a lower switching ratio'**2. High switching ratios > 100:1 can also be achieved by
room-temperature gas-gap regulators, whereby an increase in temperature releases gas from a sorber material
into a thin gap (O(100 um)), thereby increasing the thermal conductivity of the gap*’. Instead of using gas as the
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heat transfer fluid, two-phase thermal regulators take advantage of very high effective conductivities during the
absorption and release of latent heat on the source and sink sides of the regulator, respectively, of phase-change
working fluids upon reaching saturation conditions at a certain temperature*!. Switching ratios are nonetheless
modest due to parasitic losses in the system**. Moderate switching ratios <30:1 have also been demonstrated
for solid state materials which undergo magnetic phase transformations with changes in temperatures*>*%. For an
in-depth overview of other passive and active thermal control technologies, we would like to refer the interested
reader to two recent reviews by Klinar and colleagues®'®. Despite the wealth of different designs and actuation
mechanisms, most existing passive regulating technologies suffer from at least one of the following challenges:
A low switching ratio (SR < 100), especially for fully packaged and integrated designs and measured in an open
atmosphere (as opposed to a vacuum chamber), a complex actuation mechanism, a small heat transfer area, poor
scalability, and/or a high volumetric aspect ratio and bulky design.

To overcome existing shortcomings, we designed a passive thermal regulator that has a high switching ratio
in an open environment, is fully packaged and structurally integer, is scalable, and is able to withstand vibrations
or impact during operation, for example for applications in lunar rovers or off-road vehicles. Figure 1 shows the
working principle of our device. It consists of two copper blocks, each cut at an angle (60° from the vertical), into
which an aluminum trapezoid is inserted. Copper was used for these two static blocks due to its high thermal
conductivity (398 W/m K). Aluminum was chosen as the dynamic actuator block, instead of copper, due to
its superior thermal conductance per unit mass (87 (W/m K)/(g/cm?) for aluminum vs. 45 (W/m K)/(g/cm?)
for copper). However, to further improve the ON-state thermal performance, copper could also be used as the
actuator block at the cost of a higher switching hysteresis. Similarly, the input and output blocks could be made
of aluminum or another material with smaller density to decrease the overall weight of the assembly, at the cost
of a slight reduction in the thermal performance. In our prototype, the aluminum actuator is connected to one
of the copper blocks, namely the input block, via a bimetallic strip. A bimetallic strip consists of two metal films
with different thermal expansion coeficients bonded together. When the temperature of the bimetallic strip is
changed, in the absence of external forces, the assembly takes the shape of an arc. The metal with a larger thermal
expansion is known as the active element, while the metal having the smaller coeflicient of expansion is called
the passive element*’. For our thermal regulator design, the active element is facing away from the assembly and
one end of the bimetallic strip is attached to the input copper block. Therefore, the other end of the strip, which
has the aluminum plug attached to it, deforms upward when cooled and downward when heated. Specifically,
when the temperature of the input copper block T;, is higher than 25 °C (in the orientation shown in the figure),
the bimetallic strip bends downward and pushes the aluminum plug into the gap, thereby allowing the flow of
heat between the two copper blocks and turning the device ON. At temperatures below = 15 °C, the strip is fully
bent upward, and the aluminum plug is completely removed from the gap. Any heat flow between the two copper
blocks is greatly diminished and the regulator is OFF. The geometry of the aluminum block was optimized to
ensure seamless actuation without jamming and to minimize its mass, which ensures that the thermal perfor-
mance is nearly orientation-independent.

Experimental methods

Thermal regulator design and experimental setup

Figure 2 shows a schematic of the primary experimental setup used for the full thermal characterization of the
regulator. The cold plate on the bottom functioned as a heat source during the ON-state measurement and as a
heat sink during the OFF-state measurement. A coolant (50% water/50% glycerol), circulating through a chiller
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Figure 1. General concept of the passive thermal regulator.
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Figure 2. Schematic of the experimental setup of the primary prototype.

(ADO7R-40-A11B, PolyScience), was connected to the fluid inlet and outlet ports of the cold plate, providing an
approximately constant-temperature boundary condition to the input side of the regulator. Two acrylic sheets
(84 mm x 165 mm x 3/8”; McMaster) were used to ensure the structural integrity and “plug-and-play”, i.e., drop-in
functionality of the regulator assembly: one was directly placed on the cold plate and the other one was on the
top side of the regulator, supported by an L-shaped polyurethane insulation foam block, and open to the environ-
ment. Polyurethane was chosen for the insulator due to its low thermal conductivity (<0.03 W/m K), structural
integrity, and durability. Another polyurethane insulation foam (64 mm x 54.33 mm X 15.48 mm; amazon.com)
was placed between the output copper block and the acrylic sheet to provide structural support while minimizing
parasitic heat conduction from the cold plate through the regulator (especially in the OFF-state). On the input
side, a rectangular hole was cut into the acrylic sheet to accommodate a copper block (64 mm x 25 mm x 25 mm;
OnlineMetals.com) that supported and thermally connected the input side of the regulator to the cold plate. The
two copper blocks (support and regulator) were attached to each other with a thermal conductive glue (Easycargo,
ES-910) to reduce the thermal contact resistance and to improve the structural integrity. Two stacked sheets of
bimetallic strip (64 mm width x 75 mm length, Kanthal 200, Huona Shanghai) were attached to the other side
of the input copper block, also using thermal glue. The aluminum trapezoid attached to the other end of the
bimetallic strips had a bottom width of 16.34 mm (angle: 60°) and a height of 7.5 mm (raw material purchased
from OnlineMetals.com).

At the output side of the regulator, a stainless steel cylinder (height: 70 mm, diameter: 44.5 mm; McMas-
ter) was used to connect the output copper of the regulator to the open lab environment (T, =22.3 °C; again
through a hole cut into the acrylic sheet), which acted as a heat sink. Three resistance temperature detectors
(RTDs) (Pt100, 2" long, 1/8" diameter probe; Evosensors), from which the heat flux through the device could be
determined, were inserted into three equidistant holes (spacing: 17.5 mm) in the steel cylinder. The procedure for
RTD calibration is described in the Supplementary Information, Section S1. Thermal compound (Arctic MX-4)
ensured a good thermal contact between the RTDs and the steel cylinder. We used stainless steel (k= 16.5 W/m K)
instead of copper (k=390 W/m K) to decrease the uncertainty of the heat transfer measurement. Two surface
RTDs with adhesive backing (EvoSensors) were mounted on the input and output copper blocks on either side
of the aluminum plug to measure the temperature drop across the plug (ON) or gap (OFF). To minimize the
thermal contact resistance between the aluminum plug and the two copper blocks, we applied a thin layer of the
thermal compound between the interfaces. The thermal compound has a viscosity of 31.6 poise and the bending
force exerted by the bimetallic strip when transitioning into the OFF-state was strong enough to overcome the
compound’s resistance and pull the aluminum plug out of the gap. The effect of applying thermal compound
between interfaces on the thermal performance is summarized in Supplementary Information, Section S2. Most
metal surfaces, except the top face of the stainless steel cylinder, were covered with additional stick-on insulation
to minimize heat losses to the environment.

In addition to the primary prototype used for the full thermal characterization of the thermal regulator,
we also fabricated a second, fully packaged device, in which the stainless steel cylinder on the output side was
replaced with another copper block, as shown in Fig. 3. The dimensions were also adjusted to strike a balance
between thermal performance and compactness. The updated design had a total footprint of 165 mm length,
84 mm width and 57.5 mm height. The thermal regulator assembly was fully enclosed with acrylic sheets for
structural integrity, better insulation, and full system integration capabilities (i.e., in addition to the bottom and
top plates of the primary prototype, this second prototype also had four vertical plates). This design change also
allowed us to characterize the device performance in different orientations. As the two extremes, we quantified
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Figure 3. Schematic (a) and image (b) of the fully packaged prototype on the cooling/heating plate.

the thermal performance with the bimetallic strip facing up (as shown in the schematic) and with the strip facing
down (i.e., flipped by 180°). The thermal performance of other orientations is expected to lie in-between these
two configurations. The second prototype had only two temperature measurement locations, with two surface
RTDs located at the supporting copper blocks of the input and output side, respectively, close to the acrylic
plates, as indicated in the schematic in Fig. 3. While heat flux measurements were not possible with this setup, it
allowed us to develop T;,-vs.- T, correlations that are more realistic for an actual regulator used in an application.

Thermal analysis

For the thermal characterization of the primary prototype, the chiller temperature was set between —20 °C and
60 °C, with 10 °C increments (5 °C for the fully packaged prototype). The corresponding cold plate/hot plate
temperatures were slightly higher/lower, due to heat transfer to the environment. At each set-point, temperatures
at the five different locations (input, output, three RTD cylinder temperatures) were recorded using a RTD data
logger (Madgetech, OCTRTDTEMPV?2 Data Logger) in 10 s time intervals once the entire system had come to
thermal equilibrium. From the temperature measurements, the heat transfer rate g (W) was calculated using
Fourier’s law of conduction in a 1D medium:

3 kAAT
q= x| (1)

where A is the cross-sectional area of the stainless-steel cylinder (0.0016 m?), k is the thermal conductivity of
the stainless steel (16.5 W/m K), and AT/Ax = (T} — T3)/(2 x 17.5 mm) is the temperature gradient within
the steel cylinder, where T} correspond to the respective RTD locations indicated in Fig. 2. The data point T, was
used to evaluate the linearity in the temperature gradient (for all cases, the R*-value from a linear regression fit
was greater than 0.96). Figure 4 shows the measured temperatures for a chiller temperature of —20 °C (OFF-
state) and a chiller temperature of + 60 °C (ON-state). Due to the shallow temperature gradient, especially in
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Figure 4. Exemplary temperature profiles for the ON- and OFF-states.

the OFF-state, the uncertainties in the heat flux are U, oy <0.21 W and U, o <0.096 W, respectively. Details on
the uncertainty analysis are given in the Supplementary Information, Section S3.
With the heat transfer rate, the thermal conductance C (W/K) can be calculated as:

q q
C= = N
|ATger]  1Tin — Tout] @

where Tj, and T,y are the temperatures of the input and the output copper blocks, as measured by the surface
RTDs, respectively, representing the temperature change across the regulator (or device, ATj.,). Using Eq. (2),
the ON-state thermal conductance, Cpy, and the OFF-state thermal conductance, Cqpyp, are obtained. Finally,
the switching ratio becomes:

_ Con

SR (3)

Corr

The uncertainties in the conductances and the switching ratio are U o <0.08...0.30 W/K, U opp <5 mW/K,
and Ugg =200, respectively.

In addition to determining the switching ratio to evaluate the performance of the regulator, we also compared
the difference in the output to the environmental temperature (|AToyu| = | Tour — Tenv|) as a function of the total
thermal driving force (i.e., the absolute difference between the input temperature and the environmental tem-
perature, |ATiy| = |Tin — Teny| = 0...40 °C). Tepy is the environmental temperature in the laboratory, which
was approximately 23 °C. A good thermal regulator is expected to (1) restrict the heat flow across the device and
maintain the output temperature close to the environmental temperature in the OFF-state, and (2) enable heat
flow across the device and bring the output temperature close to the input temperature in the ON-state. Thus,
the goal is to minimize the temperature drop across the device, |ATg,,|, in the ON-state and maximize it in the
OFF-state. This is equivalent to maximizing the difference between AT, oy and AT, opr In fact, due to the
high uncertainty of heat flow measurements in the OFF state, the output temperature difference |AT,,| between
ON and OFF states might be a better metric to characterize the thermal device performance than the switching
ratio, and will be used to evaluate the performance of the fully packaged prototype.

Results and discussion

Actuation performance of the thermal regulator

Figure 5 shows images of the actuation mechanism upon cooling and heating of the first prototype in its normal
(i.e., upright) orientation (Fig. 5a) and flipped (i.e., upside-down) orientation (Fig. 5b). At temperatures slightly
above room temperature the plug firmly rests within the wedge created by the two copper blocks and the regulator
is in its ON position. Upon cooling of the input side (left side of the setup), the bimetallic strip bends upwards,
pulling the aluminum plug out from the gap and turning the regulator OFF, which for both prototypes occurs for
T;, $15 °C. At this stage, it is important that the aluminum plug is fully withdrawn from the wedge, that is, that
there is an air gap present even at the bottom tip of the aluminum plug. This condition can be achieved through
geometric optimization. Upon heating (T;,>25 °C), the bimetallic strip bends downwards again, closing the
regulator and turning it ON. When operating the device upside-down, i.e., with the bimetallic strip mounted
at the bottom of the input copper block, the same principle can be observed, but temperature limits are shifted.
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Figure 5. Demonstration of the actuation mechanism. (a) Full cooling and heating cycle for the first prototype
in its upright orientation. (b) OFF and ON-states for the first prototype for an upside-down orientation. (c)
Amplitude of deflection of the aluminum plug tip of the second, fully packaged prototype upon vibration at
different frequencies. The blue dashed line represents the gap height at rest in an upright position and at an inlet
temperature of T;,=—10 °C, i.e., it shows the maximum possible amplitude in the downward direction.

Due to the weight of the aluminum block, the plug is withdrawn from the wedge at room temperature (and
below) and does not turn ON until the input temperature reaches =65 °C (=30 °C for the compact prototype).

To demonstrate the robustness of our device, we also tested its resilience to external vibration. We mounted
the fully packaged prototype with the cold plate temperature set to — 10 °C on a vibrator system (Vibration Test
Systems, VG 100-6) and measured the deflection of the bimetallic strip for sinusoidal actuation frequencies
between f=10 and 35 Hz. The signal amplification remained the same for all frequencies, resulting in a total
actuation amplitude 0.1...0.4 mm of the assembly. Figure 5c shows the amplitude response of the strip tip for
f=15...28 Hz. The blue dashed line represents the distance between the strip tip and the copper output block at
rest, i.e., the equilibrium gap size. The blue data points show the downward deflection of the strip and the red
curve the upward deflection with respect to its static equilibrium. The black line is the total travel distance of
the aluminum plug, which we call the total response amplitude. It reaches a maximum of =5 mm at a frequency
around 22 to 23 Hz, indicating resonance. At this actuation frequency, the plug temporarily comes into full
contact with the output copper block. The influence of this temporary closing of the regulator on its OFF-state
thermal performance will be discussed in more detail in “Influence of orientation and vibration on the thermal
performance” section.

Thermal characterization of the thermal regulator

After demonstrating the successful passive actuation of the regulator, we now turn to quantifying its thermal
response. Figure 6a shows the output temperature along with the measured thermal conductances of the primary
prototype as a function of the input temperature according to the measurement locations indicated in Fig. 2.
For an ideal thermal regulator, in the OFF-state the output temperature would be constant at the environmental
temperature, irrespective of the input temperature, i.e., the output side would be entirely thermally isolated from
the input. In reality, there are some parasitic heat losses through the assembly, which can be reduced by geometric
and operational optimization. In the ON-state, an ideal regulator would have no thermal resistance between the
inlet and the outlet, i.e., the output temperature would be the same as that of the input. Our regulator achieved
an extremely good ON-state efficiency, with T, =0.97 Tj,. This can be thought of like a thermal diode, where a
forward bias (T;, > T,) allows heat to flow (analogous to current in an electrical diode), but a reverse bias (T, < T,)
inhibits heat transfer.

From temperature measurements in the stainless steel cylinder, along with Egs. (1) and (2), the heat flow and
conductance, respectively, through the regulator can be determined. The heat flow through the assembly was
between 0.02 W for a cold plate temperature near room temperature and 1.2 W for a hot plate temperature near
60 °C, and is plotted in Fig. 6b (hollow symbols) as a function of the thermal driving force AT;, = | T}, - Ty, | (for
our electrical diode analogy, this would be the applied voltage). The figure also includes |ATy,,| (filled symbols)
and the resulting thermal conductances. The OFF-state is marked by the blue circles and the ON-state by red
diamonds. Black and gray squares represent the transition regime. In the OFF-state, the average conductance
is Copp =5 (£3) mW/K, whereas ON-state conductances varied between 0.16 (+0.08) and 1.52 (+0.30) W/K,
depending on the input temperature, which leads to a maximum switching ratio of SR,,,=320 (£200):1. The
relatively high uncertainty in the switching ratio stems primarily from the shallow temperature gradient in the
OFF-state heat flux measurement seen in Fig. 4.

Figure 7a shows the temperature response for the fully packaged device. The general trend is the same as for
the primary prototype, but parasitic heat losses through the encapsulation and support structures are more pro-
nounced, leading to an up to 10 K temperature deviation from the environment in the OFF-state (for the primary
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Figure 6. Thermal performance of the primary prototype. (a) Output temperature as a function of input
temperature, as measured in the copper blocks directly adjacent to the aluminum plug. The regulator is fully

OFF for input temperatures below 15 °C and fully on for T
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and are characterized by Copp<10+(3...9) mW/K and Coy~0.1...1.5+(0.08...0.34) W/K. (b) Heat flow

(hollow symbols) and temperature difference across the regulator (filled symbols) as a function of the input

thermal driving force. Blue circles represent the OFF-state and red diamonds the ON-state. Black and gray
squares represent the transition regime. At AT;, =35 °C, the regulator achieves a switching ratio SR=320
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prototype, |ATy ore| <5 K). In the ON-state, the performance is again almost ideal, i.e., with very few heat losses
along the thermal path, with T, =0.95 T;,. This prototype did not include a stainless steel cylinder, so the heat
fluxes, conductances and switching ratio cannot not be determined directly. Instead, we turn to the overall tem-
perature response (especially ATy on| Vs. |ATouors]) to evaluate the effectiveness of the device and see that our
prototype outperforms many existing technologies that operate in an open environment around room tempera-
ture and are fully packaged (i.e., structurally integer)!?*404%_ If we nonetheless want to estimate a switching ratio
for the ease of comparison, we can either turn to an indirect experimental approach or use numerical analysis,
both of which are discussed below. If we assume that the total heat flow for this prototype is the same as for the
primary prototype at any given input temperature (i.e., g=1.20 W at T;,=57 °C and ¢=0.20 W at T;,=-12 °C),
then we can estimate the switching ratio of the packaged prototype to be SR = 40:1. The assumption of similar
heat flow between the two prototypes can be reasonably well justified: In the ON-state, the important factors
influencing the total transferred heat are (1) the cross-sectional area of the input copper block, (2) the thermal
conductivity of the metals, and (3) the input-to-environment temperature difference; all three are the same for
both prototypes. In the OFF-state, the net heat transfer is also governed by the cross-sectional areas of the copper
blocks, the thickness of the insulation foam between the output side and the cold plate (via parasitic conduction),
and convective heat transfer within the enclosure. The latter is different between the two prototypes, with the
primary prototype being fully open to the lab environment and the packaged prototype being fully enclosed.
Minor differences in heat flow rates are thus likely, but we expect this switching ratio estimate to nonetheless be
of the right order. This assumption is supported by COMSOL simulations, which indicate a switching ratio of
~50 (T37):1 for the fully packaged prototype (Con=0.44 W/K and Copg = 8.7 mW/K). Details on the numerical
simulations are given in the Supplementary Information, Section S4. The switching ratio can be further increased

through geometric optimization, as will be discussed in more detail in “Geometric optimization” section.

We also characterized the dynamic temperature response of the regulator. For this, we used two recirculating
chillers; one set to — 10 °C and the other set to + 50 °C, which were sequentially attached to the cold/hot plate
during the experiment. Figure 7b shows the temperature at the input and output sides as a function of time.
Measurements started once the setup reached steady state in the OFF-state (T;, = —8 °C). Then, the circulating
coolant in the cold/hot plate of the setup was changed to the chiller set to + 50 °C. The chillers had to be tem-
porarily turned off to exchange the tubing, which caused a small drop in temperature and a short time delay in
reaching 50 °C again. Once the input temperature reached +25 °C, the bimetallic strip started moving downward,
pushing the aluminum plug into the wedge. We define the rise in output temperature due to heat conduction
through the aluminum plug as the conclusion of the switching process, which took less than 10 min to transition
from fully OFF to fully ON. Once the output temperature approached its steady-state value, we exchanged the
tubing again and attached the chiller set to — 10 °C. The switching from ON to OFF was even faster, taking less
than 5 min to fully exit the aluminum plug from the wedge. The subsequent decrease in output temperature was
much more gradual than during heating, though, since it relied on natural convection and some parasitic heat
conduction through the enclosure, which are inherently slow. Overall, while the actuation timescales are longer

than for some other technologies, such as devices based on electrowetting or magnetic switching

12,15,16

still satisfactory due to the much longer thermal constants of heat conduction and dissipation.
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Figure 7. Thermal performance of the fully packaged prototype. (a) Output temperature as a function of input
temperature, as measured in the supporting copper blocks adjacent to the cold/hot plate and the surface exposed
to the environment, respectively. The regulator is fully OFF for input temperatures below 15 °C and fully on for
T;, 220 °C. Thermal conductances were not measured due to the lack the stainless steel cylinder. The switching
ratio was estimated from heat flow measurements of the primary prototype and numerical simulations. (b)
Dynamic temperature response of the regulator as the input temperature changes from ~—8 °C to = +48 °C.
Switching, i.e., the movement of the actuator, is very fast for the ON — OFF transition (<5 min) and has a
slight delay (= 8-10 min) for the OFF — ON transition. The temperature response is more gradual due to the
slow evolution of conduction (— ON) and natural convection (— OFF). (c) Estimated switching ratio using
numerical simulations for variations in the input copper block dimensions (width W and height H) for an
output copper block with W =25 mm, H=12.5 mm and a constant depth of 64 mm.

Influence of orientation and vibration on the thermal performance

To quantify the robustness of our regulator design against outside influences, such as orientation and vibration,
we tested the fully packaged prototype upside-down, where the bimetallic strip was at the bottom of the copper
blocks and the weight of the aluminum plug caused the regulator to be OFF at room temperature. Figure 8a shows
the thermal response in the flipped orientation, where we can see that the regulator turned ON at T}, ~28...30 °C
(as opposed to =20 °C for the original orientation). A device tilted sideward is expected to have a switching
temperature between the two extremes of an upward and downward facing bimetallic strip.

To test the robustness of the regulator to mechanical vibration, for example, for use in off-road vehicles or
other non-stationary applications, we characterized the OFF-state thermal performance at a vibration frequency
of 22 Hz—close to the resonance frequency of the regulator. The mechanical analysis discussed in “Actuation per-
formance of the thermal regulator” section and shown in Fig. 4c revealed that at these conditions, the aluminum
plug temporarily fully closes in each vibration cycle. This cyclic closing of the regulator leads to an overall slight
decrease in the output temperature, as shown in Fig. 8b. At an input temperature of T;, =—8.3 °C, the output
temperature decreases from T, =15.7 °C at rest to T, = 13 °C upon vibration—representing a continued high
level of thermal insulation in the OFF-state.

Geometric optimization

Our fully packaged prototype showed a switching ratio of approximately 40-50 (*3%):1, which is on par with
many existing technologies (some of which require operation in vacuum to minimize heat transfer in the OFF-
state). In order to demonstrate the capabilities and limits of our new regulator design, we turned to numerical
simulations using COMSOL Multiphysics to explore a larger design space than is feasible using experimentation.
We primarily explored the influence of input and output copper block dimensions and found that the width of
the input copper block and the height of the output copper block played dominant roles in the thermal perfor-
mance (interestingly, the height of the input copper block played a minor role). Figure 7c shows a color map
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Figure 8. Thermal performance of the fully packaged setup when (a) flipped upside-down, i.e., with the
bimetallic strip on the bottom side, and (b) subject to vibration near its resonance frequency around 22 Hz
(regular orientation) when nominally OFE When flipped, the regulator turns fully ON at a slightly higher input
temperature of T;, =30 °C. When vibrating at a frequency and amplitude that temporarily brings the aluminum
plug and copper wedge into contact, the output temperature decreases slightly due to conduction through

the regulator. The artificial spike in T;, around 15 min was caused by a loosened contact of the RTD during
vibration.

of the predicted switching ratio as a function of the input copper width W and height H (output copper block
dimensions in this figure were W=25 mm and H=12.5 mm). Within the design space we explored, the highest
switching ratio we obtained for the fully packaged regulator was SR=101 (*1%) for an input copper block width
and height of 35 mm and 30 mm, respectively, as indicated by the star (the depth was held constant at 64 mm).
This design also included a change in the shape of the foam insulation from a solid cuboid in the experimental
conditions to a bridge geometry to minimize parasitic conduction losses during OFF-state operation. Overall,
however, the higher switching ratio was obtained primarily through an increase in the ON-state conductance
rather than a decrease in the OFF-state conductance, which can be achieved by increasing the cross-sectional
area of the input copper block, indicating good feasibility for scale-up.

Given the potential use of the passive thermal regulator in mobile and space applications, the gravimetric, i.e.,
weight-normalized performance of the device is important. We therefore also explored the influence of geometry
and material on the gravimetric switching ratio, SR/m, where m is the total mass of the device. By changing the
copper components to aluminum, which has a much lower density (albeit at the cost of a slightly lower thermal
conductivity), we obtained a gravimetric switching ratio of SR/m =247 kg™! (input aluminum block width and
height 15 mm and 20 mm, respectively). Generally, in order to maximize the gravimetric switching ratio, short
and narrow input and output blocks are preferred.

Additional results from geometric optimization studies, including the influence of the foam insulation shape
and variations in input and output copper block sizes are discussed in more detail in Supplementary Informa-
tion, Section S5.

Estimated lifetime of the thermal regulator

The lifetime of the thermal regulator as a dynamic system is dictated by the lifetime of the individual actuator
components: the bimetallic strip and the reliability of its thermal bonding with the conductor. The lifetime of
the bending bi-metallic strip is determined by the fatigue limit of the metal alloy. Unfortunately, to the best of
the authors’ knowledge, very few studies exist on the Stress-Life Cycles (S-N) curve of shape memory alloys.
According to Ma et al.*, the isothermal fatigue life of a Cu-Zn-Al shape memory alloy is about 10° cycles,
while a Ni-Mn-In-based alloy (similar to the bi-metallic material employed in this device) has a lifetime of 10*
cycles upon high-amplitude, low-frequency thermal actuation®'. Considering the wider temperature range of
our thermal regulator, a thermal actuation lifetime of the bi-metallic strip of ~ 10* cycles is reasonable to assume.
During our external vibration resilience testing, no performance degradation was observed even for > 10* low-
amplitude vibration cycles.

The reliability of thermal paste can suffer from both cyclic mechanical load and long-term dry-out, causing a
degradation of the thermal performance®. For a typical silicone-based thermal paste, Pense et al.>* found that the
thermal resistance increases about 20% during a 5000-cycle test after a long-term static test at high temperature
due to the formation of voids and the propagation of cracks. This finding provides a reference for the estimation
of the lifetime of the thermal paste used in the current study, as the thermal paste in the regulator is expected to
undergo cyclic loading with long-term static states (ON or OFF) in-between. Hence, the lifetime of the silicone-
based thermal paste employed in the thermal regulator can also be reasonably approximated with ~ 10° cycles,
matching the lifetime of the bi-metallic strip.
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As a result, the estimated lifetime of the thermal regulator is ~ 10* cycles. After a complete mission of the
regulator, the thermal paste can be reapplied when replacing the bi-metallic strip.

Summary and conclusions

In this study, we developed and tested a new passive thermal regulator design that operates around room tem-
perature and achieves high switching ratios in an open laboratory environment. Our regulator is structurally
integer, scalable, orientation-independent, resistant to vibration, and can be easily integrated into existing ther-
mal management solutions. One caveat of our device is the relatively high volumetric footprint and relatively
high weight, which could complicate its adaption into mobile applications where weight is a constraint, such as
electric vehicles, satellites, or space rovers. Its ability to maintain output temperatures well above + 10 °C, even
when exposed to input temperatures as low as — 15 °C (possibly even lower, but a demonstration of the thermal
performance at lower temperatures was restricted by our experimental capabilities), could make the regulator a
viable option for use in stationary back-up battery energy storage or building envelopes. Furthermore, the volu-
metric and gravimetric footprints can be reduced by geometric optimization. To summarize, our novel passive
thermal regulator design has the following performance metrics:

1. The working principle of the passive regulator is based on a bimetallic strip technology, whereas an aluminum
plug attached to one end of a bimetallic strip enters and exists a wedge-shaped gap between two conductors.
The regulator is fully OFF for input temperatures below <15 °C and fully ON for temperatures >20...30 °C.
The regulator was tested for input temperatures between — 15 °C and + 60 °C. In the OFF-state, output tem-
peratures never drop below 10 °C, and in the ON-state, output temperatures are nearly identical to the input
temperatures, demonstrating a very low overall thermal resistance in the design.

2. OFF-state conductances < 10 (+ 5) mW/K and ON-state conductances on the order of 0.1...1.5 (+0.08...0.3)
W/K were achieved, with a time constant for switching on the order of a few minutes. The maximum
demonstrated switching ratio of the regulator is 320 (+200):1. For the fully packaged regulator, which is
a more realistic model for real-life applications, we estimate a switching ratio of =40:1 from experiments
and ~ 50 (73%):1 from numerical simulations. The switching ratio of the fully integrated device could be
further increased to ~ 100 (*1%):1 through geometric optimization, as indicated by numerical simulations.
By changing the design to an all-aluminum regulator, the weight could be significantly reduced, achieving
a gravimetric switching ratio of SR/m =250 kg™".

3. 'The regulator is mechanically robust, with similar heat transfer characteristics when flipped up-side down
and only a slight deterioration in performance (quantified via a 2.7 °C drop in the output temperature at an
inlet temperature of =~ — 8 °C) when mechanically vibrated at or near its resonance frequency of 22 Hz.

4. Due to the high measurement uncertainties of low heat fluxes, such as for the OFF-state, it is proposed that
comparisons of ON- and OFF-state output temperature deviations from the environment, |AT,,, are a
more meaningful approach to characterizing near-room temperature thermal regulators as opposed to the
traditionally used switching ratio.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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