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Abstract— Thermal regulators and switches are nonlinear
devices that can greatly aid in the management of transient
and/or spatially varying heating events. Various physical mecha-
nisms have been harnessed to achieve nonlinear and switchable
thermal behavior, though device characteristics are often evalu-
ated in terms of steady-state performance only. Accurately cap-
turing the transient behavior of these devices is a crucial missing
link required for assessing the effectiveness of implementation
in real-world scenarios. Here, we explore the physics of binary
vapor diffusion through a noncondensable gas cavity as a promis-
ing mechanism for high-resistance contrast thermal regulation.
Through a parametric steady-state optimization, we present a
roadmap for future designs that can potentially reach switching
ratios of up to 14.5. In addition, we perform a transient
investigation to characterize the thermal response time of the
device. The device possesses an extremely desirable attribute
under certain transient heat loads, where the effective switching
ratio appears significantly greater than the steady-state ratio due
to a temporary increase in the OFF-state resistance immediately
after switching. This work informs future experimental efforts
for design optimization of binary-diffusion-based regulators and
establishes simple modeling schemes to approximate device per-
formance in system-level regulation scenarios.

Index Terms— Regulators, temperature control, thermal man-
agement of electronics.
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I. INTRODUCTION

FFECTIVE heat flow regulation is a ubiquitous require-

ment of multiple modern fields, including power elec-
tronics, energy storage and conversion, space, and biological
functions [1]-[5]. A common goal of thermal regulation is
to prevent significant spatial and/or temporal temperature
deviations within a system, as many processes operate most
effectively within a narrow temperature window. The electrical
efficiency of photovoltaic systems for solar energy harvesting,
for example, decreases by approximately 0.5% for each °C of
temperature rise over ambient [6], [7]. Power converters used
in ground/air transport are other prevalent application areas
that benefit from strict temperature control, as thermal stresses
generated from power cycling can lead to drastic reductions
in lifetime reliability and performance degradation [8]. Con-
versely, thermal regulation may also be utilized to purposefully
amplify the temperature difference within a system. Thermal
energy harvesters, for example, demonstrate increased energy
efficiency when operating with pulsed heating inputs [9]-[11].
When naturally occurring pulsed inputs are unavailable, appro-
priate thermal regulator usage can convert constant heat
sources into oscillating heat sources [12]. Through all of the
aforementioned applications, a critical opportunity emerges for
the implementation of high-performance thermal devices that
can dynamically respond to variations in environmental and
operational thermal loads.

In contrast with conventional thermal management strategies
typically represented as static resistances and capacitances,
dynamic regulatory devices for enhanced thermal control
exhibit nonlinear and switchable resistances. One method to
control the thermal resistance between hot and cold surfaces
is by improving/suppressing conduction heat transfer through
making and breaking mechanical contact. Certain phenomena
leveraged to achieve this mechanism include temperature or
voltage-induced material flexing [13]-[16] and controllable
liquid bridging [17]-[19]. Solid-state materials exhibiting a
change in thermal resistance at a critical temperature can
also act as passive thermal regulators [20]-[22]. The ther-
mal conductance of crystalline polyethylene nanofibers, for
instance, has been demonstrated to vary reversibly by up
to 10x during structural phase transitions within a ~10 °C
temperature band [23]. Additional regulation schemes that
can demonstrate highly variable thermal resistances include
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Fig. 1. (a) Thermal regulator cross-sectional schematic. The heated liquid evaporates from a porous wick, diffuses through an NCG-filled cavity to reach

the cold side of the device, and then condenses and circulates back to the heated side through capillary action. Parasitic conduction occurs through the device
sidewalls. (b) Steady-state thermal resistance network for the temperature drop across the device. The resistance Rncg varies with Pycg and total heat input,

creating the device thermal regulatory properties.

microscale gas-gap switches (primarily for cryogenic appli-
cations [24]) or liquid—vapor phase change in the form of
gas-loaded heat pipes [25] and highly nonlinear boiling heat
transfer coefficients [26]. With all of these different existing
regulation mechanisms, however, a challenge still remains in
creating versatile regulators that can be easily tuned for a wide
range of operating scenarios.

In this work, we present a thermal regulator that relies on
binary vapor transport through a noncondensable gas (NCG)
cavity to achieve a passively switchable resistance in response
to varying levels of heat input. The device resistance behavior
is tunable through variation in the NCG pressure, a distinct
advantage over existing regulators that are often limited to
fixed switching regimes. Our previous work demonstrated a
steady-state resistance OFF/ON ratio of up to 4 through this
regulation mechanism, as well as an ability of the device
to clamp the hot- and cold-side temperature difference to a
relatively constant, heat flow independent value [27]. Here,
we expand significantly upon our previous work by creating a
physics-based model to explore the limits of thermal regulation
based on the process of binary vapor diffusion through an
NCG cavity. We present a roadmap to increase the steady-state
resistance OFF/ON ratio utilizing this phenomenon to greater
than 14 and define a switching efficiency metric to assess the
effectiveness of the device design.

We also provide a detailed investigation of the transient
thermal characteristics of the binary diffusion-based regulator,
an important aspect often neglected in previous studies of ther-
mal regulatory devices. While steady-state studies provide a
baseline for relative comparison of different regulators through
conventional metrics such as the switching ratio, it becomes
impractical to assess their impact on system-level implementa-
tions without a thorough discussion of transient behavior. For
instance, a fast response time thermal switch would be ideal
for generating transient heat loads of various waveforms, such
as for a pulsed energy harvester. A thermal regulator to limit
sudden temperature spikes in power electronics applications,

however, may benefit from additional thermal capacitance to
smooth out the temperature rise. We therefore analyze the
primary components that affect the thermal response time for
the binary diffusion-based regulator and evaluate the switch-
ing behavior in response to a pulsed heating input. Finally,
we assess the potential value of implementing this type of
device in future thermal energy regulation systems and provide
recommendations for possible use cases.

II. STEADY-STATE THERMAL MODEL

Fig. 1(a) shows a cross-sectional schematic that highlights
the main working principles of the regulator. The device is
comprised of a sealed chamber lined with a porous micropillar
wick and charged with a fixed amount of working fluid (water)
and NCG (air). Heat applied to the evaporator side of the
device causes fluid in the porous wick to evaporate and
then diffuse through the NCG to the condenser side, where
it condenses into liquid. Capillary action then drives the
condensed liquid back to the evaporator side, and the cycle
repeats.

The resistance network shown in Fig. 1(b) approximates
the steady-state heat transfer across the device. Heat supplied
to evaporator side travels in two parallel pathways, with one
portion, Q,, going through the device active phase change
region [outlined in red in Fig. 1(a) and (b)], and the other
portion, Qgiqe, going through the device sidewalls. The parallel
sidewall conduction resistance R, can be estimated through a
solid conduction simulation of the device with a dry cavity,
further details of which are available in our previous work [27].
The resistance stack in the device active region includes the
solid substrate, Ry, the evaporator/condenser wick resistances
Ry and R, ., respectively, and the NCG/vapor mixture
resistance Rncg. T, and T, represent the average temperatures
of the evaporator and condenser side substrates, respectively.

Based on the resistance network shown in Fig. 1(b), a few
design guidelines emerge to optimize the resistance contrast
across the device. Since Rncg is the only significantly variable
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resistance component, any parallel or series resistance compo-
nents will minimize the overall resistance contrast. R, should
ideally be much larger than Ryncg; otherwise, parasitic heat
flow outside of the active region leads to an undesirable
thermal shunting effect that shorts the regulator. Any series
resistances should ideally be as low as possible to avoid
inflating the ON-state resistance and decreasing the switching
contrast. The following will present physics-based models to
predict the approximate values of the various parallel and
series resistance components.

A. Vapor Transport Model

We estimate the temperature drop across the vapor/NCG
mixture by considering the vapor mass diffusion problem
between the evaporator and condenser wick interfaces. The
introduction of NCG presents a significant diffusion barrier to
vapor transport between the evaporator and condenser. Here,
we leverage the NCG to achieve a switchable device resis-
tance due to the decrease in effective NCG resistance Rncg
with increased operating temperatures and heat fluxes. In the
following model, we assume that the NCG and vapor exist as
a binary mixture. The local component partial pressures may,
therefore, be written in terms of the total chamber pressure as

P = Pncg + Py (1)

We assume that the vapor directly above the evaporator/
condenser porous wick interfaces is saturated [28], and the
interface temperatures (7, ., and 7, .) can be related to the
vapor partial pressures (P,., P,.) through the Clausius—
Clapeyron equation. In steady state, all the liquid being
evaporated must be condensed. We neglect condensation along
the cavity sidewalls due to the much smaller surface area
and lower external heat transfer coefficient compared with the
active condenser region. Therefore, the vapor transport is 1-D
and

dmi,

dz
where mi, represents the total vapor mass flux, and the z
coordinate represents the vapor flow direction between the
evaporator and condenser. Heating and cooling at the evap-
orator/condenser surfaces set up a temperature gradient across
the mixture space, resulting in a corresponding vapor mass
fraction gradient. This mass fraction gradient then drives the
vapor transport through the NCG barrier. Assuming insignifi-
cant dissolution of NCG at the porous wick interfaces creates
a no-penetration boundary condition, where the NCG must be
stationary and mncg = 0. The vapor mass fraction gradient,
however, creates a complementary NCG mass fraction gradient
and diffusional mass flux, leading to a Maxwell-Stefan flow
scenario [29]. In order to meet the zero net NCG mass flux
condition, an induced counterdiffusion velocity accounting for
bulk flow of the mixture counteracts the diffusional NCG flux.
In steady state, this leads to the following vapor mass flux
equation:

=0 2)

dw,
vg d—Z

3)

m, = WyMior — P D
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Fig. 2. (a) Micropillar wick unit cell cross-sectional view. (b) Top view of
micropillar wick with diameter d and pitch /. (c) Evaporator micropillar wick
resistance network.

where w, is the vapor mass fraction, p,, is the mixture density,
and D, is the temperature-dependent, binary diffusion coef-
ficient calculated based on the Chapman—Enskog theory [29].
From an energy balance in the device active region

Qact = Wivhng (4)

where £, is the working fluid latent heat of vaporization and
A is the cross-sectional area normal to the vapor transport.
Substituting (4) into (3) and integrating with respect to z
links the active region heat transfer with the vapor transport
equation, giving

mDyoh 1o A —1
Qo = Lr=vel I ln(“’“‘ ) )

Teore Wy.e — 1

where ,. and ,, are the vapor mass fractions at the
condenser and evaporator sides, respectively, and f¢ is the
transport distance or cavity height.

B. Wick Resistance Model

Fig. 2(a) shows a cross-sectional schematic of a micropillar
wick unit cell with height A, diameter d, and pitch /, along with
the underlying substrate. The substrate thermal resistance can
be calculated through a 1-D conduction resistance. The evap-
orator micropillar wick resistance is evaluated by considering
the heat transfer pathways through the solid pillar and liquid
bulk separately.

With the exception of cases involving high thermal con-
ductivity fluids such as liquid metals, the conduction resis-
tance of the solid pillar R, . is typically much less than the
conduction resistance through the liquid bulk R;., and the
majority of the heat traveling through the wick evaporates
from a thin liquid film near the meniscus three-phase contact
line. We estimate this thin-film resistance by calculating the
area of an approximately 5-um-thick liquid film around the
micropillar surface for a given contact angle of 8 through a
force balance model in COMSOL, details of which can be
found in [30] and the Supplementary Material. The thin-film
conduction resistance R;, is calculated by integrating the
thin-film profile, treating each infinitesimal slice of liquid as
a parallel resistor [31]. As the applied heat flux increases,
the meniscus recedes within the micropillar wick, increasing
the thin-film area and reducing the overall resistance. This
effect is significant in vapor chambers and heat pipes where the
evaporator resistance normally dominates the overall system
resistance [32] but is expected to be minimal when the NCG
resistance dominates. Therefore, we neglect any variation in
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the thin-film area with applied heat flux and use a fixed contact
angle @ to calculate the evaporator wick resistance. Finally,
the liquid—vapor interfacial resistances in the thin-film and
bulk liquid regions are calculated with the Schrage equation

as
1 2—af T, 27 R, T, P\ !

Riy = — ) 1- 2L 6)
A 20 \ 12, M 2h s

where Aj, is the area of the interface, a is the accommodation
coefficient, 7, is the vapor temperature, v 7, is the vapor-liquid
specific volume difference, M is the molar mass of the working
fluid, and R, is the universal gas constant [33]. Fig. 2(c) shows
the overall resistance network for the evaporator wick.

The treatment of the condenser wick resistance is relatively
simpler than the evaporator wick, as condensation is expected
over the micropillar top surfaces as well as the liquid bulk.
We therefore assume parallel heat conduction through the
micropillar wick and liquid bulk with an effective thermal
conductivity

kw,c == ¢kliq + (1 - ¢)ksub (7)

where ¢ is the volume fraction of the wick. The final system
of equations for the overall device resistance network is solved
iteratively with the Trust Region Dogleg method in MATLAB
to find the temperatures at each resistance node. The total
device resistance is defined as

Ry =21 ®)

Q

where Q is the total heat input and equal to the sum of Qe
and Qgge- Temperature-dependent thermophysical properties
of the working fluid are calculated based on tabulated values in
the literature [29]. Temperature-dependent mixture properties,
such as the mixture density, binary diffusion coefficient, and
total chamber pressure, are evaluated using a mean temperature
T,, that represents the average of the evaporator and condenser
side vapor temperatures, where

1
Tm - E(Tv,e + Tv,c)~ (9)

III. EXPERIMENTAL PROCEDURE AND DEVICE
FABRICATION

The evaporator/condenser device substrates are fabricated
from two 20 x 20 mm?, 500-um-thick pieces of silicon.
The device’s active area is 10 x 10 mm?, and the extra
silicon area is used for electrical contact pads and device
bonding. An approximately 400-nm-thick layer of thermal
oxide is grown on top of each silicon piece to provide elec-
trical insulation for evaporated platinum serpentine thin-film
resistors that simultaneously serve as heaters and resistance
temperature detectors (RTDs) over the active device region.
The thin-film resistors are calibrated for simultaneous use as
RTDs by submerging the entire set up in a liquid bath and then
creating resistance versus temperature curves with reference
T-type thermocouples calibrated to an accuracy of £0.1 °C.
The porous micropillar wick structures are formed over the
active device area in the evaporator/condenser substrates using
ultraviolet (UV) laser ablation. A through-hole etched into

1999
TABLE I
SUMMARY OF APPROXIMATE DEVICE DIMENSIONS
Parameter Wact | Wside | teore tsub h d l
[mm] | [mm] | [pm] | [pm] | [pm] | [pm] | [pm]
Value 10 1.8 500 400 100 100 200

the evaporator substrate facilitates liquid/NCG charging from
external fluidic lines. The silicon substrates are bonded to
an intermediary Pyrex insert with width ws4. and thickness
feore Using a glass frit seal (Koartan 5645-Si sealing glass
paste) to form the device cavity. Pyrex is chosen for its
matched coefficient of thermal expansion with silicon and low
thermal conductivity (1 Wm~'K~!) to minimize the parallel
conduction resistance. An approximately 1-mm-wide epoxy
bead is added to the periphery of the Pyrex insert for additional
mechanical stability to support the overhanging silicon areas
that are not in contact with the Pyrex. Finally, a Nanoport
is mounted to the etched through-hole in the evaporator side
of the device with an o-ring face seal and held in place
with epoxy. The maximum temperature in the experiments is
limited to approximately 95 °C to prevent degradation of the
sealing epoxy. Table I summarizes the overall dimensions of
the various components of the device.

Prior to each experiment, the device is charged with approx-
imately 14 uL of deionized, ultrafiltered water. A copper cold
plate connected to a chiller maintained at a bath temperature
of 20 °C is mounted to the condenser side of the device.
The device is then evacuated until the total chamber pressure
reading from a pressure transducer is approximately equal
to the saturation pressure of water at 20 °C, or 2.3 kPa.
Ambient air is then reinjected slowly into the device until
the desired total chamber pressure set point is reached. The
total pressure reading Py is used in the model to calculate the
starting NCG pressure Pncg, assuming that the partial pressure
of the vapor is equal to the saturation pressure at 20 °C.
During experiments, the input power Qi, is supplied to the
evaporator side thin-film resistor with a dc power supply. The
reported steady-state power and values used in the modeling,
0, represent the input power adjusted for approximately 6%
heat loss. Further details on the heat loss calculation and
experimental components can be found in [27].

IV. STEADY-STATE MODEL RESULTS
A. Steady-State Model Validation

The steady-state model results for the device thermal resis-
tance Ry, as a function of input power are plotted with the
experimental results for different levels of Pxcg in Fig. 3(a).
Due to the maximum temperature limitation of the charging
port sealing epoxy, the maximum heat input for Pxcg = 99 kPa
is limited to 9 W. The model shows reasonable agreement with
the experimental results and captures the decrease in Ry, with
increasing power, as well as the shift in Ry, with varying Pxcg.
Increasing Pncg raises the vapor mass transport resistance and
increases Ry, for a given heat input. Fig. 3(b) shows the plots
of the device AT clamping behavior for the range of Pncg
considered, where the temperature difference across the hot
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Fig. 3.  (a) Steady-state experimental results for overall device resistance Ry, for Pncg = 12-99 kPa. Model prediction is shown with dashed lines.

(b) Experimental results and model prediction for power Q versus temperature difference AT. For each Pncg considered, the device clamps to a unique AT
value and becomes relatively independent of Q. Data for Pneg = 12-34 kPa are from [27].
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Fig. 4. Model predictions for Rncg as a function of heat input for Pneg =
12-99 kPa. The achievable resistance contrast in Rxcg is much greater than
what manifests in the total device resistance Ry, due to parallel and series
resistance components.

and cold sides becomes relatively independent of Q beyond
a certain threshold. As discussed in our previous work, this
effect results when the hot side vapor pressure approaches the
total chamber pressure Py, or T, . approaches Tg,(Pio) [27].
The critical clamped AT increases with Pycg, as the required
vapor pressure to initiate clamping increases correspondingly.

Fig. 4 shows the model prediction for Rncg versus Q with
varying Pncg. For Q less than 1 W, increasing Pncg from
12 to 99 kPa causes an approximately 7x increase in Rncg.
As shown in Fig. 3(a), however, the total device resistance
Ry, only increases by approximately 1.5x. A similar trend

is observed when Pncg is fixed, and the device resistance
changes passively in response to varying levels of heat input.
Based on Fig. 4, Rncg varies by at least 10x for each
Pxcg over the heat input range considered. Ry, as shown
in Fig. 3(a), however, has a maximum variation of only 4 x for
Pxcg = 12 kPa. In the physical device embodiment, much of
the achievable resistance contrast in Rncg appears truncated
due to the parallel and series resistances that decrease the
overall switching effect. The following sections will therefore
explore a parametric geometric optimization to increase the
switching ratio through reduction of parallel heat flow path-
ways and series resistance components.

B. Parametric Geometric Study

The overall device resistance Ry, can switch through two
different mechanisms: active switching by varying Pncg at a
fixed heat input, or passive switching in response to varying
levels of heat input. For the following discussion of thermal
resistance switching ratio optimization, we consider the latter
case and treat variation of Pnxcg as a method of tuning
the absolute device resistance and switching ratio prior to
operation. This preserves the passive nature of the device,
foregoes the need for additional system components to actively
vary Pncg, and presents a more intuitive framework to analyze
the device behavior in situations such as a thermal regulator to
dampen sudden power spikes. We therefore define the device
switching ratio Sy as

_ Rogr _ th(Ql)
Rox  Ru(Q2)
where Q; and Q, represent OFF-state and ON-state power

inputs. For consistency with the previously reported experi-
mental results, we consider the minimum and maximum power

Sk (10)
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Fig. 5. Device switching ratio Sg for fcore = 500 um as the sidewall width
wWgide 1s varied from 200 to 1500 um for Pncg = 5-99 kPa. Sk is more
sensitive to variations in wsige for higher Pncg.

inputs of 0.6 and 14 W as the OFF-/ON-state powers, respec-
tively. Note that different absolute values of switching ratios
would result if different heat flow ranges were considered,
though the general optimization strategies would remain the
same.

1) Effect of Parallel Sidewall Conduction: We explore the
effect of increasing the parallel sidewall conduction resistance
R, by varying the core thickness f.. and the insert width
wside- We simplify the calculation by neglecting any conduc-
tion through the epoxy bead, as the current purpose is merely
to provide mechanical support for the extra overhanging sil-
icon areas used for electrical contact. The modified sidewall
conduction resistance is calculated as

_ Tcore
kp (4w§ide + 4Wside Wact)

R, (11)

Fig. 5 shows the predicted steady-state switching ratio Sg
for teore = 500 um, wgge = 200-1500 pm, and Pncg =
5, 11, 18, 32, 50, 67, and 99 kPa. The minimum value
of wsige 1s limited to 200 um to allow for a reasonable
bonding area between the Pyrex insert and silicon substrates.
Overall, reducing wiq. leads to a higher switching ratio for
all Pncg considered. For wgge greater than approximately
500 um, the lowest charge pressure of Pxcg = 5 kPa exhibits
the highest switching ratio. A crossover regime occurs for
wside < 500 pum, however, where Sy increases slightly with
increasing Pncg. Overall, Sg is more sensitive to variations in
wside a8 Pnxcg 1s increased. A higher NCG charge pressure
leads to a higher NCG resistance, which causes Sk to be
more significantly limited by the parallel resistance R, if
R, is comparable to Rncg in the OFF-state. The highest
NCG charge pressure considered of Pnycg = 99 kPa shows
a significant increase in Sk from approximately 2 to 6.8 as
wsige 18 decreased from 1500 to 200 xm.

2001

Fig. 6(a) shows Sk as a function of Pncg for wsige =
200-1000 pum as t.ore is increased from 500 to 1000 um.
Doubling #.o. for the range of parameters considered success-
fully increases Sk to greater than 10. As wgqge decreases, Sg
becomes less dependent on Pycg. As shown in Fig. 6(a), Sk is
fairly constant for wgge = 200 #m and varies by less than £0.2
for all Pycg considered. When R, > Rncag, Rncg governs the
overall device resistance. Increasing Pncg, therefore, causes
both the OFF-state and ON-state resistances to shift fairly
proportionally, and the total switching ratio is less sensitive
to Pncg. When R, ~ Rncg, however, R, limits the OFF-state
resistance, and increasing Pncg serves to increase the overall
ON-state resistance only, reducing Sg.

We further explore this phenomena by defining a switch-
ing efficiency for the device, 5, equal to the overall device
OFF-/ON-resistance ratio divided by the NCG OFF-/ON-
resistance ratio

Rn(Q1)/Ra(Q2) Sk (12)

- Rnc(01)/Ruca(Q2)  Snce

where Sncg is the switching ratio of Rncg at the OFF-/
ON-state heat inputs. A value of # approaching 1, there-
fore, means that the device is approaching the limits of
the maximum possible switching ratio for a given Pycg.
Fig. 6(b) shows the calculated switching efficiencies over
the range of Pncg considered for foore = 1000 um and
wsige = 200-1000 gm. For the current configuration consid-
ered, the efficiency peaks at 0.66 for Pyxcg approximately equal
to 30 kPa and wsjge = 200 pm.

2) Effect of Porous Wick Thermal Resistance: In addition to
the parallel resistance of R, resistance components in series
with Rncg also play an important role in limiting the overall
device switching efficiency. In the OFF-state, Rncg is large and
dominates the overall series resistance stack. As Q increases,
however, Rncg decreases steadily and becomes comparable
to the next largest series resistance component, which is the
evaporator micropillar wick resistance R, .. The ON-state
resistance thus potentially becomes governed by R, ., further
limiting the switching contrast. A more detailed discussion of
the relative contribution of each component to the total stack
resistance is included in the Supplementary Material.

To investigate the effect of varying the micropillar wick
resistance, the micropillar dimensions were modified from the
values listed in Table I to include cases with diameters d = 12,
25, and 50 gm and pitches [ = 25, 50, and 100 gm. Moving to
a finer wick creates more evaporative heat transfer surface area
and reduces the overall wick resistance. A denser wick also
creates a higher viscous flow resistance, however, potentially
limiting the capillary-driven maximum heat flux of the device.
A fluid flow simulation was performed for each micropillar
array dimension in COMSOL to confirm that the maximum
heat input considered in each case could be sustained without
capillary-limited dryout (details in the Supplementary Mater-
ial). In each case, the total viscous pressure drop across the
wick for an ON-state heat input of 14 W was less than 13% of
the estimated capillary pressure, well below the dryout limit.
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(a) Switching ratio Sg as a function of Pncg for wsige = 200 um and #core = 1000 xm as micropillar wick dimensions are varied from d = 12 to

100 gm and / = 25 to 200 xm. Reducing R,, . with a higher density pillar array has the most significant impact on increasing Sg in the low Pncg range.
(b) Switching efficiency # with varied micropillar array dimensions to reduce R, .. A maximum efficiency of approximately 0.76 is reached for the finest

pillar dimensions considered of d = 12 ym and [ = 25 um.

Fig. 7(a) shows the variation in Sy as a function of Pycg for
the different micropillar dimensions considered with wgjge =
200 um and f.ore = 1000 pum. Reducing the overall wick
resistance appears to have the most significant impact on
Sg in the low Pncg range. A maximum switching ratio
of approximately 14.5 is achieved for the highest density
wick with Pxcg = 5 kPa. For higher Pnxcg, Rncg remains
substantially higher than R, . in the ON-state and continues
to dominate the resistance stack, minimizing the impact of
reducing R, .. This is also evidenced in Fig. 7(b) that shows

the plots of the switching efficiency # for each of the differ-
ent micropillar array dimensions considered. As the overall
wick resistance is decreased, the maximum efficiency point
shifts left toward lower values of Pncg, with a maximum
n reached of approximately 0.76 for the finest micropil-
lar wick dimensions considered of d = 12 ym and [/ =
25 um. Lower Pncg levels, therefore, appear sufficient to
create a high switching ratio thermal regulator, but higher
Pneg levels can be used to tune the absolute OFF-/ON-state
resistances.
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V. TRANSIENT DEVICE CHARACTERISTICS

Based on the results in Section IV, the steady-state switching
ratio can be significantly enhanced by tuning various aspects
of the device geometry. While this demonstrates a clear
path for optimizing future design iterations, considering the
steady-state resistance only provides an incomplete picture
of how the device would function in practice, as thermal
regulation by nature is needed as a response mechanism for
managing/creating transient thermal events.

A. Transient Thermal Model

For the transient thermal analysis, we assume that the
timescale associated with the vapor diffusion is much smaller
than the thermal response time of the device solid por-
tions [34], [35]. Similarly, we neglect the effect of varying
liquid velocities in the porous wick and assume that the
steady-state conduction model remains sufficient to describe
the heat transfer across the micropillar arrays [36], [37]. With
this treatment, the majority of the transient device behavior
is governed by sensible heat storage. The resistance of the
NCG/vapor core is comparable to the condenser side external
heat transfer resistance, meaning that the transient device
behavior cannot be accurately modeled with a lumped analysis
as done for heat pipes [38]. Therefore, we use a 3-D solid
conduction model in COMSOL to capture the device transient
behavior. The NCG/vapor core mixture is modeled as a block
with an NCG pressure- and temperature-dependent effective
thermal conductivity derived from the steady-state model
results. Due to the small mass of NCG/vapor contained in
the core, the thermal capacitance of the mixture is expected to
be negligible compared with the wick and solid portions of the
device (on the order of le-5 J/K). The evaporator/condenser
effective wick thermal conductivities are similarly calculated
using the steady-state model, with equivalent densities and
heat capacities calculated based on the wick porosity, ¢, as

Pw = $piiq + (1 = &) psub
Cpw = chp,liq + (1 - ¢)CP,Sub

where p and ¢, represent the different densities and heat
capacities of various components, respectively. A full list of
the properties used for the various device components and
further simulation details can be found in the Supplementary
Material. We note that if significant redistribution of liquid
occurs within the device such as liquid starvation within
the wick, it may no longer be accurate to model the wicks
and NCG/vapor mixture as blocks with equivalent thermal
conductivities and heat capacities. The model is, therefore,
only appropriate for heat input ranges within the capillary
limits of the device operation.

13)
(14)

B. Transient Experimental Validation and Results

Fig. 8 shows the transient model and experimental device
temperature profiles as the power to the heater is first stepped
up to approximately 9 W and then stepped down to 0.7 W for
Pxeg = 12 kPa and f¢ore = 500 gm. Overall, the model shows
fair agreement with the experimental temperature profiles,
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Fig. 8. Transient model and experimental temperature profiles for the average
evaporator/condenser side temperatures 7, and 7. in response to step high-
and low-heat inputs of approximately 9 and 0.7 W, respectively.

TABLE II

THERMAL TIME CONSTANT 7, AS A FUNCTION OF EXTERNAL
CONDENSER SIDE HEAT TRANSFER COEFFICIENT A ¢p

hepWm—2K~1] | 74ls]
500 153
2400 4.4
5000 1.8
10,000 1

confirming the assumption that the majority of the transient
temperature response is governed by sensible heat storage.
We assess the device thermal response time in terms of a
time constant 7,, which represents the time required for 7,
to reach 63% of the total steady-state temperature rise. The
model and experimental values for 7, agree well with values
of approximately 4.4 and 4.9 s, respectively. In addition to the
internal device resistances, 7, also depends strongly on the
external condenser side heat transfer coefficient hc,. As hep
is varied from 500 to 10000 Wm—2K~!, 7, ranges from
approximately 15 to 1 s. The model results for 7;, as a function
of hep are listed in Table II. A, is approximately equal to
2400 Wm~2K~! in the experiments.

Fig. 9(a) shows the transient temperature profiles in
response to a pulsed heating input, where Qj, is modulated
between ON-/OFF-state powers of 9 and 0.7 W, respectively,
over a period of 10 s for Pncg = 12 kPa and f#core = 500
um. As shown in the plot, the applied heat input is not a true
square wave due to the temperature-dependent resistance of the
serpentine heater/RTD. To account for this, the experimentally
measured heating profile is directly used as a simulation input.
Fig. 9(b) shows the effective device resistance in response
to the pulsed heat input. As shown in Fig. 9(b), the device
responds rapidly when transitioning from the OFF-state to ON-
state and reaches the steady-state ON-state resistance with
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resistance in response to the pulsed heating input. The device takes longer to reach the steady-state resistance value in the cool-down phase, leading to transient

OFF-state resistances much higher than steady-state values.
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(a) Model results for the device transient heat flow pathways in terms of the total heat supplied to the heater, external heat removal from the

condenser side, and the rate of change in sensible heat storage in the evaporator/condenser substrates. (b) Transient model and experimental profiles for the
temperature difference AT in response to a pulsed heat input. The clamping behavior of the device fixes AT in the ON-state and causes the device resistance

to rapidly approach the steady-state value.

almost no delay. When the heat load is reduced, however,
the difference in the response times of the condenser and
evaporator sides leads to a large spike in the apparent device
OFF-state resistance up to as high as 18 °C/W. This is
much higher than the predicted steady-state resistance value
of approximately 4 °C/W. The OFF-state resistance slowly
declines over 5 s to around 8 °C/W but still remains approx-
imately 2x greater than the steady-state value. This leads
to an interesting phenomenon, where the transient switching
ratio appears significantly higher than the steady-state ratio.
We note that the use of the steady-state thermal resistance

and switching ratio definitions for a transient heating scenario
is limited. Unlike the steady-state definition, the transient
resistance does not represent an inherent property of the device
that governs the temperature drop for a given heat input,
as the heat flow distribution within the device varies with
time. However, such a definition does provide a convenient
framework to highlight the asymmetry in the device behavior
when switching between OFF—ON and ON—OFF transitions.
The difference between the OFF—ON and ON—OFF transitions
can be explained by considering the heat transport pathways
in the two different scenarios. Fig. 10(a) shows the model
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results for the transient heat flow pathways within the device
in terms of the heat applied to the heater, Qj,, the amount
of heat removed from the condenser side, Qcong, and the rate
of change in sensible heat storage in the evaporator/condenser
side substrates, Qgens,e and Qsens.c, respectively. As heat is
supplied to the evaporator side heater, a significant portion of
the heat is initially stored as sensible heat in the evaporator
side substrate. The heat eventually reaches the condenser
side, increasing the amount of heat rejection through the
external cold plate. Qgens,. and Qgens,c approach the same value
approximately 2 s after the initial heating pulse and decline
steadily as Qcong continues to rise.

In the cool-down phase, Qj, is suddenly decreased, and
an excess amount of heat is removed from the condenser
side. Some amount of variation in the transient resistance
response of the device for ON—OFF and OFF—ON transitions
is expected, as the higher steady-state device resistance in
the OFF-state naturally increases the thermal time constant
for the absolute temperature response. The asymmetry of the
transient resistance is primarily dominated, however, by the
AT clamping behavior of the device, as shown in Fig. 10(b).
In the ON-state, enough heat is supplied that the device crosses
the AT clamping threshold [as shown in Fig. 3(b)], and the
temperature difference across the device becomes relatively
independent of heat flow. This causes AT to quickly approach
a fixed value of approximately 18 °C with relatively minimal
impact from sensible heat storage within the device. In the
OFF-state, the device falls outside of the AT clamping regime
as the heat input is reduced, and the AT heat flow depen-
dence returns. The effect of sensible heat storage becomes
more apparent, and AT decreases with time to approach
the steady-state value. The high apparent transient OFF-state
resistance is, therefore, not a true change in device resistance
but an effect of sensible heat storage that causes AT to
be higher than the steady-state value. The combination of
this with the ability of the device to clamp to a fixed AT
above a certain threshold leads to the asymmetric transient
behavior, where the OFF—ON resistance response time appears
much shorter than the ON—OFF resistance response time. The
transient switching ratio of the device therefore also appears
higher than the steady-state ratio due to the combined effect
of sensible heat storage in the OFF-state and temperature
clamping in the ON-state.

VI. CONCLUSION

The results from the steady-state switching ratio optimiza-
tion demonstrate that binary vapor diffusion through an NCG
cavity is an effective mechanism for creating a tunable, high
thermal resistance contrast device. Careful consideration of
the overall device design is necessary, however, to minimize
parasitic conduction pathways and fully employ the maxi-
mum achievable resistance contrast with the vapor diffusion
process. When parasitic conduction and series resistances
are sufficiently reduced, the device can achieve a switching
ratio of up to 14.5 when transitioning between OFF-/ON-state
power inputs of 0.6 and 14 W. Larger switching ratios are
also possible depending on the OFF-/ON-state powers under
consideration. We note that the parasitic conduction pathway

2005

through the Pyrex insert can only be reduced to a certain limit
before the mechanical integrity of the device suffers, however,
due to both the increasing fragility of the Pyrex frame as well
as the reduction in bonding area with the silicon substrates.
Future work involving mechanical simulations would be valu-
able to add another consideration to the device performance
optimization.

Transient experiments and modeling of the regulator
revealed that the majority of the device’s thermal capacitance
is comprised of sensible heat storage in the solid device
volume. The device thermal time constant ranges from approx-
imately 1 to 15 s depending on the external heat transfer
coefficient. For transient events occurring with significantly
shorter time scales, the device will likely not be able to
respond fast enough for resistance switching to occur. For
transient events occurring on the order of a few seconds,
the temperature clamping behavior of the device creates a
highly attractive attribute where the ON-state resistance of
the device is reached relatively quickly, and the apparent
OFF-state resistance is magnified over the steady-state value.
This asymmetric transient response promotes the device as
a good candidate for use as a thermal regulator to miti-
gate sudden temperature swings. The temperature clamping
behavior can also potentially create a thermal buffering effect
to protect sensitive components from fluctuations in ambient
environmental conditions [12]. However, larger-scale modeling
is required to predict the effect of implementing the device in
a system-level regulation scenario, as the overall temperature
response will depend on the system-level thermal resistances
and capacitances. With this work, the aim is to produce an
accurate picture of the standalone regulator behavior that can
feed into future system-level experiments and/or models.
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