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1 Introduction

Mechanical cryogenic cooling systems — typically Gifford-McMahon, pulse tube, Brayton, and
Stirling designs — are frequently deployed to provide low temperature cooling in extremely chal-
lenging environments. Space science programs, for instance, rely on cryocoolers to chill photon
detectors for detection of a variety of wavelengths and mission objectives over a wide range of
operating temperatures [1]. Some noteworthy examples include

* the Gamma-Ray and Neutron Spectrometer (GRNS) instrument on the Mercury MES-
SENGER mission for mapping the elemental composition of the planet’s crust, cooled to
90K by a 0.5 W Ricor K508 Stirling cryocooler [2],

* the Atmospheric Infrared Sounder (AIRS) instrument on NASA’s Earth Observing Sys-
tem Aqua platform, for precision temperature measurements as a function of atmosphere
depth, with a focal plane array cooled to 58 K by two redundant pulse tube cryocoolers
[31,

* and the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument
on the Mars Reconnaissance Orbiter for identifying water-related mineral formations on
the planet, with a focal plane array cooled to 100 K by three redundant Ricor K508 (each
0.5 W at 80 K) Stirling cryocoolers [4].

Low temperature cooling is also a requirement for a number of defense applications, with me-
chanical cryocoolers necessary for cooling infrared focal plane arrays for thermal imaging sys-
tems onboard the Apache helicopter and M1A2 Abrams battle tank [5], and for cooling supercon-

ducting communication system electronics [6][7].



Although the temperature and cooling capacity requirements vary quite significantly across these
applications, all demand some combination of high reliability, minimal downtime, small package
volume, low mass, and portability within remote locations (where maintenance is costly, high
risk, or impossible). Designing cryogenic cooling systems to meet such criteria is limited by the
typical operating lifetimes of mechanical cryocoolers, which vary between technologies but are
typically on the order of several operating years. Table 1.1 lists typical expected operating life-

times for various mechanical cryocooler technologies.

Table 1.1. Typical operating lifetimes for mechanical cryocoolers

Cryocooler technology Typical time to failure (hours) Source
Gifford-McMahon 14400 [8]
Stirling 14200-20000 [9][10]
Pulse tube 44700-50000+ [11][8][12]
Brayton 85000+ [12]

Extending mission timescales beyond these cryocooler lifetime limits is a highly valuable propo-
sition, allowing instruments additional time to collect data and possibly avoiding the need to
launch followup spacecraft to replace depreciated equipment. Although the reliability of mechan-
ical cryocoolers has increased markedly over the past few decades [9][13], cooling systems im-
plementing some number of redundant cryocoolers remain the preferred route to extend the use-

ful lifetime of instruments beyond the lifetime of a single cryocooler [1].

Cryocooler redundancy increases overall system reliability by a simple mechanism: the connec-
tion of multiple coolers in parallel to a common cold plate (where the cooling load is applied) via
conductive metal buses. The set of parallel cryocoolers can be duty cycled — each can cool the

load independently — essentially multiplying the time to total system failure by the number of re-



dundant cryocoolers. Such a scheme is not without engineering penalty, however. Rather obvi-
ously, additional coolers will add volume and mass to the system, which is typically expensive
for both spacecraft and terrestrial defense applications. Furthermore, these penalties scale at a
greater rate than the cryocooler count - each inactive cryocooler introduces a parasitic load to
the common cold plate which in turn increases the capacity requirements (and therefore volume
and mass) of each cryocooler over the requirement for the non-redundancy design case. To over-
come the latter issue, thermal switches can be placed between each cryocooler and the cooling
load, limiting the parasitic load into the common cold plate [14]. Figure 1.1 illustrates the ar-
rangement of components and relevant heat flows for an example redundant cryocooler system

with and without thermal switches.

Cryocooler Cryocooler Cryocooler Cryocooler Cryocooler Cryocooler

(active) (inactive)  (inactive) (active) (inactive)  (inactive)

Ton Conductive Torr

Thermal
switches ™

Qorrsus || Qorresus

TCCP TCCP
. .
QCCP QCCP

Figure 1.1. Schematic of redundant cryocooler concepts using direct thermal buses without heat switches (left) and
with thermal switches (right).



In Figure 1.1, T,y is the temperature of an active cryocooler cold head, T is the tempera-
ture of an inactive cryocooler cold head, T, is the temperature of the common cold plate, and

Qcepr is the cooling load applied to the common cold plate. Typically T,,>T,y and

Ton=Teer - Qon is the cooling power of the active cryocooler through an active thermal
switch or a conductive metal bus, QOFF,BUS is the parasitic load through the conductive metal
bus, and QOFF,SWITCH is the parasitic load through the thermal switch. The goal of the thermal
switch is to achieve QOFF’SWITCH < Qux such that the capacity of the remaining active cry-
ocooler is not overwhelmed with the OFF state parasitic loads from the inactive cryocoolers,
leaving T, unchanged as long as a single cryocooler remains active. This is possible by actu-
ating the conductance of the link, which can only be achieved with a switch and not the direct
metal bus (which has an essentially fixed conductance). To avoid degrading the reliability of the
overall redundant cryocooler system, the thermal switches introduced must have greater reliabil -
ity than the cryocoolers they are isolating. This essentially limits suitable switch designs to sim-
ple assemblies which implement a thermal break mechanism without the need for active mechan-
ical actuation. Furthermore, the switching mechanisms must be small in both in volume and mass

to meet any restrictions on those quantities imposed by the application.

Redundant cryocooler systems with thermal switches have an additional benefit which may be
exploited in terrestrial environments where system maintenance is feasible: the ability to keep an
instrument cold (and functional) while a single cryocooler is removed from the system. This
could allow, for instance, a failed cryocooler to be removed and repaired while an instrument re-

mains operational. Another similar application, using an evaporating bath of a liquid cryogen as



the ‘redundant’ cooling mechanism would allow temporary portability of a cryostat. For instance,
a mechanical cryocooler connected to an instrument via a thermal switch in its ON state could si-
multaneously cool down the instrument and surround it in a bath of liquid cryogen. After a suffi-
cient fill is achieved, the cryocooler could be disconnected from its (large) compressor and the
thermal switch actuated to the OFF state. Untethered from its compressor, the system can be
made quite portable in terms of size and mass, with the charge of liquid cryogen acting as a tem-
porary cooling source for both the instrument and parasitic loads. Such a system may be able to

remain cold for timescales on the order of hours or days, depending on the design requirements.

A fairly wide variety of thermal switch technology exits that can be (in some cases already has
been) implemented to limit parasitic heat loads into redundant cryocooler systems — a sampling
of which are reviewed in Section 1.1.2. However, each of these existing technologies has limita-
tions with respect to the demanding space and defense design requirements highlighted previ-
ously. In an effort to overcome these limitations, this present work investigates the novel use of
nitrogen and helium pulsating heat pipes (PHPs) as thermal switches in redundant cryocooler ap-
plications. Prior to introducing PHPs and their usefulness as thermal switches, however, it is

worthwhile to review the state-of-the art for thermal switches in general.

1.1 Thermal switch background

Thermal switches are, quite simply, devices which either restrict or allow the transport of thermal
energy between thermal reservoirs at different temperatures via a conduction, convective, or ra-
diative actuation mechanism. A simple schematic of a thermal switch, showing the heat flows be-

tween two constant temperature thermal reservoirs is shown in Figure 1.2.



VAo ) ¢ UAor I
QON ® OFF I

Figure 1.2. Schematic of a thermal switch in an ON (left) and OFF (right) state showing associated heat flows and
switch conductance between two thermal reservoirs at maintained at different temperatures

Here Qgy is the heat transfer through the switch in the ON state, Qg is the heat transfer
through the switch in the OFF state, UA is the switch conductance in the ON state, and

UA o 1s the switch conductance in the OFF state. Note that conductances are defined as

|Qonl
UA = (1.1)
N THOT_TCOLD
and
Qo]
UA o= —— 2 (1.2)
oFF THOT_TCOLD

, where Ty, and Ty are the temperatures of the hot and cold reservoirs, respectively. A
related variation, where the switch acts as a diode, is shown in Figure 1.3. In this case, the switch
is constructed to allow thermal energy transport in only one direction (from the ‘lower’ reservoir
to the “upper’ reservoir). A diode switch must be capable of switching states when the reservoir

temperatures invert.
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Figure 1.3. Schematic of a thermal diode switch showing heat flows and switch conductance between two thermal
reservoirs in the ON state (left) and the OFF state with inverted reservoir temperatures (right)

Ideally, thermal switches are binary devices — the switch is either in the high conductance ON or
the low conductance OFF state. This implies an instantaneous switching time. In practice, the ac-
tuation will take a finite amount of time during which the conductance will vary continuously be-
tween the ON and OFF state values. This non-ideal behavior is governed by the device physics

and is dependent on the switch technology.

A thermal switch can be either actively or passively actuated, depending on the design and oper-
ating physics of the switch. Active actuation means that the transition between the switch states
is controlled by a powered mechanism and can therefore be programmed to open or close based
on conditions external to the thermal switch itself. A simple example of active actuation is an
electromagnetic-driven mechanical contact switch, in which the thermal contact surfaces are
brought into or out of contact with the force from a solenoid. The solenoid can be actuated by es-
sentially any condition feasible by computer programming. Passive actuation, meanwhile, means

that a property of the switch itself results in actuation between the states. For instance, the ther-



mal contact surfaces of a thermal expansion switch are brought into or out of contact by the tem-
perature-dependent expansion or contraction of a material integrated into the switch. Although
the temperature of the switch can be changed by an external conditions (say, applying a heat
load), the switch activation is entirely passive and requires no externally applied force. Passive
switches typically offer reduced flexibility over active switches in terms of control, but maybe
desirable from a design simplicity or reliability perspective due to their lack of control system

and possibly reduced count of components susceptible to mechanical wear.

Both active and passive switches can conceivably be mechanically passive, in the sense that the
actuation mechanism requires no mechanical contact. For instance, an actively actuated but me-
chanically passive switch may use an externally magnetic field from a solenoid to draw highly
conductive liquid metal into and out of a region between a set of static thermal contacts. A pas-
sively activated and mechanically passive switch may depend on the temperature of the switch to
influence if high conductivity liquid or low conductivity vapor exists in a region between a set of
static thermal contacts. Mechanically passive devices — either actively or passively actuated — are

important for applications requiring low failure rates and high reliability.

1.1.1 Characterization, design criteria, and figure of merit

Thermal switches are typically characterized by several key parameters. Perhaps most obviously,
the switch must be sized to accommodate a design ON state heat load Q. at specified switch
reservoir temperatures  Tyor oy and T p oy - These temperatures are ideally identical and
define both the maximum allowable associated temperature gradient over the ON state switch

and the nominal ON state temperature. In addition, the maximum allowable OFF state parasitic



load Qg associated with specified OFF state reservoir temperatures Thor.orr and

Teop.orr  must be defined. This also defines the maximum parasitic load associated with the
expected temperature gradient. Note that the reservoir temperatures can in general be different
for both the ON and OFF switch states. Overall this is equivalent to specifying the ON state heat
load Quy ,the ON state conductance UA,, , the OFF state heat load Qg , the OFF state
conductance UA_; , and the reservoir temperature on one side of the switch in both the ON
and OFF states (the temperature on the other side of the switch is implicitly defined through the
conductance). Alternatively, the design OFF state conductance may be specified in terms of the
ON state conductance and the switching ratio

SR= UAoy

= 1.3
U o (13)

, a figure of merit which directly compares the ON state conductance to the OFF state conduc-

tance. These required thermal switch specifications are summarized in Table 1.2.

Table 1.2. Required specifications for a thermal switch

Switch Parameter Description
QON Heat transfer in the ON state
Qore Heat transfer in the OFF state
UAy Conductance in the ON state
UAg or SR Conductance in the OFF state or switching ratio
Thoron O Teopon Hot or cold reservoir temperatures in the ON state
Thororr O Teowp,omr Hot or cold reservoir temperatures in the OFF state

In addition to the thermal specifications mentioned above, some applications may impose addi-
tional constraints on the design of a thermal switch. For example, micrometer or millimeter scale

thermal switches, using movable liquid mercury droplets [15] or carbon nanotube contractors



[16] as the switching mechanism, are designed for integration into specialized microprocessing
chips which require both active control and fast switching times. Other applications more perti-
nent to this work — such as cryocooler redundancy in spacecraft cooling systems — place a high
value on mechanically passive operation and reliability [17]. Additional design criteria such as
the ability of the switch to accommodate tortuous heat flow paths, ease of fabrication, compact-

ness in terms of both volume and mass, and cost may be important factors in the design.

1.1.2 Review of existing thermal switch technologies

A wide variety of thermal switch designs exist and are available for use today at cryogenic tem-
peratures. A brief introduction to these existing switch designs, their switching mechanisms, and
their primary use cases is necessary to build a case why PHPs may offer superior performance. In
particular, the benefits and deficiencies of each existing cryogenic thermal switch type are pre-
sented here in order to highlight the reasons for their niche applications and why their perfor-
mance may constrained in other systems. To the knowledge of the author, the review in this sec-
tion offers a fairly comprehensive overview of the currently available cryogenic thermal switch

technologies; they are discussed in no particular order.

1.1.2.1 Piezoelectric mechanical contact switches

Forced mechanical contacts are perhaps the simplest conceivable switch design (thermal or oth-
erwise). Indeed, magnetically actuated electrical relay switches are ubiquitous in engineering ap-
plications. A mechanical contact thermal switch is conceptually quite similar to an electrical re-
lay: apply a clamping force to a pair of thermally conductive surfaces to mate them together with
minimum thermal contact resistance (the ON state), and apply a restoring force in the opposite
direction to separate the contacts (the OFF state). The forces can be supplied with a variety of
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mechanisms — springs and electromagnets may be used for a simple thermal analog of an electri-
cal relay switch. Another way to apply the clamping and restoring forces is with a piezoelectric
actuator. A proof-of-principle piezoelectric thermal switch has been built, tested, and proposed
for use at temperatures less than 10 K in adiabatic demagnetization refrigerators (ADRs) for
space applications [18]. Figure 1.4 shows an annotated schematic describing the structure of the

switch and an image of the prototype switch assembly.

| Support plate |
Insulator

Support
columns

Insulator

[Piezo Actuator]|

| Support plate |

Figure 1.4. Image and schematic of a proof-of-principle piezoelectric mechanical contact switch for use at tempera-
tures less than 10 K. Adapted from [18].

The main benefit of a mechanical piezeoelectric switch, as described in [18], is that the actuation
is active and therefore independent of temperature (any condition may be used to flip the switch
state). Furthermore, the switch requires no pressurized gas to operate and therefore requires no
hermetic seals. These points are enticing with regards to an ADR, for which the current state-of-
the art switch technology is a gas gap switch (see Section 1.1.2.3 below for more information on
these). However, there is a price to pay for these conveniences: the switch is volumetrically

bulky, has a large mass, and has a low heat transfer capacity; issues which stem from the fact that
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the necessary large clamping forces require a stiff and high density support structure. Moving
mechanical components and clamped mating contact surfaces result in long term reliability con-
cerns due to the wear surfaces in the actuator and possible cold welding of the clamped thermal
joint, respectively. Most importantly from a thermal performance perspective, the switching ratio
is quite low. Also, because the heat transfer capacity is essentially limited by the contact area,
scaling this switch type for use at ON state heat loads above those typical for the reject heat of a
sub-10 K ADR would require the switch to become much larger and heaver than the example an-
alyzed here, possibility prohibiting use in high heat load applications. Table 1.3 summarizes the
important thermal switch performance metrics for the pizeoelectric switch in addition to the

other switch technologies explored in this review.

1.1.2.2 Thermal expansion mechanical contact switches

Another type of mechanical contact switch uses the thermal expansion and contraction of a solid
state material to apply the clamping and restorative forces to the mechanical contacts. These are
often referred to in the literature as CTE (coefficient of thermal expansion) switches. Several ex-
ample devices designed for use in space-based redundant cryocooler applications have been
demonstrated [17][19]; obviously such a use case is especially relevant for the present work. A
schematic of the CTE switch from [19] is shown in Figure 1.5. The schematic shows a cross sec-
tion view of a cylindrical assembly, with aluminum alloy contact surfaces (‘Conductor A’ and
‘Conductor B’) separated at room temperature by a gap. A concentric cylinder made from a ma-
terial with a high CTE — ultra high molecular weight polyethylene in this case — surrounds the
‘Conductor B’ flanges. When the assembly cools, the polymer cylinder contracts, pulling the

outer contact flanges (‘Conductor B’) together with the inner contact cylinder (‘Conductor A’)
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and actuating the switch to the ON state. On warming, the reverse process occurs, separating the

contacts and actuating the switch to the OFF state.

Conductor A |

| Enclosure Shell |

Figure 1.5. Cylindrical cross section view schematic of a proof-of-principle thermal expansion mechanical contact
switch for use at temperatures around 100 K. Adapted from [19].

This technology has attractive advantages from a reliability perspective — actuation is passive
and temperature dependent based on material physical properties — no active mechanical actua-
tors are present which may wear over time. However, both creep of the polymer and cold weld-
ing of the thermal contact surfaces may be an issue in the long term. From a performance metric
standpoint, the switch offers a moderately high switching ratio and ON state heat transfer capac-
ity while having a fairly small mass and volume. However, applying this technology to different
switching temperature ranges (especially near 4 K temperatures) may be difficult, as a high CTE
material is required to generate sufficient clamping and restorative forces. Like the piezoelectric
switch discussed previously, the heat transfer capacity will scale with the thermal contact area.
This again means scaling this switch type for use at larger ON state heat loads (over the 1 W de-
sign in [19]) would require the switch to become much larger and heaver than the example ana-

lyzed here, possibility prohibiting use in high heat load applications.
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1.1.2.3 Gas gap switches

Gas gap heat switches are the standard switch technology used in sub-Kelvin ADRs for space ap-
plications [20][21][22][23][24]. The devices feature two conductive heat transfer surfaces sepa-
rated by a small gap. In the ON state, a conductive gas (typically helium, nitrogen, or neon) is in-
troduced to the gap, allowing heat transfer between the surfaces via conduction through the gas.
In the OFF state, the gas is removed via a cryopump (typically by cooling a getter material such
as charcoal or zeolite in a connected chamber), which in turn insulates the surfaces from each
other due to the resulting vacuum in the gap. Figure 1.6 depicts the cross section of typical gas

gap switch.

Conductor A |

Support Enclosure|

Gap

sorption pump

LR R e R e e i e e e e e e e e e e e e e
S e e e e 0 e 00 e 00 e 0 e e els e e e s e

m Copper
YHES
Sorbent

Conductor B |

Figure 1.6. Cross section view schematic of a gas gap switch from an ADR. Adapted from [24]
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A primary benefit of gas gap switches is an inherently high reliability — the devices contain nei-
ther moving mechanical components or mating metal surfaces and are therefore mechanically
passive. This owes to the use of a conductive gas as the switching mechanism. Furthermore,
moderately high switching ratios are attainable. However, there are several key drawbacks to
these switches. Precision manufacturing methods are required to construct the small gap dimen-
sions required to keep the gas conductance high, and radiative coupling between the high view
factor conductive surfaces limits the OFF state temperature differential over which a gas gap
switch can operate. The ON state heat transfer capacity — as with the mechanical contact
switches — is again limited by the surface area of the conductive surfaces, which effectively lim-
its the heat transfer through the gas gap. As with the piezoelectric switch, scaling a gas gap
switch for use at ON state heat loads above those typical for the reject heat of a sub-10 K ADR
would require the switch to become much larger and heaver than the example analyzed here,

possibility prohibiting use in high heat load applications.

1.1.2.4 Traditional heat pipe diode switches
Traditional heat pipes can be used as diode thermal switches with addition of a liquid trap on the
cold end to prevent reverse operation. Figure 1.7 is a schematic of such a device, which consists

of a single tube containing a wick structure connecting the evaporator and condenser plates [25]

[26]. Here the ON switch state occurs when heat is applied to the evaporator, slightly raising the
evaporator temperature above the condenser temperature which in turns evaporates the liquid and
raises the pressure at that location. This provides a pressure differential to move vapor towards
the condenser, while liquid is returned to the evaporator via the wick. In the OFF state, the con-

denser temperature is raised above the evaporator temperature, creating an opportunity for re-
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verse operation (and therefore an opportunity for a large parasitic load on the evaporator). The
cold liquid trap placed between the thermal load and the evaporator, however, collects the con-
densate in this scenario and starves the ‘condenser’ (now the evaporator) of liquid before the par-

asitic load can significantly warm the ‘evaporator’.

HEAT PIPE NORMAL MODE HEAT PIPE REVERSE MODE
wIcK N\ wIcK N\
o -4—— LIQUID FLOW d EVARORATION
GOOD THERMAL EVAPORATION  yapoR FLOW ——p» CONDENSATION GOOD THERMAL N T h ‘oW UNTILDEPLETED
CONNECTION . —— \ \ CONNECTION : K
LIQUID TRAP WICK LIQUID TRAP ‘ * ‘ * y LIQUID TRAP WICK LIQUID TRAP I—J ? 1 f ? 3
(NOT CONNECTED (VAPOR) (NOT CONNECTED (LIQUID)
TO HEAT PIPE WICK) HEAT TO HEAT PIPE WICK) HEAT SOURCE
FLOW PATH SINK FLOWPATH (WAS HEAT SINK)
BETWEEN HEAT PIPE BETWEEN HEAT PIPE
HEAT AND LIQUID TRAP HEAT SINK AND LQUID TRAP
SOURCE (WAS HEAT SOURCE)

Figure 1.7. Cross section view schematic of a traditional heat pipe diode thermal switch. Adapted from [25]

As with gas gap switches, traditional heat pipe diode switches benefit from high reliability due to
their mechanically passive, temperature dependent actuation and their lack of mechanical mov-
ing parts. Very high switching ratios are possible due to the excellent ON state conductance of a
heat pipe associated with its liquid circulation, and a wide variety of switching temperatures are
possible through the use of different fluids. However, external fill tanks are used to keep the ini-
tial room temperature charge pressures of the cryogen (methane or ethane, in the papers dis-
cussed here) reasonable. This is likely due in part to the large hoop stresses which develop at
high pressures in the large (approximate 5 mm) diameter tubes used for these heat pipes. A
smaller diameter heat pipe would be able to withstand larger internal pressures, but manufactur-
ing the wick structure and retaining the same ON state performance characteristics in this case

may be difficult.
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1.1.2.5 Magnetoresistive switches

For applications at temperatures less than about 10 K, magnetoresistive thermal switches are pos-
sible. These devices consist of a small single crystal of gallium, cadmium, or zinc whose thermal
conductivity is inversely dependent on the applied magnetic field [27]. With this type of switch,
very high switching ratios are possible using magnetic field changes from 0.0 T to 1.5 T. How-
ever, such high fields may prohibit the switch from being located near sensitive electronics, de-
pending on the application. Furthermore, manufacturing single crystals is rather complicated and
expensive, especially if large switches are necessary to accommodate heat loads at scales larger

than those for which the prototypes in [27] are developed.

1.1.3 Performance summary of existing thermal switch technologies

A summary of performance metrics for each of the heat switch technologies reviewed in this sec-
tion is provided in Table 1.3. Information directly available from the references is transferred
verbatim into the table. Quantities which are not directly provided in the papers are calculated or
estimated from information given in the source material; some of the estimates are very approxi-
mate due to the lack of detailed design and test information supplied by the authors. It is there-
fore prudent to view the parameters listed in Table 1.3 as rough estimates of the capabilities of

the switching technologies rather than a detailed study of the their limitations.
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Table 1.3. Example performance of existing cryogenic thermal switch technologies. Parameters are approximate and
represent devices in the listed references. The examples listed may not represent the full capability of the technolo-

gies.
.. . |Approximate| ON state OFTF state o pe Enclosure | ON state
Thermal Switch switching |conductance| conductance Swntc!nng volume [load capacity
. mass ratio : Source
switch type [g] temperature UAon UAoee > SR Viwiteh Qquitch.oN  »
g K] [mW/K] [mW/K] [mm’] [mW]
Piezoelectric -
driven me- 4.0 to 2.6to 93 to [18]
chanical con- 400 10 5.5 0.0280 196 1500 >0 [28]
tact!
Thermal ex-
pansion - [17]
driven me- 25 100 890 1.6000 556 21 500 [19]
chanical con-
tact
(21]
Gas gap2 215 1.2 30 0.1000 300 0.05 50 [22]
[23]
Traditional 25]
heat pipe 49 100 1 0.4125 2100 18 500
L [26]
diode
M"‘s’%:g‘;fe 1.4 <10 20 0588(2) Sto 18000050 0.25 100 [27]

1.2 Pulsating heat pipes (PHPs) background

PHPs are an established category of mechanically passive heat transfer devices, typically com-

prised of two plates — one hot (the evaporator) and one cold (the condenser) — linked thermally

and structurally by a multi-pass serpentine tube filled with a two-phase fluid [29][30][31][32].

The serpentine fluid tube can be constructed as an open-loop or closed-loop circuit; the open-

loop version caps each end of the tube, while the closed-loop design connects the tube ends to

form a continuous fluid path. A schematic depicting the closed-loop type is shown in Figure 1.8.

AW NN~

volume do not include a necessary 1.5 T electromagnetic field source.

Roughly estimated using a typical ADR heat rejection power of 50 mW from the listed sources
Roughly estimated using a typical ADR heat rejection power of 50 mW from the listed sources
Estimated (very roughly) using volumes in the reference and an aluminum density of 2700 kg/m’

Estimated (very roughly) using volumes in the reference and a gallium density of 5900 kg/m*. Switch mass and
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Figure 1.8. Schematic of a closed loop pulsating heat pipe depicting fluid oscillations and flow of heat. Adapted
from [31] and [32].

To operate, a small temperature gradient between the two plates is imposed by applying a heat
load to the evaporator section and simultaneously removing heat from the condenser section. The
section of tubes connecting the condenser and evaporator are typically assumed to be adiabatic
(this region of the PHP is aptly named the adiabatic section). With a temperature gradient im-
posed over the plates, energy transport from from the hot evaporator to the cold condenser can,
in general, occur via several modes: thermally-driven advective flow of the two-phase fluid
within the tube, conduction through the tube walls, and net radiation exchange between the sur-

faces at different temperatures.

In most designs and operating scenarios, the advective flow of the fluid is by far the dominant
energy transport mechanism. For such a thermally-driven two phase flow to develop, the PHP
tubing must be designed to allow axial pressure gradients to develop within the tube in order to
provide a fluid pumping mechanism. This is achieved by ensuring that surface tension forces are

dominant within the fluid. In such a case the liquid slugs always span the cross section of the
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tube, preventing stratified mixing of the vapor and liquid phases and allowing axial pressure gra-
dients to develop, guaranteeing a liquid slug / vapor plug flow regime for the two-phase flow
[33]. Additionally, in terrestrial applications, locating the evaporator at lower gravitational poten-
tials than the condenser allows buoyancy forces to aid in pumping. With two-phase liquid slug /
vapor plug flow ensured by the PHP tube sizing, the high temperature of the evaporator and low
temperature of the condenser cause local evaporation and condensation of the working fluid at
these locations. The corresponding localized pressure spikes and depressions of the fluid in turn
provide the pumping mechanism to drive the flow. These pressure gradients force the hot vapor
from the evaporator to the condenser (where it contracts as it cools) and the cool liquid from the
condenser to the evaporator (where it expands as it warms), creating a non-equilibrium, periodic
reversing advective flow of fluid plugs and vapor bubbles within the tube. In closed-loop PHPs,
a net overall circulation can develop [34][30] in addition to the oscillating flow, allowing supe-
rior energy transport rates relative to the open-loop design. For this reason, closed-loop PHPs are

usually preferred over the open-loop type.

Energy transport in a PHP experiencing thermally-driven advective flow occurs at substantial
rates relative to the driving temperature difference. The ability of PHP to transport energy, rela-
tive to the imposed temperature gradient, is commonly reported in the literature by the effective

thermal conductivity

QPHP I-‘ADIA

T EVAP T COND A

(1.4)

kEFF:

and effective conductance
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QPHP

T EVAP T COND

UA, = (1.5)

, where Qpp is the PHP heat load, L,,, is the adiabatic section length, A is the total

cross sectional area of all the adiabatic section tubes based on the external tube diameter,

Trvap 1S the evaporator temperature, and T oy, 1s the condenser temperature. The idea of
the effective thermal conductivity is to allow comparison of the thermal transport ability of the
PHPs to that of solid materials with equivalent lengths and cross section areas. Table 1.4 contains
examples of PHP effective thermal conductivity and maximum heat transfer capacity reported in
the literature, along with the values for copper (generally the best affordable solid metal conduc-

tor) at the equivalent temperature.

PHP thermal design is typically governed by two key constraints. First, as previously mentioned,
surface tension forces must always dominate the fluid dynamics for two-phase slug / plug flow to
occur. This imposes constraints on the tube diameter given the properties of the working fluid.
Consider a vapor bubble moving through a liquid in a terrestrial vertical tube: three forces (vis-
cous, buoyant, and surface tension) and the inertia govern the motion of the bubble [35]. Empiri-
cal data [36] suggest that a critical ratio of buoyant to surface tension forces exists such that a gas
bubble with any viscosity will always be completely decelerated by the surface tension. It is con-
venient here to define a dimensionless ratio of buoyant to surface tension forces, the Eotvos

number
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Table 1.4. Effective conductance and maximum heat load reported for relevant PHPs in the literature.

Copper RRR 100
Approximate Adiabatic |Condenser Evaporator|  Effective thermal
Working | operating section section section thermal . conduct1v1fy[37]
Reference . length, length, length, conductivity’, |[38] at equivalent
fluid temperature L L L K .
(K] ADIA COND EVAP EFF operating
[mm] [mm] [mm] [W/m-K] temperature
[W/m-K]
Jiao
2009 100 60 40 3148 — 7154
[39]
Fonseca
2018 nitrogen 77 80 70 70 17500 — 62500 553
[40]
Mito
2010 100 30 30 5000 — 18000
[41]
Mito 2010
[41] 100 30 30 1000 — 8000
Liang 2018 neon 25 2388
[42] 480 110 110 3466 — 30854
Fonseca
2014 90 125 117 2100 - 2800
[43]
Xu
2016 100 50 50 4800 — 13000
[44] helium 4 642
Fonseca
2018 300 90 60 10000 — 55400
[45]
Fonseca
2018 1000 90 60 150000
[35]
Mito
2010 hydrogen 21 100 30 30 500 — 3000 2416
[41]
Patel
2016 water 315 100 50 40 384 — 1474 396
[46]
Okazaki
2014 r410A 225 2000 200 200 155000 — 373000 404
[47]

5 Ranges are quite large due to dependence on heat load, liquid fill ratio, and operating temperature. Measurement
uncertainty can also be quite large since small temperature differences must be resolved. See Section 2.5 for fur-
ther discussion regarding uncertainties.
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Eo:(m_aﬂ (1.6)

and a dimensionless ratio of the inertial to buoyant forces, the Froude number

2

pLu

Fr=——
(:OL_:OV)gdi2

(1.7)

, where p, is the liquid density, p, is the vapor density, g is the gravitational accelera-
tion, d, is the internal diameter of the tube, o 1is the surface tension, and u is the bubble
velocity. The critical E6tvos number Eo_. for which surface tension dominates is shown by the

convergence of empirical data for fluids with a wide range of viscosities in Figure 1.9, and is

generally accepted to occur at

EOC:4 (18)

. By Equations 1.6 and 1.8, a critical (minimum) inner tube diameter can be defined as

Eo o —
d = < =2 o 1.9
e \/(pL_pV)g \/(pL_pV)g (19)

. The critical diameter depends rather strongly on the fluid type and quite weakly on the fluid

saturation temperature.
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Figure 1.9. Emperical data showing the Froude number as a function of the E6tvds, with convergence to Fr=0 at the
critical E6tvos number [36].

Figure 1.10 shows these dependencies for various fluids while also surveying the available fluids
available for PHPs at different operating temperatures. The important message here is that at val-
ues below the critical E6tvos number (or critical diameter), the gas-liquid interface spans the en-
tire tube cross-section — exactly the condition needed to maintain slug-plug flow in a PHP. Note
that, in a microgravity environment, the gravity-induced buoyancy force becomes irrelevant and
the critical diameter must be determined by alternative means [48][49]. In this case, one possible
criteria to block a transition out of slug-plug flow is to ensure the energy stored by the surface
tension of a vapor bubble exceeds the kinetic energy of a liquid slug [50]. This essentially re-

places the E6tvos number with the Weber number

prd;u’ (1.10)
We=—G— ‘
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and the critical Eo6tvos number with the critical Weber number

WeC:4 (111)

. By Equations 1.10 and 1.11, a critical (minimum) inner tube diameter then can be defined as

We o 40

d .= = 1.12
T (1.12)

. A second alternative to determining a critical diameter in microgravity is a semi-empirical ap-

proach which includes the effects of both inertia and viscosity [51]

160
di,c=\/ - (1.13)
oLu (pL—pv)g

. These alternative critical diameters for microgravity should be viewed as an order-of-magnitude

approximation, as the fluid velocity is not constant within a PHP.

A second thermal design constraint for PHPs somewhat opposes that of the critical diameter —
the total tube cross sectional area of all parallel tubes in the adiabatic section must be sufficiently
large to accommodate the maximum design heat load applied to the PHP evaporator at the design
temperature. Heat loads in excess of this critical design load raise the overall temperature of the
PHP and cause dryout — near total evaporation of the fluid in the PHP — thereby starving the PHP
of liquid and preventing the formation of liquid slugs in the tubes. This inhibits buildup of the
driving pressure gradients and blocks the dominant mechanism for energy transport between the
evaporator and condenser plates. Advective flow is halted at this dryout condition, leaving con-
duction through the tube walls and stagnant working fluid vapor as the only remaining thermal

connection between the evaporator and condenser plates (assuming radiative loads are negligi-

25



ble). To accommodate the design heat load on the evaporator while simultaneously satisfying the
critical diameter constraint necessary to maintain slug / plug flow, a minimum number of parallel

tubes must be present in the adiabatic section of the PHP.
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Figure 1.10. Critical diameter and saturation pressure as a function of saturation temperature for various fluids.

PHPs have several other noteworthy characteristics in addition to their excellent thermal trans-
port properties. As mechanically passive devices with no moving parts, PHPs are inherently
highly reliable. In addition, PHPs can also transfer heat over fairly large distances — successful
operation with adiabatic section lengths of 480 mm, 1000 mm, and 2000 mm have been demon-
strated [42][52][47]. Some work using PHPs with non-linear tube paths for the adiabatic section

have been tested [42], allowing further flexibility in the placement of the evaporator and con-
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denser sections. There is likely a limit to the adiabatic section tube length allowable ‘minor’
losses associated with tube bends in the adiabatic section, but they perhaps depend on the work-
ing fluid and are currently unknown; additional investigation is needed to determine these limits.
Furthermore, with the use of thin-walled stainless steel tubing and thin metal plates for the con-
denser and evaporator, PHPs can be constructed with very low mass. Lastly, PHPs are proven to
function with a wide variety of working fluids (including cryogens) at various operating temper -

atures, as shown by the literature highlights in Table 1.4.

1.3 PHPs as thermal switches

PHPs possess several characteristics making them well suited for use as thermal switches. First,
and most importantly, PHPs are capable of impressive effective thermal conductance when oper-
ating in the advective flow regime (see Table 1.4). If the PHP is functioning as a thermal switch,
this means a very high ON state conductance can be achieved when advective flow thermally
links the evaporator and condenser plates. In turn, this allows a large numerator in the switching
ratio of Equation 1.3. Furthermore, a low OFF state conductance for a PHP thermal switch can
be attained by using the dryout regime to severely limit energy transport between the evaporator
and condenser plates. In the dryout state, a PHP thermal switch provides a very small denomina-
tor in the thermal switching ratio equation due to the poor thermal conductivity of stagnant vapor
in the tubes, given that conduction through the tube walls and radiative coupling of the evapora-
tor and condenser plates are negligible. Table 1.5 compares the advective flow effective thermal
conductivity of PHPs reported in the literature (first shown in Table 1.4) with the theoretical ef-
fective thermal conductivity of those same PHPs filled instead with stagnant gases. A theoretical

switching ratio based on these conductivities is also provided. The analysis ignores conduction
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through the tube walls and radiative coupling between the evaporator and condenser — the former
of which turns out to be the dominate heat transfer mechanism in the OFF state for the switches
tested in this work (see Section 4.2 and Section 4.3), yet nicely illustrates the potential perfor-

mance of PHP thermal switches.

A PHP thermal switch, then, leverages the onset of dryout (evaporation of a critical amount of
liquid) to actuate from the ON to the OFF state, and the onset of advective flow (condensation of
a critical amount of vapor) to actuate from the OFF state to ON state. This actuation (either from
ON to OFF or OFF to ON) occurs completely passively at a temperature determined by the satu-
ration properties of the working fluid and the overall specific volume of the fluid in the PHP. The

latter is typically characterized by the liquid fill ratio

FR:VL,PHP(Tsat) (114)
VPHP

, Where VL’PHP(TS&) is the liquid volume in the PHP at a design saturation temperature and

Vi 1s the total PHP volume. No mechanical actuation is necessary to change switching
states — dryout is completely determined by the fill ratio and the mean PHP temperature (with the
latter determined by the applied evaporator heat load) — meaning that a PHP thermal switch is
mechanically passive. Finally, the switch from the ON state to the OFF state for a PHP thermal
switch occurs quickly — the effective conductance abruptly changes at the onset of dryout or ad-
vective flow, allowing for a nearly instantaneous thermal isolation or linkage upon actuation of

the switch.
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Table 1.5. Effective thermal conductivity of PHPs from literature featured in Table 1.4 for both advective flow (as
reported by the sources) and stagnant vapor (with thermal conductivity calculated at the temperatures indicated).
Conduction through the tube walls and radiation are neglected.

Effective thermal con-
Effective ther- | ductivity with stagnant | Theoretical switching
Approximate | mal conductiv- vapor, ratio®,
Worki operating | ity with advec- K SR
Paper oriing | temperature | tive flow (ON [W/m-K]
fluid tat
(ON state) state), Saturated | .| Saturated | oo
K] k/EFF vapor at ON and vapor at ON and
[W/m-K] _ -
state temper: 300 K state tem 300 K
ature perature
Jiao 2009 449714~ | 121076 -
139] 3148 = 7154 1022000 | 275154
Fonseca 2018 . 2500000 — | 673077 —
[40] nitrogen 77 17500 — 62500 0.007 0.026 2928571 2403846
Mito 2010 714286 — 192308 —
[41] 5000 - 18000 2571430 | 692308
Mito 2010 125000 — 20000 —
[41] 1000 - 8000 1000000 160000
Liang 2018 neon 2 0.008 0.030 433250 69320
iang B - -
[42] 3466 - 30854 3856750 | 617080
Fonseca 2014 262500 — 13462 —
[43] 2100-2800 350000 17949
Xu 2016 600000 — 30770 —
[44] 4800 —13000 1625000 | 83333
F 2018 helium 4 0008 0136 1250000 64102
onseca - -
[45] 10000 - 55400 6925000 | 355128
FonsFSC'g]ZOIS 150000 18750000 | 961538
Mito 2010 26316 — 2674 -
[41] hydrogen 21K 500 — 3000 0.019 0.187 157895 16043
Patel 2016 17400- | 630
34] water 315K 384 - 1474 0.020 0.610 73700 2416
. 11923100
Okazaki 2014 155000 — 8611110 —
r410A 225K 0.018 0.013 -
[47] 373000 20722200 28692300

6  Again, ranges are quite large due to dependence on heat load, liquid fill ratio, and operating temperature. Mea -
surement uncertainty can also be quite large since small temperature differences must be resolved. See Section
2.5 for more details.
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1.4 PHPs as thermal switches in high reliability redundant cryocooler applications

The actuation process of a PHP thermal switch is nuanced and necessitates a more detailed de-
scription than that provided in the prior section. For this, consider the application of PHP thermal
switches to a cryogenic cooling system with two redundant cryocoolers. A schematic of such a
system is shown in Figure 1.11. Each cryocooler in this system is connected to a common cold
plate with a PHP — Cryocooler-I connects with PHP-I and Crycooler-1I connects with PHP-II.
Consider now two possible operating scenarios for the pair of cryocoolers: one with both Cry-
ocooler-I and Cryocooler-II active, and the other with Cryocooler-I active but Cryocooler-II inac-
tive. The former scenario is depicted on the left side of Figure 1.11 and the latter on the right.
Both scenarios feature an applied heat load on the common cold plate. With both cryocoolers ac-
tive, PHP-I and PHP-II are each in a state of advective flow (the ON state for the PHP thermal
switch), delivering a portion of the common cold plate heat load to their associated cryocooler. In
this state the common cold plate, PHP-I condenser, and PHP-II condenser are all at nearly the
same temperature (say, within a range of a few Kelvin). Now consider now an event that causes
Cryocooler-II to cease operation, in turn allowing the temperature of the PHP-II condenser to rise
significantly above the temperature of the PHP-II evaporator and common cold plate as it warms
from its thermal interface with the ambient environment. As the PHP-II condenser warms, heat is
conducted into the PHP-II working fluid, quickly causing complete evaporation (dryout) in PHP-
IT condenser and adiabatic sections. Some liquid may remain in the evaporator section, as it re-
mains below the critical temperature. With the condenser and adiabatic sections completely dry,
the PHP insulates the common cold plate from a potential parasitic heat load incoming from the

warm, inactive Cryocooler-II because the advective flow within is seized. The PHP-II evaporator
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remains cold, as it is connected to the common cold plate which continues to be cooled by PHP-I
and Cryocooler-I. The rapid warming of a PHP condenser therefore automatically and passively

actuates a PHP thermal switch in the ON state into the OFF state.

Cryocooler-I ~ Cryocooler-II Cryocooler-I  Cryocooler-II
active] [active] active] [inactive]

¢ Heat Heat ¢
____________ ondenser
Section

. Adiabatic
Section

Heat T

¢ Heat [Parasitic]

—PHP-II PHP-1—

PHP-I PHP-II

—————————FEvaporator —— |
Section

Heat [load]T THeat [load]

Common Cold Plate

Figure 1.11. Schematic of a redundant cryocooler system with PHP thermal switches installed between the cry-
ocooler cold heads and common cold plate. Energy flows shown for scenarois with both Cryocooler-1 and Cry-
ocooler-II operating (left) and for Cryocooler-I operating and Cryocooler-1I non-operating (right).

The reverse actuation is also passive and automatic. Consider now the re-activation of Cry-
ocooler-1II after it has been inactive for an extended period. In this case, Cryocooler-II and the
PHP-II condenser are initially substantially hotter than the continually operating Cryocooler-I,
PHP-I, the common cold plate, and the evaporator of PHP-II. The PHP-II condenser and adia-
batic sections are initially dry. After reactivation, Cryocooler-II cools the PHP-II condenser along
with the vaporized working fluid. Eventually, the PHP-II condenser is brought below the critical
temperature and condensation of the vapor occurs, rewetting the condenser and soon thereafter
initiating the slug-plug advective flow. This constitutes an automatic passive actuation of the

PHP thermal switch from the OFF state to the ON state.
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A few final notes regarding this redundant cryocooler system with PHP thermal switches are
worth highlighting. First, either of the redundant cryocoolers could experience a deactivation and
the common cold plate would remain continuously cooled by the remaining functioning cry-
ocooler. The aforementioned effects on the PHP operation simply occur in PHP associated with
whichever cryocooler is deactivated. Additionally, the actuation temperature of the switch is gov-
erned by the choice of working fluid (and somewhat weakly by the fill ratio); recall that Figure
1.10 shows possible cryogenic fluids depending on the actuation temperature required. Lastly, as
previously discussed, PHPs in advective slug-plug flow are known to retain high thermal con-
ductance even with large adiabatic section lengths [52]. This is a powerful characteristic for PHP
thermal switch, as thermal conductance in the OFF state can be reduced by increasing the adia-
batic section length per Equation 1.4 without detriment to the ON state conductance. In concept
this allows the switching ratio to be increased simply by increasing the length of the adiabatic

section, assuming again that radiative exchange is negligible.

1.5 Benefits of PHPs relative to existing thermal switch technologies

Several uses are presented in Section 1.1 for redundant cryocooler systems featuring thermal
switches as a mechanism to limit parasitic heat loads from a failed cryocooler. Switches with
large switching ratios are a basic requirement for this type of redundancy, and in concept, any of
the switching technologies presented in Section 1.1.2 may be used to meet this requirement. For
some specific use cases, however, using PHPs as the thermal switch in a redundant cryocooler
system is particularly alluring due to the unique combination of characteristics unrelated to the

switching ratio possessed by PHPs.
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Spacecraft cooling systems for photon detectors, either for near-Earth satellites or for more dis-
tant interplanetary missions, are one such application. Reliability of thermal systems here is mis-
sion critical, as maintenance is impractical or impossible due to the inaccessibility of the space-
craft. The appeal of cryocooler redundancy is fairly obvious in this situation. Using PHPs as the
thermal switching mechanism in these systems offers several advantages over other technologies.
First and foremost, PHPs are completely mechanically passive. Lacking typical wear items such
as bearings and seals associated with rotating or sliding machinery, the risk of failure of a PHP
switch lies in the fatigue strength of the tube joints (brazed, welded, or soldered) which are re-
sponsible for containing the pressurized working fluid in the system. As common engineering al-
loys can be used for the tube, the failure risk of a properly engineered and fabricated PHP tube
joint should be quite low. The introduction of PHPs into a spacecraft cooling system should
therefore add little risk of failure to the overall cooling system. This contrasts with the long-term
polymer creep and contact cold welding concerns [17] of thermal expansion mechanical contact
switches that are also proposed for use in this application. Piezoelectric mechanical contact
switches must also contend with the long-term cold welding of the contacts and mechanical wear

of surfaces in the piezoelectric mechanism.

Minimization of launch mass is also critical for spacecraft applications. With tubes typically fab-
ricated from thin-walled stainless steel, total PHP mass is dominated by the evaporator and con-
denser plates. In laboratory designs, these plates are typically constructed from copper for its
high thermal conductance and fabrication convenience; however, in a spacecraft cooling system,

these plates may be integrated into other components or made from a lower density conductive
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metal. For instance, the PHP evaporator tubes may be brazed directly to the exterior of an instru-
ment being cooled, eliminating the need for a separate PHP evaporator plate entirely. If the evap-
orator or condenser plates must be physically separate from other components, thin plates of alu-
minum could be substituted for copper (although joining the stainless steel tubing to an alu-
minum rather than copper alloy adds complexity to the assembly process). The small volume and
mass of PHPs makes them highly competitive relative to the bulky support structure required by
a piezoelectric switch. Related to this, the extremely simple PHP construction compares well to a
traditional diode heat pipe, the latter of which is constrained to larger tube cross section areas
(and therefore higher OFF state parasitic conduction and smaller charge pressure limitations due

to greater hoop stresses in the tube walls) in order to accommodate an internal wick structure.

Furthermore, PHPs have been shown to nominally function in microgravity’ [48][49] and can be
designed to accommodate a wide range of heat loads by scaling the count of parallel tubes con-
necting the evaporator and condenser plates. PHPs also offer flexibility in the placement of the
cooling load relative to the system cooling radiator. As already mentioned, PHPs allow the cool-
ing load to be physically distanced from the radiator since the adiabatic section lengths can be
quite large [52]. The adiabatic section tubes can, in concept, also take shapes other than than
straight tube runs typically seen in published laboratory PHP devices, which can be a powerful
feature in intricate volume-constrained spacecraft designs. Such design flexibility is not possible

with gas gap switches or the mechanical contact -based switches.

7  Although more microgravity characterization is likely required before their use in actual spacecraft instrumenta-
tion
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Terrestrial systems requiring fast initial cool down periods (when the system is cooled from am-
bient temperature with a mechanical cryocooler) and physical compactness for temporary post-
cool down portability (when parasitic loads are removed by a boiling cryogen) present a second
application where PHP thermal switches may be highly competitive against other switch tech-
nologies. Many of the attributes of PHP thermal switches listed previously for the spacecraft ap-
plications are also valued here, especially their low mass, small total system volume, and high re-
liability due to lack of moving parts. Terrestrial applications likely require larger ON state heat
transfer capacities through the switch compared with the spacecraft applications, however. PHPs
can outperform all of the other switching categories in this aspect due to the extremely high con-
ductance offered by the slug-plug advective flow in the ON state. This allows PHPs to scale to
meet increased heat transfer capacity requirements with little spatial or mass penalty, which is
simply not possible with the conduction-based switches (mechanical contact, gas gap, and mag-

netoresistive) which must scale in cross section area to transfer additional load.

1.6 Project objectives

The ultimate goal of this work is to prove that cryogenic PHPs can be used effectively as thermal
switches in redundant cryocooler applications. Two experimental facilities are designed and fab-
ricated in sequence to achieve this: a facility to test nitrogen PHP thermal switches (operating
near 80 K) and a facility to test helium PHP thermal switches (operating near 4 K). Developing
the nitrogen PHP thermal switch test facility prior to that for the helium PHPs allows the concept
to be first tested in a facility without the additional engineering challenges added when working

at liquid helium temperatures.
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To prove that nitrogen and helium PHPs can function as thermal switches, specific objectives are

set for the project:

* Design, fabricate, and assemble a proof-of-principle redundant cryocooler test facility

with nitrogen PHP thermal switches

* Design, fabricate, and assemble a proof-of-principle redundant cryocooler test facility

with Aelium PHP thermal switches

* Experimentally confirm that both nitrogen and helium PHP thermal switches offer high

switching ratios and successfully allow redundant cryocooler operation, by

Measuring ON and OFF state heat flows, effective thermal conductivies, and switch-
ing ratios for both the nitrogen and helium PHP thermal switches over a range of fill
ratios, condenser temperatures, and applied common cold plate heat loads

Modeling the nitrogen and helium PHP thermal switch ON and OFF state heat flows
and effective thermal conductivity

Comparing the modeled ON and OFF state thermal switch heat flows and effective
thermal conductivity to the experimental results.

Comparing the measured nitrogen and helium PHP thermal switch performance to ex-

isting thermal switch technologies.

The following sections address these project objectives in detail — Section 2 describes the nitro-

gen PHP thermal switch testing and facility construction, and Section 3 describes the helium PHP

thermal switch testing and facility construction. Section 6 provides a comparison of the PHP per-

formance testing results to the existing cryogenic thermal switch technologies reviewed earlier in

this section.
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2 Nitrogen PHP thermal switch performance characterization in a redundant
cryocooler system

The first portion of this work involves the design, fabrication, and performance characterization
of nitrogen PHP thermal switches (with switching temperatures near 77 K). This switching tem-
perature is in a range useful for various types of existing space detectors [2][3][4], providing
some direct motivation for testing a PHP thermal switch with nitrogen as the working fluid. Ulti-
mately, however, the characterization of helium PHPs with switching temperatures near 4 K are a
better test of the technology, as the lower switching temperature allows use in a wider range of
possible applications [6][7]. A secondary motivation, then, for testing a nitrogen PHP thermal
switch is to provide a (relatively) simple proof-of-concept demonstration for the cryogenic PHP
thermal switch concept without the need to immediately address the additional engineering tasks

associated with working with liquid helium.

2.1 Test facility overview

To properly examine the performance of nitrogen PHP thermal switches in a redundant cry-
ocooler system, a specialized experimental facility is required. The facility developed for this
task is shown via several isometric solid model assembly views in Figure 2.1, images of the ac-
tual assembly in Figure 2.2, and profiles views of the assembly in Figure 2.3 (solid model) and

Figure 2.4 (image). Each figure is annotated with locations of important components.
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Cryocooler-I-N
\ Cryocooler-I-N Electrical pass throughs

KF flange
filling pass
through

Heat shield

Figure 2.1. Solid model view of the nitrogen PHP thermal switch experiment facility with dewar visible (left), de-
war hidden (middle), and both dewar and heat shield hidden (right).
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Figure 2.2. Images showing the nitrogen PHP thermal switch experiment facility — dewar exterior (upper left), MLI
wrapped heat shield (upper right), heat shield without MLI (lower left), and heat shield removed (lower right).
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Figure 2.3. Solid model profile view of the nitrogen PHP switch experiment facility with the dewar and heat shield
excluded. Temperature sensor locations indicated with black circles.
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Figure 2.4. Profile view image of the nitrogen PHP thermal switch expefiment facility with the dewar, heat shield,
and MLI excluded excluded.

The setup features two redundant Gifford-McMahon cryocoolers — labeled Cryocooler-I-N*® (a
Cryomech AL125 rated for 120W at 80K) and Cryocooler-1I-N (a Cryomech AL60 rated at 60W
at 80K) — each mounted vertically (their displacer axes parallel to the gravity field) in a single
dewar. The cryocoolers are secured to the dewar on a single custom designed 6061 aluminum de-

war cover plate. Included on the cover plate are two KF-40 ASA flange adapters (Kurt J. Lesker

8 The ‘N’ suffix refers to the nitrogen PHP thermal switch test facility and is used with various symbols in this
work
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models QF40XASASG) for the connection of the dewar vacuum pump hoses and nitrogen PHP
filling lines, along with three electrical passthrough connectors (one Deteronics DT02H-16-8PN
and two DT02H-20-41PN) for thermometer and heater leads. The external vacuum and PHP fill-
ing plumbing is described in the appendix Section 8.1. Facility dimensions are shown in Table

2.1.

Table 2.1. Nitrogen PHP thermal switch test facility dimensions

Dimension Value
Dewar internal diameter 30 cm
Dewar internal height 120 cm

Two custom designed and fabricated PHPs® are installed in the facility — labeled PHP-I-N and
PHP-II-N — and are associated with Cryocooler-I-N and Cryocooler-1I-N, respectively. Each
PHP condenser plate is structurally and thermally linked to its respective cryocooler cold head
via custom designed conduction heat meters labeled HM-I-N and HM-II-N. The heat meters are
rectangular copper bars of known length and cross sectional area with thermometers installed
near each end of the bar'®. A suite of four electrical resistance heaters (TE Connectivity model
HSAS50R75J) mounted to each cryocooler cold head, powered by LabVIEW PID controlled pro-
grammable direct current power supplies, allow active control of the PHP condenser tempera-
tures. The two PHP evaporators are joined via a set of three copper connector plates, collectively
comprising the common cold plate assembly, as shown in Figure 2.5 and Figure 2.6. Three elec-
trical resistance heaters (TE Connectivity model HSA255R6J) are attached to this assembly and

are driven with a direct current power supply to provide the common cold plate heat load to the

9  See section 2.2 for a full description of the PHP design
10 See section 2.3 for details of heat meter construction and calibration.
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PHPs. Calibrated current shunts and potential dividers are used to measure the delivered electri-

cal power.

Evaporator connector plates

Electric
resistance

heater
(one per connector plate)

J L
2-circuit configuration 1-circuit configuration

Figure 2.5. Solid model detail views of the nitrogen PHP thermal switch facility common cold plate assembly with
the 2-circuit and 1-circuit configurations highlighted.

The PHPs, common cold plate assembly, and heat meters are surrounded by a 1.6mm thick 1100
aluminum heat shield maintained at all times at approximately 80 K. The heat shield is cooled di-
rectly by the Cryocooler-I-N cold head, bypassing entirely the Cryocooler-I-N heat meter. This
design'' requires Cryocooler-I-N to be operating at all times, as the shield must always be active
to limit parasitic radiative loads from the warm internal surface of the dewar on the PHPs, com-

mon cold plate, and heat meters. A testing constraint is therefore imposed that only Cryocooler-

11 Such a direct-to-cold head heat shield connection is not practical for an actual redundant cryocooler application,
as it is not known which crycocooler will fail in the field (and the shield must stay active after the failure). It is
used here to simplify the proof-of-concept facility design. The shielding design in the helium PHP thermal
switch test facility more closely mimics a practical design for an actual redundant crycooler system and is dis-
cussed fully in Section 3.1.
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II-N can be used to simulate a cryocooler failure, as Cryocooler-I-N can not be deactivated with-

out the shield warming to ambient temperature.

Multilayer insulation (MLI) fully encapsulates the active 70 K heat shield in an effort to reduce
the radiation load which much be removed by Cryocooler-I-N. Additionally, sheets of MLI are
placed between the PHP-I-N and PHP-II-N condenser plates, which experience a large radiation
view factor (illustrated in Figure 2.3). This provides radiation insulation when a large tempera-
ture difference (approximately 210 K) develops between the PHP-I-N and PHP-II-N condenser

plates after Cryocooler-11-N is deactivated.
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2-circuit
plumbing
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Figure 2.6. Photo of the nitrogen thermal switch test facility common cold plate assembly with 2-circuit plumbing
(top and lower left) and 1-circuit plumbing (lower right).

2.2 Nitrogen PHP design and construction

The nitrogen PHP thermal switch experiment features two custom designed PHPs, labeled PHP-
I-N and PHP-II-N, connected to Cryocooler-I-N and Cryocooler-II-N respectively. Images of
these PHP assemblies are shown in Figure 2.7, solid model CAD assemblies are shown in Figure
2.8, and design details are listed in Table 2.2. The PHPs are identical — except for the routing of
the filling tubes — with the number of parallel tubes crudely chosen by scaling the total maximum

PHP heat transfer per internal cross sectional area reported by other nitrogen PHP studies [39]
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[40][41]. This is intended to roughly allow about 10W of heat transfer capacity per PHP before
dryout for the PHPs built in the present work. Each PHP evaporator and condenser plate is fabri-
cated from 110 copper, while the tubing is assembled with 304 stainless steel (Microgroup model
304H17S). Both PHPs operate in bottom heated mode, as they are vertically oriented with the
evaporators at lower gravitational potentials than the condensers. Note that the inner tube diame-
ter is safely less than the critical diameter of about 2 mm required for slug-vapor flow calculated

with Equation 1.9 and Figure 1.10, considering the saturated nitrogen working fluid.

Table 2.2. Nitrogen PHP design information. X in a symbol subscript can be I or II depending on the PHP name col-
umn.

PHP Name —

Parameter | PHP-I-N PHP-II-N
Associated cryocooler Cryocooler-I-N | Cryocooler-II-N
Number of Parallel Tubes, Npyp y n tuses 20

Inner Tube Diameter, dpyp x n,; [mm] 1.08

Outer Tube Diameter, dpgp x n,, [mm] 1.47

Adiabatic Section Length, Lpyp x noapia  [mm] 254.00

Condenser Section Length, Ly x nconp  [mm] 102.00

Evaporator Section Length, Ly x ngvap  [mm] 102.00

Tube Spacing (center axis), Lpgp x n1s [mMm] 7.14

Condenser Section Width, W, « y conp  [mm] 155.00

Evaporator Section Width, Wy« pvap [mm] 155.00

Condenser Section Thickness, THpyp x y.conp [Mm] 6.50

Evaporator Section Thickness, THpyp x n.pvap [mMm] 6.50

PHP Volume, Vi x_n [mm’] 8550

The PHP tubing assemblies are custom bent and joined with a copper sleeve tube (shown only in
Figure 2.7) and silver braze. A brass tee connector fits a filling line to each PHP fluid loop, also
with silver braze. Zinc chloride flux (Harris Stay-Clean Liquid Flux) and soft solder join the

stainless steel PHP tubing to the copper evaporator and condenser plates. Each nitrogen PHP
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condenser and evaporator plate has three attached platinum resistance temperature sensors'?
(Lakeshore Cryotronics model PT-102) installed in through holes with thermal vacuum grease
(Apiezon N Cryogenic High Vacuum) and secured with varnish (VGE-7031). Temperature sen-

sor locations are shown in Figure 2.8.

Two PHP plumbing configurations are investigated with the nitrogen PHP thermal switch facil-
ity, each illustrated in Figure 2.9. In the 2-circuit configuration, the PHP-I-N and PHP-II-N fluid
circuits are completely independent; the working fluid volumes are filled separately and com-
pletely isolated from each other. In the 1-circuit configuration, the PHP-I-N and PHP-II-N fluid

circuits are combined in series, share a fluid volume, and are filled simultaneously.

12 See the Appendix, Section 8.4 for calibration details.
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Figure 2.7. Image of the assembled PHP-I-N (right) and PHP-II-N (left).
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Figure 2.8. Solid model of the assembled PHP-I-N (right) and PHP-II-N (left). Shown in the 2-circuit configuration.
Temperature sensor locations indicated by black circles.

Cryocooler-I-N  Cryocooler-II-N Cryocooler-I-N  Cryocooler-II-N

PHP-I-N PHP-II-N PHP-I-N PHP-II-N

—— Condenser —
Plates

Evaporator
Plates

2-circuit 1-c1rcu1t
Figure 2.9. Schematic of the PHP-I-N and PHP-II-N in the 2-circuit configuration and 1-circuit configuration.
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2.3 Heat meter design, fabrication, and calibration

Independent measurement of the heat loads through PHP-I-N and PHP-II-N is accomplished
with the associated heat meters, PHP-I-N and PHP-II-N. These instruments are rectangular 110
copper bars of known length and cross sectional area, with platinum resistance temperature sen-
sors (Lakeshore Cryotronics model PT-102") installed in through holes near each end of the bar
with thermal vacuum grease (Apiezon N Cryogenic High Vacuum) and varnish (VGE-7031).
Machine screws and thermal vacuum grease are used for the thermal-mechanical connection at
both ends of the heat meters to minimize contact resistance. Figure 2.10 shows a solid model

profile view and image of the actual heat meter assemblies, while Table 2.3 lists heat meter de-

sign details.

/ THM-II-N-B

LHM-II-N

pd .\\ THM-II-N-A
THM-I-N-A /’D N B

gl B HM-II-N
HM-I-N / L |

PHP-I-N PHP-I-N
condenser condenser

THM-I-N-B

LHM-I-N

MLI

Figure 2.10. Image (left) and solid model (right) of the nitrogen PHP switch test facility’s heat meter assemblies.
HM-I-N and HM-II-N measure the heat loads through PHP-I-N and PHP-II-N, respectively. Platinum resistance
temperature sensor locations indicated on solid model.

13 See the Appendix, Section 8.4 for calibration details.
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The heat meters for the nitrogen thermal switch test facility are designed to balance competing
requirements regarding the temperature gradient over the meter: a large temperature gradient is
required to attain accurate heat transfer measurements in consideration of the temperature sensor
uncertainty (£0.25 K), yet the gradient must be limited because the cryocooler capacity declines
with decreasing cold head temperatures. Too large of temperature gradient over the heat meter

will reduce Tyy | g OF Tyy np In Figure 2.10 such that the corresponding cryocooler

capacity is reduced far enough that it can no longer remove the heat transferred through the con-
nected PHP. Figure 2.11 shows expected temperature gradients and relative uncertainty in the
heat load measurement as a function of the heat load for a copper heat meter with different possi-
ble cross section area-to-length (A/L) ratios and the uncertainty of the PT-102 temperature sen-
sors. Based on the cryocooler capacity maps and the estimated nitrogen PHP heat transfer capac-
ity, the heat meters are budgeted a maximum 10 K temperature gradient between the temperature
sensors with an applied load of 10 W. An A/L = 0.002 [m] is chosen to accommodate this, al-
though the uncertainty (in relative terms) of the heat transfer measurement suffers below about 2

W.

Table 2.3. Nitrogen PHP thermal switch test facility heat meter design information. X in a symbol subscript can be I
or II depending on the column.

Heat Meter Name —
HM-I-N HM-II-N
Parameter |
Associated Cryocooler Name Cryocooler-I-N | Cryocooler-II-N
Material 110 Copper
Length between temperature sensors, Ly x_n [M] 0.101600 0.144653
Area cross section, A,y x_n [M] 0.000202 0.000303
Area to length ratio, Apy_x_ m
g Aamxn (] 0.001984 0.002090
LHM*X*N
o . 60K—90K
Calibration Regime 60K-90K 285K-300K
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The heat meter conductance, which is strongly temperature dependent and weakly impurity de-

pendent"

at the temperatures of interest for the nitrogen PHP thermal switch experiments, is cali-
brated for each meter in the range of temperatures where measurements are necessary. HM-I-N
requires calibration from approximately 60 K to 90 K (as Cryocooler-I-N is always active),
while HM-II-N requires calibration from approximately 60 K to 90 K and approximately 285 K
to 300 K (as Cryocooler-II-N can either be active or inactive). This dual range calibration allows

HM-II-N to measure the PHP-II-N heat load with the thermal switch in either the ON or OFF

state.

The heat meter calibration setup varies slightly from the facility setup described in Section 2.1,
with the PHPs physically removed from the facility and the suite of cold head resistance heaters
moved to the former location of the PHP condensers (the cold head resistance heaters and PHP
condensers are shown in their typical positions in Figure 2.10). In this arrangement, the resis-
tance heaters can supply a known, well characterized heat load to the heat meters for calibration.
In both calibration regimes, a series of measurements are obtained with sweeps of both the sup-
plied electric heat load and the heat meter temperature furthest from the cryocoolers (

Tum-na and Tyy 4 )- Table 2.4 indicates the range of sampled heat loads and temper-
ature ranges for each heat meter and calibration regime. A linear fit of the sample data is per-

formed to obtain the mean heat meter thermal conductivity'” associated with the mean heat meter

14 The compositional impurities of the copper stock used for the meters is neither manufacturer certified nor accu-
rately known prior to calibration.

L
15 Actually, the conductance is fit and the conductivity is obtained by Kyy_x_n=——— UA jy_x_n

AHM*X*N
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temperature and heat load offset for each calibration regime. These values are tabulated in Table

2.4 for each heat meter.

—— A/L=0.0005 [m]
e A/L=0.0010 [m]
08f e A/L=0.0015 [m]

—— A/L=0.0020 [m]
0.7 —— A/L=0.0025 [m]

AQum-x-n
Oum-x-n

00 2 4 6 8 10

OHM—X—N/W

Figure 2.11. Modeled nitrogen PHP thermal switch heat meter relative accuracy (top) and temperature drop (bot-
tom) as a function of heat load for different area-to-length ratios. Assumes constant thermal conductivity of RRR100
copper at 77.0 K. Uncertainties reflect manufacturer long-term repeatability for the PT102 platinum resistance sen-
sors sensors (+- 0.25 K).
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Table 2.4. Nitrogen PHP thermal switch test facility heat meter calibration details. X in a symbol subscript can be I

or II depending on the column.

Heat meter name— HM-I-N HM-II -N
Parameter | Calibration regime— 60K-90K 60K-90K 285K-300K
Number of calibration samples in data set 19 17 4
Range of supplied electric heat loads [W] 0.00 to 12.24 0.00 to 11.96 0.00 to 9.20

Range of temperatures in - Ty x n.a

67.10 to 80.32

67.56 to 79.20

288.48 t0 295.85

and Ty x_np from all calibration data,

THM*X*N,MIN to THM*X*N,MAX [K]

Mean temperature in - Ty x .4 73.48 73.26 291.42
and T,y x np from all calibration data,

THM*X*N,MEAN ’ [K]
Thermal conductivity at mean heat meter tempera- 604.47 570.67 506.49
ture, Kyyx-n,mean [W/m-K]
Heat Load Offset, QOFFSET,HM_X ~ [W] 0.09 -0.04 4.00
Effective copper RRR, RRR,_x.n ° 105.30 65.40

For the 60 K — 90 K regime, the heat meter calibrations are determined by first interpolating'’ the
residual resistance ratios (RRRs) of the copper bars at the mean heat meter temperature and
mean conductivity reported in Table 2.4. The temperature dependent conductivity property data
[37][38] for the interpolated RRR of each heat meter is then used in a numerical solution to the
conduction problem to determine the heat load input (the applied heat load during calibration, or

the PHP heat load during actual operation) as a function of the end temperature measurements

THM*I*N,B

A .
HM—-I-N
kHM—I—N(T)— dT+Q opser, mM-1-N
HM-1-N

2.1)

Qprp1-n="—

THM*I*N,/\

16 HM-I-N and HM-II-N have somewhat different estimated RRR values, which at first glance is concerning since
the stock material is from the same supplier. This is explained by unaccounted bias in the temperature measure-
ments, error in the position of the temperature sensors, error in the cross sectional area measurement, and con-
ductivity being only weakly dependent on RRR at the mean calibration temperature.

17 See the Appendix, Section 8.5, for details.
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Tiuv-n-n.8

QPHP*II*N:_ f kHM*II—N<T)

THM*II*N,A

Ao .
L E— dT +QOFFSET,HM*II*N (22)
HM-II-N

. The offsets in these calibrations are fairly small and likely arise from bias voltages in the tem-
perature measurements caused by electrical noise emanating from facility equipment (the cry-
ocoolers, turbo pump, rotary vane pump, and resistance heater power supplies) which is not ac-

counted for in the temperature sensor calibrations.

For the 285K — 300K regime, the thermal conductivity is assumed constant at the measured value

as it is a very weak function of temperature and the measurement temperature range is small

Tuv-n-n.p

s _ HM-II-N s
QPHP—II—N__kHM—II—N,MEAN J' dT+QOFFSET,HM—II—N (23)
HM-II-N

THM*H*N‘A

. The heat load offset in this regime is substantial compared to that in the 60 K — 90 K regime
and is not simply due to bias voltages in the temperature sensor signals. Here Cryocooler-I-N re-
mains active as Cryocooler-II-N is inactive, hence the radiation shield and HM-I-N remain at ap-
proximately 80 K. The offset heat load therefore stems from the effect of radiation cooling the
lower portion of HM-II-N (which is at about 290 K) via the view to the radiation shield (at about

80 K).
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Figure 2.12. Difference between measured calibration heat load and the calibration fit predicted heat load as a func-
tion of the nominal measured calibration heat load for the heat meters in the nitrogen PHP thermal switch test facil -
ity. Multiple data points at a single measured heat load correspond to different heat meter end temperatures Trm-x-n-a.
HM-I-N calibrated in the 60 K — 90 K regime and HM-II-N calibrated in the 60 K — 90 K and 285 K — 300 K
regimes.

Errors  between the  calibration measurements and the fit functions for

Qerte 1 ~=F(Tov1n-a> Tiw1-n-8) ad Qpup = (Tiwn-n-a> T n-8) are  shown
in Figure 2.12 as a function of the nominal measured calibration heat load. For the 60 K to 90 K
regimes of both HM-I-N and HM-II-N, resolution is about £0.5 W. The 285 K to 300 K regime
for HM-II-N has a somewhat better resolution of about 0.1 W, but there are fewer samples in

the calibration data set.

2.4 Measurements and performance characteristics

The nitrogen PHP thermal switch test facility’s raison d’etre is to test the performance of its ni-
trogen PHPs as thermal switches. To do so, the facility must perform measurements of several
key quantities related to PHP operation. Table 2.5 lists and describes these quantities and the rel-

evant measurement equipment.
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Table 2.5. Measurements provided by the nitrogen PHP thermal switch test facility

Quantity Measurement Devices(s) Comments

Tove-N-a Lakeshore Cryotronics PT-102 sensor See

Tovei-n—8 Lakeshore Cryotronics PT-102 sensor Figure 2.10 for locations

T imv—i—n-a Lakeshore Cryotronics PT-102 sensor See Apper}dlx 8.4.for calibra-
tion details

Tuv_i-n-B Lakeshore Cryotronics PT-102 sensor

TPHP*I*N,COND

* Lakeshore Cryotronics PT-102 sensor,

Lakeshore Cryotronics PT-102 sensor,
Lakeshore Cryotronics PT-102 sensor,

TPHP*I*N,COND*I
TPHP—I—N,COND—Z

TPHP*I*N,COND*?»

TPHP—II —N,COND

Lakeshore Cryotronics PT-102 sensor
Lakeshore Cryotronics PT-102 sensor,
Lakeshore Cryotronics PT-102 sensor,

TPHP*II*N,CONDfl
TPHP*II —N,COND-2
TPHF’*II —N,COND-3

See
Figure 2.8 for locations

TPHP*I*N,EVAP

* Lakeshore Cryotronics PT-102 sensor

Lakeshore Cryotronics PT-102 sensor,
Lakeshore Cryotronics PT-102 sensor,

Torp-1-nEvap-1
PHP—1-N,EVAP-2

PHP—I—N,EVAP-3

See Appendix 8.4 for calibra-
tion details

TPHP*II*N,EVAP

* Lakeshore Cryotronics PT-102 sensor,

Lakeshore Cryotronics PT-102 sensor,
Lakeshore Cryotronics PT-102 sensor,

PHP—II-N,EVAP -1

PHP-II-N,EVAP -2

— — =4 o

PHP-II-N,EVAP-3

Qccp-n
Qptp-i-n
QpHp-1i-n

Kprip 1N, EFF

Kpnp —i1-n eFr

UApip_1-n,ere

UApup_ii-n,EFF

SRenp-ii-n
FRepp-in
FRpup_i-n

Not applicable — calculated quantity

See Equation 2.4

See Equation 2.1

[+] indicates heat flow from
common cold plate to the
Cryocooler-1-N cold head.

See
Equations 2.2 and 2.3

[+] indicates heat flow from
common cold plate to the Cry-
ocooler-II-N cold head

[-] indicates heat flow direction

from Cryocooler-1I-N cold head

to common cold plate (para-
sitic)

See Equation 2.7

See Equation 2.8

See Equation 2.9

See Equation 2.10

See Equation 2.15

See Equation 1.14 with
Tear=77.36K

and Appendix 8.3
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Quantities in Table 2.5 are which indirectly measured require some additional description beyond

the listed information. These include the electric heat power applied to the CCP

QCCPfN =Vcer-nlcer-n (2.4)

, defined in terms of the electric potential and direct current applied to the heaters

Veer-
Tecrn=g " (2.5)
CCP-N,C
Recr-natRecrons
Veer-n=Veer-n,v R (2.6)
CCP-N,B

, which are measured by the current shut and voltage divider setup shown in Figure 2.13. Here
Veerong and Vg are measured and resistance values in the circuits are

Recp n a=120616Q |, Rep y 5=997.430Q ,and Rep y =0.0250Q
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Figure 2.13. Direct current potential divider and current shunt for measurement of the common cold plate heat load.

The effective thermal conductivity for each of the nitrogen PHPs are defined as

k — |QPHP—I—N| LPHP—I—N,ADIA
PHP—I—-N,EFF _ 2
|TPHP7[7N,COND TPHP*I*N,EVAP| N dep,I,N)O 2.7
PHP—-I-N, TUBES TT 2
k _ |QPHP7H*N| LPHP*II*N,ADIA

PHP—II—-N,EFF — _ 2

|TPHP7H*N,COND TPHP*II*N,EVAP| dPHP—II—N,o (28)
Nop_1-n, TuBes @ >
, the associated conductances are
|QPHP*I*N|
UA = (2.9)
PHP—-I-N,EFF _ .
|TPHP717N,COND rTPHP*I*N,EVAP
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|QPHP—H—N|

UA = (2.10)

PHP—II-N,EFF _
|TPHP7HfN,COND TPHP*II*N,EVAP|

, and the temperatures of the evaporator and condenser plates are taken as the average values

from the local temperature sensors

T _ TPHP—I—N,COND—l+TPHP—I—N,COND—2+TPHP—I—N,COND—3 (2 11)
PHP—I-N,COND 3 :

T _ TPHP*I*N,EVAP71+TPHP*I*N,EVAP72+TPHP717N,EVAP*B (2 12)
PHP—-I-N,EVAP 3 :

T _ TPHP*II*N,COND71+TPHP*II*N,COND72+TPHP*II*N,COND73 (2 13)
PHP—II-N,COND 3 :

T _ TPHP—II—N,EVAP—I +TPHP—II—N,EVAP—2+TPHP—II—N,EVAP—3 (2 14)
PHP—II-N,EVAP — 3 :

. These simply apply the nitrogen PHP geometry and temperature measurements to the effective
thermal conductivity and effective conductance for general PHPs defined in Equation 1.4 and
Equation 1.5. Note that, while the PHP heat flow measurements Qppp_; n and Qpup 1

have signs indicating the heat flow direction, the effective thermal conductivity and effective
conductances are defined as positive quantities no matter the direction of heat transfer. The ulti-
mate performance measure for a thermal switch is the switching ratio, defined for a general

switch by Equation 1.3, and for PHP-II-N as

UAPHP*II*N,EFF,ON

S];{PHP—II—N_

(2.15)

UAPHP—II—N,EFF,OFF

. A switching ratio for PHP-I-N is not measured because, as previously discussed, Cryocooler-I-
N is always operating to cool the facility radiation shielding. Due to this limitation of the facility,
the PHP-I-N OFF state cannot be accessed during testing and therefore the PHP-I-N switching

ratio cannot be measured. Note that, in general, both the numerator and denominator of Equation
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2.15 can vary with the PHP condenser and evaporator temperatures, heat load, and fill ratio.
However, since the OFF state condenser and evaporator temperature difference of PHP-II-N is

very large relative to that in the ON state, UA,u, ;1 y g ope 1S Several orders of magnitude
smaller than UAy, ;| \grroy and remains relatively constant with changes in Qcern
Therefore, in the calculation of the switching ratio via Equation 2.15, UApy, | nprrorr 1S

considered a constant which is calculated as the mean of all experiment measurements over all

evaporator loads, fill ratios, and PHP plumbing configurations.

A worst case uncertainty analysis, presented in Table 2.6, is applied to all calculated quantities
relating to the nitrogen PHP thermal switch performance. This approach accounts for possible
bias in the measurement variables that would not contribute to the error in a sum of squares
method and results in asymmetric uncertainty bands. Superscripts (+) and (-) denote the upper
and lower uncertainty limits. Uncertainties due to digital-to-analog conversion in the data acqui-
sition hardware are negligible relative to the measured variable uncertainty and are therefore not

treated here. Table 2.7 lists uncertainties for measured variables.

61



Table 2.6. Uncertainty definitions for calculated quantities in the nitrogen PHP thermal switch test facility. ‘max’
and ‘min’ uncertainties refer to the maximum or minimum function value obtained from the four possible combina-

tions of input tem

eratures

Quantity Upper® and lower® uncertainty limits
I _ VCCP—N,I
ccp-N=
I RCCP—N,C_ARCCP—N,C
CCP-N
I- _ Veer-na
CCP-N =
Recp nctARcep e
v —v Recp-n,atARcep atRecp N stARCep 8
ccp-N= VY cep-N,v R AR
v CCP-N.B cce.B
ccP-N
\s =V RCCP—N,A_ARCCP,A"'RCCP—N,B_ARCCP,B
cce-N= Veep-N,v R +AR
CCP—-N,B CCP,B
-+ + +
Q Qccr- —Vccp nlcer N
CCP-N
Qecr-n=Veer-nlec-n
Nt
Q QPHP—I—N_maX[ ( HM-I-N AiAT THM—I—N,BiAT (THM I-N,A> HM—I—N,B)]
PHP—I-N f £

Qppp_1_y=min ( mv—1-N,A FA T Ty n g E ATy Tiv_1-n, 45 HM—I—N,B)]

(THMfllfN,A ) THM*II*N,B)]

QpHp-ii-n

)—
)—
Q;HP—II—N:maX[f(THM 1N AFA TN Ty N s FATY )—
Q;HP—II—N:min[f(THM 1N aFAT Tay nonsT ATy )

f
F(Tom-n-n.a :THM—H—N,B)]
(

I—F'HPflfN,ADIA +AI—ADIA7N)

—AdoN))2

|Q PHP*I*N‘

Kiup_1_ =
P (T orp -, cono— A T )= ( Torp—i-n evap +A Ty

PHP-1-N,0

(d
Nppp_i—n,Tues T 2

Kppp—1-n,EFF

( I-PHP—I —N,ADIA AL ADIA— N)

|Q.;'—’HP—I—N|

Kprp —11-N, eFF

Koo | =
PHP-IZNEFF |(-I—PHP7I7N,COND+A TN)_(TPHF’fIfN,EVAP_ATN)‘ (dep7|7Nvo+AdofN) ?
PHP—I-N, TUBES 70 2
K - |Q;’HP—II -l (Lovp—i-n,a0ia+A Lapia—n)
PHPZITNLERE |(TPHP7II7N,COND_ATN)_(TPHF’fIIfN,EVAP"'ATN)l (dPHPfllfN,o_AdofN) :
PHP—1I-N, TUBES ¥ 2

( Lprp-ii-n,apa— A Lapia fN)

|Q;:’HP—II —N |

Kowp i1 =
PHP—II-N, EFF |(TPHP7II7N,COND+A TN)_(TPHPfllfN,EVAP_ATNN (dPHP—II—N FA dng) 2
NPHP—II—N,TUBES]T 2
b |Q;HP—I—N|
UAPHP—I—N,EFF:
UA |(TPHP—17N coND ™ ATN)— (TPHP*I*N EVAP+ATN)|
PHP—I—N,EFF |Q |
UA;’HP—I_N,EFF: PHP—-I-N
|(TPHP—17N COND"'ATN)_(TPHpq,N EVAP_ATN)|
b |Q;HP7H—N|
UApyp 11—, prr=
UA |(TPHP—II—N COND_ATN) _(TPHP—II—N EVAP+ATN)|
PHP—II-N,EFF |Q |
PHP—II-N

UAbup 11— N, EFr=

|(TPHP—H—N COND+ATN) _(TPHP—H—N EVAP ATN)|

T
UAPHP* II-N, EFF,ON

SR ppp_nn= UA:
SR PHP—II—N, EFF , OFF
PHP—II-N B
SR: _ UApup_1i-n,EFF.ON
PHP—II-N — T
UA pyp 11—, EFF, OFF
FRpup_1_n See Appendix 8.3
FRppp-i—n See Appendix 8.3
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Table 2.7. Uncertainty definitions for measured quantities in the nitrogen PHP thermal switch test facility
Quantity Uncertainty limits

Recp-n,a TARepn A =F2€2
Recn s AR p_n =+0.005Q
Recpn c +ARp n,c=*0.00125Q
dpmp-1-n,0
PHP-I-N, +Ad, y=%0.020 mm
Qpp_11-n,0
L
PHP—I-N,ADIA +AL,pa_x=*0.2mm
PHP—II-N,ADIA
Tim-i-n-aA >
Tiv-in-B >
Tom—i-n-a >
Tim-in-s > +AT==x0.25K

Teup_i—n,cono >
Terp-i—n,conp
Teup-i-n,Evar >

TPHP—II -N,EVAP

2.5 Experimental results

Measurements  of QPHPflfN > QPHP*II*N , kPHP—I—N,EFF s kPHP—II—N,EFF ; UAPHP—I—N,EFF )
UAPHP*II*N,EFF > TPHP*I*N,COND 5 TPHP*I*N,EVAP > TPHP*II*N,COND > TPHP*II*N,EVAP , and
SR, .y are presented here for a range of Qccp.n » FRpwp iy » FRewp iy » PHP cir-

cuit configurations, and cryocooler operating statuses. Table 2.8 summarizes the testing parame-

ters while the corresponding fill ratio uncertainties are listed in Table 2.9. Experiment measure-

ments are plotted in Figure 2.14 and Figure 2.15 as functions of the applied common cold plate

heat load Qcep_n and Cryocooler-II-N status for the 2-circuit and 1-circuit PHP configuration,

respectively.

All data are obtained at steady PHP operating conditions, meaning that the PHP condenser and
evaporator temperatures are time independent over the approximately 20 minute data collection
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interval (obviously ignoring the smaller scale, high frequency pulsing associated with PHP oper-
ating). Furthermore, the measurements are obtained with no regard to the ramping (up or down)

application of Qccp_n » as the PHP performance changes are found to be negligible whether the
prior Qgcp_n iN a measurement sequence is a higher or lower value. Measurements at different
FRpup_ -y and FRp s ,_n are obtained by deactivating both cryocoolers, warming the en-

tire system to ambient temperature, fully evacuating the nitrogen charge from the PHPs, and re-
filling to the new fill ratio. Note that the PHP-II-N shutoft valve (see Figure 8.1) is opened when

Cryocooler-II-N is deactivated for FRpp_,_y>0.30 in order to keep pressures in the PHP

lines below about 6 bar and limit stress on the soft solder joints in the PHP filling lines.
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Table 2.8. Nitrogen PHP thermal switch test system operating parameters

PHP circuit | Cryocooler-I- | Cryocooler-II- FR FR Mppp > Mpyp 1N Qcer_n
configuration | N status N status PHPIZN> 2 PHP I N [kg] (W]
Active 0.520, 0.207 0.00360, 0.00142 0to 20
0.260, 0.259 0.00182, 0.00181
2-circuit ) 0.302, 0.303 0.00211, 0.00212
Inactive 0.415,0.415 0.00289, 0.00288 Oto 16
Active 0.520, 0.520 0.00360, 0.00360
Active 0.507 0.00702 0to 20
l-circuit 0.547 0.00757
Inactive 0.596 0.00825 0to9
0.705 0.00974

Table 2.9. Nitrogen PHP thermal switch test system fill ratio uncertainties (see Appendix 8.3 for definitions)

Configuration FRpup1 3 FRoip 1 FRpup i1 FRpwr x| FRowponn

0.520 0.570 0.476 0.207 0.286 0.236
0.260 0.288 0.237 0.259 0.334 0.277

2-circuit 0.302 0.333 0.275 0.303 0.456 0.380
0.415 0.457 0.380 0.415 0.570 0.476
0.520 0.570 0.476 0.520 0.230 0.188
0.507 0.554 0.466
0.547 0.598 0.503

1-circuit
0.596 0.652 0.548
0.705 0.770 0.649
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Figure 2.14. Effective conductivity, conductance, heat transfer, condenser temperature, and evaporator temperature

over a range of common cold plate heat loads for PHP-I-N and PHP-II-N in the 2-circuit configuration.
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Figure 2.15. Effective conductivity, conductance, heat transfer, condenser temperature, and evaporator temperature
over a range of common cold plate heat loads for PHP-I-N and PHP-II-N in the 1-circuit configuration.
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2.5.1 Validation of heat meter calibrations

The measurement data sets presented in Figure 2.14 and Figure 2.15 contain data with simultane-
ous measurements from HM-I-N, HM-II-N and the applied electric heat power on the common
cold plate. These simultaneous measurements, along with a system energy balance, can be used
to help verify the accuracy of the heat meter calibrations. With Cryocooler-IU-N and Cryocooler-
II-N either active or inactive, an energy balance on a system consisting of PHP-I-N, PHP-II-N,

HM-I-N, HM-II-N, and the common cold plate

QCCP—N=QPHP—I—N+QPHP—H—N (216)

, depicted in Figure 2.16, holds nearly within the uncertainty bands for each measurement point.

Cryocooler-I-N Cryocooler-II-N

[active] [active]
QPHP—I—N ¢ A QPHP-I-N
I
HM-I-N| HM-II-N

——

PHP-I-N Wumn PHP-II-N

éccp-hﬁ Common Cold Plate

Figure 2.16. Schematic showing energy balance (neglecting radiation) on a system consisting of PHP-I-N, PHP-
II-N, HM-I-N, HM-II-N, and the common cold plate.

This is shown in Figure 2.17, which plots the sum of Qpp_;_x and Qpup_y_n as a function

of Qcep_n for all nitrogen PHP thermal switch operation data along with the expected perfect

68



energy balance for comparison. The excellent agreement over all Q.cp_n provides an indepen-

dent confirmation of the accuracy of the heat meter calibrations. Note that the four points above
Qcep_n=10W in the right panel of Figure 2.17 are extrapolated well outside of the calibrated

region for HM-I-N, which may account for the slightly high readings from the heat meter for

these data.

Cryocooler-II-N Active Cryocooler-II-N Inactive

22
m  1-Circuit Configuration
20t g : -

B 2-Circuit Configuration
18 Perfect Energy Balance o

16
14 -
12
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oON MOV

0 2 4 6 8 10 12 14 16 18 2022 0 2 4 6 8 10 12 14 16 18 20 22
Qccp-nIW Qccp-n/IW

Figure 2.17. Sum of heat meter measurements as a function of the applied common cold plate heat load.

2.5.2 PHP heat transfer, effective conductivity, and evaporator/condenser temperature dif-
ference in the ON and OFF switch states

An initial observation from Figure 2.14 and Figure 2.15 shows that when Cryocooler-I-N and
Cryocooler-1I-N are active — for either plumbing configuration — the majority of effective ther-

mal conductivity measurements fall between 10000 W/m-K and 70000 W/m-K. The correspond-
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ing effective conductance values are between about 1 W/K and 7 W/K. These ON state perfor-
mance values are approximately consistent with those for other nitrogen PHPs of similar size re-

ported in the literature [39][40][41].

Again for either PHP plumbing configuration, when Cryocooler-1I-N is inactive, the parasitic

heat leak through the OFF state PHP-II-N, Qpup_y_n » is nearly constant for all measurements
with a mean of -0.54 W while Qccp_y is varied between 0 W and 16 W. As discussed in Sec-

tion 2.4, this is because with Cryocooler-II-N inactive the temperature difference between the

PHP-II-N evaporator and condenser is large (for all measurements Ty ;- n_gvap 1S Dear 80 K
and Ty n_conp 1S @approximately 290 K) and varies little while the effective conductivity of
the contained static vapor is very low. Note that because the PHP geometry is also fixed, this im-
plies that Kpyp  ngee @nd UApy, | ygee also do not change much per Equation 2.8 and
Equation 2.10. Figure 2.18 shows the distributions of Qpup ;_n and Kppp_y_ngre for all

measurements with Cryocooler-II-N inactive (PHP-II-N in the OFF state). The distributions are
nearly normal and notably not multi modal, suggesting that there is no unforeseen dependence of
the OFF state heat leak on the fill ratio over the range tested here. In Section 4.2 the measure-
ments of parasitic heat load through PHP-II-N discussed here are compared to a simple model
which considers conduction through the parallel paths of the stagnant gas and tube wall for each

of the parallel tubes comprising PHP-II-N.

Finally, note that the parasitic load Qpup_y_n » Which must be removed from the common cold

plate entirely through the ON state PHP-I-N and Cryocooler-I-N, is about 8 percent of the maxi-
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mum demonstrated capacity of PHP-I-N in the 2-circuit configuration'®, 10 percent of the maxi-
mum capacity demonstrated in the 1-circuit configuration, and 3 percent of the available capacity
of Cryocooler-I-N after accounting for the heat shield load. PHP-II-N is therefore functioning
quite effectively as a thermal switch, providing insulation to protect the common evaporator
plate from the hot PHP-II-N condenser plate while allowing Cryocooler-I-N to continue cooling

the evaporator load.
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Figure 2.18. Distribution of parasitic heat leak through the OFF state PHP-II-N, Qpp_y_n » and the correspond-
ing distributions of Kpup 1y n rr

There are notable differences in the PHP ON state performance between the 1-circuit and 2-cir-
cuit configurations. Perhaps most importantly, when Cryocooler-II-N is inactive and PHP-II-N is
dry, dryout occurs in PHP-I-N at lower Q.o in the 1-circuit configuration relative to the 2-
circuit configuration. In the latter, dryout is not seen in the remaining operating PHP-I-N up to

the maximum tested Qe y=16W , as shown in Figure 2.14. In the 1-circuit configuration,

18 The actual maximum capacity is higher than reported for this configuration because dryout was not seen in this
data set.
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dryout in PHP-I-N (which shares a common fluid circuit with the always dry PHP-II-N) occurs

around Qe n=9W , as shown by the spike in evaporator temperatures and drop in
Kpup 1 npre @S Qcer_n  approaches this value in Figure 2.15. Higher heat loads are mea-

sured in the 2-circuit configuration as its design allows for the development of a net circulation
[30][34] in the remaining operating PHP-I-N — its entire tube circuit remains in an advective
state. Circulation is not possible in the 1-circuit configuration since PI-PHP-II is completely dry,
causing a vapor lock with no liquid present in 20 consecutive tubes of the combined 40 tube fluid

path. Closely related to this phenomenon, the maximum effective Kpyp | ygee  in the 1-circuit

configuration with an inactive Cryocooler-II-N is about 20000 W/m-K, significantly lower than

the 60000 W/m-K achieved in the 2-circuit configuration. As the Ky, | g and
Kpup_n_neee vary little between the 1-circuit and 2-circuit configurations when both cry-

ocoolers are active, the 2-circuit configuration is clearly desirable to maximize capacity of the re-

maining PHP when one of the cryocoolers are inactive.

Furthermore, small differences between the PHP-I-N and PHP-II-N condenser temperatures
cause much larger performance changes in the 1-circuit configuration than in the 2-circuit con-

figuration. There are two reasons why (TPHP,I,N,EVAP—TPHP,I,N)COND) and

(TPHP_H_N’EVAP— TPHP_H_N,COND) may be different in this experiment. The first is that
Toup 1~ evap @nd Tpyp 1§ pvap may vary due to differences in the contact conductances within
the common cold plate assembly (see Section 2.5.4). The second is that that Ty, |y conp and
T pup_1-n.conp May be different since they are located on different cryocoolers and are indepen-

dently controlled. In the 2-circuit configuration, such a difference between Tpyp |y conp and
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Toup 1 n.conp causes the total common cold plate heat load to be split unevenly between the
PHPs (that i, Qpp_,.n and Qpp. g n are in general unequal in this configuration), al-
though Kpyp | ngee and Kpyp  gee  are approximately equal. This means the energy trans-
port through each PHP scales according to the PHP evaporator to condenser temperature differ-
ence (PHP-I-N and PHP-II-N have equal evaporator temperatures but their condenser tempera-
tures differ slightly). In the 1-circuit configuration, the total common cold plate heat load is al-
ways shared equally between the PHPs ( Qpup_; n and Qpup_y_n and are essentially equal for
this configuration), although in this configuration Kpyp | g and Kpgp g differ. This
behavior is caused by the directly coupled fluid dynamics between PHP-I-N and PHP-II-N in the
1-circuit configuration. Even though the PHP-I-N and PHP-II-N condenser temperatures are con-
trolled at different values and the common evaporator temperatures are the same (therefore caus-
ing each PHP to have a different driving temperature difference), the heat transfer through each

PHP is equal because each experiences the same advective flow.

2.5.3 Switching ratio

The effectiveness of PHP-II-N as a thermal switch is ultimately characterized by its switching ra-
tio as defined in Equation 2.15. Figure 2.19 shows the PHP-II-N switching ratio as a function of
ON state PHP-II-N heat load for both the 1-circuit and 2-circuit configurations'. The ratio ap-
proaches about 2500 for the 2-circuit configuration and 2000 for the 1-circuit configuration, indi-

cating that Ky, ygee 1S Over three orders of magnitude larger in the ON (advective) state

than in the OFF (dry) state. This clearly demonstrates the effectiveness of PHPs as thermal

19 Again recall that the switching ratio is only measured for PHP-II-N since Cryocooler-I-N is always active to
cool the radiation shield.
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switches, even when large temperature differences (about 220 K here) are imposed in the OFF

switch state between the condenser and evaporator plates.

105 2-Circuit Configuration 1-Circuit Configuration
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Figure 2.19. Switching ratio as a function of the heat load in the ON state for the PHP-II-N in both the 2-circuit and
1-circuit configurations®. Colors and marker shapes in the legends apply exclusively to the corresponding panel.

Two important observations can be made from Figure 2.19. First, the switching ratio isn’t sensi-
tive to the PHP fill ratio. This is not unexpected — the PHP effective thermal conductivity in the
ON state is typically a fairly weak function of fill ratio (except at fill ratios approaching 0 or 1),
while the OFF state effective thermal conductivity is independent of the stagnant gas pressure;

this OFF state gas pressure changes as the fill ratio varies — see Section 2.1 for details. Second, a

20 The switching ratio uncertainty is clearly skewed high. This occurs because the ON state conductivity is associ-
ated with very small temperature differences between the PHP condenser and evaporator. Since this temperature
difference approaches the uncertainty of the temperature sensors, the minimum temperature difference in Equa-
tion 2.10 tends to zero, causing the PHP conductance to head towards infinity. For evaluation of switch perfor-
mance, the maximum uncertainty bound of the switching ratio is far less important than the minimum, which is
significantly smaller in magnitude because the denominator of Equation 2.10 is at its largest possible value.
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large number of measurements for the 1-circuit configuration occur at high heat loads with rela-
tively low (<1000) values for the switching ratio. This is a result of Ky, | y gee Varying sub-
stantially with small differences in PHP-I-N and PHP-II-N condenser temperatures in the ON

state, as discussed previously.

2.5.4 Contact conductance in the common cold plate assembly

With Cryocooler-II inactive, Tpyp j; n pvap Doticeably diverges from Tpyp |y pyap With in-
creasing Qccp_n - This is apparent in both the 2-circuit and 1-circuit results shown in the lower
right panels of Figure 2.14 and Figure 2.15, respectively, although the effect is much more pro-
nounced in the former. Such behavior is suggestive of a contact conductance between copper
components of the common cold plate assembly. To estimate this contact conductance, a simple
model of the conduction heat transfer through the common cold plate, shown in Figure 2.20, is
solved. Here the contact conductances between all components are assumed to be equal and each
copper plate is assumed isothermal. All values in Figure 2.20 are measured or calculated from
the experiment results shown in Figure 2.14 and Figure 2.15 except UA oyr_ny and Ty
— there is no temperature sensor on the evaporator connector plate. Equations 2.17 and 2.18 rep-
resent the heat transfer over the connector plate to PHP-I-N evaporator and PHP-II-N evaporator
to connector plate joints, respectively, and are solved simultaneously to determine these un-

known values for each experiment datum with Cryocooler-1I-N inactive.
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PHP-I-N condenser PHP-II-N condenser
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Evaporator connector plate
PHP-I-N evaporator PHP-II-N evaporator

Figure 2.20. Schematic showing heat transfers and conductances in the common cold plate assembly. Arrows indi-
cate positive values of heat transfers when Cryocooler-II-N is inactive.

: _ UA conr
|QPHP—I—N|_ T T (2.17)
PHP—II-N,EVAP — 1CCP-N

: _ UA conr
|QPHP—II—N|_ T T (2.18)
CCP-N "~ 1 PHP-I-N,EVAP

Results from the common cold plate contact resistance model are shown in Figure 2.21 and Fig-
ure 2.22 for the 2-circuit and 1-circuit plumbing configuration measurement data, respectively.
The left panels of the figures show the measured heat transfer over each joint as a function of the

associated modeled temperature difference while the right panels show the modeled T, y
compared to the Tpyp | npyap and Tpyp | y pyap measurements. The excellent linear fit in

the left panels, for the heat transfers over both common cold plate joints, suggest that the model

is representative and that UA_,\;_y 1S constant over the observed temperature range. For the
2-circuit configuration UA \r_y 1S an estimated 0.219 W/K; for the 1-circuit configuration

the estimate is 0.590 W/K.
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Figure 2.21. Common cold plate contact conductance estimate using experiment data from the 2-Circuit configura-
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Figure 2.22. Common cold plate contact conductance estimate using experiment data from the 1-Circuit configura-
tion with Cryocooler-1I-N inactive (left) and modeled evaporator connector plate temperature Tccp.n as a function of

the common cold plate heat load (right).

The right panels of Figure 2.21 and Figure 2.22 explain the observed increasing temperature gra-

dient between Ty, n gyap and Tpyp |y gvap With increasing Qecp_y

. The contact con-

ductance model suggests the majority of this temperature gradient is over the connector plate to
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PHP-I-N evaporator joint, caused by and scaling with Qcep_n . The PHP-II-N to connector
plate joint, meanwhile, is subjected to the lower magnitude (and almost constant) parasitic heat
transfer |Qpp_n-n| - Teern @0d Tpup yn pvap are therefore always nearly identical. This
explanation is consistent with the observation that Tpu, |y gyap and Tpyp  y pyap nearly
converge to about 80 K at Qcp_y=0W for both plumbing configurations, with the remaining

offset due only to the parasitic |Qpup_y_n| -

Table 2.10. Comparison of common cold plate contact conductance (modeled via Equations 2.17 and 2.18) to OFF
state PHP-II-N conductance (measured per Equation 2.10) for all measurement data

. Estimate UA UA e UA conr
Configuration Bound WK] wikp UA 1r oot o
Minimum 0.137 0.0010 137
2-Circuit Mean 0.222 0.0021 106
Maximum 0.312 0.0046 67
Minimum 0.331 0.0011 300
1-Circuit Mean 0.590 0.0034 173
Maximum 0.802 0.0069 116

Table 2.10 compares the modeled values of UA_ o\;_y to the experimentally calculated values
of UAgp pupn_nopr fOr all measurements with Cryocooler-II-N inactive. Recall that
UA e pip-ni-norr 18 computed  with (Tpup_y-n.cono— Temp_n-n,evap) » Tather  than
(TPHP_H_N,COND— Teep_n) and therefore does not benefit from the additional temperature gradi-

ent within the common cold plate assembly due to the contact conductances. Additionally, the es-

timated contact conductance UA \;_n 18 much larger (by about two orders of magnitude) than

the measured PHP-II-N OFF state conductance UAggp pup 1 norr » SUggesting that the pres-
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ence of the contact conductance is not significantly deflating the reported values of

UAEFF,PHP—H—N,OFF

Insufficient contact area and clamping force are the likely causes of the observed contact conduc-
tance in the common cold plate assembly. Note that the 2-circuit configuration testing was per-
formed prior to that of the I-circuit configuration, and the low contact conductance was sus-
pected as the system underwent conversion to the 1-circuit configuration. Some fasteners clamp-
ing the common cold plate components together were discovered to be insufficiently secured at
this time and were subsequently tightened before testing of the 1-circuit configuration. This is
consistent with the contact conductance more than doubling for the 1-circuit configuration data
relative to the 2-circuit configuration data. Although the contact conductances seen here (even
for the improved 1-circuit configuration data) would be an issue for an application requiring the
common cold plate to remain at a certain design temperature at all Qcp_y , based on the pre-
ceding analysis they do not preclude the objective of this work: evaluating PHP thermal switch
performance. A better designed common cold plate assembly — for instance, with more contact
area and polished surfaces between the components) — would alleviate the issue but is not pur-

sued here due to time constraints.

2.5.5 Behavior during Cryocooler-1I-N shutdown and subsequent restart
For the OFF state PHP-II-N measurements, the facility is initially in a state with Crycooler-1-N
and Cryocooler-II-N active. Cryocooler-II-N is then deactivated and the electric resistance

heaters attached to the cold head are utilized to rapidly (in roughly 90 minutes) warm the Cry-
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ocooler-11-N cold head and PHP-II-N condenser from about 80 K to 290 K. During the warming

of Cryocooler-II-N, Cryocooler-I-N continues operating and PHP-I-N continues removing Qcp
from the PHP-I-N evaporator. Typically, if Q.cp is larger than about 1 W during this Cryocooler-
II-N warm up process, Tpyp |y gyap SMoothly transitions from the value measured at this Qcer
with Cryocooler-II-N active to the value with Cryocooler-II-N inactive (per Figure 2.14 and Fig-
ure 2.15). Tpyp |y gvap 1S stable during this process and sees no rapid increases, suggesting that
the parasitic load |Qpup_y;_n| Never increases significantly above the reported steady state values
in Figure 2.14 and Figure 2.15 and that the switching process (dryout) in PHP-II-N is complete at
relatively low values of Tpyp j y conp- If Qccp is less than about 1W during the Cryocooler-II-N
warm up, PHP-I-N operation can become intermittent, causing brief rises in Ty, |y gyap above

the steady values reported in Figure 2.14 and Figure 2.15. For a more thorough accounting of
PHP evaporator temperatures, condenser temperatures, and loads during the PHP switching

process, see Section 3.6 for results from the helium PHP thermal switch test facility.
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3 Helium PHP thermal switch performance characterization in a redundant
cryocooler system

The second portion of this project involves the design, fabrication, and performance characteriza-
tion of helium PHP thermal switches (with switching temperatures near 4 K). Demonstrating he-
lium PHP thermal switching at such temperatures is the ultimate goal of the project. With a pos-
sible application of such a device allowing improvements in reliability and portability of cooling
systems for superconducting electronic systems in terrestrial or aerospace applications [6][7]. As
stated previously, a major benefit of first testing the nitrogen PHP thermal switches prior to pro-
ceeding with an analogous helium PHP thermal switch test is the ability to burn project risk with
a simplified facility operating at relatively high temperatures. With the success of the proof-of-
principle nitrogen PHP thermal switch tests demonstrated in Section 2, the follow on helium PHP

thermal switch test setup is presented here.

3.1 Test facility overview

The helium PHP thermal switch test facility is similar to, but significantly more complex than,
the facility developed previously for the nitrogen PHP thermal switch testing. This is caused by
several differing factors: two rather than one actively cooled radiation shields (one each at about
4 K and 70 K, from now on referred to as the ‘4 K’ and ‘70 K’ shields respectively), the desire to
allow the 70 K shield to be thermally isolated from a deactivated cryocooler, and longer PHP adi-
abatic sections. External views of the helium PHP thermal switch test facility with the dewar ex-
cluded, are shown as a solid model in Figure 3.1 and as an image of the actual assembly in Fig-
ure 3.2. Figure 3.3 offers similar views of the solid model assembly with 70 K shield and nitro-

gen shield PHPs removed, while Figure 3.4 further removes the 70 K shield support structure.
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Figure 3.5 shows a solid model profile view of the assembly with the 4 K shields removed to re-

veal the detail of the helium PHPs and heat meters.

Cryocooler-I-H Cryocooler-II-H

llllhlI .!.“:..
bt

| ‘ hr

I

70K Shield PHPs |
,,,,,,,,,,,, __— (nitrogen) —__ |

o
o
o’
p
....

70K Shiel
_— (0) Sled\

Figure 3.1. Solid model assembly views of the helium PHP thermal switch test facility with the locations of the four
nitrogen shield PHPs indicated (dewar not shown).

At the core of the facility are two redundant Gifford-McMahon cryocoolers — a Cryocooler-I-H?*!
(a Sumitomo RDK-415D rated for 1.5W at 4.2K) and a Cryocooler-II-H (a Sumitomo RDK-

408D2 rated for 1.0W at 4.2K) — each mounted vertically in a common dewar via a common cus-

21 -The ‘H’ suffix refers to the helium PHP switch test facility
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tom designed 6061 aluminum dewar cover plate. In this orientation, the longest axes of the cry-
ocoolers are parallel to the gravity field. The cover plate also includes a single KF-40 ASA flange
adapter (Kurt J. Lesker model QF40XASASG) used as a passthrough for the PHP filling lines,
along with three electrical passthrough connectors (one Deteronics DT02H-16-8PN and two
DT02H-20-41PN) for thermometer and heater lead passthroughs. Figure 3.1 and Figure 3.6 show
views of these dewar cover plate connected components. A KF40 flange for the connection of the
vacuum pump system is available directly on the dewar — a full description of the external vac-

uum and PHP filling plumbing is provided in the Appendix Section 8.2.
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Figure 3.2. Images of the helium PHP thermal switch test facility showing the 70 K shield and the nitrogen shield
PHPs.

Overall, this facility is significantly larger than that of the nitrogen PHP thermal switch facility in
order to accommodate an extra layer of radiation shields and the longer helium PHP adiabatic
sections. The helium PHP thermal switch facility dewar dimensions are listed in Table 3.1, which
can be compared the nitrogen PHP thermal switch facility dimensions listed in Table 2.1. Figure
3.7 provides an external image of the helium PHP thermal switch facility dewar, highlighting its

much large size.
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Table 3.1. Nitrogen PHP thermal switch test facility dimensions

Dimension Value
Dewar internal diameter 60 cm
Dewar internal height 180 cm

Cryocooler-II-H
Hot Stage Shield PHP
Mounting Block

Cryocooler-II-H
Hot Stage Shield PHP
Mounting Block 5% - S5 - lle

70K Shield — L F ||
Structural Standoffs

TsHELD-UPPER

I —_ 70KShieldPHP
: Mounting Plates

Cryocooler-II-H 4K Shield

|
I

TSHIELD-SIDE-A
| __— 70K Shield Supports =

Cryocooler-I-H 4K Shield

TsHIELD LOWER __»f

Figure 3.3. Solid model assembly views of the helium PHP thermal switch test facility with the 70 K shield and ni-

trogen shield PHPs removed. Pink arrows indicate locations of the four temperature sensors attached to the 70 K
shield.
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Cryocooler-II-H
Hot Stage Heater

Cryocooler-I-H
Hot Stage Heater

Cryocooler-II-H Cold Stage Heater
Cryocooler-I-H Cold Stage Heater—_ =

Cryocooler-II-H 4K Shield —

Cryocooler-I-H 4K Shield

Figure 3.4. Solid model assembly views of the helium PHP thermal switch test facility with all 70 K shields and
structure removed.

Perhaps the most immediately obvious new feature for the helium PHP thermal switch facility
(relative to the nitrogen PHP switch facility) is the 70 K heat shield design. Here, the 70 K heat
shield is thermally sunk to both Cryocooler-I-H and Cryocooler-I1I-H, not with directly mated
metal surfaces but rather with two nitrogen PHP thermal switches per cryocooler. This allows the
70 K shield to be passively thermally isolated from an inactive cryocooler. In principle, this de-

sign allow the 70 K shield to remain cold at all times using the remaining active cryocooler if
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Figure 3.5. Solid model assembly views of the helium PHP thermal switch test facility with all 70 K and 4 K shields
and structures removed.

either Cryocooler-I-H or Cryocooler-1I-H is deactivated®. Such a design is not required for per-
formance characterization of the helium PHP thermal switches, but it is required for any actual
application of cryogenic PHPs and is included in the facility as a proof-of-principle engineering

demonstration. The four nitrogen PHP switches (two each per cryocooler) are nearly identical to

22 Recall that the heat shield is sunk to only the Cryocooler-I-N cold head in the nitrogen PHP thermal switch test
facility. This means that Cryocooler-I-N must be always be active during testing of the nitrogen PHPs.
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those used in the nitrogen PHP thermals switch test facility, with design details discussed in Sec-

tion 3.2.

Cryocooler-I-H

= Dewar Cover Plate

Figure 3.6. Overhead image of the helium PHP thermal switch facility dewar cover plate with annotated compo-
nents.

The mechanical structure of the 70 K shield varies substantially from the analogous radiation
shield in the nitrogen PHP thermal switch test facility in order to implement the PHP thermal
switch connections to the hot stages of Cryocooler-I-H and Cryocooler-II-H. Here, the 70 K
shield is covered with panels cut from 1.3 mm thickness 6061 aluminum and has a box shape to
mate with the nitrogen PHP evaporator plates, as seen in Figure 3.1. A system of 6061 aluminum
structural supports secures the shield panels and nitrogen shield PHPs. The shield panels and
structural components are joined with 6-32 screws and Apiezon N thermal vacuum grease, with
the entire shield assembly mechanically suspended from the cryocooler hot stages with thermally

insulating thin-walled stainless steel support rods. The shield temperature is monitored by four

88



platinum resistance thermometers (uncalibrated Lakeshore Cryotronics model PT-102), located
at the top, bottom, and sides (near the nitrogen shield PHP evaporators) of the 70 K shield, as
highlighted in Figure 3.2. An approximately 30 layer MLI blanket surrounds the panels of the
shield. Details of the 70 K shield assembly structure are shown in Figure 3.8, with an image of

the MLI-wrapped assembly shown in Figure 3.7.

(a8 3 = W .
Figure 3.7. External view of the helium PHP thermal switch test facility dewar (left) and the test facility removed
from the dewar showing MLI-wrapped 70 K shield (right)
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Similar to the nitrogen PHP thermal switch test facility, this facility contains two custom de-
signed and fabricated helium PHPs* — labeled PHP-I-H and PHP-II-H — which are associated
with Cryocooler-I-H and Cryocooler-1I-H, respectively. Each helium PHP condenser plate is
structurally and thermally linked to its respective cryocooler cold head via custom designed con-
duction heat meters labeled HM-I-H and HM-II-H. The heat meters are again rectangular copper
bars of known length and cross sectional area with thermometers installed near each end of the
bar*. Both Cryocooler-I-H and Crycooler-II-H have electrical resistance heaters attached to the
hot and cold stages — 13 Q TE Connectivity model HSC7513RJs on the hot stages and 1200 Q
TE Connectivity model HSA251K2Js on the cold stages. Each heater is powered by an indepen-
dent, programmable direct current power supply and controlled by an independent LabVIEW
PID controller. Temperature input for the hot stage controllers are provided by platinum resis-
tance thermometers (uncalibrated Lakeshore Cryotronics model PT-102) mounted on the shield
PHP mounting blocks, highlighted in Figure 3.9. Temperature input for the cold stage controllers
is provided by the Cernox thermometers (calibrated®® Lakeshore Cryotronics model CX-1050-
CU-HT) mounted on the helium PHP condensers, shown in Figure 3.17. The heater and power
supply combinations allow up to 150 W and 2 W to be applied at the hot stage and cold stage of
the cryocoolers, respectively, in order to maintain temperature set points at these locations. Fig-

ure 3.9 and Figure 3.5 indicated the locations of the hot and cold stage heaters, respectively.

23 See section 3.3 for a full description of the PHP design
24 See section 3.4 for details of heat meter construction and calibration.
25 See Section 8.6 for calibration details
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Figure 3.8. Solid model CAD profile view illustrating 4 K heat shielding for the helium PHPs within the helium
PHP thermal switch facility. The 70 K shield is excluded from view for clarity (except for its upper plate).
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\\ Cryocooler-1I-H
Hot Stage Mounting Block

Teryocooler-1-HOT Hot stage resistance

Cryocooler-I-H Nitrogen shield PHP
Hot Stage Mounting Block Condensers
Teryocooler--HoT
Hot stage resistance heater

Figure 3.9. Solid model assembly detailing the connection between the nitrogen shield PHPs and the hot stages of
Cryocooler-I-H and Cryocooler-1I-H. Hot stage temperature sensors locations denoted by the pink markers.

Cryocooler hot stage Cryocooler hot stage
resistance heaters platinum temperature sensors Shield

PHP
Condenser |

hot stage
ounting block

Figure 3.10. Image detailing the connection between the nitrogen shield PHPs and the cryocooler hot stages
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A common cold plate assembly, depicted in Figure 3.11 and Figure 3.12, thermally and struc-
turally connects the evaporators of PHP-I-H and PHP-II-H. The design is modified from that in
the nitrogen PHP thermal switch test facility to mitigate the contact conductance issues seen in
that facility. Here, indium sheets are used for all thermal component joints in the common cold
plate assembly. Four electrical resistance heaters (40 Q2 TE Connectivity model HSA2550R)), at-
tached to the common cold plate assembly between the PHP-I-H and PHP-II-H evaporator
plates, are wired in series and powered with a programmable Keithley 2200-20-5 direct current
power supply to provide the common cold plate heat load. The power supply uses a two wire
measurement to accurately measure the power applied the common cold plate resistor, as the cir-
cuit 1s intentionally designed to have sufficiently low current that dissipation in the leads is negli-

gible for all operating conditions.

/ Heaters

Evaporator

connector plates

«— PHP evaporators

Figure 3.11. Solid model showing the details of helium PHP thermal switch assembly common cold plate
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Cernox sensors

Figure 3.12. Images detailing the helium PHP thermal switch assembly common cold plate

The helium PHP thermal switch test facility also includes a set of actively cooled thermal
shields, one directly attached to the cold stage of Cryocooler-I-H and the other directly attached
to the cold stage of Cryocooler-I1I-H, shown in Figure 3.4 and Figure 3.8. These shields are la-
beled ‘4 K’ shields as they remain at approximately 4 K when the associated cryocooler is active.
The 4 K shields are included for a single purpose: allowing energy balances to be carried out on
a system consisting of PHP-I-H, PHP-II-H, HM-I-H, HM-II-H, and the common cold plate with-
out concern for the radiation heat transfer between these components and the 70 K shield. The
net radiative load from the 70 K surfaces to the 4 K surfaces is expected to be small but on the
order of the capacity of the helium PHPs (approximately 100 mW). In an actual engineering ap-
plication, this small radiative load would be incident on the common cold plate and PHP tubes
and would be removed via the PHP advective flow (along with the applied load at the common

cold plate). Because this experiment is concerned about careful measurements of only the advec-
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tive and conduction heat transfer modes within the PHP, it is convenient to ensure that the inci-
dent radiation load on the system of interest is negligible — hence the 4 K shield to shunt the radi-
ation load around the PHPs, heat meters, and common cold plates and directly to the cryocooler

cold stages. The situation is explained by schematic in Figure 3.13.

When the associated cryocooler is deactivated, however, the 4 K shield warms to the temperature
of the inactive cold head (typically around 290 K). In addition to the ‘4 K’ label becoming a mis-
nomer in this situation, the situation presents an opportunity for small, non-negligible net radia-
tion load on the PHP adiabatic section to develop. This owes to the large (about 285 K) tempera-
ture gradient which develops over the PHP switch adiabatic section in its OFF state. In such a
scenario, the coldest parts of the PHP adiabatic tubes (nearest the common cold plate, which is at
about 4 K) are much colder than the encapsulating ‘4 K’ shield (now at 290 K), creating the op-
portunity for a parasitic radiative load between the hot ‘4 K’ shield and the coldest tube surfaces
on the OFF state PHP. Figure 3.14 roughly describes the surface temperature of the key compo-
nents when this occurs. To limit the impact of characterized radiation parasitics clouding the OFF
state PHP switch performance measurements, two mitigation steps are taken: OFF state testing is
limited to only PHP-II-H*® and an asymmetric ‘4 K’ shield with a thermal break about midway
through the PHP-II-H adiabatic section is used. With these steps, the larger section section of the
‘4 K’ shield — which is attached to the Cryocooler-I-H and completely surrounds PHP-I-H, the

common cold plate, and the coldest surfaces of PHP-II-H — always remains at 4 K, while only a

26 This (unfortunately) imposes the same constraint that the nitrogen PHP thermal switch test facility incurred, but
for a different reason. Here, however, the limitation is purely related to the thermal management needs for char-
acterizing the PHP switch performance and could easily be lifted for an application where the thermal loads do
not need to be accuracy measured.
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small section of the ‘4 K’ shield covering the warmest surfaces of PHP-II-H is attached to 290K
Cryocooler-1I-H. The asymmetric ‘4 K’ shield is shown in Figure 3.8 and Figure 3.4, with the
schematic of Figure 3.14 depicting how this design limits the radiation-driving surface tempera-

ture differences with Cryocooler-II-H inactive.

Finally, note that 15 to 30 layers of MLI is inserted between all surfaces in the facility which
may develop large temperature differences during operation with either Cryocooler-1I-H active
or inactive. This includes the volume between PHP-II-H and the ‘4 K’ shield attached to Cry-
ocooler-1I-H. However, MLI is likely somewhat optically transparent to radiation at wavelengths
emitted from a 70 K surface, so the insulating effectiveness may be minimal. Indeed, evidence of
a radiation parasitic incident on the adiabatic section of PHP-II-H is observed during testing with

Cryocooler-II-H inactive. See Section 3.6.4 and Section 4.3 for a discussion of these results.

Although the 70 K shield is agnostic to which cryocooler is deactivated, the need for accurate en-
ergy accounting through the helium PHPs imposes a requirement that Cryocooler-I-H remain op-
erating at all times. This is due to the fact that the 4 K shield encapsulating the common cold
plate is sunk directly to the Cryocooler-I-H 4 K stage and must always be cooled to limit the dif-
ficult-to-quantify accurately radiation load into the common cold plate. For accurate characteri-
zation of the helium PHP switch performance, this radiation load removed through the helium
PHPs must always be essentially zero. In an actual application such a shield would be entirely

unnecessary; the radiation load would simply be absorbed by the common cold plate and re-
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moved through the PHPs, as accurate measurements of the energy transported by the PHPs in

this case would not be needed. Figure 3.13 is a schematic which compares these two scenarios.

Cryocooler-I-H Cryocooler-II-H Cryocooler-I-H Cryocooler-II-H
|
HM-I-H— T~ HM-II-H
C.2PH13-I-H T ¢ QPHP-II-H C.21?‘HP-I-H * *QPHP-II-H
PHP-L.H |~ PHP-II-H

Quav \ T Quap \ ;

C.2CCP-H Qccp-H
Common 4K Shield Common
Cold Plate Cold Plate

Figure 3.13. Schematic depicting the helium PHP thermal switch facility with 4K heat shield and heat meters (left)

and an example application without 4K heat shield and heat meters (right). The radiation heat load indicated is from
the 70 K shield to the 4 K shield.
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Cryocooler-I-H Cryocooler-II-H Cryocooler-I-H Cryocooler-II-H

HM-I-H HM-II-H HM-I-H HM-II-H

C.2PH13-I-H T * QPHP-H-H C.2PHP-I-H ﬁ ¢ QPHP-II-H
| % (.QRAD
}

}

C.2CCP-H Qccp-H
Common 4K Shield Common 4K Shield
Cold Plate Cold Plate

Figure 3.14. Schematic depicting the helium PHP thermal switch facility with 4 K heat shield with Cryocooler-II-H
active (left) and inactive (right). 290 K surfaces are indicated by red and 4 K surfaces are indicated by blue, with
gradients between these colors indicating an approximate temperature gradient. The radiation heat load indicates a
parasitic from the ‘4 K’ shield at 290 K to the cold adiabatic tubes of the PHP-II-H PHP.

3.2 Nitrogen heat shield PHP design and construction

The helium PHP thermal switch test facility uses four nitrogen PHP thermal switches to connect
the 70 K shield to the hot stages of Cryocooler-I-H and Cryocooler-II-H. These PHPs are labeled
PHP-I-NHS, PHP-II-NHS, PHP-III-NHS, and PHP-IV-NHS — where ‘NHS’ stands for ‘nitrogen
heat shield’. These heat shield PHPs are described by annotated solid model and actual assembly
images in Figure 3.15 and by the design parameters in Table 3.2. The materials, design, assem-
bly, and construction methods of these PHPs are nearly identical to those developed for the nitro-

gen PHP thermal switch test facility described previously in Section 2.2. In this application, how-
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ever, temperature sensors are absent on the PHP condenser and evaporator plates, and each PHP

always has its own dedicated fluid circuit.

Table 3.2. Nitrogen 70K shield PHP design information. X in a symbol subscript can be I, II, III, or IV depending

on the PHP name column.

PHP Name —
PHP-I-NHS | PHP-II-NHS | PHP-III-NHS | PHP-IV-NHS
Parameter |
Associated Cryocooler Cryocooler-I-H H-Cryocooler-1I-H
Number of Parallel Tubes,
20
NPHP— X—-NHS—-TUBES
Inner Tube Diameter, 1.08
d; [mm]
Outer Tube Diameter,
1.47
Qpyp—x—nms,o  [Mm]
Adiabatic Section Length, 267.00
Lopp—x-nms,apia  [Mm]
Condenser Section Length, 102.00
Lpyp—x—nns,conp  [mMm]
Evaporator Section Length, 102.00
Lppp—x—nps,evap  [Mm]
Tube Spacing (center axis),
7.63
Lpyp—x-nus,ts [mm]
Condenser Section Width,
153
W bip—x— NHS, COND [mm]
Evaporator Section Width,
153
W bip—x—NHS, EvaAP [mm]
Condenser Section Thickness,
3.56
THopyp_x—nns,conp [mm]
Evaporator Section Thickness,
3.56
THPHP—X—NHS,EVAP [mm]
PHP Volume
’ 8505
V bip— x— NS, PP [mmS]

Two nitrogen shield PHPs are connected to each Cryocooler-I-H and Cryocooler-II-H, with the

shield PHPs sized such that the entire radiation load on the 70 K shield can be removed by the

set of shield PHPs connected to a single active cryocooler (while the other cryocooler is inactive
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and its associated PHPs are dry). An initial (very) conservative estimate suggests approximately
30 W for the net radiation load on the 70 K shield. Since similarly sized PHPs used in the nitro-
gen PHP thermal switch test facility accommodated at least 16 W prior to dryout (see Figure
2.14), two are included per cryocooler here for a minimum heat trasnfer capacity of at least 32
W. The shield PHPs are connected to Cryocooler-I-H and Cryocooler-II-H via a set of mounting
blocks, visualized by an annotated solid model assembly in Figure 3.9 and by images of the ac-
tual assembly in Figure 3.10. All thermal-mechanical joints in the cryocooler/mounting block/
PHP condenser assembly use either an indium sheet or Apeizon N thermal vacuum grease to
minimize contact resistance. The Cryocooler-I-H shield PHP mounting blocks are mechanically
secured to the cryocooler with threaded fasteners provided on the Cryocooler-I-H cold head it-
self. However, neither the hot nor cold stage of Cryocooler-II-H has a mechanism for securing an
external assembly because as the unit is specialized for cooling a bath of liquid helium rather
than cooling experiment hardware. The shield PHP mounting block for Cryocooler-II-H there-
fore uses a clamping mechanism to grip the cylindrical surface of the hot stage. Finally, the PHP
evaporators are thermally and mechanically secured with screws and Apiezon N thermal vacuum

grease to the 70 K shield via a mounting plate visible in Figure 3.1 and Figure 3.3.
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3.3 Helium PHP design and construction

The helium PHPs thermal switches, shown as solid model assemblies in Figure 3.17 and images
of the actual assemblies in Figure 3.16, are conceptually similar to the nitrogen PHP switches
presented previously in Section 2.2 and Section 3.2. Indeed the fabrication techniques use for
construction are identical. However, several key design changes are made to accommodate the
helium working fluid and the accompanying larger adiabatic section temperature gradient im-
posed in the OFF switch state. The most important update is to the PHP inner tube diameter,
which is reduced to 0.51 mm from 1.08 mm as helium has a lower critical diameter than nitrogen

(approximately 0.50 mm and 1.00 mm respectively, per Equation 1.9 and Figure 1.10). This he-
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lium PHP inner diameter leaves much less safety margin than the nitrogen PHP to guarantee ther-
mally driven advective flow (that is, the selected inner tube diameter is much closer to the criti-
cal diameter for the helium PHPs compared to the nitrogen PHPs), but successful helium PHP
operation has been demonstrated with this geometry [44][45]. Additionally, the helium PHPs fea-
ture a single temperature sensor (a calibrated”” Lakeshore Cryotronics model CX-1050-CU-HT)

screwed to each evaporator and condenser plate, with locations indicated in Figure 3.17.

27 See Section 8.6 for calibration details
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I Condenser section

Fill tees

Unions

Adiabatic section

I Evaporator section

Figure 3.16. Image of the assembled PHP-I-H (right) and HPHP-II-H (left). Note that, prior to testing, the outermost
tubes (in which the fill tees are attached) were modified to mach the tube routing of Figure 3.17.
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Figure 3.17. Solid model of the assembled PHP-I-H (right) and PHP-II-H (left). Temperature sensor locations indi-
cated by black circles.

Thin sheets of indium between the sensors and PHP plates increase the contact conductance at
the joint. This differs from the nitrogen PHP thermal switches where three sensors are used for
each evaporator and condenser plate. The reduction in sensor count reflects both budget con-

straints and the higher accuracy of the Cernox sensors.
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As with the nitrogen PHP thermal switches, the helium PHP thermal switch design is based on an
approximately scaling of the total maximum PHP heat transfer per internal cross sectional area
reported by other helium PHP studies [45][35]. This is intended to roughly allow about 0.6 W of
heat transfer capacity per PHP before dryout for the PHPs built in the present work. The helium
PHP adiabatic lengths are twice as large as those of the nitrogen proof-of-concept PHPs (501 mm
versus 254 mm). This change increases the conduction length in the OFF state of the thermal
switch (providing better thermal isolation) while negligibly impacting the effective conductance
in the ON state [52]. The number of parallel tubes is also decreased slightly (18 vs 20). This is an
unintentional change which is the consequence of a fix to resolve performance issues arising
from an initial configuration consisting of 20 parallel tubes, a different filling tee location, and an
unequal evaporator tube loop length; Section 3.6.5 provides more details regarding this change.
Finally, note that the helium PHP thermal switches are only tested in the 2-circuit configuration.
The reason for this is multifold but mainly due to the fact that results from the nitrogen PHP ther-
mal switch in the 1-circuit configuration yielded lower ON state performance and indicated no
benefit to this configuration. Table 3.3 summarizes the design information for the helium PHP

thermal switches and can be compared with the nitrogen PHP thermal switch design described in

Table 2.2.
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Table 3.3. Helium PHP design information. X in a symbol subscript can be I or II depending on the PHP name col-

umn.
PHP Name —
PHP-I-H PHP-1I-H

Parameter |

Associated Cryocooler Cryocooler-I-H | Cryocooler-II-H
Number of Parallel Tubes, Npup_x_g_Tuses 18

Inner Tube Diameter, dpyp y y; [mm] 0.51

Outer Tube Diameter, dpyp_x yy, [mm] 0.72

Adiabatic Section Length, Lpyp x yoapia  [mm] 501.00

Condenser Section Length, Lpyp x . conp  [mm] 57.00

Evaporator Section Length, Lpyp yx y pyap  [Mm] 57.00

Tube Spacing (center axis), Lpgp x 15 [mMm] 6.93

Condenser Section Width, Wy x g conp  [mMm] 140.00

Evaporator Section Width, Wy x i pyap  [mm] 140.00

Condenser Section Thickness, THpyp x i conp  [Mm] 3.40

Evaporator Section Thickness, THpyp x y pvap [mm] 3.40

PHP Volume, Vpp x yppe  [cM’] 2566

3.4 Heat meter design, fabrication, and calibration

The conduction heat meters used to independently measure the heat load carried through PHP-1-
H and PHP-II-H (HM-I-H and HM-II-H) — shown in Figure 3.18, Figure 3.19, and Figure 3. —
are conceptually similar to those used in the nitrogen PHP thermal switch experiment. Again,
these instruments are constructed from machined rectangular 110 copper bars to a specified
length and cross sectional area, with temperature sensors attached at each end of the device. As
with the PHPs themselves, however, there are key design changes made to accommodate several
issues which arise from the lower (approximately 4 K) operating temperature. Table 3.4 tabulates

the design information for HM-I-H and HM-II-H and can be compared with the analogous speci-
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fications for HM-I-N and HM-II-N from the nitrogen PHP thermal switch test facility in Table

2.3.

————_ Cryocooler-II-H
Cold Stage

Cryocooler-II-H
Cold Stage
Heater

Cryocooler-I-H
Cold Stage

\ Cryocooler-II-H
Cold Stage Clamp

Mounting Block

SNCHMALH

Cryocooler-I-H
Cold Stage
Heater _——
(not visible)

HM-I-H —

Ml —— PHP-II-H Condenser

PHP-I-H Condenser/

Figure 3.18. Solid model assembly detailing the helium PHP thermal switch to cryocooler connections
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Table 3.4. Helium PHP thermal switch test facility heat meter design information.

Heat Meter Name —
HM-I-H HM-I1I-H

Parameter |
Associated Cryocooler Cryocooler-I-H | Cryocooler-1I-H
Material 110 Copper
Length between temperature sensors, Ly, x g [m] 0.076200 0.114300
Area cross section, Ay x.y (MY 0.000567 0.000871
Area to length rati Ao x

catolengthratio,  Apy xu [m] 0.007441 0.007620

LHM—X —-H
Calibration Regime 3K - 6K 3K - 6K
Cryocooler-I-H Cold Stage Cryocooler-II-H Cold Stage

Tumous ——’{‘.—7_

Livnn

Tomos-a \\(. Y
PHP-II-H

Condenser\z,; .

PHP'I'H ® () °o )

N

Figure 3.19. Solid model assembly of the helium PHP thermal switch heat meters HM-I-H (left) and HM-II-H
(right) showing the location of the Cernox temperature sensors.
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Figure 3.20. Image of the helium PHP thermal switch HM-I-H and its mating components.

The most important design criteria for the HM-I-H and HM-II-H is balancing the conflicting
needs of high sensitivity and accuracy of the conduction measurement (which requires a larger
temperature drop over the meter) and maintaining a high temperature at the cryocooler cold head
such that sufficient cooling power is available to remove the load from the heat meter (which re-
quires a low temperature drop over the meter). This compromise is highlighted in Figure 3.21,
which shows decreasing relative uncertainty in the heat flow measurement and increasing tem-
perature drop as the heat load increases through the meter; various area-to-length ratios are plot-
ted, with 0.0075 m selected for the actual HM-I-H and HM-II-H design in order to keep the tem-
perature drop below 0.150 K at the expected maximum heat load of 0.75 W. Note that in princi-
ple this same balance is also required for heat meters HM-I-N and HM-II-N in the nitrogen PHP

thermal switch test facility, but the higher operating temperature in that case (approximately 80
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K) means the cryocoolers retain sufficient cooling power well below 40 K, easily allowing tem-

perature drops of up to 10 K over the heat meters, decreasing the relevancy of the issue.

The heat meters in the helium PHP thermal switch test facility use Cernox temperature sensors
(calibrated”® Lakeshore Cryotronics model CX-1050-CU-HT) as opposed to the platinum tem-
perature sensors (Lakeshore Cryotronics model PT-102%°) used in the nitrogen PHP thermal
switch test facility. Two reasons drive this change: the need for higher accuracy (+0.003 mK vs
+0.250 mK) and the need to read temperatures near 4 K. The increased accuracy is necessary to
allow allow measurements of the conduction heat flux with the small (approximately 0.150 K)
temperature drop expected over the heat meter, while the abandonment of platinum is necessary
because the electrical resistivity sensitivity of the metal versus temperature plummets at tempera-
tures lower than 25 K, prohibiting their use in such a temperature range. The Cernox temperature
bobbins are attached to the heat meters via screws and a thin layer of indium to increase contact

conductance between the sensor and heat meter.

28 See the Appendix, Section 8.6 for calibration details
29 See the Appendix, Section 8.4 for calibration details.
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Figure 3.21. Modeled helium PHP thermal switch heat meter relative accuracy (top) and temperature drop (bottom)
as a function of heat load for different area-to-length ratios. Assumes constant thermal conductivity of RRR100 cop-
per at 4.2 K. Uncertainties reflect manufacturer long-term repeatability for the Cernox sensors (+- 3 mK).

The heat meter conductance, which is again temperature and impurity dependent at the tempera-
tures of interest for the helium PHP thermal switch experiments, is calibrated for both HM-I-H
and HM-II-H in the range 3 K to 6 K. The heat meter calibration setup varies slightly from the
facility setup described in this section to this point, with PHP-I-H and PHP-II-H physically re-
moved from the facility and a resistance heater instead installed at the former locations of the
PHP-I-H and PHP-II-H condensers. All radiation shielding remains unchanged for this modified
calibration facility setup. In this arrangement, the resistance heaters supply a known, well charac-
terized heat load to the heat meters for calibration. To calibrate the heat meters, a series of mea-

surements are obtained with sweeps of both the supplied electric heat load and the heat meter
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temperature furthest from the cryocoolers ( Ty ;- y-a and Ty ;-n-a )- The calibration

points are then fit using a least squares regression to the function forms of

QPHP*I*H:AITHMflfH,A-FBITHMflfH,B+CIT12-IM717H,A+DI TzHM*I*H,B+EI (3 1)

: _ 2 2
Qerp-n1-n=Au Tum—n-n,a+Bn Tum-1-up +C‘IITHMfoH,A+ Dy Thm-n-u,stEq (3.2)

. The idea here is that the functional form of the conductance should be roughly quadratic in the
temperature difference across the meter for temperatures between 3 K and 6 K as the thermal
conductivity of copper is approximately linear with temperature in this range. The heat flow can
be calculated by integrating the (temperature-linear) thermal conductivity while accounting for

any bias stemming from electrical noise in the temperature sensor electrical signals

Tum-1-n.8

: Apvoi- .
QPHP*I*H:_ J‘ kHM*I*H(’-‘[‘) LHM — dT+QOFFSET,HM717H (33)
Tumo1-m.a HM-I-H
Tiv-n-n.8 A
QPHP—H—H:_ J‘ kHM—II—H (T) LHM7H*H dT+ QOFFSET,HM—H—H (34)
Tom-n-n.a HM—II-H

. The integrated result should be represented well over the narrow 3 K to 6 K temperature range
by Equation 3.1 and Equation 3.2. Table 3.5 shows the range of heat loads and temperature

ranges sampled for each heat meter for the calibration and the calibrated regression coefficients

for use in Equation 3.1 and Equation 3.2.
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Table 3.5. Helium PHP thermal switch test facility heat meter calibration details. X in a symbol subscript can be I or
11 depending on the column.

Heat meter name— HM-I-H HM-II-H
Parameter | Calibration regime— 3K-6K 3K-6K

Number of calibration samples in data set 230 173

Range of supplied electric heat loads [W] 0.00to 1.2 0.00 to 0.80
Fit Coefficient Ay 0.73918258 -3.55284524
Fit Coefficient By -0.88219318 3.74612241
Fit Coefficient Cy 0.54248548 1.09735214
Fit Coefficient Dy -0.52587252 -1.12000867
Fit Coefficient Ey 0.17656371 -0.42656031

Since the Cernox sensors lack sensitivity near room temperature, HM-II-H is not calibrated near
290 K. Instead, the parasitic heat load through PHP-II-H in the OFF switch state is calculated

during the PHP performance experiments by a system energy balance

QPHP—H—H:QCCP—H_QPHP—I—H (35)

, where Qpup_;  is the heat load through PHP-I-H, Qpup .y is the heat load through PHP-
II-H, and Qcep_y is the electric head load applied to the common cold plate. This is possible
because the radiation load on HM-I-H, PHP-I-H, and the common cold plate is negligible due to
the always active 4 K shield (see Figure 3.14) and the fact that both the measurements of

Qceron and  Qpup_;_y are highly accurate, therefore allowing an accurate calculation of

QPHP—H—H

Figure 3.22 plots the error between the actual applied heat load through the heat meter and the
calibration fit predicted heat load through heat meter (from Equation 3.1 and Equation 3.2), for

each calibration point, as a function of the applied heat load during the calibration. This shows
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that most of the calibration points are associated with heat loads lower than about 0.6 W, which
corresponds to the maximum heat load expected through each helium PHP based on data gath-
ered from similarly constructed devices [52,45]. However, the helium PHPs tested in this work
under some conditions measured larger heat loads before dryout (see Section 3.6.2), requiring a
small amount of extrapolation beyond the calibrated domain. Section 3.6.1 discusses the accu-

racy of these extrapolations.
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Figure 3.22. Difference between applied heat load and the calibration fit predicted heat load as a function of the for
the heat meters in the helium PHP thermal switch test facility. HM-I-H and HM-II-H calibration measures are in the
3K-6K regime.

Figure 3.23 slightly recasts the calibration data of Figure 3.22 to show the distribution of errors
in histogram form. The normal-looking distribution suggests that calibration error is related to
the random noise from the temperature measurements and not caused by the fitting procedure or
choice of equation. Based on the results in this plot, the uncertainty in the heat meter measure-
ments is estimated at £0.050 W for HM-I-H and +0.075 W for HM-II-H, independent of the tem-

perature measurements.
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Figure 3.23. HM-I-H and HM-II-H histogram of errors. HM-I-H and HM-II-H calibration measures are in the 3K-
6K regime.

3.5 Measurements and performance characteristics

To test the helium PHP thermal switch performance in both the ON and OFF switch states, the
facility allows measurements or calculations of several key experiment parameters listed in Table
3.6. These are similar to the measurements and calculations in the nitrogen PHP thermal switch

facility, with a few modifications and additions.

There are now four measurements — via uncalibrated platinum temperature sensors — which mon-
itor the temperature at various locations on the 70 K shield. The purpose of these is to ensure the
shield is at a sufficiently uniform temperature and check that the nitrogen shield PHPs are operat-
ing nominally. Two additional uncalibrated platinum temperature sensor measurements monitor
provide temperature measurements of the Cryocooler-I-H and Cryocooler-II-H hot stage temper-

ature and are used as feedback for the respective temperature controllers.
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Table 3.6. Measurements provided by the helium PHP thermal switch test facility

Quantity Measurement Devices(s) Comments
TSHIELD*UPPER
TSHIELD— LOWER
T I . .

SHED ShEA Uncalibrated Lakeshore Cryotronics PT-102 sensor See Flgu;e 31'3 aqd Figure 3.9
TSHIELD*SIDE*B or locations
TCrycooIer—I —HOT
TCrycooIer—II —HOT

Tim-1-v-a See

Tiveinos Figure 3.19 for locations

Thviv-a See Appendix 8.6 for calibra-

Tovirs tion details

Lakeshore Cryotronics CX-1050-CU-HT Cernox sensor
TPHP*I*H,COND See
T Figure 3.17 for locations

PHP—-II-H,COND
Terp-1 -+ evap See Appendix 8.6 for calibra-
T pp—ii—H, EvaP tion details

Qccpr Keithley-2200-20-5 direct current power supply See Table 3.8
See Equation 3.1
QPHP—I—H [+] indicates heat flow from
common cold plate to the
Cryocooler-I-N cold head.
See Equations 3.2 and 3.5
[+] indicates heat flow from
common cold plate to the Cry-
. ocooler-II-N cold head
Qprp-ii-h

kPHP—I—H,EFF

kPHP—II—H,EFF

UApup_1-n,err

UAprp_11-n,err

SRenpii-n
FRpp- 1
FRpup 1w

Not applicable — calculated quantity

[-] indicates heat flow direction
from Cryocooler-II-N cold
head to common cold plate

(parasitic)

See Equation 3.6

See Equation 3.7

See Equation 3.8

See Equation 3.9

See Equation 3.10

See Equation 1.14 with
Teur=3.6K

and Appendix 8.3
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These six platinum temperature sensors are not used in calculations which determine the helium
PHP switch performance. All temperature measurements used in the helium PHP switch perfor-
mance calculations are obtained with calibrated Cernox CX-1050-CU-HT sensors. These include
the temperatures on the evaporators and condensers of PHP-I-H and PHP-II-H and those at each

end of HM-I-H and HM-II-H.

Heat flows through HM-I-H and HM-II-H (  Qpp_, y and Qpue_,_. ) are defined by Equa-
tion 3.1, Equation 3.2, and the coefficients of Table 3.5. These quantities again are defined with
signs indicating the direction of heat flow through the PHP (positive indicates a heat transfer
moving from the ‘evaporator’ to the ‘condenser’, and negative indicates a parasitic load moving
from the ‘condenser’ the ‘evaporator’). The electric heat load applied to the common cold plate,

QCCP_H , 1s measured directly by the Keithley-2200-20-5 power supply driving the resistance
heater. The effective thermal conductivity and effective conductance of the helium PHP thermal

switches are defined in the same sense as for the nitrogen PHP thermal switches

K _ |Qpirp— i1l Lpnp—1-1,aDIA
PHP—1—H,EFF 2
|TPHP—I—H,COND_TPHP—I—H,EVAP| ppr_ 110 (3.6)
NPHP—I—H,TUBES” T
K _ | Qe 11—t Lpp—n1-n,ADIA
PHP—II—H,EFF — 2
|TPHP—H—H,COND_TPHP—H—H,EVAP| Qpp_n-no 3.7)
NPHP—I—H,TUBES T
|Quip—snl
UApip 11 prr ™ T T | (3.8)
PHP—I—H,COND _ + PHP—I—H,EVAP
| Qostp—1-l
UApp 11-m,err = B T | (3.9
PHP—II—H,COND __ + PHP—II—H, EVAP
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. Finally, the switching ratio is again measured only for PHP-II-H — due to the 4 K shielding en-

ergy balance constraints discussed previously — and is defined as

UA
PHP— 11— H,EFF,ON
SR =

PHP-II-H ™

(3.10)

UAPHP*II —H,EFF,OFF

. As is the case with the nitrogen PHP thermal switch measurements, in general, both the numera-
tor and denominator of Equation 2.15 can vary with the PHP condenser and evaporator tempera-
tures, heat load, and fill ratio. However, since the OFF state condenser and evaporator tempera-
ture difference of PHP-1I-H is very large relative to that in the ON state, UApyp | g pepops 1S
several orders of magnitude smaller than UA,,, | y g on and remains relatively constant
with changes in Q.cp_y . Therefore, in the calculation of the switching ratio via Equation 3.10,

UApup 1 neerorr 18 considered a constant which is calculated as the mean of all experiment

measurements over all evaporator loads, fill ratios, and PHP plumbing configurations.

A worst case uncertainty analysis for the calculated quantities helium PHP thermal switch perfor-
mance quantities is presented in Table 3.7. This approach is identical to that used for the nitrogen
PHP thermal switch measurements and accounts for possible bias in the measurement variables
that would not contribute to the error in a sum of squares method and results in asymmetric un-
certainty bands. Again, the superscripts (+) and (-) denote the upper and lower uncertainty limits.
Uncertainties due to digital-to-analog conversion in the data acquisition hardware are negligible
relative to the measured variable uncertainty and are therefore not treated here. Table 3.8 lists
measured variable uncertainties. A few differences in the measurement variable uncertainties are

noteworthy relative to those in the nitrogen PHP thermal switch facility (Table 2.7):

118



the uncertainty for Qpup_, y and Qpup_, 4 are now considered temperature indepen-
dent and are based on the analysis in Figure 3.1,

the uncertainty for Qccp_, is quite small as the uncertainty of the on-board power sup-
ply electronics are far more accurate than the current shunt used in the nitrogen PHP ther-
mal switch experiment, and

the Cernox sensors are far more accurate than the calibrated platinum resistance tempera-

ture sensors.
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Table 3.7. Uncertainty definitions for calculated quantities in the helium PHP thermal switch test facility.

Quantity

Upper™ and lower® uncertainty limits

kPHP—I—H,EFF

+ ‘QPHP—I—H+QPHP—I—H| (LPHP—I—H.ADIA+ALADIA—H)

Koo o =
PHP-ITHLEFE |(TPHP—I—H,COND_ATH)_(TPHP—I—H,EVAP+ATH)‘ pprlvao—AdofH)

(d
NpHp—1-H,TuBES T

2

:

‘QPHP—I—H_QPHP—I—Hl (LPHP—I —H,ADIA _ALADIA—H)

Koo | =
PHP IR EFE |(TPHP—I—H,COND+A TH)i(TPHP—I—H,EVAPiATH)‘ (dPprlva0+AdofH)
2

Nprp—1-H,TuBES ﬂ'(

:

[y

+ |QPHP7II7H+QPHP7II7H| (LPHPfllfH,ADIA-'-A I‘ADIA*H)

Konp_ii—H,EFE= T

PHP—II -H,COND ATH )_ (TPHP—II—H,EVAP+ A TH)

(d
PHP —II—H, TUBES /T 2

PHP—II—H.o_Ado—H) )2

UAphp_ 1 err

K _ 1Qerp— 11— Qprpu_il (Lonp_i—n,aoa=A Lapia_n)
PRI ERE |(TPHP—II—H,COND+A TH)_(TPHP—II—H,EVAP_ATH)| (dPpran'O+AdofH) 2
Nprp- 111 TUBES 7T 2
+ |QPHP—I—H+AQPHP—I—H|

UApp =
PHPIHLERE |(TPHP—I—H,COND_ATH)_(TPHP—I—H,EVAP+A TH)|

|QPHP—1—H_A QPHP—I—H|

1>HP—1—H,COND"'A TH)_ (TPHP—I—H,EVAP_A TH)|

UApip i, e = |(T

UApip_ii-HErF

UA® — |QPHP—II—H+QPHP—II—H|
PHPIIZHLERE |(TPHP—H—H,COND_ATH)_ (TPHP—H—H,EVAP"'A TH)

|Q PHP—II-H QPHP—H—H|

UApp 1 —H,EFF— | (T

PHP—II—H,COND+ATH)_ (TPHP—II—H,EVAP_A TH)|

+
UAPHP*H*H,EFF,ON

SRpup_ni-n= N
SR UA b —1i-n, BrF, OFF
PHP—II-H
SRoyp 1= UAfHP—u—H,EFF,ON
UA pip_1i-n, B, OFF
FRpup-1—n See Appendix 8.3
FRpup—i—n See Appendix 8.3
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Table 3.8. Uncertainty definitions for measured quantities in the nitrogen PHP thermal switch test facility

Quantity Uncertainty limits
Qccp-n +AQgep_y=0.003 W
QPHP—I—N iAQPHP—l—HZO-OSOW
o iAQWPMMZOO75M/(0NﬂM®
PHP-II-N +AQpyp_y_4=0.053W  (OFF state)
dpip—1-11,0
Aprp— 1110 +Ad, y=%0.013mm
Lpnp—1-11, aDIA *ALjps_g==x0.2mm

LPHP— II-H,ADIA

Timoicr-a s
Tivor-n-g >
Toimoi-n-a >
TTHMfllfoB > +AT,=%0.005K

PHP-I-H,COND >

—

PHP—II-H,COND >
PHP—I-H,EVAP >

—~

PHP—II-H,EVAP

—

Crycooler—Il-HOT >

_|

Crycooler—| -HOT >

SHIELD-SIDE-B » —
+ATquep=*1.0K
SHIELD-SIDE-A >

— —

SHIELD-LOWER >

—

SHIELD-UPPER

3.6 Experimental results

Experimental results characterizing the performance of the helium PHP thermal switches are pre-

sented here closely mirror the results for the nitrogen PHP thermal switches presented previously

in Section 2.6. Measurements of Qpup 1 1 > Qerp_in » Kppp_1—merr > Kpupon—mprr o
UAPHP*I*H,EFF ’ UAPHP*II*H,EFF s TPHP—I—H,COND ’ TPHP—I—H,EVAP ’ TPHP—II—H,COND ’
Toup—n_t.evapr » @and  SRppe__y are shown here for a range of Qcepy > FRpupin >
FRphp_ -y > and cryocooler operating statuses. Note that the helium PHPs are only tested in

the 2-circuit configuration and not in the 1-circuit configuration. Table 3.9 summarizes the test-
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ing parameters, and the corresponding fill ratio uncertainties are listed in Table 3.10. Experiment

measurements are plotted in Figure 3.24 as functions of the applied common cold plate heat load

Qcery  and Cryocooler-1I-H status.

Table 3.9. Helium PHP thermal switch test system operating parameters

PHP circuit | Cryocooler-I-H | Cryocooler-II-H FR FR Mpyp_1—pg> Mpyp_11-H QCCP,H
configuration status status PHPI=H> = 2RPHP =M kgl [W]

Active 0.203, 0.187 0.000083, 0.000078 Oto1.4

0.287, 0.302 0.000108, 0.000113

0.432, 0.406 0.000152, 0.000144

2-circuit Active ) 0.478, 0.500 0.000166, 0.000173
Inactive 0.470, 0.479 0.000164, 0.000166 | 0to 0.4

0.589, 0.577 0.000199, 0.000196

0.489, 0.194 0.000169, 0.000080

Table 3.10. Helium PHP thermal switch test system fill ratio uncertainties (see Appendix 8.3 for definitions)

Configuration FRpwp 1 n FRpp i 1 FRoup n FRoup1i-n FRppn-n | FRowpoiion
0.203 0.259 0.191 0.187 0.242 0.178
0.287 0.355 0.268 0.302 0.373 0.282
0.432 0.520 0.399 0.406 0.491 0.376
2-circuit 0.478 0.574 0.442 0.500 0.599 0.462
0.470 0.564 0.434 0.479 0.574 0.443
0.589 0.699 0.542 0.577 0.685 0.531
0.489 0.585 0.451 0.194 0.249 0.184

All data are obtained at steady PHP operating conditions, meaning that the PHP condenser and
evaporator temperatures are time independent over the approximately 20 minute data collection
interval (obviously ignoring the smaller scale, high frequency pulsing associated with PHP oper-
ating). Furthermore, the measurements are obtained with no regard to the ramping (up or down)

application of Qcep_y » as the PHP performance changes are found to be negligible whether the

prior Qcep_y 1n a measurement sequence is a higher or lower value. Measurements at different
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FRpyp_ -y and FRp e - are obtained by raising the cold stage temperatures of both

crycoolers above the critical temperature of helium (to purge the majority of helium charge from
the PHP tubes and allow an estimate of the remaining mass) and refilling to the new fill ratio.
Due to the time required to warm Cryocooler-1I-H to 290 K (about 36 hours), only two PHP-II-H
fill ratios — of about 0.20 and 0.50 — are tested in the OFF state. Based on the ON state perfor-
mance, these tested OFF state fill ratios represent practical extrema charges for which the ON
state PHP would operate with a design application and therefore offer representative performance

bounds for OFF switch state.
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Figure 3.24. Effective conductivity, conductance, heat transfer, condenser temperature, and evaporator temperature
over a range of common cold plate heat loads for PHP-I-H and PHP-II-H in the 2-circuit configuration.
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3.6.1 Confirmation of heat meter calibrations

The data presented in Figure 3.24 contains simultaneous measurements from HM-I-H, HM-II-H
and the applied electric heat power on the common cold plate. These simultaneous measure-
ments, along with a system energy balance, can be used to help verify the accuracy of the heat

meter calibrations when Cryocooler-II-H is active. The energy balance used for this is

C)CCP—N:C)PHP—I—N-'-QPHP—H—N (311)
, depicted by diagram in Figure 3.25, holds nearly within the uncertainty bands for each measure-

ment point. This is shown in Figure 3.26, which plots the sum of Qpp ;  and  Qpup g S
a function of Qccp_y for all helium PHP thermal switch operation data with Cryocooler-II-H

active along with the expected perfect energy balance for comparison.

Cryocooler-I-H Cryocooler-II-H

[active] [active]
QPHP—I—H ¢ ¢ QPHP-I-H
| |
HM-I-H | 'HM-II-H
PHP-I-H PHP-II-H

éccp-HT Common Cold Plate

Figure 3.25. Schematic showing energy balance (neglecting radiation) on a system consisting of PHP-I-H, PHP-II-
H, HM-I-H, HM-II-H, and the common cold plate.
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Figure 3.26. Sum of heat meter measurements from HM-I-H and HM-II-H as a function of the common cold plate
heat load for measures with both Cryocooler-I-H and Cryocooler-II-H active.

The excellent agreement over all Q.cp_; provides an independent confirmation of the accuracy
of the heat meter calibrations. Based on the calibration data for HM-I-H and HM-II-H presented
in Figure 3.22, it is likely that the points in Figure 3.26 above approximately Qccp_y=1.2W

are extrapolated beyond the calibration sample domain. This is feasible because the calibration
fit functions for Qpp_;_y and Qpup_y.n — Equation 3.1 and Equation 3.2, respectively — are

inherently defined outside of the calibration domain. However, the independent energy balance
check in Figure 3.26 shows that the accuracy of the extrapolation matches closely to those points

within the calibration domain. Note that the calibration check is not provided for measurements
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when Cryocooler-II-H is inactive. This differs from the situation for the nitrogen PHP thermal
switch tests because HM-II-H is not calibrated at room temperature here due to lack of sensitiv-
ity of the Cernox sensors at 290 K (see Section 3.4). Instead the same energy balance of Equation

3.11 is used to directly calculate the OFF state Qpup_;_y » per Equation 3.5, which then pre-

vents the use of the energy balance as an independent check on the calibration.

3.6.2 PHP heat transfer, effective conductivity, and evaporator/condenser temperature dif-
ference in the ON and OFF switch states

As seen in Figure 3.24, when both Cryocooler-I-H and Cryocooler-II-H are active, the majority
of effective thermal conductivity measurements for both PHP-I-H and PHP-II-H fall between
10000 W/m-K and 50000 W/m-K. The corresponding effective conductance values are between
about 0.10 W/K and 0.75 W/K. These ON state performance values are consistent with those for
other helium PHPs of similar size reported in the literature [43,44,45,52]. A few caveats of the
ON state effective thermal conductivity and conductance data in Figure 3.24 must be mentioned,

however. First, at Qqcp_y lower than about 0.30 W, the heat meter calibrations become rela-
tively inaccurate per Figure 3.21. When this inaccuracy is combined with the small temperature
difference between the PHP condenser and evaporator plates which occur at low Qgcp_y » the
uncertainty in the effective thermal conductivity and conductance data is amplified per the analy-
sis in Table 3.7. The peak in these values at low Qcep_; should be viewed as an artifact of the
uncertainty rather than a real phenomena. Furthermore, ON state data is provided for a wide
range of fill ratios here for the purpose of ensuring the optimum conductance of the ON state he-

lium PHPs is identified rather than to closely detail the difference performances and dryout con-
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ditions of each fill ratio. Discerning differences between different fill ratios from Figure 3.24 is
difficult due to the log scaling and the large number of sample points; however, the scaling al-
lows a clear visual comparison between the conductances for PHP-I-H and PHP-II-H when Cry-

ocooler-11-H is both active and inactive — the main goal of this investigation.

The optimum ON state conductance of both PHP-I-H and PHP-II-H occurs at a fill ratio of about
0.50 and Qccp_yy Of about 1.1 W. This corresponds to Qpup_;_n and Qpep_;_n €ach equal
to about 0.550 W, as the load applied at the common cold plate is roughly split equally between
the two PHPs. This is again inline with similarly sized PHP performance describe in the litera-
ture. For instance, helium PHPs with 14 parallel tubes and adiabatic section lengths of 300 mm
and 1000 mm have been measured with an optimum conductance of 0.38 W/K at a load of about
0.26 W [52]. The same paper noted that the adiabatic length between 300 mm and 1000 mm had
negligible effect on the optimum conductance. The larger optimum conductance seen in this test-
ing is therefore likely associated with the larger count of parallel tubes (18 vs 14) rather than the

different adiabatic length (501 mm vs 300 mm and 1000 mm).

The parasitic heat leak through the OFF state PHP-II-H  Qpup .y is nearly constant overall all
measurements at widely varying fill ratios — behavior identical to that observed previously with
the nitrogen PHP thermal switch PHP-II-N. The mean of these OFF state Qpyp_;_y Measure-
ments is about -0.080 W, which are obtained over a range of applied applied common cold plate

heat loads Qccp_;y between 0.00 W and 0.32 W™ while the evaporator and condenser tempera-

30 The applied Qcep_y is limited such that Torp_n_n evap remains safely below the critical temperature of he-
lium when Cryocooler-1I-H is inactive. This ensures the helium in the OFF state PHP-II-H evaporator remains
liquid and helps avoid overpressuring the helium PHP and fill line system, whose solder joints and valves are
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tures of PHP-II-H are at approximately 4 K and 290 K, respectively. Again this is due to the large
temperature difference between the PHP-II-H condenser and evaporator which develops when
Cryocooler-1I-H is inactive; this temperature difference varies little while the thermal conductiv-
ity of the contained static helium vapor is very low. Note that because the PHP geometry is also
fixed, a constant Qpyp_y_y implies that Kpnp - nmprr and UApg, | ypee are also constant

per Equation 3.7 and Equation 3.9.
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Figure 3.27. Distribution of parasitic heat leak through the OFF state PHP-II-H, QPHP_H_H , and the correspond-
ing distributions of  Kpyp 11 g grp

Figure 3.27 shows the distributions of Qpup_;_y and Kppp - gre for all measurements with
Cryocooler-1I-H inactive — that is, with PHP-II-H in the OFF state. The distributions are almost
normal and notably not multi modal, suggesting that there is no unforeseen dependence of the
OFF state heat leak on the fill ratio over the range tested here. Comparison of theses measured

OFF state heat leaks Qpup_;_y to modeled predictions are presented in Section 4.3. It is worth

not necessary capable of handling the high pressures associated with evaporating the complete PHP charge
within the restricted PHP volume.

129



mentioning that OFF state heat leak for the helium PHP (-0.080 W) is nearly an order of magni-
tude smaller than that observed for the nitrogen PHP (-0.54 W). This is mostly due to design
changes in the PHP construction — a longer adiabatic section and smaller total tube cross sec-
tional area — which result in lower OFF state conduction through the tube walls and static gas.

Note that the parasitic load of about -0.080 W through the OFF state PHP-I-H Qpup_y 51 >
which must be removed from the common cold plate entirely through the ON state PHP-I-H and
Cryocooler-1-H, is about 13 percent of the maximum demonstrated capacity of PHP-I-H and 9
percent of the available capacity of Cryocooler-I-H after accounting for the radiation load inci-
dent on the 4 K heat shield load. Like the nitrogen PHPs then, the PHP-II-H here is functioning
effectively as a thermal switch, providing insulation to protect the common evaporator plate from
the hot PHP-II-H condenser plate while allowing Cryocooler-I-H to continue cooling the evapo-

rator load.

A minor final point here is that, for measurements with Cryocooler-II-H inactive, there is very
little temperature gradient over the evaporator (that is, Tppp_y_1i evap— Trrp—i—t evae 1S Small) for
all measurements with PHP-II-H in the OFF state. Two factors contribute to this — the first and
most important being the large reduction in contact resistances within the common cold plate as-
sembly relative to those experienced with the nitrogen PHP thermal switch experiment. Sec-
ondly, the heat loads Qcp_;; applied at the evaporator here are far small smaller (0 W to about
0.32 W) than those Q.cp_n applied in the nitrogen experiment (0 W to about 16 W), which

limits the temperature gradient that can develop over the contact resistance which remains.

Since the experiment evidence suggests there is no significant contact resistance in the common
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cold plate assembly, a contact resistance model is not provided for the helium PHP measure-

ments as for the nitrogen PHP measurements.

3.6.3 Switching ratio
PHP-II-H’s effectiveness as a thermal switch is characterized by its switching ratio in Figure

3.28, which plots the PHP-1I-H switching ratio as a function of ON state PHP-1I-H heat load

Qpup_y_y for the same experiment test data from Figure 3.24. The ratio for the 2-circuit he-

lium PHP thermal switch approaches about 2000, as compared with about 2500 for the 2-circuit
nitrogen PHP thermal switch presented previously. As with the nitrogen PHP thermal switches,
this means that the ON state switch conductance UA,,, | g ger oy 1S about three orders of
magnitude larger than the OFF (dry) state conductance UA,p |1y gerorr > demonstrating the
effectiveness of the helium PHPs as thermal switches even with an OFF state temperature differ-
ence imposed (approximately 285 K versus 220 K) between the condenser and evaporator plates
well exceeding that of the nitrogen PHP switches. In addition to the larger temperature gradient,
recall that the helium PHPs have different geometry (adiabatic lengths, tube inner and outer di-
ameters, and parallel tube count) from the nitrogen PHPs, all of which combine to cause the dif-
ferences in switching ratio. The OFF state helium PHPs are also likely subjected to a small, yet
important, radiative load which is likely contributing to the lower switching ratios. An analysis

regarding this is provided in Section 3.6.4 and Section 4.3.
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Figure 3.28. Switching ratio as a function of the heat load in the ON state for PHP-1I-H

With the helium PHP switches, the switching ratio is again insensitive to the PHP fill ratio. This
is again expected since working fluid swap does not change the fact that the PHP effective ther-
mal conductivity in the ON state is typically a fairly weak function of fill ratio (except at fill ra-
tios approaching 0 or 1), while the OFF state effective thermal conductivity is independent of the
stagnant gas pressure (which changes as the fill ratio varies). Section 4.3 has further analysis re-

garding the parasitic heat leak dependence on charge pressure for the helium PHP switches.
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3.6.4 Behavior during Cryocooler-1I-H shutdown and subsequent restart

The behavior of key experiment quantities during the transition of the PHP-II-H thermal switch
from the ON to OFF to ON states is plotted in Figure 3.29. This time series corresponds to a sys-
tem operation sequence starting with both cryocoolers active (at time = 0 hr), moving to Cry-
ocooler-11-H inactive (0 hr < time < 48 hr), and then moving back again to both cryocoolers ac-
tive (time > 48 hr). The upper panel shows the PHP-I-H and PHP-II-H evaporator and condenser
temperatures, the middle panel shows the heat leak through PHP-II-H Qpup_ .y , and the
lower panel shows the 70 K shield and cryocooler hot stage temperatures as a function of time

during the Cryocooler-II-H ON-OFF-ON cycle.

During the warming of the Cryocooler-II-H cold heads (0 hr < time < 48 hr), the electric heaters
on both the hot stage and cold stage of Crycooler-II-H are fully powered at approximately 150 W
and 2 W, respectively, to assist in warming the cold stage to 290 K as rapidly as possible. The re-
sults in the hot stage reaching 290 K fairly quickly — in about 2 hours — while the cold stage re-
quires much longer — about 48 hours. This is purely due to the fact that the cold stage electric re-
sistance heater is primarily designed for the small power and current necessary for temperature
control during the ON state rather than rapid warming to reach the OFF state. Per Figure 3.29,

|Qpp_u_u| increases slowly from about 0 W to 0.08 W as Cryocooler-II-H warms in time;
when Cryocooler-II-H is reactivated, |Qpup_;_u| returns to 0 W. Note that the noise in the

Qpip_n_n signal in Figure 3.29 is on the order of the random error of the heat meter calibra-

tions in Figure 3.23 — which is about +0.050 W for HM-I-H, on which the OFF state Qpup_ 11

is based per Equation 3.5.
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Figure 3.29. PHP-I-H and PHP-II-H condenser and evaporator temperatures, PHP-II-H parasitic load, and 70 K
shield temperatures during deactivation and reactivation of Cryocooler-11. FRppp...u= 0.470 and FRpup..u= 0.479.
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During both the Cryocooler-II-H warm up period and subsequent cool down period, several in-
stances of brief spikes in the evaporator temperatures Ty, |y pyap and Tpyp gy pyap are
observed. During warm up, the first of four of these spikes (at about time = 7 hr, 8 hr, 14 hr, and
20 hr) are likely associated with heat transfer to the PHP-II-H evaporator from the condenser due
to fluid movement caused by liquid boiling within the PHP tube. The following two spikes at
about 25 hrs and 45 hrs are associated with the initial application of Qe for a series of test-
ing the Qpup_y_y at various common cold plate heat loads in the OFF state, as shown in Figure
3.24. There are a few possible explanations for these latter two events: one is that some finite
time is necessary to increase the velocity of helium in the ON state PHP-I-H when after

Qcep_p s increased; another is that the initial application of Qccp_y is enough to cause a
small movement of fluid in the OFF state PHP-II-H, in turn condensing some vapor in within the
evaporator and causing a nearly instantaneous load increase for the ON state PHP-I-H. All of the
evaporator temperature spikes during the cooldown period are again caused by applications of

Qcepy - It is important to note that, during each of these temperature spikes, the ON state

PHP-I-H is capable of removing the energy from the common cold plate even though the temper-
ature peaks well above the critical temperature of helium (at about 10 K max). Finally, it is worth
mentioning that the shield temperatures during the entire Cryocooler-II-H shutdown and restart
sequence in Figure 3.29 consistently remain between about 70 K and 100 K. This is evidence
that the nitrogen shield PHPs are sized sufficiently such that the two attached to the active Cry-
ocooler-I-H are capable of removing the incident radiation while the two attached to the inactive

Cryocooler-1I-H are in the OFF switch state.
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Figure 3.30. Measured relation between the OFF state parasitic load through PHP-II-H and (Teup-ii-ucono — Toupni-
wevar) during the slow psuedo-steady state Cryocooler-I1I-H warm up shown in Figure 4.29. Linear and quadratic fits
and their coefficients of determination (1?) are shown. A, B, C, and D in the legend are constants determined by the
regression.

A useful consequence of the long warm up period shown in Figure 3.29 is that the parasitic heat

load through PHP-II-H Qup 4 i sampled over a range of psuedo-steady state Cryocooler-
II-H cold head temperatures Ty, |y conp  (€ssentially from 4 K to 290 K). This allows an
estimate  of the functional dependence of the OFF  state Qpup_y_y ON

(TPHP,H,H,COND—TPHP,H,H,EVAP) to be computed. Figure 3.30 accomplishes this via two regres-
sion fits of  the experiment  measurements: one a  linear fit (

|QPHP_H_H|=f(TPHP_H_H,COND—TPHP_H_H,EVAP) ) intended to check if the measurements
roughly correspond to a conduction parasiticc, and one a quartic fit (

|C'2I,HP_H_H|=f(TPHP_H_H,C(M\ID—TPHP_H_H,EVAP)4 ) to check if the measurements roughly corre-
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spond to a radiative parasitic. The quartic fit is superior, suggesting that imperfect radiation
shielding is responsible for much of the measured OFF state heat leak |Qpup_y_n| through
PHP-II-H and therefore also responsible for the offset between the experiment measurements and

modeled values where Tpyp 1y pyap 1S approximately 290 K.

3.6.5 Modification of PHP fluid circuit design to resolve initial performance issues

The helium PHP thermal switches in this work are the product of an important design iteration
that is worthy of a brief discussion. Originally, the helium PHP thermal switches described in
Section 3.3 were intended to include 20 parallel tubes and have a filling tee in the adiabatic sec-
tion, completely analogous to the nitrogen shield PHPs shown in Figure 3.15. This is clearly dif-
ferent than the 18 parallel tube final PHP design shown in Figure 3.17, which features the filling
tube in a short adiabatic section connected to the condenser at each end. Figure 3.31 compares

the initial helium PHP switch design to the revised final version.

The helium PHP plumbing change was made in an effort to overcome severe performance issues:
the initial design essentially failed to operate as a PHP, with dryout in both PHP-I-H and PHP-II-
Hat Qcep_y<0.050W . This is an order of magnitude lower than the design expectations for
the critical heat load and indeed an order of magnitude lower than the actual critical head load
measured with the final modified helium PHP design. One plausible reason for the under perfor-
mance is that the initial design had one evaporator tube section of approximately twice the length
of the other evaporator tube section. An evaporator tube section here is a single U-shaped portion

of the PHP tube that is soldered to the evaporator plate. These can be seen in Figure 3.31; there
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are 10 such sections in the initial design and 9 in the revised design. The 10™ section in the initial
design connects the two outermost adiabatic tube sections, requiring an extra length of tube span-
ning nearly the entire width of the evaporator plate. In the initial design then, this extra long
evaporator tube section is more likely to dry out than the other 9 shorter evaporator tube sections,
which could plausibly prevent a net fluid circulation from developing in the PHP loop. That is, a
liquid slug could survive a pass through each of the 9 shorter evaporator tube sections, but may

evaporate completely in the longer section.
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Figure 3.31. Revised helium PHP design (left) and initial PHP design (right).
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4 Development of a PHP thermal switch OFF state performance model

4.1 Model definition

To assess whether the measured OFF state parasitic loads |Qpp_;,_x| are reasonable, a simple
resistance network conduction heat transfer model for an OFF state PHP switch is developed®'.
Four major assumptions are taken in deriving this model:

1) an OFF state PHP has no advective flow since the temperatures in the condenser and the
majority of the adiabatic section are far above the critical temperature and therefore any
liquid remaining in the evaporator flashes before penetrating any significant distance into
the adiabatic section;

2) the working fluid is in hydrostatic equilibrium throughout the PHP tube;

3) radiation is negligible; and

4) the system is in a steady state.

With these assumptions in mind, there are two parallel conduction paths between the evaporator
and condenser plates to consider — through the tube wall and through the stagnant working fluid
vapor within the tube. These parallel conduction paths are modeled with a single thermal conduc-
tivity by weighting the contributions by fraction of the contributed area cross section. This ap-
proach is an isothermal one dimensional approximation to a two dimension conduction problem
which results in a lower bound of the actual resistance [53]. The conduction problem is dis-
cretized in the tube axis dimension to account for the temperature dependent thermal conductiv-

ity of both the tube wall material and the working fluid. Figure 4.1 is a schematic that highlights

31 The model is described within this section in general terms so it may be applied to both the nitrogen and helium
PHP thermal switches
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key features of the conduction problem, describes the discretization, and relates the boundary

temperatures to the evaporator and condenser temperatures.

By a steady state global energy balance, the PHP switch OFF state heat transfer between any two
nodes in Figure 4.1 must be equivalent. The heat transfer between any two adjacent nodes can be

described then by the one dimensional conduction equation

Nyopes—1

QPHP ,OFF ,MODEL = kMODEL

dpyp 0 ?
L 75( > NPHP,TUBES(Ti_TiH)
PHP,ADIA

(4.1)

fori=0to Nyopps—1

, where QPHP’OFF,MODEL is the modeled PHP thermal switch OFF state parasitic heat transfer,
Kyoper, 1 the weighted thermal conductivity of the tube wall and vapor between the nodes,
dpyp,, is the outer diameter of the PHP tube, L, o, is the PHP adiabatic section length,
Npup.tuses 1 the number of parallel tubes in the PHP, T, is the temperature at the i® dis-

cretized node, and Nyqpes 1S the number of discretized nodes. Importantly, k,,,pe;. 1S @ func-

tion of the local temperature and has cross section weighted contributions from both the tube

wall material and the working fluid
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Figure 4.1. Geometry for PHP switch OFF state performance model (not drawn to scale)

(4.2)

kMODEL = kFLUID p PHP, OFF, MODEL » ) )

2 2 2
Ti+Ti+1 dPHP,i +k Ti+Ti+1 dPHP,o_dPHP,i
WALL

2 2
dPHP,O dPHP,o

, where kg p 1s the pressure and temperature dependent conductivity of the working fluid,
Kyar, 18 the temperature dependent conductivity of the wall, and Ppyp opp mope. 18 the pres-

sure of the PHP working fluid in the OFF switch state. Note that the brackets following the con-

ductivity terms in Equation 4.2 bound function arguments for the conductivities and are not
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meant to show multiplication. Equation 4.2 clearly shows how the fluid and wall material con-

ductivity contributions are weighted in proportional to their respective cross sectional areas.

The pressure of the PHP in the OFF switch state is determined in one of two ways. The first rep-
resents a case where the PHP shutoff valve (see Figure 8.1) remains closed at all times. This
means the ON state charge mass must remain in the local PHP tubing during the OFF state. In
this case the pressure must rise (significantly) as the condenser temperature rises as the charge
mass and volume are fixed. A mass balance between the ON and OFF switch states representing

this 1s

2
dPHP,i)

Nyopes LPHP, ADIA N PHP, TUBES T ( )

A%
PHP,COND
+

0 NNODES VFLUID (PPHP,OFF,MODEL 4 Tl) VFLUID( PPHP,OFF,MODEL’ TPHP,COND)

Mpyp=

(4.3)

A%
PHP, EVAP
+

VEeLup (PPHP,OFF, MODEL » TPHP,EVAP)

, where myy, isthe ON state charge mass, Vg p 1s the temperature and pressure dependent
specific volume of the working fluid, Ty, conp 18 the OFF state PHP condenser temperature,

Tpup gvap 18 the OFF state PHP evaporator temperature, Vo, conp 18 the internal PHP tube
volume contained in the condenser, and 'V pyp gy,p 1S the internal PHP tube volume contained

in the evaporator. Here the ON state charge mass must remain in the condenser (at the condenser
temperature), in the evaporator (at the evaporator temperature), or in the adiabatic section (at the
discretized temperatures determine by the conduction model). This approach allows the specific

volume of the working fluid to vary with position in the adiabatic section tubes. Note that, if
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Poup orr.moper 18 below the critical pressure, any node at a temperature lower than the corre-

sponding saturation temperature is assumed to be saturated liquid.

In a second scenario, the PHP shutoff valve is opened when the PHP switch actuates from the
ON to the OFF state. Such an action occurs for some of the OFF state PHP experiment data in
this work, for instance, with the purpose of limiting the pressure applied to the PHP tubing joints
(for structural integrity purposes) in the experimental facility. When the shutoff valve is opened,
the filling system (again see Figure 8.1) is assumed to have sufficient volume so that

Poup orr, moper.  T€aches about 1 bar. With  Ppyp pe moper €t explicitly in this case, Equation

4.3 determine can be used to determine the OFF state working fluid mass in the PHP.

The nonlinear equation set representing the model, resulting from Equations 4.1 through 4.3, are

solved numerically using the boundary conditions for the conduction model

To=Tpup conn (4.4)

Nyopss Toup, £var 4.5)

, resulting in a prediction of the OFF switch state parasitic heat load QPHP,OFF,MODEL , the corre-

sponding temperature and specific volume profiles of the working fluid in the PHP adiabatic sec-

tion, and either the OFF switch state working fluid pressure  Ppyp opr moper  OF OFF switch state
mass remaining in the PHP m,,, , depending on the scenario chosen for actuating the PHP

shutoff valve. The modeled PHP switch OFF state conductivity and conductance are found by
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|QPHP ,OFF,MODEL| LPHP ,ADIA

d) (4.6)

PHP,TUBES”( B

kPHP,EFF,OFF,MODEL: |T -T |
PHP, COND PHP,EVAP

and

|QPHP ,OFF ,MODEL |

UAPHP,EFF,OFF,MODEL= |T (47)

PHP,COND TPHP ,EVAP |

Finally, a pseudo-modeled switching ratio is computed using the modeled value of

UA pip grr orr, moper.  along with corresponding experimentally measured values of the ON state

conductance UA PHP,EFF,ON ,EXPERIMENT

SR _ UAPHP,EFF,ON,EXPERIMENT 48
PHP,MODEL — UA (4.8)
PHP, EFF, OFF, MODEL

4.2 Comparison of the nitrogen PHP thermal switch OFF state measurements to OFF state
performance model

The PHP switch OFF state model developed in the previous section is solved here using the pa-
rameters listed in Table 4.1 which are associated with the nitrogen PHP thermal switches pre-
sented in Section 2.2. Prior to reviewing the model predictions for the parasitic heat load and ef-
fective conductivity of the OFF state PHP switch, it is worthwhile to check the model’s predicted
temperature and specific volume profiles through the length of the adiabatic section tubes. Figure
4.2 shows these predictions for five of the experimentally tested 2-circuit fill ratio measurements
listed in Table 2.8 and Figure 2.14. A few observations from the profiles are particular notewor-

thy.
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Table 4.1. Parameters for nitrogen PHP switch OFF state performance model

Model Parameter

Description

Value

Thermal conductivity of PHP

Kerum working fluid as a function of tem- Nitrogen [54]
perature and pressure
Specific volume of PHP working
VLU fluid as a function of temperature Nitrogen [55]
and pressure
Kynis Thermal conduct1v1ty' of PHP tube 304 Stainless Steel [56]
wall material
Nyiopes - Model node count 200
Mpyp Mass ofworkllr)ll%nf)l uid within the My -y Measurements per Table 2.8.
T oup_n— measurements per Figures
T pup,conn PHP condenser temperature PHP-II N’CONDZ 14 and 2.15 p gl
T oup_n— measurements per Figures
Toup, Evar PHP evaporator temperature PHP-II N’EVAPZ. 14 and 2.15 pertig
V pip, conp PHP condenser internal volume 1813 mm®
V pup, Evap PHP evaporator internal volume 1813 mm®
Lowp, apia PHP adiabatic section length Lpyp_1n.apia  per Table 2.2
dpip ; PHP tube internal diameter dpyp_y_n,; per Table 2.2
dppp o PHP tube external diameter dpyp_1_no per Table 2.2
Noup rusks Number of PHP parallel tubes Npwp_n-n,ruses  per Table 2.2

UApp ,EFF,ON, EXPERIMENT

PHP ON state conductance mea-
surements

UA,p -y Mmeasurements per Figures 2.14
and 2.15 with Cryocooler-1I-N active

At the higher fill ratios and their associated higher OFF state PHP pressures, the mean specific

volume in the PHP decreases and liquid or high density supercritical nitrogen is predicted to en-

croach into the end of the adiabatic tubes closest to the common cold plate. The higher the fill ra-

tio (and OFF state pressure), the further the impingement. This result is consistent with the need

to contain the larger fluid charge mass associated with higher fill ratios within the same PHP vol-

ume. However, the temperature profiles in the adiabatic section for each of these fill ratios are

32 An informal nodal converge study confirms that the chosen value of Nygpps 1S plenty large to provide suffi-

cient solution accuracy.
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nearly identical, even though the high density nitrogen at the cold end of the adiabatic section

should result in enhanced conduction in the associated locations.

This is explained by the fact that k., in Equation 4.2 is dominated by the thermal conduc-
tivity of the tube wall (the stainless steel conductivity is roughly 7.4 W/m-K at 70 K while that
for saturated liquid nitrogen roughly 0.16 W/m-K), even though the tube wall contributes a
smaller fraction of the tube cross section. The practical consequence of this is that the fill ratio or
actuation of the PHP shutoff valve with the deactivation of Cryocooler-II-N does not signifi-
cantly affect the parasitic heat load Qpp__n through the OFF state PHP-II-N. Indeed this in-
dependence of Qpup_;_x is seen in the experiment results for both circuit configurations (see

Figure 2.14 and Figure 2.15).
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Figure 4.2. Modeled temperature (top panel) and specific volume profiles (middle and bottom panels at different
scales) in the adiabatic section of the OFF state PHP-II-N. All curves use Teup-i-nconn = 290 K, Trupinevar = 80 K,
and the fill ratios from the experiment data per Table 2.8.

Modeled parasitic heat loads QPHP’OFF,MODEL through the OFF state PHP-II-N, and the OFF

state parasitic load Qpup_,_n measurements from Figure 2.14 and Figure 2.15, are shown to-

gether in Figure 4.3 as a function of the corresponding measurement of the load through the cor-
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responding ON state PHP-I-N  Qpp_;_n . Each modeled parasitic load is calculated at the same
fill ratio, condenser temperature, and evaporator temperature as the corresponding measurement.
Perhaps the most important observation here is that that both the modeled and experimentally
measured parasitic vary little with the small changes in operating conditions between the mea-
surement points. Such a result is not surprising since the difference between the evaporator and
condenser temperature is large and does not vary greatly within the experiment data. Addition-
ally, a majority of the modeled parasitic loads fall within the uncertainty bands of the corre-

sponding measured parasitic loads.

20 2-Circuit Configuration 1-Circuit Configuration
) < FR=0.207 [modeled] <] FR=0.207 [measured] V FR=0.507 [modeled] V FR=0.507 [measured]
B FR=0.259 [modeled] O FR=0.259 [measured] l FR=0.547 [modeled] O FR=0.547 [measured]
1 5 | @ FR=0.303[modeled] QO FR=0.303 [measured] | @ FR=0.596 [modeled] O FR=0.596 [measured]
. @ FR=0.415 [modeled] & FR=0.415 [measured] @ FR=0.705 [modeled] & FR=0.705 [measured]
V FR=0.520 [modeled] V FR=0.520 [measured]
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Figure 4.3. Modeled and measured parasitic heat loads through the OFF state PHP-II-N as a function of the heat
flow through the ON state PHP-I-N. 2-circuit configuration models are for the PHP shutoff valve closed (PHP pres-

sure varies with fill fraction) and 1-circuit configuration models are with the PHP shutoff valve open (PHP pressure
is 1 bar).
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There is, however, a small systematic error causing the measured parasitic loads to be consis-
tently larger in magnitude than the modeled values. This bias appears to be slightly larger in the
1-circuit configuration than in the 2-circuit configuration. There are two likely causes driving
this discrepancy: a systematic error in the temperature measurements (present for both the 1-cir-
cuit and 2-circuit results), and a small amount of fluid movement within the OFF state 1-circuit
PHP-II-N. The latter is plausible because the PHP-II-N circuit shares a common fluid loop with
the PHP-I-N, the latter which continues to operate in the advective slug-plug flow regime while
the former is (mostly) dry. A reasonable hypothesis for the 1-circuit configuration is that some of
the moving liquid slugs from the connected ON state PHP-I-N oscillate into the adiabatic section
of the OFF state PHP-II-N before evaporating, effectively shortening the length of adiabatic sec-
tion and slightly increasing the effective thermal conductivity relative to the 2-circuit configura-

tion and model.

Figure 4.4 shows the modeled and measured effective thermal conductivities corresponding to
the parasitic loads of Figure 4.3. The results are as expected from the preceding discussion re-
garding the parasitic loads — the measured effective conductivities are nearly constant for all
measured data and are biased slightly higher than the corresponding measurement values, yet
mostly fall within the uncertainty bands. Again the 1-circuit configuration shows slightly higher

bias in the effective thermal conductivity than the 2-circuit configuration.

150



2-Circuit Configuration 1-Circuit Configuration

<« FR=0.207 [modeled] <] FR=0.207 [measured] V FR=0.507 [modeled] V FR=0.507 [measured]
B FR=0.259 [modeled] O FR=0.259 [measured] l FR=0.547 [modeled] O FR=0.547 [measured]
@ FR=0.303 [modeled] QO FR=0.303 [measured] @ FR=0.596 [modeled] QO FR=0.596 [measured]
100_ @ FR=0.415 [modeled] & FR=0.415 [measured] | = @ FR=0.705 [modeled] & FR=0.705 [measured]

V FR=0.520 [modeled] V FR=0.520 [measured]

X

NI

“lg

~ 50 B B

'

L

@)

=

| Or -

|

Q

50

u’

L

X

_150 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8101214161820 0 2 4 6 8 10 12 14 16 18 20

OPHP—I—N,ON/W OPHP—I—N,ON/W

Figure 4.4. Modeled and measured effective thermal conductivity through the OFF state PHP-II-N as a function of
the heat flow through the ON state PHP-I-N. 2-circuit configuration models are for the PHP shutoff valve closed
(PHP pressure varies with fill fraction) and 1-circuit configuration models are with the PHP shutoff valve open (PHP
pressure is 1 bar).

Finally, Figure 4.5 compares the measured and psuedo-modeled switching ratios for PHP-II-N
for all ON state PHP-II-N heat loads. Consistent with the relation between the modeled and ex-
periment measurements for the parasitic load and effective thermal conductivies, the modeled
switching ratios are systematically higher than the experimental measurements. For the 2-circuit
configuration, the modeled switching ratios mostly fall within the experimentally uncertainty
bands. The modeled switching ratios for the 1-circuit configuration consistently fall on the mar-
gins of the error bars for the experiment data. The larger gap between the model and experiment
data for the 1-circuit data is again likely explained by a small amount of advective flow occur-

ring within the adiabatic section while in the OFF state, which is not considered in the model.
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Figure 4.5. Modeled and measured switching ratio for PHP-II-N as a function of the heat flow through the ON state
PHP-I-N. 2-circuit configuration models are for fill valve closed (PHP pressure varies with fill fraction) and 1-cir-
cuit configuration models are with fill valve open (PHP pressure is 1 bar).

Overall, the simple OFF state PHP performance model presented in Section 4.1 appears to agree
well with the nitrogen PHP thermal switch test data. This agreement suggests that there is no
large unexpected OFF state advective thermal communication between the evaporator and con-
denser plates for the 2-circuit configuration. For the 1-circuit configuration, a small amount of
advective communication perhaps remains in the switch OFF state due the plumbing shared with
the remaining ON state PHP. However, it is entirely plausible that much of disagreement be-
tween the model and experiment results is simply due to systematic bias in the measurement sys-

tem.
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4.3 Comparison of the helium PHP thermal switch OFF state measurements to OFF state

performance model

Here the PHP switch OFF stat model is applied to the helium PHP thermal switches developed in

Section 3 and solved using the parameters listed in Table 4.2. Model predictions of the tempera-

ture and specific volume profiles through the adiabatic section tubes of the helium PHPs are

shown in Figure 4.6. Simulation results are shown for both PHP-II-H fill ratios tested in the OFF

state per Table 4.9 and Figure 3.24. The behavior of these curves is similar to those of the nitro-

gen PHP thermal switch OFF state model with some small but important differences.

Table 4.2. Parameters for helium PHP switch OFF state performance model

Model Parameter Description Value
Thermal conductivity of PHP working fluid as a .
k . Helium
FLUD function of temperature and pressure [57]
Viom Specific yolume of PHP working fluid as a func- Helium [58]
tion of temperature and pressure
Kyars Thermal conductivity of PHP tube wall material 304 Stainless Steel [56]
Nyopes Model node count 200
. S Mpp_p_y Measurements per Table
Mpyp Mass of working fluid within the PHP 1.9
t
Tpup conp PHP condenser temperature TPHP‘”‘H’COND feasurerments pet
. Figure 3.24
Toup_n— measurements per
T PHP PHP-II-H,EVAP
PHP,EVAP evaporator temperature Figure 304
V pip,conp PHP condenser internal volume 24.6 mm’
V bup Evap PHP evaporator internal volume 24.6 mm’
Loup apia PHP adiabatic section length Lpup_1-u,apia  Per Table 3.3
dppp 5 PHP tube internal diameter dpyp_y_y,; per Table 3.3
dpgp PHP tube external diameter dpyp_y_n, per Table 3.3
Nowp Tuses Number of PHP parallel tubes Npgp_n-ntuses  Per Table 3.3
UA,p -y mMmeasurements per Fig-
UApHp,Epp, ON,EXPERIMENT PHP ON state COnduCtaﬂce measurements ure 3]);]:‘ \];/1:1'1 Cl’yocooler—ll-]—?activﬁ

33 An informal nodal converge study confirms that the chosen value of Nypps i plenty large to provide suffi-
cient solution accuracy.
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At higher fill ratios and their associated higher OFF state PHP pressures, the mean specific vol-
ume of the helium in the PHP decreases. This is identical to the modeled behavior of the OFF
state nitrogen PHPs, as the relation between lower specific volume and higher fill ratios remains
consistent with the need to contain more fluid mass with higher fill ratios within the same PHP
volume, even with the change in fluid type. With the helium, however, there is no liquid en-
croachment into the adiabatic section of the PHP. This difference in behavior is associated with

the much lower critical temperature for helium (5.19 K) compared with nitrogen (126.2 K).

The temperature profiles in the adiabatic section for each of the fill ratios shown in Figure 4.6
are nearly identical, which is reasonable given that there is no liquid present in the adiabatic sec-
tion for any of the modeled fill ratios. Note that the predicted OFF state pressures for the tested
fill ratios are quite high (about 141 bar for the FR=0.194 and 280 bar for FR=0.479). There is no
available sensor in the experiment facility to measure the pressure in the OFF state PHP-II-H
with its shutoff valve (see Section 8.2) closed, so the pressure at which the OFF state experiment
results are obtained is unknown. It is possible that the PHP tubes and filling lines, with its solder
joints and shutoff valve seals as its weakest mechanical structures, could survive such pressures
intact. It is also possible that some high density liquid helium liquid is stored on the evaporator
end of the adiabatic section to an extent not predicted by the model, which would have the effect

of lowering the OFF state pressure compared to the model prediction.
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Figure 4.6. Modeled temperature (top panel) and specific volume profiles (middle and bottom panels at different
Scales) in the adiabatic section of the OFF state PHP-II-H. All curves use TPHP-II-H,COND =290 K, TPHP-II-H,EVAP =4 K,
and the fill ratios from the experiment data per Table 3.2.
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Modeled parasitic heat loads QPHP’OFF,MODEL through the OFF state PHP-II-H, and the OFF
state parasitic load Qpyp .y Measurements from Figure 3.24 are shown together in Figure

Figure 4.7 as a function of the corresponding measurement of the load through the ON state

PHP-I-H Qpup_,_y - Each modeled parasitic load is calculated at the same fill ratio, condenser

temperature, and evaporator temperature as the corresponding measurement. As expected from
the OFF state nitrogen PHP model and experiment data, the most important observation here is
that that both the modeled and experimentally measured parasitic vary little with the small
changes in operating conditions between the measurement points. Again this is not a surprising
result since the difference between the evaporator and condenser is even larger than seen with the
nitrogen PHP switches (about 285K versus 220 K) and does not vary greatly within the experi-

ment data.

Diverging from the comparison with the nitrogen PHP switch model results, the majority of the
modeled parasitic heat loads Qpp__yy for the helium PHPs shown in Figure 4.7 are slightly
out side of the uncertainty bands for the corresponding measured parasitic loads, with the model
consistently predicting a smaller magnitude |Qpup_;_y| than measured. Recall that a similar
bias is present in the nitrogen PHP OFF state parasitic load measurements — explainable by sys-
tematic error in the heat meter temperature measurements. Here, however, the discrepancy is
likely caused by a net radiative, rather than conductive, parasitic load into the PHP-II-H evapora-
tor, visualized previously in Figure 3.14. Evidence for this is discussed in Section 3.6.4, where a

QPHPfll—HOCTgHPfﬂfH,COND relationship is found, suggesting that a radiative leak from the ‘4 K’
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shield (now at 290 K) to the coldest surfaces of PHP-II-H nearest the evaporator (remaining near

4 K) is responsible for much of the measured Qpup_;_s

2-Circuit Configuration

0.3
A FR=0.479 [modeled] A FR=0.479 [measured]
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Figure 4.7. Modeled and measured parasitic heat loads through the OFF state PHP-II-H as a function of the heat
flow through the ON state PHP-I-H with the PHP shutoff valve closed.

Figure 4.8 shows the modeled and measured effective thermal conductivities corresponding to
the parasitic loads shown in Figure 4.7. The results are as expected from the preceding discussion
regarding the parasitic loads — the measured effective thermal conductivities are nearly constant
for all measured data but are biased slightly higher and generally just outside of the uncertainty

bands compared to the corresponding measurement values.
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2-Circuit Configuration

A FR=0.479 [modeled] A FR=0.479 [measured]
B FR=0.194 [modeled] O FR=0.194 [measured]

sl g byt

ANNIE BEE A ] MAMA A A

Kerr, prp —11—H, oFF |
|
N N o
S S S
T T T

|

N

(@)
T

|
o
o
T

Q0 01 0.2 0.3 04 05 06

OPHP—/—H,ON/W

Figure 4.8. Modeled and measured effective thermal conductivity through the OFF state PHP-II-H as a function of
the heat flow through the ON state PHP-I-H with the PHP shutoff valve closed.

Lastly, Figure 4.9 compares the measured and psuedo-modeled switching ratios for PHP-II-H for
all ON state PHP-II-H heat loads Qpup ;- The modeled switching ratios are systematically
higher than the experimental measurements, which is consistent with results from the modeled
parasitic loads and OFF state thermal conductivities presented previously. The modeled switch-

ing ratios consistently fall above the error bars for the experiment data, which is again likely ex-

plained by the radiative leak which is not considered by the model.
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2-Circuit Configuration
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Figure 4.9. Modeled and measured switching ratio for PHP-1I-H as a function of the heat flow through the ON state
PHP-I-H with the PHP shutoff valve closed.

Qualitatively, the OFF state performance model developed in Section 4.1 is shown now to agree
quite well with both the nitrogen PHP thermal switch test data (from Section 2.5) and fairly well
with the helium PHP thermal switch test data (from Section 3.6). With independent devices, two
different working fluids, and two different operating temperature ranges, the good agreement
overall suggests that there is no large unexpected OFF state advective thermal communication
between the evaporator and condenser plates for independent (2-circuit) PHP tubing configura-
tions; all deviations between the OFF state models and the experiment results can be explained
by the experiment measurement uncertainties and imperfect radiation shielding. The radiation
shielding issue certainly has practical consequences, however, as a helium PHP thermal switch

intended for a real application would likely require a smaller parasitic than observed in this
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proof-of-principle facility. Reducing the OFF state radiation parasitic is not an insurmountable
issue, however, but is rather an engineering design and construction issue, requiring greater care

in construction of the 70 K shield and MLI.
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5 Development of a PHP thermal switch ON state performance model

Modeling the advective flow in PHPs (the ON state for the thermal switches in this work) is, in
general, a complicated three dimensional and time dependent multi-physics problem involving
two phase fluid dynamics and thermal conduction. To make the problem tractable and solvable in
a way which allows parametric studies to be completed within reasonable simulation times on
desktop workstation computers, the dimensionality of the problem must be reduced from that of
the general case without sacrificing the fidelity of the fundamental physics on which the PHP op-

erates.

5.1 Model definition

5.1.1 Model physics

The approach used here is the so-called mass-spring-damper PHP model, first developed by
Shafii and Faghri [59] and subsequently modified in various ways by Ma [60], Giirsel [61], Fon-
seca [35], and Sun [62]. The core simplification in such models is the assumption that the inner
PHP tube diameter is below the critical diameter (see Equation 1.9) and therefore liquid slugs al-
ways span the cross section of the PHP tube. In this case, the positions and velocities of individ-
ual liquid slugs within the PHP are restricted to a single dimension along the axis of the PHP

tube, as depicted in Figure 5.1.
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vapor plugs

liquid slugs

Figure 5.1. Schematic showing liquid slugs and vapor plugs in a PHP tube as considered in a mass-spring-damper -
style PHP model

A momentum balance can be written for each (the i) liguid slug

%(mivi)ZFp,ﬁFg,ﬁ F,;+F.,  whereiisaliquidslug (5.1

, where t istime, m, is the slug mass, v,

is the slug velocity, F ; is the net force on the

liquid slug from the adjacent vapor plugs, F,, is the buoyancy force, F_, is the viscous

g,i v,i

force, and F_; is the capillary force. These pressure and buoyancy forces are defined by
Fp,izAi(Pi_Pm) (5.2)

F, ,=m;gf cos(a) (5.3)
where A, is the inner cross sectional area of the tube through which the fluid flows, P;,; and

P, are the pressures of the adjacent vapor plugs™, g is the gravitational constant, f, is +1

or -1 depending on the direction of the gravity force relative to the tube axial tube position vector
in which the cell resides (which flips every parallel tube section), and « 1is the angle of the
PHP tube plain (0 is vertical, /2 is horizontal). Figure 5.2 shows illustrates the gravity related

parameters of the PHP geometry. The viscous and capillary forces are given in Equation 5.21 and

34 Note that the liquid and vapor cells share indices (i.e. there is both a liquid and vapor index 1).
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5.23, but further development of the model framework must be developed prior to their defini-

tion.

The momentum balance of Equation 5.1 can be solved for the velocity time derivative

dVi_ dmi 1 .. ..
i Fp,i+Fg,i+Fv,i+Fc,i_ViT e whereiisaliquid slug (5.4)

i

, which is related to the position time derivative by

dx;

1

m =v, whereiisaliquidslug (5.5)
. Given this equation set, it is straightforward to see that the mass-spring-damper derives its

name from the analogous mechanical dynamic system: here the mass is the liquid slug mass, the

(non-linear) spring is the related to the energy stored in the adjacent vapor plugs, and the damper

is the viscous loss.
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Figure 5.2. Illustration showing the gravity vector and axial tube vector for consecutive tube passes (left panel) and
tilt angle (right panel)

The momentum equation must be complemented with a thermal model to describe the heat and
mass transfer within the fluid, tube walls, evaporator plate, and condenser plate. To do this, the
tube walls, liquid slugs, and vapor plugs are discretized further into smaller cells as depicted in
Figure 5.3. Here the control volumes of the fluid move in time (due to the momentum equation)
relative to the stationary tube wall cells. Liquid cells are assumed incompressible and saturated —
meaning that the internal energy, enthalpy, and thermal conductivity are functions of temperature
only; vapor cells use real fluid properties from a reduced-Helmholtz equation of state (See Sec-

tion 5.1.4 for more details regarding this).
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tube wall
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Figure 5.3. Schematic showing the discretization of the PHP tube walls, liquid slugs, and vapor plugs used for the
thermal model. Momentum equation discretization index is i (only the liquid slugs), fluid thermal cell index is j
(may be liquid or vapor), and wall thermal cell index is k.

The 1* law applied to the ™ fluid cell control volume of Figure 5.4 (which may in general be lig-

uid or vapor) as

dU; _( A (T))+ Ania (T; 1) A
dt 2 !

( A‘ﬂuid (Tj+1)+lﬂuid(Tj) )A ( Tj+1_ Tj
2 i

+ (5.6)

d Vol
dt

kb
Fv,j Vj+Hin_ Hout+; hj As,jk(Tk_ Tj)_ Pj

where U, is the internal energy of the j* fluid cell, T, is the temperature of the j* fluid cell,

i

Anuia( Ti) is the temperature dependent thermal conductivity of the j® fluid cell, x, is the

]

center position of the j™ fluid cell, F, ; is the viscous force on the i" fluid cell, v, is the ve-

v,j i

locity of the i" fluid cell, H,, is the total enthalpy flux inbound to the j™ fluid cell due to evapo-

in

ration (if cell j is vapor) or condensation (if cell j is liquid) in nearby cells, F,, is the enthalpy

out

flux outbound from the j™ fluid cell due to evaporation (if cell j is liquid) or condensation (if cell
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j is vapor) within the j® fluid cell, k, through k, are the range of wall cell indices in contact

with the j fluid cell, h,

; is the heat transfer coefficient for the j* fluid cell in contact with the k™"

tube wall cell, A, is the surface area for the j* fluid cell in contact with the k" tube wall cell,

dVolj

T, is the temperature of the k" wall cell, P, is the pressure of the j™ fluid cell, and

is the time derivative of the volume change for the j* fluid cell. Equation 5.6 captures the physics
of axial conduction in the fluid, viscous dissipation, enthalpy flux due to evaporation and con-

densation, convective heat transfer with the tube wall, and the compression/expansion work.

Quali-fluia

Qeond fuid Ins 3 c | Reondsuuiarms

H, H#, Fv _pdvol
t P &

Figure 5.4. Schematic of a fluid cell control volume showing rates of energy flows into or out of the cell

The compression / expansion work term in Equation 5.6 is determined for the vapor cells from

the velocities and volumes of the adjacent i-indexed liquid plugs. The volume change of an i-in-
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dexed vapor plug is distributed equally over all of its discretized j-indexed fluid cells; the term is

zero for the incompressible liquid cells.

The outbound enthalpy flux term in Equation 5.6 is related to the mass transfer rate by

Hout,j:mout,j hsat,liquid(Tj) lf.] isa vapor cell
(5.7)
Hou i =Mou, j Neatvapor (T5)  if j is @ liquid cell

, where m is the mass flow rate out of the j* cell, h,, .. is the saturated liquid en-

out, j

thalpy, and h is the saturated vapor enthalpy. This implies that mass can only leave a liq-

sat, vapor
uid cell if it is evaporated, and mass can only leave a vapor cell if it is condensed. Evaporated va-
por leaving a liquid cell is distributed equally to the cells composing the immediate adjacent va-
por plugs, while condensed liquid leaving a vapor cell is distributed equally to the cells compos-
ing the nearest liquid plugs. This process is depicted in Figure 5.5. This simple mass distribution
model means that the j™ cell can receive condensed liquid from the cells comprising the immedi-
ate neighboring vapor cells (if it is liquid) or receive evaporated vapor from the cells comprising

the neighboring liquid cells (if it is vapor). The inbound enthalpy flux for the j™ cell is then

Sh

H, =2 iy v (T, ifj is a vapor cell

in,j
S
a

Sp, (58)
H, =2 iy, (T, ifj is a liquid cell

,where s, and s, indicate the range of neighboring fluid cell indices feeding mass to the j*

a

cell.
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tube wall
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j
vapor plug liquid slug vapor plug

Figure 5.5. Schematic showing the distribution of condensate leaving vapor cell j (upper panel) and evaporate leav-
ing liquid cell j (lower panel)

The heat transfer coefficients used for the convective term in Equation 5.6 vary with fluid cell

type and its position in the PHP per
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Ifj is either liquid or vapor and in the adiabatic section:

— kj
h=3.663

Ifj is liquid and in the evaporator section [63]:

k
hj:3.6651(12+3000 Bo"%)

1

where

k,
; ths,jk(Tk_Tj)

dm;
(T(hSat,vapor(T]’) _hsat,liqUid(Tj)))

Bo=

If j is vapor and in the evaporator section [62][64][65][59]:

1+3.335Ca;"”
h;=k; 213
0.67d, Ca’
where
‘u.aV.a ‘L{.bV.b
CaJ:O.S( 5 +%)

Ja Jb

with j, and j, the nodes of the nearest liquid cells on each side of the j vapor
cell

Ifj is liquid and in the condenser section:

— kj
h=366

If j is vapor and in the condenser section [62][64][65][59]:

1+3.335Ca’?
hj:kj—ézl;e,
0.67d,Ca’
where

_ W Vi, WV,
Caj—O.S( o t—o

Ja Jv
with j, and j, the nodes of the nearest liquid cells on each side of the j™ vapor

cell

(5.9)
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, where Ca, is the capillary number of the j™ fluid cell. With this approach, the heat transfer co-
efficient for all fluid cells in locations undergoing only sensible energy transfer is (rather
crudely) estimated by assuming fully developed single phase flow with constant heat flux from
the wall. In the evaporator, liquid cells see heat transfer enhancement due to boiling (using the
Gungor and Winteron correlation [63]) and vapor cells due to conduction through a thin evapo-
rating liquid film which coats the tube wall (see [62][64][59][65]). An analogous condensing
film also occurs on the tube wall surface of vapor cells in the condenser, which uses the same
correlation for heat transfer enhancement. Note that such liquid films are not explicitly included
in this model in terms of mass transfer, however. Because of this, any enhanced heat transfer in
vapor cells due to evaporation in these wall films is instead distributed equally to the nearest ad-
jacent liquid plugs where it can drive evaporation from a liquid fluid cell. Figure 5.6 illustrates
the thin films which form at the tube wall-vapor cell interface and how the heat transfer enhance-

ment is directed to the neighboring liquid cells in the evaporator.
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condenser tube wall

liquid slug vapor plug liquid slug

Figure 5.6. Schematic depicting thin liquid films coating the tube wall over the vapor cells along with the effective
heat flow paths between the tube wall and fluid cells in the evaporator (upper panel) and condenser (lower panel)

The evaporation and condensation mass flow rates leaving a fluid cell, m , are determined

out, j
by a simple criteria: if the cell is liquid and its pressure falls below the saturation pressure associ-
ated with its temperature, any net heat transfer info the cell contributes only to evaporation; if the
cell is vapor and its pressure rises above the saturation pressure associated with its temperature,
any net heat transfer out of the cell contributes only to condensation. Under any other conditions,
the net heat transfer into or out of a fluid cell results in sensible heating/cooling rather than latent

heating/cooling. This is captured by
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If j is a liquid cell, P;< Psat(Tj) , and the bracketed net heat transfer term is positive:

evaporation occurs via

[‘i] ¢ = 1 (A’ﬂuid(Tj)-l-A'ﬂuid(Tj—l))Ai Tj—l_Tj +
! hSﬂ[,VHPOF(Tj)_hsat,vapor(Tj) 2 Xj_Xj—l
A ui (T+ )+/‘L ui (T) T-+ —T, K
fluid 1 12 fluid L1 A, J i—X.J +Fv’jvj+; ths’jk(Tk—Tj)
]+ ] .

If j is a vapor cell, P;>P,,(T,) ,and the bracketed net heat transfer term is nega-

. ] A (5.10)
tive: condensation occurs via
. _ -1 /‘\'ﬂuid<Tj)+A'ﬂuid(Tj—1) T,_,-T,
My, j= A, +
hsat,vapor(Tj)_hsat,vapor(Tj) 2 Xj_Xjfl
Ataia (Tjor )+ Agia (T) T —T, &
= o 1] Gy +F, v+) hA (T, -T)
j+1 j k,
Else no mass transfer occurs
ri‘lout,j:O
Finally, the mass time derivative of the liquid cells is expressed as
dm, >
T:_mj,out-'-z Il"lout,s (511)

,where s, and s, indicate the range of neighboring fluid cell indices feeding mass to the j®

a

cell.
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Qwall-ﬂuid

Figure 5.7. Schematic of a tube wall cell control volume

The 1* law must also be applied to each of the discretized tube wall cells. For the k™ tube wall

cell of the control volume in Figure 5.7, this is

du, (¢
d_tk:a(mkck(Tk)Tk):
(A’tube<Tk)+A’tube(Tk—l))(AO_Ai)(Tk—l_Tk)+
2 Xy = X1
5.12
(A'tube(Tk+1)+A'tube<Tk) (AO_Ai) Tk+1_Tk . ( )
2 X1 ™ X
Jv
Z ths,kj (Tk_Tj)+UAcond<Tcond_Tk)+UAevap(Tevap_Tk)
Ja

where U, is the internal energy of the k" tube wall cell, T, is the tube wall cell temperature
, ¢(T,) is the temperature dependent specific heat capacity of the tube wall, A .(T,) is
the temperature dependent thermal conductivity of the tube wall, A is the entire cross sec-

o

tional area of the tube (including tube and flow path), A, is the inner cross sectional area of

1

the tube through which the fluid flows, X, is the center position of the k™ tube wall cell, j,
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through j, represent the range of fluid cell indices in contact with the k™ tube wall cell, h ;s

the heat transfer coefficient for the j* fluid cell in contact with the k™ tube wall cell, A, is

the surface area for the j* fluid cell in contact with the k" tube wall cell, T, is the temperature

of the j™ fluid cell, T, is the temperature of the condenser plate, and T is the tempera-

cont evap

ture of the evaporator plate. Assuming c,(T,) varies slowly with temperature, this can be ar-

ranged to solve for the time varying temperature of the tube wall cells

di: 1 A’tube<Tk)+;Ltube(kal) (A —AA) T, _,—T,
dt  m,c(T,) 2 © Y XX
(AMM(TMHAME(T}())(Ao—Ai)(—Tk”_Tk)+ (5.13)
2 Xie1 7~ Xk

Z hm As,km (Tm_Tk)+ UACOHd (Tcond_ Tk) +UAevap(Tevap _Tk)
1

The condenser and evaporator plates are lumped capacitance models with temperatures T

cond

and T thermally connected to the tube wall cells contained within the condenser and evap-

evap

orator using large conductances UA_, and UA respectively. These conductances

evap
change with location within the PHP per Table 5.1. Figure 5.8 shows the heat flow routing be-

tween the tube wall cells and the evaporator and condenser lumped capacitance blocks.

Table 5.1. Valuesof UA _ , and UA at different PHP locations

con evap

Location UA 4 UA .0
Evaporator 0 10 W/K
Adiabatic 0 0
Condenser 10 W/K 0
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Figure 5.8. Illustration of the lumped capacitance evaporator and condenser plates showing heat flows to the PHP
tube wall cells

The energy balances on these lumped capacitance models are
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dUcond d . k,
. di (M ond Ceond ( Teona) Teona) == Quinct 22 UA g (o= T (5.14)
ka
d[-]eva d . Ky
" p :a(mevap Cevap(Tevap>Tevap):Qload_; UAEVap(Tevap_Tk) (515)

, where m_, is the condenser mass, c.,4 1s the temperature dependent condenser specific
heat, m,,, is the evaporator mass, C,,, is the temperature dependent evaporator specific
heat Q. is the load applied to the evaporator, and Q,,, is the load removed from the con-

denser. Again assuming the specific heats change slowly with temperature, the temperature time

derivatives can be isolated

dT 1 kb
cond: _ ' UA T _T .
dt M, 4 Ceond ( Tc0nd ) Q sink T kza cond ( . cond ) ( )
dT 1 . K,
evap — _ UA T ~ T .
dt evap CeVaP (T evap ) |:Q]0ad % P ( evap k ) ( )

. Note that, when the system is in a periodic steady state, the time averages of Q,, and
Q... are equivalent by energy balance on the entire PHP. The modeled conductance and effec-

tive thermal conductivity (either instantaneous or time averaged) are computed using

Q load
UA pp on, MODEL™ T _T (5.18)
evap cond
k _ Qload LADIA (5 1 9)
EFF,PHP,ON,MODEL — .
Tevap - Tcond N tubes A o

. The time averaged values of Q,,; and Q,, are equivalent to the quantity QPHP,ON,MODEL

which is used elsewhere in this work to refer to the heat transfer capacity of the experimental

PHPs
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_[ Qload dt _ { Qsink dt (520)

Qpip,oN, MODEL ™ =
= t—t

Now that the thermal cells are defined, the viscous and capillary forces on the momentum cells

can be revisited and expressed as
Jb
Fv,i:_SnViZM]‘L]‘ (5.21)
j

where j, through j, represent the range of fluid cell indices contributing to the viscous
force on the i" liquid slug, u, is the viscosity of the j" fluid cell, and L, is the length of the

j™fluid cell. The range of fluid cells j, through j, consists of all the liquid cells in the i" lig-

uid slug, along with contributions from the nearest half the adjacent vapor cells in the i™ and i

vapor plugs. Similarly, the i" slug mass contains contributions from all the liquid cells in the i®

liquid slug as well as contributions from the nearest half the adjacent vapor cells in the i" and i**"'

vapor plugs

Jb
m=) m, (5.22)
i,
. Finally, the capillary force on the i" liquid slug is defined by

_4A,

F =———
c,i di

receding, i COS(@ -0 (523)

; COS ( 0 advancing , i) )

advancing, i

( o receding ,i)
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, where d, is the inner diameter of the tube, o and o are the surface ten-

receding, i advancing ,i

sions at the receding and advancing edges of the i™ liquid slug obtained from the corresponding
j™ index, and O receding,i ANd O quancing,i  are the receding and advancing dynamic contact angles

of the i"™ liquid slug. The dynamic angles are defined in terms of the static contact angle (a mate-

rial property) and the capillary number by

Ca . ceding i
_ receding, i
greceding, i 0 static 72 3 02 (5.24)
static
Ca -
_ advancing ,i
eadvancing,i _estatic_72 3 Hz (5.25)
static
Ca,, .y :M (5.26)
receeding, 1 o receeding, i
u advancing iVi
= 5.27
C aadvancing o o advancing, i ( )

[35][66]. For the surface tension force, advancing refers to the “front” side of the liquid slug
while receding refers to the “back” side of the plug, relative to its velocity. This means the capil -

lary force changes directions when the velocity changes directions.

5.1.2 Boundary conditions, initial conditions, applied loads, and discretization details
The state equations represented by Equations 5.4, 5.5, 5.6, 5.11, 5.12, 5.16, and 5.17 represent a
system discretized ordinary differential equations and partial differential equations and therefore

require initial conditions (and boundary conditions for the PDEs) to be solved.
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First, the number of liquid slugs (and an equal number of vapor plugs) N used for the mo-
mentum equation is defined, allowing the length of the slug velocity and position vectors to be

calculated

v, fori=1..Ng ;e (5.28)

1

x; fori=1..Ng s (5.29)

1

. The initial values at t=0 seconds are
V.=V, (5.30)

i %ini,i (5.31)

. The initial velocity v,; for all slugs is typically 0 m/s. However, some initial conditions result

in high heat transfer rates and mass transfer rates, rapidly depleting all fluid mass from a cell.
Due to this, along with the fact that estimating steady state performance is the ultimate goal of

the model, better convergence is obtained with a non-zero value for v, between 0 m/s and 1
m/s. Due to viscous dissipation, initial velocities are rapidly damped and do not affect the steady

state solution.

The initial positions of the liquid slug centers Xx;,; are equally distributed throughout the
length of the serpentine PHP tube L, g - The initial volume for each of the slugs are equal

and determined by

LTUBE Ai .o . .
vol.=FR —— whereiis a liquid slug (5.32)
SLUGS
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, where Vol is the volume of the liquid slug and FR is the liquid fill ratio. The vapor plugs

fill the remaining volume of the tube.

Unlike the liquid slug momentum equation, the energy balances for the fluid and wall cells are

discretized PDEs which require initial conditions as well as boundary conditions. Here the num-

ber of fluid cells Ng ypcers and number of wall cells Ny, crs define the vector lengths

for the fluid cell internal energy and wall cell temperature

Uj for j=1..Ng yipcers

Ty for k=1.. Ny crris

(5.33)

(5.34)

. The number of fluid cells is determined by the number of fluid cells specified for each liquid

slug and vapor plug

NFLUIDCELLS = NSLUGS ( 1\ILIQUID —PER-SLUG + NVAPOR —PER—-PLUG )

. The initial temperatures of the fluid cells and wall cells at t=0 seconds are

—
Il
—

i ini, j

T

T,

ini, k

, where the fluid temperature is related to the internal energy by

U;=m;u;=vol; O, liquia (Tini,j ) Usat, liquid (Tini,j ) where j is aliquid cell

Uj:mj uj = VOIj psat,vapor(Tini,j) usat,vapor ( Tini,j) wherej iS a Vapor Cell

(5.35)

(5.36)

(5.37)

(5.38)
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where p is the mass density and vol, is the volume of the fluid cell. Notice that Equation

5.38 also defines the initial mass in each fluid cell

m;=vol; 0 yqua(Tin;)  wherejisaliquid cell
(5.39)
m;=VOl, 0 vapor( Tini.;)  Where jisa vapor cell

The initial fluid cell temperatures T are based on their initial location in the PHP and the

ini,

wall cell temperatures T on their permanent location in the PHP, per Table 5.2.

ini, k

Table 5.2. Values of T and T, , atdifferent PHP locations

ini, j

Location Value
Evaporator Tevar
Adiabatic 0.5(TevartTconn)
Condenser Tconp

Boundary conditions must enforce the condition that the first and last cells in both the fluid and
tube wall are actually adjacent (and share a boundary) due to the closed loop PHP geometry. In

the context of Equation 5.6 and Equation 5.12 this means that

Whel’lj = NFLUIDCELL+1 , replace Wlth] = 1

when j = -1, replace with j = NrLumcerr (5.40)

when k = Nwarrcerit1, replace with k =1

. 41
when k = -1, replace with k = Nwarrcerr G4

Finally, the initial temperatures of the evaporator and condenser block are set by
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T conn=Tconp, ini (5.42)

TEVAP:TEVAP,ini (5.43)
. For all of the simulations presented here, the evaporator and condenser temperatures are held

constant in time, with QPHP,ON,MODEL being computed as the model output. Note that the model
is capable, however, of setting QPHP,ON,MODEL and either T 5p or Tgyp , thereby calculat-

ing the other plate temperature as the model output.

5.1.3 Fluid properties and state update procedure

Fluid properties are provided from the open source Coolprop package [67], allowing access to
high accuracy reduced-Helmholtz equations of state as well as transport properties for a wide va-
riety of real fluids including nitrogen and helium. Temperature dependent thermal conductivity
and specific heat capacity for the stainless steel tube wall [56] and copper evaporator and con-

denser plates [38] are obtained from NIST.

The solution procedure to update the state equations at each time is as follows. At each time step,
integration of Equations 5.4, 5.5, 5.6, 5.11, 5.12, 5.16, and 5.17 provides values for the liquid

slug velocities v, , liquid slug center positions x; , fluid thermal cell internal energies U; ,

fluid thermal cell masses m; , wall cell temperatures T, , evaporator block temperature

T and condenser block temperature T

evap

. The specific internal energies of the all (lig-

cond

uid or vapor) fluid cells are calculated first using
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u.=

)

Uj
— (5.44)
m

, after which all other liguid cell properties other than the actual cell pressure are calculated as-

suming saturated conditions

T, = Tau.iquia (1;) where j isa liquid cell (5.45)
0= Periqual;)  wherejisaliquidcell (5.46)
h;=hg,, hqmd( ) where jisaliquid cell (5.47)
A= Agriqualu;)  where jisaliquid cell (5.48)
U= e iqua(U;)  where jisa liquid cell (5.49)

P, ;=P (T;)  wherejisaliquid cell (5.50)

, where  p; is the mass density. Knowing the density and mass of the liquid fluid cells (j-in-

dices) and the center positions of the liquid slugs (i-indices), the total volume vol, of the

i,liquid
liquid slugs are calculated. This in turn provides the volumes for each of the vapor plugs
vol. adjacent to the liquid momentum slugs, which are either compressed or expanded rel-

i, vapor

ative to the prior time step.

Each vapor plug pressure P, is now calculated assuming the plug is in hydrodynamic equilib-

rium (i.e. all of its contained thermal j-indexed cells have the same pressure) but not thermal
equilibrium (each j-indexed cell has a different internal energy). This is expressed by the implicit

relation
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B A
vol. = Z % wherei is a vapor slug (5.51)

1

i, P\, F

, where j,...j, is the range of fluid cell indices comprising the i™ vapor plug and the density is
determined by the equation of state for the vapor. Equation 5.51 must be solved for each vapor
plug with a nonlinear equation solution algorithm. With the internal energies and pressures

known for each vapor cell, all other vapor cell properties are determined by

T,=T(u;,P;)  wherejisavapor cell (5.52)
p;=p(u;,P;)  where jisavapor cell (5.53)
h;=h(u;,P;)  wherejisavapor cell (5.54)
A;=A(u;,P;)  wherejisavapor cell (5.55)
w;=u(u;,P;)  wherejisavaporcell (5.56)
P.. ;=P (T;)  wherejisavaporcell (5.57)

Finally, the actual pressure of each liquid fluid cell is estimated using the adjacent vapor plug

pressures and assuming a linear pressure drop over the i liquid slug

(Pi+1_Pi) (

i+1 i

PJ:P.+

1

X; —x,)  where jisaliquid cell between vapor plugsiandi+1 (5.58)
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. The estimated actual liquid fluid cell pressure in Equation 5.58 is compared with its saturation

pressure from Equation 5.50 to determine whether or not evaporation occurs (see Equation 5.10).

With all of the properties now determined, the all of the rates (energy transfer, mass transfer, mo-

mentum change, etc) described in the preceding text can be determined for the time step.

5.1.4 Implementation and solution algorithms

The model defined by the system of ordinary differential equations of Equations 5.4, 5.5, 5.6,
5.11, 5.12, 5.16, and 5.17 is implemented in the Julia [68] programming language and solved us-
ing the DifferentialEquations package [69] to solve the ODE system and the Nlsolve package
[70] to solve the nonlinear system for the vapor plug pressures (Equation 5.51). The language is
chosen for its mature collection of scientific numerical computing packages and execution speed
which rivals C, as well as the feature-rich and high performance DifferentialEquations package
which implements a plethora of ODE algorithms. The simulations presented here are solved with
an explicit time adaptive Adams method (JVODE Adams), except for stiffer helium PHP simu-
lations which are solved with an implicit method (Implicit Euler). The greater stiffness of the he-
lium PHP models is likely due to the lower amount of thermal mass at its approximately 4K op-
erating temperature. Both the JVODE Adams and Implicit Euler methods use adaptive time
stepping with both the absolute and relative error tolerances set to 1E-1; the maximum time step

is set to 2.5E-4 seconds. For more on the algorithms and error control, see [69].
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Each of the model results presented here are run for 20 simulated seconds, with a periodic state

achieved in just a few real time seconds. The presented values of Qpyp on moDEL >

UA e on.moper > a0d Kiee prp onomoper. €OTTESpond to time averages over the last 15 seconds

(of the 20 second total) simulation time.

5.1.5 Novel features relative to existing models

As stated earlier, the ON state PHP model developed here is an evolution of similar mass-spring-

damper -type models developed previously by other authors [59][60][61][35]. For a variety of

reasons, several noteworthy modifications to the existing models are applied. Some of these fea-

tures are completely new, while others are implemented in other models but are combined to-

gether here for the first time. These updates include:

the inclusion of the evaporator and condenser plate thermal masses in the form of lumped
capacitance models (which interact via conduction with the attached tube walls)

fully temperature-dependent thermal conductivity and specific heat capacity for the PHP
tube wall material and evaporator/condenser block materials

fully temperature-dependent properties for the liquid slugs

capture of the viscous losses and inertia of vapor plugs in the momentum equation

the use of a high accuracy reduced-Helmoltz equation of state and the ability to easily
change working fluids

the determination of vapor plug pressures assuming pressure equilibrium but not thermal

equilibrium
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* a mechanism which allows the fluid cell masses to be depleted and refilled, allowing (1)
the effective merging of liquid slugs when the interstitial vapor plug is fully condensed
(or the merging of vapor plugs when the interstitial liquid slug is fully evaporated) and
(2) the effective nucleation of vapor plugs when two adjacent liquid slugs evaporate (or
the nucleation of liquid slugs when two adjacent vapor plugs condense)
* and the ability to easily use a variety of high order (explicit or implicit) integration meth-
ods.
Furthermore, existing models tend to present extremely limited validation data to confirm their
accuracy. For instance, both Shafii and Faghri [59] and Ma [60] are purely numerical analyzes
and do not compare their model results to expeirment data. Glirsel [61] compares model results
to 14 experiment data points using two PHPs with two working fluids (ethanol and water), while
Sun [35] compares model results with 6 experiment data points on a single PHP and working
fluid (hydrogen). The model presented here is validated with 4 cryogenic working fluids and 75

experimental data points spanning a wide range PHP design parameters and applied loads.

5.1.6 ON state model validation

To validate the ON state model, experiment data from a variety of PHP experiments is utilized.
This includes a subset of experiment data from the present work — both the nitrogen experiments
presented in Section 2.5 and the helium experiments presented in Section 3.6. In an effort to
more broadly sample important design parameters such as the working fluid, adiabatic/evapora-
tor/condenser section lengths, tube diameters, heat loads, fill ratios, evaporator/condenser tem-

peratures, and the number of parallel tubes, additional experiment data performed by other
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sources is also used. The validation data sources and their corresponding PHP design parameters
are summarized in Table 5.3. Note that, due to resource limitations, the validation data set is a
subset of the total experiment data in these sources. However, the subset is sampled such that the
important design parameters are varied widely across the range present in the experiments. Im-
portantly, data from sources other than the present work are gathered from published plots (as the
actual values corresponding to experiment operating points are not published as numerical values

by any of the references), which introduces additional error to the analysis.

Table 5.3. Experiment parameters for validation simulations presented in Figure 5.9 and Figure 5.10
Working di do | Laba | Leonp | Levar Tevar | Tcono | Quoa
fluid | O°%re | Nruws oo imm) | [mm] | [mm] | [mm] | TR | K] | K] | pwy | S2mples
Present 0.259 | 7530 | 72.49 | 4.72
work 20 1.08 | 1.47 | 254 102 102 to to to to 18
) 0.520 | 87.00 | 84.70 | 17.62
nitrogen
Jiao 79.15 | 85.65 | 22.50
2009 16 1.65 | 3.18 | 100 60 40 0480 to to to 5
[39] 83.65 | 100.65 | 125.70
Present 0.190 | 3.34 3.44 0.07
work 18 0.51 | 0.72 | 501 57 57 to to to to 19
0.590 | 426 | 4.98 0.58
helium
Fonseca 300 0.700 | 3.33 | 3.60 0.05 4
2016 14 0.50 | 0.80 90 30 to to to
[35] 1000 0.580 | 420 | 480 | 0.18 4
Sun 4 19.00 | 19.25 | 0.40 6
hydrogen | 2020 2.3 33 | 500 | 55 55 10340 | to to to
[71] 10 2750 | 3030 | 1200 |10
Uzoma 88.98 | 91.90 | 1.00
argon 2021 40 0.51 | 0.72 | 265 | 50 50 |0.200| to to to 9
[72] 89.10 | 101.77 | 6.00

Models of the experiment data points summarized in Table 5.3 are simulated by setting the evap-

orator and condenser temperatures T, and Ty, to the corresponding values measured

in the experiments and solving for a time averaged, period steady state Q,,; per the model pro-
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cedure defined in Section 5.1.4. This makes defining the mass and specific heat capacity of the
evaporator and condenser plates in the model irrelevant, which is helpful since this ancillary in-
formation is not typically published for PHP tests. Table 5.4 lists key model parameters used for

the validation simulations.

Table 5.4. Parameters used for ON state model simulations

Parameter Value
Ngiuas Majority at 60, some less
NLIQUID —PER-SLUG 6
NVAPOR —PER-SLUG 1 6
NWALLCELLS Ozﬁ
a 0 (Vertical bottom heated mode)

The validation study probes the model both in terms of its ability to predict the heat transfer ca-
pacity of the PHP and the conductance. Figure 5.9 shows the experimental ON state heat transfer

capacity QPHP,ON,EXPERIMENT as a function of the model predicted heat transfer capacity
QPHP,ON)MODEL for each of the validation data points, while Figure 5.10 shows the experimental
conductance  UA,yp oy pxperivent @S @ function of the model conductance UA,,, on vopeL 3

Table 8.34 in Appendix 8.9 tabulates the data displayed in these plots. A line is shown on each of
these plots to indicate the location of points where the model perfectly predicts the experiment

result.
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Figure 5.9. Comparison of modeled-predicted PHP heat transfer QPHP,MODEL with the measured experimental PHP
heat transfer QPHP’EXPERIMENT for a sample of operating points from a variety of published cryogenic PHP operating
data.

Several characteristics of the model-to-experiment relation can be immediately seen by observa-
tion of Figure 5.9 and Figure 5.10. First is that error between the model prediction and the exper-

imental data for both the PHP heat transfer capacity and the conductance is remarkably unbiased
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— that is, the data points seem to fall fairly evenly above and below the line of perfect agreement.
In fact, the distribution of relative error for the model-experiment comparison data set shown in
Figure 5.9 and Figure 5.10 is nearly normal (with a slight skew) with a mean and standard devia-
tion of -13.29% and 59.10%, respectively, and is shown in Figure 5.11. This indicates a slight
model over prediction of the cooling power and conductance on average, with nearly all of the
validation test points being within + 100% of the predicted value. Because the relative error is
essentially unchanged with the PHP heat transfer capacity, the width of scatter of the data band in
the log-log axes of Figure 5.9 and Figure 5.10 is essentially constant over the entire sampled
range. Note that the heat transfer capacity and conductance errors in relative terms are equal

since the condenser and evaporator temperatures are identical for both the model and experiment

_ QPHP ,ON,MODEL QPHP ,ON ,EXPERIMENT __

QPHP , ON,RelativeError Q
PHP, ON,MODEL

UAPHP ,ON ,MODEL ( TEVAP B TCOND ) - UAPHP, ON,EXPERIMENT ( I']‘-|EVAP B I']'-|COND) — (5 59)

UAPHP ,ON,MODEL ( TEVAP - TCOND)

UA PHP, ON,MODEL UAPHP ,ON, EXPERIMENT

UA = UA PHP, ON, RelativeError
PHP,ON, MODEL

For such a simple PHP model (relative to, say, a three-dimensional two-phase fluid CFD analy-
sis), this is a noteworthy predictive capability considering the range of fluids and design parame-
ters included in the validation data. Although additional validation — especially with higher tem-
perature working fluids and large heat transfer capacities — should be carried out to increase con-
fidence in the modeling approach, this study shows that simple mass-spring-damper -type PHPs

models may be utilized as a design tool to quite confidently predict performance of a PHP to
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within = 100% of the desired cooling power and conductance. The value in the approach is even
clearer when considering that the required simulation time for a single operating point, on a typi-

cal modern desktop computer, is on the order of 10 to 30 minutes.
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Figure 5.10. Comparison of modeled-predicted PHP conductance UA,,ope;.  With the measured experimental PHP
conductance UA yprrnvent O @ sample of operating points from a variety of published cryogenic PHP operating
data.
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Figure 5.11. Distribution of the relative error in PHP heat transfer capacity between the experiment data and model
predictions for the data in Figure 5.9

In addition to the validation of the model via existing experimental PHP data, several sanity-
check simulations are performed to ensure the model is capturing key behavior that is intuitively
expected or known to occur from experimental data. The first of these is an investigation of the

dependence of the PHP conductance and heat transfer capacity on the number of parallel tubes,
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shown in Figure 5.12 for a nitrogen PHP and Figure 5.13 for a helium PHP. Other than the num-
ber of parallel tubes, the devices in these simulations are identical to the nitrogen and helium
PHP designs of Section 2 and Section 3 of this work, with simulations at each value of Npupruges
run with the same values of Trvap and Tconp. For the nitrogen case in Figure 5.12, there is a
nearly perfect linear scaling of both the heat transfer capacity and conductance with Npupruses —
an intuitive and expected result, as one could simply install additional isolated fluid loop PHPs in
parallel between temperature reservoirs and see the same scaling of fotal heat transfer rate and
conductance summed over each of the parallel devices. However, a single PHP fluid loop
presents an opportunities for secondary effects to modify this expected scaling, as the fluid con-
tained in an added parallel tube is coupled to the physics of the larger fluid loop. Indeed, the
analogous simulation set using helium as the working fluid (Figure 5.13) shows a slightly sub-
linear relation for both the heat transfer capacity and conductance, especially at the larger tube
counts. One possible reason for the degradation in this relation is that the net viscous losses are
increased in the coupled momentum equation; another is that the length of the initial liquid slugs
relative to the adiabatic length shrinks as Npupruses increases. For both fluids, however, the
model produces consistent general scaling increasing heat transfer capacity and conductance
with the count of parallel tubes, which is consistent with a high level assessment of the problem

physics and suggestive that the model is capturing key behavior of the system.
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Figure 5.12. Variation of PHP conductance and heat transfer as a function of the number of parallel PHP tubes with
nitrogen as the working fluid. PHP design parameters (other than Ny, pps ) are as stated in Table 2.2.
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Figure 5.13. Variation of PHP conductance and heat transfer as a function of the number of parallel PHP tubes with
helium as the working fluid. PHP design parameters (other than Ny, s ) are as stated in Table 3.3.
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A second check of model behavior — the dependence of the conductance and effective thermal
conductivity on the adiabatic length Lpypapia— 1s shown in Figure 5.14 and Figure 5.15 for nitro-
gen and helium working fluids, respectively. Again, other than the adiabatic lengths, the devices
in these simulations are identical to the nitrogen and helium PHP designs of Section 2 and Sec-
tion 3 of this work, with simulations at each value of Leppapia run with the same values of Tgvap
and Tconp. For both the nitrogen and helium PHPs, it is evident that the effective thermal conduc-
tivity approximately scales slightly sub-linearly and almost directly proportionally with the adia-
batic length. Considering that Tevap and Tconp remain constant for these simulations, and also the
relation between Kerrpuronmoper and UApuponmoper in Equation 5.18 and Equation 5.19, this dic-
tates that both QPHP,ON’MODEL and UApuponmoper must decrease slightly as the adiabatic length
increases. Small decreases in UAppponmoper With increases in Lpppapia are indeed seen for both
the nitrogen and helium simulations shown here. Experiments which vary the PHP adiabatic
length show similar behavior [52]. This behavior is therefore another indication that the model

has captured key operating physics of the PHP.
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PHP adiabatic length with nitrogen as the working fluid. PHP design parameters (other than Nqysps ) are as stated

in Table 2.2.
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Figure 5.15. Variation of PHP conductance and effective thermal conductivity as a function of the number of the
PHP adiabatic length with helium as the working fluid. PHP design parameters (other than Ly, apa ) are as

stated in Table 3.3.
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5.1 Comparison of the nitrogen PHP thermal switch ON state measurements to ON state
performance model

The ON state PHP thermal switch model developed in Section 5.1 begs a comparison between
the experiment measurements and model predictions of the key PHP switch performance met-
rics: the PHP heat transfer capacities, the corresponding ON state PHP conductances, and the
switching ratios. For the nitrogen PHPs tested in Section 2, a subset of the ON state heat transfer
capacities and conductance measurements are directly compared to the modeled predictions in
the previous section within the cloud of validation data from numerous PHPs and working fluids
of Figure 5.9 and Figure 5.10, respectively. Discussion regarding the agreement of the experi-
ment and modeled values for the heat transfer capacities and conductance is provided in that sec-
tion and not repeated here. However, a comparison between a pure model PHP switching ratio
and a subset of the nitrogen PHP experimental measurements is provided here for the first time
in Figure 5.16, overlaid on the plot of pseudo-modeled and experimental switching ratio values
first presented with the development of the OFF state PHP thermal switch model in Figure 4.5.

Here the pure modeled switching ratio is defined by

UA
PHP, EFF, ON,MODEL
SR =

PHP MODEL, PURE — {7 (5.60)
PHP, EFF,,OFF ,MODEL

, where  UA,yp pop onmoper 18 the conductance predicted by the ON state model and
UA pip eer.orr, moper. 18 the conductance predicted by the OFF state model. For the nitrogen

PHPs, the pure modeled switching ratio over predicts the experiment value by approximately the
same margin as the psuedo-modeled switching ratio.
This because the ON state modeled conductance and heat transfer capacity for the PHP-II-N sub-

set are quite accurate — falling near the middle of the relative error distribution in Figure 5.11
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2-Circuit Configuration
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Figure 5.16. Measured and modeled switching ratios for PHP-II-N (in the 2-circuit configuration only) as a function
of the heat flow through the ON state PHP-I-N with the PHP shutoff valve closed. Open points are experimental
measurements. Red points are the hybrid OFF state model / ON state experiment switching ratio defined in Equation
4.8 and shown in Figure 4.5. Blue points are the pure model switching ratio defined in Equation 5.60.

with values between -40.8% and -16.2%. Note that the pure model switching ratio points don’t

have corresponding experimental values of Qpup ;;_yon  Tather, the modeled points are simu-

lated at the same Tevap and Tconp as the experiment, which results in the heat transfer capacities

QPHP,ON)MODEL being different from experiment points. Much of the error between the pure
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model and experimental values for the switching ratio, then, is caused by the error in the OFF
state conductance model (which is predicted to be somewhat lower than the measurements

show).

5.2 Comparison of the helium PHP thermal switch ON state measurements to ON state per-
formance model

For the helium PHPs tested in Section 3, a subset of the ON state heat transfer capacities and
conductance measurements are directly compared to the modeled predictions in Figure 5.9 and
Figure 5.10, respectively. Pure modeled switching ratios for the helium PHPs, again defined by
Equation 5.60, are shown in Figure 5.17 overlaid on the plot of pseudo-modeled and experimen-
tal switching ratio values from Figure 4.9. Similarly to the nitrogen PHP simulations, the pure
modeled switching ratio over predicts the experiment value by approximately the same margin as
the psuedo-modeled switching ratio. The ON state modeled conductance and heat transfer capac-
ity for the PHP-II-H examined subset are fairly accurate with values between -19.0% and 42.0%,
which are similar to the values found for the Nitrogen PHP thermal switches. This again means
the culprit for the disagreement between the pure model and experiment switching ratio values is
due to the OFF state conductance model under predicting the actual measured conductance by a
small but non-negligible amount. Note that the pure model switching ratio points don’t have cor-
responding experimental values of QPHP,H,H’ON because the modeled points are simulated at
the same Tevap and Tconp as the experiment, resulting in the heat transfer capacities varying be-

tween the model and experiment points.
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2-Circuit Configuration
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Figure 5.17. Measured and modeled switching ratios for PHP-II-H as a function of the heat flow through the ON
state PHP-I-H with the PHP shutoff valve closed. Open points are experimental measurements. Red points are the
hybrid OFF state model / ON state experiment switching ratio defined in Equation 4.8 and shown in Figure 4.5. Blue
points are the pure model switching ratio defined in Equation 5.60.

201



6 Comparison of tested PHP thermal switch performance to competing tech-
nologies

With test results in hand from both the nitrogen and helium PHP proof-of-principle thermal
switches, it is useful to compare their performance to that of existing thermal switch technologies
by revisiting the analysis presented in Section 1.1. Recall that Table 1.3 summarizes typical per-
formance data for various thermal switch technologies. This data is reproduced in Table 6.1, with
results from the nitrogen and helium PHP thermal switch performance data appended for com-
parison. Because the heat transfer capacity stimh,ON and the approximate switching tempera-
ture vary substantially for each of the example devices listed in Table 6.1, direct comparisons on

any individual parameter are difficult to draw. However, some overall observations can be made.

First, the nitrogen and helium PHPs constructed for this work each have large heat transfer ca-
pacities relative to the technology examples at similar switching temperatures. For instance, the
nitrogen PHP thermal switch, the thermal expansion -driven mechanical contact switch, and the
traditional heat pipe diode all have switching temperatures between approximately 80 K to 100
K, but their heat transfer capacities are approximately 16000 mW, 500 mW, and 500 mW, respec-
tively. The helium PHP thermal switch has a similar switching temperature to the piezoelectric -
driven mechanical switch, the gas gap switch, and the magnetoresistive switch — all are between
about 4 K and 10 K. Again, the helium PHP switch has a much higher heat transfer capacity (550
mW) versus the other devices (50 mW, 50 mW, and 100 mW, respectively). The very high heat
transfer capacities of the PHPs are somewhat due to their physically larger overall device sizes

(see the enclosure volume V., ), but mostly due to the very large UA, values inherent to

PHPs due to their advantageous slug-plug advective flow operating physics.
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Table 6.1. Example performance of existing cryogenic thermal switch technologies (same as Table 1.3), with the re-
sults of the nitrogen and helium PHP thermal switches from this work appended. Parameters are approximate and
represent devices in the listed references. The examples listed may not represent the full capability of the technolo-
gies.

. Approximate] ON state OFF state Lo Enclosure ON state
Thermal Switch switching |conductance| conductance Sw1tc!nng volume |load capacity
. mass ratio : Source
SWltCh type [ ] temperature UAON 2 UAOFF 2 SR szilch b stitch,ON ’
g (K] [mW/K] | [mWI/K] [em?] [mW]
Piezoelectric -
driven me- 4.0 to 2.6 to 93 to [18]
chanical con-| 100 10 5.5 0.0280 196 1500 >0 28]
tact™®
Thermal ex-
pgnsion - [17]
driven me- 25 100 890 1.6000 556 21 500 [19]
chanical con-
tact
[21]
Gas gap™ 215 1.2 30 0.1000 300 0.05 50 [22]
[23]
Traditional [25]
heat pipe 49 100 1 0.4125 2100 18 500 [26]
diode”
M:igsrtlfvtg;e 1.4 <10 20 Oéggg P 1800008" 0.25 100 [27]
PHP 1748 80 7000 2.8000 2500 519 16000 | Lhis
(nitrogen) work
PHP 523 4 750 0.3750 2000 246 550 This
(helium) work

With the relative sizes of worked out, the next useful (and important) metric to compare is the
switching ratio. Here, the PHPs switches are very competitive as well, with the only the tradi-
tional heat pipe diode offering performance parity and the magnetoresisitive switch offering su-
perior performance. The nearly equivalent switching ratio of the traditional heat pipe diode to the
PHP switches seems reasonable, given the fact that switching mechanism, operating physics, and
device structures are similar — as each use advective fluid flows to transfer energy in the ON state

and depend on dryout to limit heat heat in the OFF state. Recall that the traditional heat pipe

35 Roughly estimated using a typical ADR heat rejection power of 50 mW from the listed sources
36 Roughly estimated using a typical ADR heat rejection power of 50 mW from the listed sources
37 Estimated (very roughly) using volumes in the reference and an aluminum density of 2700 kg/m*

38 Estimated (very roughly) using volumes in the reference and a gallium density of 5900 kg/m3. Switch mass and
volume do not include a necessary 1.5 T electromagnetic field source.
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diode switch is a relatively complex device from a design and fabrication perspective compared
to a PHP, as it requires an internal wick and condensate chamber to prevent reverse heat flow.
Likewise, the high switching ratios of the magnetoresistive switches come at the cost of requir-
ing a switchable 1.5 T magnetic field (which is not included in the device mass or volume in Ta-

ble 6.1) and switching range to temperatures below 10 K.

Finally, both the nitrogen and helium PHPs tested in this work have high mass and volume com-
pared to the other technology examples. This is mostly due to practical experiment constraints —
both the PHP mass and volume can be substantially reduced for an actual application use case
with little impact to the other performance parameters. For instance, the PHP masses listed in Ta-
ble 6.1 are almost entirely due to the dense copper used in the evaporator and condenser plates.
In an application requiring mass minimization (e.g., aecrospace), the plates could be thinned and
constructed from a less dense material — aluminum perhaps. Relatively thick copper plates are
used in this work for a single reason: ease of fabrication. Machining copper and joining copper to
the stainless steel PHP tubes is a fairly straightforward task. Machining thinner plates and joining
aluminum to stainless steel is feasible for an actual PHP thermal switch application but would
add additional and unnecessary complexity to the proof-of-principle devices tested here. Alterna-
tively, in a real application, the PHP evaporator and condenser section tubes could be integrated
into an existing assembly, eliminating the necessity for metal ‘plates’ altogether. Note that, like
the PHP switch mass, the PHP switch volume is also inflated due to experiment constraints.
Thinning the PHP evaporator and condenser plates to reduce the mass (as discussed above) si-

multaneously reduces the overall switch volume. Additionally, the adiabatic section tubes could
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be bundled in a much tighter formation than the sparsely populated in-plane layout used for the
PHP switches (see Figure 2.8 for instance) in this work. Reducing the spacing between the PHP
tube in such a way can drastically reduce the overall device volume, as the spacing between the

tubes occupies a much larger volume than the tubes themselves.

Overall, the both the nitrogen and helium PHP thermal switches tested in this work compare
quite well against the competing technologies. This is especially true with regards to the ON
state heat transfer capacity, ON state conductance, and switching ratio. Although advantages in
terms of mass and volume are not realized in the prototypes tested here, they are very likely to be

attained in an optimized application design.
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7 Proposal for future work

The PHP thermal switches presented here are very much proof-of-principle devices. A minimal
amount of performance testing is presented in this work to show that cryogenic PHPs can indeed
function very well as thermal switches. That is, for the tested PHP geometry (vertical, bottom
headed, and no external inertial forces applied), there is little evidence of advective thermal com-
munication between the PHP condenser and evaporator in the OFF switch state. There are, how-
ever, several important open questions which may need to be addressed in order to qualify PHP

thermal switches for use in certain applications.

Most of these open questions relate to whether or not more extreme conditions imparted on the
PHP can induce some level of intolerable advective thermal communication between the evapo-
rator and condenser plates in the OFF switch state. One example is tilt angle: if the PHP tube
plane is rotated to be horizontal, or flipped to a vertical top heated mode (with the condensers lo-
cated directly above the evaporators) relative to the gravity field vector, will the resulting adverse
buoyancy forces induce partial fluid movement and therefore an enhanced and unacceptable OFF
state parasitic load? Related to this, it is well established that rotations in the PHP tilt angle rela-
tive to the gravity field vector result in decreased ON state PHP heat transfer capacity by up to
50 percent [73] compared to the vertical bottom heated orientation used in this experiment. A
similar reduction in heat transfer capacity would occur in microgravity applications. Would a
combination of reduced ON state heat transfer capacity and a potential increased OFF state para-
sitic load render the PHP thermal switch unusable from a switching ratio standpoint? One possi-

ble remedy for these issues, if they exist, is simply increasing the adiabatic section length of the

206



PHP. At least for helium PHPs, increasing the adiabatic to at least 1000 mm is shown to have
very little effect on the conductance of the ON state PHP [52]. It would, however, serve as both a
longer static conduction path in the OFF switch state and a buffer of sorts to keep the liquid fur-

ther away from the hot condenser in the OFF switch state.

Another non-ideal PHP thermal switch operating scenario relates to disturbances, or applied ex-
ternal inertial forces, to the PHP switch during operation. Disturbance events may emanate from
PHPs that are operating as thermal switches in portable dewars within a variety of applications.
For instance, a dewar may be moved on a vehicle or dolly and experience vibrations sourced
from the ground-to-wheel interaction which are then transmitted via the rigid dewar structure to
the PHP tubes. Another possible source may be engine, flight, or ocean wave vibrations if the de-
war and PHP switch are located on an aircraft or ship. While these kinds of transient disturbances
are unlikely to cause issues to the ON state operation of a PHP switch, the may induce temporary
fluid motion in the state OFF state, in turn causing transient spikes in the OFF state parasitic
load. This may be especially important to consider for systems operating at liquid helium temper-
atures, where, combined with the very low heat capacity of the system components, transient
load spikes can cause rapid temperature spikes at the common cold plate. Could the vibrations of
the PHP structure cause significance increases in the OFF state parasitic load due to the possible

induced fluid motion?

Another possibility for additional investigation is to confirm if PHP heat switches retain their

switching ratios at reduced heat transfer capacities. In other words, can PHP thermal switches
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scale to ‘smaller’ sizes without sacrificing the switching ratios measured from the fairly ‘large’
devices used in this work? Smaller devices may be desirable for applications requiring lower
OFF state parasitic loads than measured in the PHP switches tested at present, or for applications
with stringent mass and volume constraints. There are two main approaches to achieve lower ON
state heat transfer capacities — smaller inner tube diameters to reduce the cross sectional area for
the advective flow, and fewer parallel tubes connecting the evaporator and condenser plates. Re-
ducing the OFF state parasitic loads requires thinner tube walls (as most of the load is due to
conduction through the tube wall rather than the fluid vapor) or longer adiabatic sections. The
former is far more difficult to practically achieve than the latter due to the already thin-walled
capillary tubing used for the helium PHPs in this work. Furthermore, as shown earlier, radiation
coupling is important to consider for PHPs operating at 4 K; any design attempting to achieve a
lower total OFF state parasitic load than measured in this work will very likely need to focus on
reducing the OFF state radiation rather than conduction parasitic. Can all of these possible issues
‘size’ or scaling issues be overcome while maintaining the switching ratios measured in the

proof-of-concept devices measured here?

Lastly, it is important to experimentally characterize the pressures developed in the OFF state
PHPs, as high OFF state pressures could cause structural failures in the PHP tube walls or union
joints within a device that is intended to have very high reliability. The PHP switches tested in
the present investigation do not have pressure sensors within the PHP circuit, so the model-pre-
dicted OFF state pressures (presented in Figure 2.2 and Figure 3.6) remained unconfirmed. It can

be stated that both the soft solder union joints in the PHP fill lines and the silver braze union
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joints in the PHP adiabatic section survived testing in the OFF state with no failures. Without ex-

perimental confirmation, however, the magnitude and potential impacts of the OFF state pres-

sures can not be known. Are the OFF state pressures in agreement with the OFF state model pre -

dictions, and what implications does this have for the engineering of the PHP for long term relia-

bility?

Additional testing is clearly needed to answer the aforementioned questions if a PHP thermal

switch will be subject to such conditions in a real application. The following investigations are

therefore recommended for any future research:

1.

Measurements of nitrogen and helium ON and OFF state heat transfer, conductance, and
switching ratio at tilt angles ranging a full 180 degrees from the vertical bottom heated
orientation investigated in this work

Measurements of nitrogen and helium ON and OFF state heat transfer, conductance, and
switching ratio while imparting transient vibrations or oscillating motion to the PHP
structure

Develop and test PHP thermal switches of ‘smaller’ size both in terms of ON state heat
transfer capacity (smaller inner tube diameters and fewer parallel tubes) and OFF state
parasitic load (longer adiabatic sections and thinner tube walls) to check for impacts on
switching ratio

Test PHP thermal switches with pressure sensors installed in the fluid loop to fully char-

acterized the pressures which develop in the OFF switch state.
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8 Appendix

8.1 Nitrogen PHP thermal switch test facility vacuum and filling systems

A schematic of the nitrogen PHP thermal switch facility external plumbing (for PHP filling and
dewar evacuation) is shown in Figure 8.1, with an image highlighting the locations of key com-
ponents in the setup shown in Figure 8.2. Related component descriptions are given in Table 8.1.
A rotary vane vacuum pump is used to evacuate both the dewar and PHP filling lines, with a tur-
bomolecular pump installed inline to achieve a higher vacuum in the dewar. A vacuum gauge is
attached to the dewar to monitor system pressure. The PHP filling system is fed by a high purity
nitrogen source tank and contains a series of valves, a pressure sensor, and a filling tank to meter

the nitrogen charge to the PHPs.
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Figure 8.1. Schematic of vacuum and filling system for the nitrogen PHP thermal switch test facility.

211



Cryocooler-I-N

Vacuum Pressure
Gauge

PHP Shutoff Valves

Rotary Vane
Vacuum Pump

Turbo
Vacuum Pump

Cryocooler-II-N

Figure 8.2. Photo showing the vacuum and filling system for the NPHP thermal switch test facility

Table 8.1. Nitrogen PHP thermal switch test facility external plumbing component descriptions.

Component Manufacturer Model Description
Rotary Vane Vacuum Pump Edwards E2M2
Turbo Vacuum Pump Pfieffer Hi Pace 80
Vacuum Pressure Gauge Pfeiffer PKR 251
Fill Pressure Gauge Omega PX419-050A5V

Nitrogen Fill Tank

Nitrogen Source Tank

Known fill volume for (rela-
tively) low pressure mass meter-
ing into the nitrogen PHPs

High purity nitrogen source
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8.2 Helium PHP thermal switch test facility vacuum and filling systems

A schematic of the helium PHP thermal switch facility external plumbing (for PHP filling and
dewar evacuation) is shown in Figure 8.3, with an images highlighting the locations of key com-
ponents in the setup shown in Figure 8.4 and Figure 8.5. Related component descriptions are
given in Table 8.2. A rotary vane vacuum pump is used to evacuate both the dewar and PHP fill-
ing lines, with a turbomolecular pump installed inline to achieve a higher vacuum in the dewar. A
vacuum gauge is attached to the dewar to monitor system pressure. The PHP filling systems —
fed by source tanks of high purity helium and nitrogen — contain a series of valves, pressure sen-
sors, and filling tanks to meter the gas charges to the PHPs. Note here that the helium PHP filling
lines between to the PHPs and the shutoff valve do not have relief valves (to minimize leaks) and

are sunk to both the hot and cold stages of the cryocoolers via heat exchangers.
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Figure 8.3. Schematic of vacuum and filling system for the helium PHP thermal switch test facility.
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Figure 8.4. Annotated image of the helium PHP switch test facility nitrogen and helium fill system dewar headers
and PHP shutoff valves.
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Figure 8.5. Annotated image of the helium PHP switch test facility nitrogen and helium fill system fill tank headers

and PHP shutoff valves.
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Table 8.2. Helium PHP thermal switch test facility external plumbing component descriptions.

Component Manufacturer Model Description
Rotary Vane Vacuum Pump Edwards E2M2
Turbo Vacuum Pump Pfieffer Hi Pace 80
Vacuum Pressure Gauge Pfeiffer PKR 251
Helium Fill Pressure Gauge Omega PX419-050A5V

Nitrogen Fill Pressure Gauge

Transducers Di-
rect

TD1200CCA005003D002X

Nitrogen Fill Tank

Known fill volume for (rela-
tively) low pressure mass meter-
ing into the nitrogen PHPs

Nitrogen Source Tank

High purity nitrogen source

Helium Fill Tank

Known fill volume for (rela-
tively) low pressure mass meter-
ing into the helium PHPs

Helium Source Tank

High purity helium source

8.3 PHP filling calculation

Note: All nomenclature in this section is general as to apply to all PHPs in this work. When refer-

enced in other sections, subscripts are added to refer to specific components.

All PHPs in this work are filled with the same general procedure:

1. With the entire system at ambient temperature T ,,;

a) Open the vacuum shutoff valve to evacuate the PHP, filling system lines, and filling

tanks using the rotary vane vacuum pump

b) Close the vacuum shutoff valve

c) Fill the PHP, filling system lines, and filling tanks with working fluid vapor (nitrogen

or helium)

2. Repeat step 1 three times
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Open the vacuum shutoff valve to evacuate the PHP, filling system lines, and filling tanks

using the rotary vane vacuum pump

Close the vacuum shutoff valve

Close All PHP fill valves (on the fill lines immediately external to the dewar). PHPs are

now under vacuum.

Cool the PHP condensers to the operating temperature (~70K for the nitrogen PHPs and

~4K for the helium PHPs):

. Fill each PHP individually:

a)
b)

d)

Choose a target fill ratio

Open the regulator and meter a charge of working fluid vapor into the fill tank and

filling system line, bringing it to pressure Py, pxrn - This is limited to 345 kPa

absolute by the fill pressure gauge. Close the regulator when Py, pyp o 1S Ob-

tained.

Choose a target fill ratio FR and corresponding saturation temperature in the PHP
Toar -

Determine the final pressure of the filling system  Pg; oy , which corresponds to

the correct amount of working fluid mass my,;, transferred to the PHP.

Open the PHP shutoff valve. As vapor condenses in the PHP, the pressure in the fill-

ing system decreases. Shut the PHP shutoff valve when the pressure reaches

PFILL ,EXT
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To determine the relation between Py pxrng > Pruppxr > and  FR, amass balance is ap-

plied to the filling system. First, the working fluid mass necessary to obtain the desired filling ra-

tio at specified saturation temperature Tg,; is

(FR)VPHP + (I_FR)VPHP

(8.1)

- SAT,LIQ SAT SAT,VAP SAT
There v (Tepr) Vv (Tour)

, where V.. is the internal volume of the PHP, vgxr 11o(Tsar) is the specific volume of the
saturated liquid working fluid at the saturation temperature, and  vguy vap(Tsar) is the specific
volume of the saturated vapor working fluid at the saturation temperature. Assuming the PHP is

fully evacuated, a mass balance over the filling process is

m, =

PHP m

m

FILL, EXT,INI  “MFILL,EXT  “M'FILL,INT

VFILL,EXT VFILL,EXT _ VFILL,INT,TAMB _ VFILL,INT,7OK _ VFILL,INT,4K (82)

V(TAMB’PFILL,INI) V(TAMB’PFILL) V(TAMB’PFILL) V(70K’PFILL) V(4K’PFILL)

, where my;; gy 1 1 the mass of working fluid in the fill lines and filling tank at the start of
the filling process, myg;; ¢y is the mass of working fluid in the fill lines and filling tank at the
end of the filling process, and my;; r 1s the mass of working fluid that remains between the

PHP tubing and shutoff valve at the end of filling process. For the helium PHPs, the filling tube
contains precooling heat exchangers, per Figure 8.3, which remain at low temperatures during
PHP operation; the retained fluid mass in these sections is estimated and accounted for in Equa-
tion 8.2. The equation is decomposed into the corresponding volumes and specific volumes at the

start and end states of the filling process.

Equations 8.1 and 8.2 are combined and solved explicitly for the filling ratio
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VFILL,EXT

FR=
\'%

s _ Y FILL,INT,70K

VFILL,EXT VF[LL,]NT,T

_ VFILL, INT, 4K VSAT, L]Q(TSAT) _ VSAT, LIQ(TSAT)
V(TAMB’PFILL,]NI) V(TAMB’PFILL) v (TAMB’PF]LL) v (70K’PFILL) VSAT,LIQ(4K)

Veup

Which is a function of  Ppy; pxrng >

s ( S. ) (8'3)
( ( I )
1 SAT,LI SAC

Vsar, vap ( Toar )

Poirext » Tsar » the system volumes, and the work-

ing fluid properties. The upper and lower bounds of the fill ratio uncertainty are

Ve exr AV p exr

_ Ve exr =A Ve exr _
VAT s Praana* APris) V(T Prs =APraus)

FR'=

Ve v, A Veuive s, Ve 0k AV i, inn ok Ve ivrak ™A Vi e ax | Vsar,uia (Toar) _ Voar,uiol Tsar)
V(Tasie s Pers =A P )

V(7OK’PHLL —APy,) Vsar ,LIQ(4K)

and

Vi exr A Ve exr

_ Ve gxr+A Vi, exr _ Ve, v, 1A Ve, e ., _ Ve, ivr, 70k HA Vi e, sox _ Ve, vrak A Ve e ax \ VSAT,UQ(T sAT) _ Vsar g (TSAT)
V(T s Preai = APrne)  V(Tavig, Peni+APry)

Vour=AViir  Vour vap (Toar) (84)
1 ,M(TSAT)
Var,varl Tsar

FR'=

V(Taes Prais, #AP ) V(70K, Py +APgy,)

VgATVI_Iq(“K) } Voup +A Venp
1 Ysar.Lig (Tsr)

Vsar,vael Tsar) (8 . 5)
Vsar,varl Tsar)

. Volumes and related uncertainties for each of the experimental facilities are listed in Table 8.3.

Table 8.3. Filling system volumes and uncertainties for each test facilities
vy | PP e P L i et i o
ity lium) cility (nitrogen shield)
PHP-I-N | PHP-II-N | PHP-I-H | PHP-II-H PHP-I-NHS PHP-II-NHS
Ve ext 3432000 mm’ 3521559 mm’ 3875939 mm’®
VerL T, 9369 mm® 1059 mm? No Uncertainty Analysis
V biL, T, 70K N/A 365 mm’ N/A
VL, vt,ak N/A 270 mm’ N/A
Voup 8550 mm’ 2566 mm’® 8505 mm’
AV exr 34320 mm’ 35216 mm’ No Uncertainty Analysis
AV, 169 mm’ 53 mm® No Uncertainty Analysis
FAV i, e, 70k N/A 18 mm? N/A
FAV g v ax N/A 13 mm’ N/A
+AV 622 mm’ 273 mm’® No Uncertainty Analysis
TAPy, 0.28 kPa
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8.4 Nitrogen PHP thermal switch test facility platinum resistance temperature sensor cali-
brations and measurements

The Lakeshore Cryotronics PT-102 platinum resistance thermometers are calibrated with a two
point calibration using the standard Callendar-Van Dusen polynomial, with the temperature ex-

plicit form

1— Rs

K+273.15K (8.6)
RS,O

(4

7B, —AS+\/A§—4 Bs

, where Ty is the temperature, Ag and Bg are fitting parameters, R, is the electrical re-
sistance at the freezing point of water, and Ry is the measured resistance of the sensor at Ty .
The resistance is measured with the sensor voltage Vg , supplied current Ig , and voltage oft-
set Vg oppser

R.= (Vs - VS,OFFSET)

S IS

(8.7)

, with the voltages read by a National Instruments USB-6218 or National Instruments USB-6210
data acquisition unit. A calibrated Lakeshore Cryotronics 120CS current source provides the cur-
rent at 100 mA, while Bg is taken as the general value for platinum resistance thermometers.
R, and Ag are determined by measuring the sensor resistance while submerged in a bath
of ice water and boiling liquid nitrogen, respectively, at known temperature and pressure
(T=273.15 K and P=1.013 bar for the ice water and T=77.36 K and P=1.013 bar for the boiling
liquid). Table 8.4 summarizes these calibration parameters for each these thermometers.
The voltage offsets — caused by electrical noise from the cryocoolers, vacuum pumps, power

supplies, and the use of multiple data acquisition boards — are mostly constant but do have some
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variation between measurements. Temperature measurement errors are propagated from the mea-
surement uncertainties in Vg and Ig , as well as a fitting error of +0.25 K associated with the
use of Equation 8.6 [74]. Figure 8.6 shows the typical agreement of all the calibrated platinum
resistance temperature sensors used in the nitrogen PHP thermal switch test facility at approxi-

mately 70 K and 295 K.

Table 8.4. Temperature sensor calibration data.

Temperature sensor Calibration data
name Aq B, Rg, Vs ompser

Trram-L1 0.0039585485 99.9272346517 0.0002300350

Trram12 0.0039577773 100.0038948358 -0.0002300350
Trr.prp-1.cOND-1 0.0039577720 99.9839047481 0.0006032019
Trrprp-1.cOND-2 0.0039580602 99.9917049758 0.0008683348
Terprp-1.cOND-3 0.0039569170 99.9992888242 0.0012567902

Trrumem1 0.0039583682 99.9862601016 0.0001540467

Trram-2 0.0039568157 99.9744329452 -0.0001540467
Tprprp-mconp-1 0.0039583547 99.9489307577 0.0009736271
TprpHp-11-cOND-2 0.0039588960 00000005773 99.9989016427 0.0008344841
Tprprp-m.conD-3 0.0039591169 99.9579445478 0.0007430019
Trrprp-LEVAP-1 0.0039579340 100.0373822550 -0.0002170038
Trrprp-1EVAP-2 0.0039579881 100.0073432127 -0.0000469437
TrrpHp-1EVAP-3 0.0039559463 99.9989332285 -0.0000338812
Terpup-LEVAP-1 0.0039574866 100.0036097690 -0.0000575361
Trrprp-EVAP-2 0.0039566296 99.9667850245 -0.0000628376
Trrprp-EVAP-3 0.0039587657 99.9949247251 -0.0000171480
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Figure 8.6. Agreement between sensors at approximately 70K and 295K with a common cold plate heat load of 0
W. For the ~70 K measurements, PHP-I-N and PHP-II-N are filled with nitrogen. The voltage offsets are calibrated
to minimize variance between the set of sensor measurements at ~70K

8.5 Nitrogen PHP thermal switch test facility heat meter RRR and conductivity calculation

The copper RRR for PI-HM-I is determined by the solution of

Ay
kHM—I—N,MEAN ﬁ(THM—I—N,MAX _THM—I—N,MIN) =
THM*I*N,MAX AHM_I_N (8.8)
[fHM—I—N kRRR 50( T) +( 1 _fHM—I—N) kRRR 100( T)] Li dT
Tiv—1-n i HM-I-N
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For f,,, ;_n , With the remaining parameters defined in Table 2.3 and Table 2.4. The parameter
fum_i_n results from a linear interpolation between the thermal conductivity of RRR50 and

RRR100 copper [37][38]. The interpolated copper RRR for the HM-I-N is then

RRR iy 1= froni-1-n) 50+(1 —fypy ) 100 (8.9)

resulting in a thermal conductivity for HM-I-N of

kHMflfN(T) :(fHMflfN) kRRR50<T)+(1_ fHMflfN) kRRRlOO(T> (8.10)

. Likewise the copper RRR for HM-II-N is determined by the solution of

Apvion-
kHM*II*N,MEAN$(THMfllfN,MAX_THM*II*N,MIN):
HM-II-N
THM*II*N,MAX A (811)
[fHM—II—NkRRRSO(T)+(]—_fHM—II—N>kRRR100(T)]%dT
Thm—11-n, M HM-1I-N
with
RRRHM—II—N:(fHM—H—N) 50+(1_fHM—II—N>1OO (8.12)
and
kHanfN(T):(fHanfN)kRRRso(T)"'(l_fHanfN)kRRRwo(T) (8.13)

8.6 Helium PHP thermal switch test facility Cernox sensor calibrations and measurements
A suite of eight Cernox sensors (Lakeshore Cryotronics model CX-1050-CU-HT) are used for
thermometry in the helium PHP thermal switch test facility. Four of these sensors are used to

measure the heat meter temperatures (sensors Ty —n-a > Temi—t-B > THM—i—H_a > and
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Tum-n_n_g ) and four are used to measure the helium PHP evaporator and condenser plate
temperatures (sensors  Tpup_j_pconp > Terp—i—HEvaP > TpHp—ii—t,conp » ANd  Tpup iy vap

). Locations of these thermometers are shown in Figure 3.19 and Figure 3.17. One of the sensors

Teonp_i_n.evap — is factory calibrated. The other sensors are calibrated relative to this factory

calibrated sensor using the setup shown in Figure 8.7.

Cernox Calibration
Crycooler-II-H Mountine Plat
Cold Stage ounting €
i’" Cernox Sensors
Cernox Sensors ‘ ’

Figure 8.7. Annotated image of the Cernox sensor calibration seﬁlp.

The calibration setup features an aluminum mounting plate to hold the eight Cernox sensors,
which in turn is secured to a Sumitomo RDK-415D cryocooler cold head. A resistance heater is
attached to the bottom of the cold head (not visible in Figure 8.7) to allow control of the mount-
ing plate temperature at temperatures less than about 8 K. At higher temperatures, the cooling
power of the cryocooler exceeds the power output of the resistor and power supply. The entire
calibration setup is actively shielded by the hot cryocooler stage (shield not shown in Figure 8.7)
to prevent temperature gradients from developing in the mounting plate due to radiative loading.
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The Cernox sensor signals are read by a Cryocon 18i temperature monitor via four wire connec-

tions.

At temperatures between about 3 K and 8 K, the temperature controller allows calibration sam-
ples to be obtained at temperatures constant in time. The lower temperature limit is constrained
by the capacity of the cryocooler cold stage, while the upper limit is constrained by the maxi-
mum power output of the resistance heater and power supply, as mentioned previously. At tem-
peratures above about 8 K, the calibration points are therefore obtained at temperatures unsteady
in time, during system warm up after the cryocooler is deactivated. This likely leads to small in-
accuracies due to the heat capacity of the calibration components and spatial separation of the
sensors; however, this is unimportant because temperature measurements above about 8 K are
not used for critical experiment performance calculations. Instead, temperatures in this range are
used only for monitoring purposes during system startup and shutdown, during which high accu-
racy is not especially important. Table 8.5 and Table 8.6 contain the calibration data for each sen-

SOr.

Table 8.5. Cernox temperature sensor calibration data I.

LTV LTIVE Tim-i-m-a Tiv-iv-s

T/K R/Q T/K R/Q T/K R/Q T/K R/Q
304.477 56.567 304.477 61.013 304.477 59.181 304.477 58.406
298.609 57.493 298.609 62.101 298.609 60.228 298.609 59.430
292.161 58.501 292.425 63.295 292.161 61.288 292.425 60.553
290.148 58.994 290.148 63.727 290.148 61.652 290.148 61.006
288.812 59.085 288.812 64.002 288.812 61.918 288.812 61.264
286.057 59.691 286.057 64.577 286.057 62.476 286.057 61.806
284.688 59.950 284.688 64.863 284.688 62.753 284.688 62.075
282.673 60.329 282.673 65.282 282.673 63.160 282.673 62.471
279.991 60.745 279.991 65.670 275.162 64.624 279.991 62.856
268.374 63.022 275.162 66.813 268.374 66.210 268.374 65.492
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258.597 65.147 268.374 68.360 258.597 68.495 258.597 67.743
245.637 68.628 258.597 70.669 245.637 72.022 245.637 71.274
231.303 72.372 245.637 74.460 231.303 76.217 231.303 75.131
215.592 77.078 231.303 78.494 215.592 81.025 215.592 80.028
196.040 84.027 215.592 83.838 196.040 88.431 196.040 87.320
180.444 90.354 196.040 91.582 180.444 95.469 180.444 94.254
164.845 97.945 180.444 98.912 164.845 103.742 164.845 102.457
150.975 105.835 164.845 107.592 150.975 112.278 150.975 110.937
135.243 116.581 150.975 116.566 135.243 123.942 135.243 122.480
123.526 126.165 135.243 128.720 123.526 134.293 123.526 132.819
113.887 135.259 123.526 139.606 113.887 144.250 113.887 142.647
105.844 143.991 113.887 150.056 105.844 153.770 105.844 152.121
94.333 158.441 105.844 160.033 94.333 169.626 94.333 168.031
82.984 176.372 94.333 176.746 82.984 189.083 82.984 187.281
65.710 213.574 82.984 197.171 65.710 229.884 65.710 227.373
56.407 240.901 65.710 239.513 56.407 259.699 56.407 258.345
48.221 273.405 56.407 271.845 48.221 295.681 48.221 292.686
41.128 309.363 48.221 308.272 41.128 334.568 41.128 331.570
36.538 338.290 41.128 349.035 36.538 366.801 36.538 364.084
32319 370.353 36.538 382.851 32.319 401.808 32.319 399.907
30.695 384.817 32.319 420.295 30.832 415974 30.695 416.008
27.071 418.691 30.832 435.577 30.695 417.707 28.291 442.125
25.736 434.283 30.695 437.112 28.291 439.205 27.071 456.713
23.855 459.092 27.071 480.347 27.071 455.715 25.736 475.591
21.945 487.728 25.736 498.362 25.736 473.196 23.855 501.816
20.408 513.145 23.855 526.881 23.855 499.695 21.945 533.690
17.629 569.349 21.945 561.475 21.945 530.478 20.408 562.676
16.113 607.804 20.408 590.867 20.408 559.481 17.629 629.659
14.230 664.356 17.629 659.247 17.629 622.974 16.113 673.260
13.405 695.768 16.113 703.017 16.113 663.167 14.230 740.544
12.647 726.347 14.230 770.362 14.230 726.391 13.405 774.287
11.683 769.110 13.405 804.569 13.405 760.432 12.647 808.134
11.187 794.024 12.647 840.216 12.647 793.420 11.683 856.765
10.433 837.254 11.683 889.941 11.683 840.199 11.187 886.294
9.602 892.354 11.187 920.340 11.187 864.782 10.433 937.219
7.648 1067.210 | 10.433 971.116 10.433 914.307 9.602 999.808
7.646 1067.543 9.602 1036.540 9.602 974.996 7.648 1206.476
7.198 1122.897 7.648 1248.797 7.648 1171.335 7.646 1206.705
6.737 1188.892 7.646 1249.027 7.646 1171.571 7.198 1272.217
6.264 1265.694 7.198 1314.820 7.198 1233.157 6.737 1348.756
5.792 1359.080 6.737 1393.279 6.737 1305.055 6.264 1440.701
5.412 1447.469 6.264 1484.909 6.264 1391.315 5.792 1550.064
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5.224 1497.074 5.792 1596.221 5.792 1494.352 5.607 1600.364
5.035 1550.602 5.607 1646.819 5.607 1541.622 5412 1656.189
4.848 1610.078 5412 1701.989 5.412 1592.798 5.224 1714.683
4.663 1674.596 5.224 1761.610 5.224 1646.748 5.035 1779.374
4.480 1745.059 5.035 1826.161 5.035 1707.636 4.848 1850.257
4.293 1819.696 4.848 1896.267 4.848 1772.951 4.663 1926.877
4.121 1899.269 4.663 1972.348 4.663 1842.757 4.480 2008.909
3.952 1989.408 4.480 2054.985 4.480 1920.600 4.293 2100.426
3.778 2089.570 4.293 2147.244 4.293 2005.670 4.121 2197.828
3.615 2192.638 4.121 2242.843 4.121 2094.962 3.952 2302.794
3.468 2300.827 3.952 2347.854 3.952 2194.193 3.778 2423.217
3.338 2403.129 3.778 2467.256 3.778 2305.985 3.615 2549.702
3.215 2509.517 3.615 2589.715 3.615 2422.383 3.468 2676.938
3.161 2559.750 3.468 2714.729 3.468 2539.748 3.338 2806.628
3.119 2604.934 3.338 2839.949 3.338 2655.207 3.215 2935.199
3.075 2649.713 3.215 2967.749 3.215 2774.146 3.161 2995.206
3.039 2688.740 3.161 3026.456 3.161 2834.741 3.119 3050.581
3.007 2724.107 3.119 3080.015 3.119 2885.909 3.075 3105.141
2.978 2756.457 3.075 3132.417 3.075 2936.433 3.039 3152.675
2.963 2774.115 3.039 3178.425 3.039 2980.635 3.007 3191.486
2.950 2789.171 3.007 3218.063 3.007 3014.490 2.978 3230.544
2.948 2791.231 2.978 3255.671 2978 3050.777 2.963 3251.855
2.910 2833.158 2.963 3276.502 2.963 3070.889 2.950 3269.910
2.950 3293.767 2.950 3088.326 2.948 3272.379
2.948 3295.575 2.948 3091.472 2.910 3330.483
2.910 3348.329 2.910 3138.148

Table 8.6. Cernox temperature sensor calibration data II

TPHP*I*H,COND

TPHP*I*H,EVAP

TPHP*II*H,COND

Torp-ii-n,Evar

T/K R/Q T/K R/Q T/K R/Q T/K R/Q
304.477 58.091 304.477 58.218 304.477 57.275 1.198 42246.342
298.609 59.123 298.609 59.236 298.609 58.274 1.309 33183.306
292.425 60.256 292.020 60.320 292.425 59.371 1.400 28006.146
290.148 60.610 290.148 60.648 290.148 59.729 1.597 20403.505
288.812 60.872 288.812 60.904 288.812 59.982 1.800 15693.825
286.057 61.423 286.057 61.441 286.057 60.514 2.001 12642.106
284.688 61.696 284.688 61.708 284.688 60.779 2.201 10527.642
282.673 62.098 282.673 62.100 282.673 61.166 2.397 9018.196
275.162 63.699 279.991 62.678 275.162 62.579 2.596 7856.865
268.374 65.165 275.162 63.687 268.374 63.993 2.800 6930.923
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258.597 67.245 268.374 65.136 258.597 66.135 3.000 6212.727
245.637 70.704 258.597 67.198 245.637 69.606 3.202 5624.207
231.303 74.800 245.637 70.917 231.303 73.388 3.403 5142.684
215.592 79.734 231.303 74.833 215.592 78.237 3.603 4739.469
196.040 87.085 215.592 79.570 196.040 85.217 3.803 4396.782
180.444 94.059 196.040 86.847 180.444 91.914 4.003 4102.974
164.845 102.283 180.444 93.725 164.845 99.704 4.202 3847.662
150.975 110.789 164.845 101.831 150.975 107.838 4.601 3426.831
135.243 122.425 150.975 110.243 135.243 118.843 5.002 3094.033
123.526 132.788 135.243 121.714 123.526 128.688 5.500 2767.439
113.887 142.632 123.526 131.913 113.887 137.984 6.200 2419.675
105.844 152.191 113.887 141.593 105.844 147.053 7.005 2124.389
94.333 168.161 105.844 151.025 94.333 162.008 8.001 1854.807
82.984 187.703 94.333 166.661 82.984 180.151 9.004 1652.795
65.710 229.042 82.984 185.729 65.710 218.450 10.002 1496.730
56.407 259.451 65.710 225.416 56.407 246.091 11.001 1371.297
48.221 296.236 56.407 255.873 48.221 279.468 11.999 1268.070
41.128 336.589 48.221 289.811 41.128 316.061 12.998 1181.247
36.538 369.389 41.128 328.278 36.538 345.851 14.000 1106.978
32319 406.216 36.538 359.268 32.319 378.539 14.998 1042.744
30.832 420911 32.319 394.430 30.832 391.585 15.997 986.565
30.695 422.734 30.695 410.184 30.695 393.168 16.999 936.592
28.291 445.480 28.291 436.468 28.291 413.641 17.997 892.175
27.071 461.410 27.071 451.671 27.071 427.483 19.000 852.001
25.736 479.277 25.736 468.778 25.736 443.826 20.087 812.698
23.855 506.804 23.855 496.641 23.855 467.505 21.154 777.748
21.945 540.733 21.945 528.576 21.945 497.597 22.721 731.964
20.408 571.091 20.408 557.058 20.408 523.596 24.326 690.655
17.629 635.315 17.629 620.663 17.629 580.457 25914 654.397
16.113 683.445 16.113 663.899 16.113 617.448 27.505 621.869
14.230 747.955 14.230 728.179 14.230 675.792 29.104 592.415
13.405 784.119 13.405 762.138 13.405 706.713 30.912 562.415
12.647 819.890 12.647 794.549 12.647 738.749 33.003 531.394
11.683 869.446 11.683 841.844 11.683 780.973 36.007 492.588
11.187 897.467 11.187 873.042 11.187 801.363 39.008 459.162
10.433 948.685 10.433 921.778 10.433 845.899 42.004 430.197
9.602 1014.424 9.602 984.300 9.602 900.678 44.995 404.747
7.648 1229.858 7.648 1182.888 7.648 1077.094 47.997 382.127
7.646 1230.128 7.646 1183.103 7.646 1077.302 49.992 368.414
7.198 1297.953 7.198 1246.760 7.198 1132.450 54.992 338.231
6.737 1377.373 6.737 1321.071 6.737 1196.583 59.983 312.709
6.264 1472.074 6.264 1409.314 6.264 1273.391 64.975 290.802
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5.792 1587.135 5.792 1515.687 5.792 1364.523 69.960 271.825
5.607 1638.689 5.607 1563.884 5.607 1406.170 74.948 255.181
5412 1695.627 5412 1616.935 5.412 1451.580 79.944 240.437
5.224 1757.345 5.224 1675317 5.224 1500.184 84.942 227.302
5.035 1826.485 5.035 1737.320 5.035 1552.743 89.937 215.517
4.848 1900.206 4.848 1805.228 4.848 1609.865 94.934 204.857
4.663 1979.065 4.663 1879.235 4.663 1672.241 99.929 195.242
4.480 2066.918 4.480 1960.236 4.480 1741.072 109.907 178.429
4.293 2164.681 4.293 2048.535 4.293 1815.651 119.914 164.215
4.121 2264.992 4.121 2141.646 4.121 1893.471 129.907 152.053
3.952 2379.880 3.952 2244.073 3.952 1978.559 139.891 141.549
3.778 2506.861 3.778 2361.011 3.778 2075.325 149.892 132.355
3.615 2643.915 3.615 2483.919 3.615 2175.239 159.892 124.261
3.468 2777.909 3.468 2605.056 3.468 2276.083 169.893 117.094
3.338 2915.487 3.338 2729.739 3.338 2376.509 179.884 110.706
3.215 3052.635 3.215 2853.278 3.215 2475.676 189.887 104.971
3.161 3121.073 3.161 2912.446 3.161 2525.424 199.888 99.801
3.119 3181.220 3.119 2965.885 3.119 2568.543 209.893 95.125
3.075 3240.649 3.075 3018.570 3.075 2610.783 219.894 90.882
3.039 3292.751 3.039 3064.867 3.039 2647.528 229.898 87.009
3.007 3340.746 3.007 3103.051 3.007 2680.190 239.900 83.469
2.978 3383.928 2.978 3140.993 2978 2710.461 249.898 80.224
2.963 3407.821 2.963 3161.402 2.963 2726.433 259.908 77.238
2.950 3428.626 2.950 3179.185 2.950 2740.888 269.913 74.477
2.948 3432.474 2.948 3181.933 2.948 2743.114 279.912 71.934
2.910 3484.066 2.910 3231.884 2.910 2785.279 289.908 69.572

299.913 67.375

309.925 65.329

314.952 64.357

319.968 63.418

325.962 62.339

329.977 61.640

8.7 Nitrogen PHP thermal switch test data

Table 8.7. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = ON, FRpup.

IN— 0520, FRFHP.[[_NZ 0207]

Qccr n

(W]

Qmmflfw
(W]

Qeip-11-n

(W]

kPllPﬁlfN,EFF

[W/m-K]

Kpip o ~N EFF

[W/m-K]

UApip 1 nere

[W/K]

UAFHP*H*Y\ ,EFF
[W/K]

Torp-1-n,conp Toup - 1-n,Evar

(K]

K]

Tenp11-n,conn

(K]

Torp 1N, Evar SR
PHP—II-N

(K]

10.104

4.649

4.562

21000.030

42033.211

2.819

5.642

74.417

76.093

78.799

79.622

2410.234

12.037

5.870

5.448

24904.925

41986.956

3.343

5.635

75.295

77.072

79.747

80.723

2407.581

14.136

7.113

6.397

28074.112

44411.390

3.768

5.961

76.232

78.132

81.167

82.247

2546.601

16.208

8.365

7.428

32222.276

48647.640

4.325

6.529

77.215

79.155

82.886

84.029

2789.513
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17.802 | 9.315 8.282 33811.794 51572.190 4.538 6.922 77.903 79.960 84.371 85.570 2957.210
10.108 | 4.372 4.678 16164.625 37986.029 2.170 5.098 69.381 71.450 74.127 75.106 2178.163
12.042| 5.570 5.339 19992.161 38462.171 2.683 5.162 70.045 72.130 75.137 76.192 2205.466
14.232| 6.912 6.417 20414.153 45177.343 2.740 6.064 71.028 73.559 76.897 77.984 2590.522
16.018 | 8.016 7.255 20845.376 42773.795 2.798 5.741 71.660 74.531 78.211 79.483 2452.700
18.010 | 9.163 8.181 20916.568 45815.354 2.807 6.149 72.491 75.758 79.654 80.989 2627.106

Table 8.8. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-N Status = ON, FRpyp-

-N— 0260, FRPHP-II-N: 0259]

Qccp-n

Qeirp-1-n

Qpip 11 n

kPIIPflfN,EFF

Ko 1n EFF

UApyp 1 err

UApp 1w, rp

TPHP—FN,COND

T

PHP —I-N, EVAP

Towp1i-n,conp

TPHP*H*N,E\/AP

Wl | W] (W] [WmK] | [WmK] [W/K] [W/K] [K] K] K] [K] S 1w
9.970 6.500 2.716 32690.572 12179.931 4.388 1.635 75.617 77.207 75.559 78.047 698.411
11.890 | 8.049 3.161 41947.360 12066.578 5.630 1.620 76.889 78.326 76.358 79.801 691.912
14.159 | 9.668 4.048 46709.941 18178.879 6.269 2.440 78.095 79.639 77.793 80.699 1042.398
16.038 | 10.776 4.844 47545.892 24897.433 6.381 3.342 78.924 80.615 79.082 81.342 1427.648
17.828 | 11.887 6.133 48436.747 35342.702 6.501 4.744 79.753 81.585 81.293 82.655 2026.592
19.904 | 9.867 9.966 44360.399 52939.623 5.954 7.105 78.279 79.938 87.907 89.311 3035.620
11.879 | 5.128 5.723 28017.911 37191.399 3.760 4.992 69.519 70.907 76.613 77.799 2132.598
13.965| 7.252 7.059 35876.048 40208.409 4.815 5.397 70.300 71.833 78.611 79.948 2305.597
16.024 | 7.342 7.954 33196.500 44088.174 4.456 5917 71.138 72.819 80.450 81.812 2528.068
18.017 | 8.495 8.907 36004.425 46513.128 4.832 6.243 71.998 73.775 82.086 83.524 2667.117
19.891| 9.615 9.730 39298.455 49257.208 5.275 6.611 72.839 74.668 83.441 84.921 2824.466
13.968 | 5.629 6.312 24738.462 36659.848 3.320 4.920 64.982 66.712 73.308 74.630 2102.119
15.834| 6.653 7.290 27311.711 35917.438 3.666 4.821 65.666 67.502 75.110 76.562 2059.548
17.818 | 7.685 8.208 30553.180 38837.743 4.101 5.213 66.440 68.335 76.775 78.361 2227.002
19.699 | 8.688 9.036 33423.467 41193.090 4.486 5.529 67.169 69.124 78.288 79.940 2362.060

Table 8.9. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-N Status = ON, FRpyp-

-N— 0302, FRPI‘-[P.H.N: 0303]

Qeer-n

Qpp-1-n

Qpip-1-n

k

k

UA

UA,

Tonp-1-n.conp

T

PHP —I-N, EVAP

Torp-11-n,conp

Torp- 1N, Evap

PHP-1-N, EFF PHP-1I —N EFF PHP—1—N,EFF PHP—11-N, EFF SR
W] | W] (W] [WmK] | [WmK] [WK] [WK] [K] K] [K] [K]
6.074 | 2.571 2.115 17462.070 36755.134 2.344 4.933 72.875 74.114 74.587 75.064 2107.582
9.955 5.665 4.007 35742.445 45322.309 4.797 6.083 75.096 76.301 77.196 77.923 2598.834
12.043 | 6.779 4.498 37049.683 41808.075 4973 5.611 75.956 77.342 77.907 78.803 2397.324
13.959| 8.062 5.286 39771.003 44246.484 5.338 5.939 76.699 78.230 78.924 79.851 2537.145

Table 8.10. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = ON, FR.

PHP-ILN— 04 1 5, FRPHP,H,N = 04 1 5

Qeorn | Qoiroron | Qerp—nin Koppp_ 1o, erF K prpo 11— grr UA pup_1-nerr UApip nonerr | TpHP—i-N.COND | TpHP—i-N,EVAP Towp-in.conn | Tewp-iin,evap SR i n
(W] (W] W] [W/m-K] [W/m-K] [W/K] [W/K] [K] [K] K] [X]
3.967 | 1.592 0.985 10727.640 9522.612 1.440 1.278 72.115 73.284 72.766 73.611 546.038
8.067 | 3.622 3.584 19842.382 27351.594 2.663 3.671 73.628 75.014 76.629 77.631 1568.372
9.953 | 4.725 4.235 23184.053 26691.079 3.112 3.582 74415 75.972 77.692 79.095 1530.498
12.893 | 6.493 5.720 29494.696 35132.882 3.959 4.715 75.776 77.431 79.762 80.989 2014.561
14.141| 8.235 5.343 34909.896 35890.712 4.686 4.817 77.037 78.810 79.062 80.184 2058.015
16.214| 9.713 6.260 40078.313 43650.303 5.379 5.859 78.145 79.953 80.325 81.394 2502.960
18.214| 9.896 8.097 40891.692 43543.015 5.488 5.844 78.325 80.130 82.984 84.371 2496.808

Table 8.11. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = ON, FR.

PHP-ILN— 0520, FRPHP,H,N: 0520

QC( PN QPHPflfN QPHanfN kPHPflfN,L‘H- kPH}LHfN,hFF UAPHPflfN,bH‘ UAPHPfufh,EFk TPHPflfN.CDND TPHF'f\fN,EVAP TPHP*\IW,COND TPHP*H*N.EVAP SR

W] | W] (W] [WmK] | [WmK] [WK] [WK] [K] K] [K] [K] e
10.030 | 5.833 3914 24492.436 23872.011 3.287 3.204 75.166 76.956 77.951 79.363 1368.849
12.040 | 7.007 4.634 28263.161 30013.173 3.793 4.028 76.080 77.935 79.016 80.228 1720.991
14.140 | 8.560 5.506 32905.881 29702.742 4.417 3.987 77.259 79.204 80.301 81.686 1703.190
16.019| 9.647 5.831 35252.631 31107.886 4.732 4.175 78.110 80.154 80.772 82.171 1783.763

230




18.006 | 9.694 8.090 36198.956 38281.913 4.859 5.138 78.205 80.203 84.515 86.091 2195.130
8.068 | 3.431 3.403 15953.997 23434.703 2.141 3.145 68.347 70.038 72.537 73.652 1343.773
10.108 | 4.594 4.414 13166.814 20267.430 1.767 2.720 68.992 72.153 74.148 75.909 1162.158
12.041| 50911 5.449 19317.825 30567.122 2.593 4.103 70.166 72.476 76.151 77.511 1752.755
13.959 | 6.931 6.202 19952.372 31122.008 2.678 4.177 70.781 73.375 77.146 78.650 1784.572
16.017 | 8.323 7.159 20834.043 30618.542 2.796 4.110 71.831 74.812 78.795 80.540 1755.703
18.011 | 9.666 8.080 29923.556 34361.157 4.016 4.612 72.882 75.299 80.315 82.071 1970.309
20.336 | 10.366 9.433 23812.163 36330.948 3.196 4.876 73.390 76.672 82.512 84.447 2083.259

Table 8.12. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = OFF, FR.
PHP-I-N— 0520, FRPHP.I[.N: 0207

QCLP,N QpHy—x—N qup—u—w [ | S UApip-1-n err UA piip_ii-n, err Torp-1-n,conp Torp-i-n,evap Tonp-1n,conp Tonpin, evar SRepp_in
W] (W] (W] [W/m-K] [W/m-K] [W/K] [W/K] [K] [K] (K] (K]

0.987 | 1.227 -0.239 9860.495 9.074 1.323 0.00122 71.880 73.571 281.721 84.293

1.981 | 2.566 -0.585 16132.700 22.488 2.165 0.00302 72.841 74.099 283.304 89.405

2970 | 3.875 -0.905 19083.623 35.106 2.561 0.00471 73.845 75.398 284.805 92.654

4.010 | 4.129 -0.119 20437.325 4.625 2.743 0.00062 73.901 75.442 286.323 93.643

0.000 | 0.831 -0.831 5558.449 30.012 0.746 0.00403 66.561 68.675 287.190 79.634 N/A
1.036 | 2.528 -1.492 14497.989 55.397 1.946 0.00744 67.687 69.062 287.694 86.933

1.981 | 3.216 -1.235 10295.998 46.240 1.382 0.00621 68.106 70.507 288.538 89.491

2970 | 3.658 -0.688 11994.711 25.878 1.610 0.00347 68.404 70.764 287.773 89.787

4.012 | 4.341 -0.329 15584.337 12.414 2.092 0.00167 68.906 71.121 288.571 91.075

Table 8.13. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = OFF, FR.
prp-LN= 0.260, FRpppqn= 0.259

Qeern | Qemp-1-n | Qowp-n kPHPflfN,EFF kpupfan,LrF UA -1 err UApypni-n, ere Toup-1-n.conp Tonp-1-n,Evar Tenp1n,conn Torp 1 n,Evar

W] | W] W] [WmK] | [WmK] [WK] [WK] [K] [K] [K] [K] SR 1
4.054 | 4.685 -0.203 36886.644 8.352 4951 0.00112 74.527 75.601 288.379 107.339
5.882 | 7.050 -0.200 44719.328 8.854 6.002 0.00119 76.256 77.471 288.412 120.100
7.982 8.601 -0.246 48936.196 11.811 6.568 0.00159 77.478 78.792 277.330 122.390
9.928 | 11.105 -0.292 52120.387 14.559 6.995 0.00195 79.391 80.981 284.625 135.105 N/A
12.007 | 13.440 -0.214 54293.115 11.153 7.287 0.00150 81.196 83.043 287.337 144.526
14.102 | 15.705 -0.185 57757.370 10.180 7.752 0.00137 82.991 85.019 288.142 152.916
15979 | 17.633 -0.170 57337.757 9.886 7.696 0.00133 84.703 87.000 288.412 159.990

Table 8.14. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = OFF, FR.
PHP-IN— 0302, FRPHP.H.N: 0303

QCCP*N QPIIP—I—N QFIIP*H*N kPIIF*IfN,EFF k PHP-11 —N EFF UAPIIP*I*N,EFF UAPIIP*H*N, EFF TF‘HP*I*N,COND TPHP*I*N,EVAP TPHP*\I—N,CDND TPHP*H*N,E\/AP SR

W] | [W] (W] [Wm-K] | [WmK] [W/K] [W/K] (K] [K] (K] (K]
1.009 1.410 -0.769 17687.366 27.204 2.374 0.00365 72.107 72.717 291.385 80.871

2.046 2.612 -0.267 20812.658 9.614 2.793 0.00129 72.980 74.131 291.786 84.712 N/A
3.051 3.556 -0.224 25080.334 8.201 3.366 0.00110 73.636 74.765 290.629 86.868

Table 8.15. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = OFF, FR.
PHP-I-N— 04 l 5, FRPHP.H.N = 04 l 5

Quers | Qv | Qwrnn | Kmoaoer | Kmonowsr | UAnoower | Ulnsem | Toncowo | Towinewe | Tew uncom | T ninew | gn
Wl | W] (W] [WmK] | [WmK] [WK] [WK] [K] K] [K] [K]
0.984 1.370 -0.451 12653.886 16.338 1.698 0.00219 72.096 73.190 289.405 83.558

1.977 2.590 -0.413 20820.930 15.183 2.795 0.00204 73.000 74.086 290.122 87.478

2.966 3.616 -0.357 25303.008 13.328 3.396 0.00179 73.759 74.870 290.468 90.830 N/A
1.978 3.105 -0.904 14719.145 33.962 1.976 0.00456 68.134 69.924 286.206 87.918

2.966 3.876 -0.869 17194.842 32.669 2.308 0.00438 68.773 70.569 288.639 90.521

Table 8.16. Nitrogen PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-N Status = OFF, FR.
‘PHP-I-N: 0-520, FReupin= 0~520]
QCLP*N

Qprp11-n kPHPfl*N,EIT Kprip 11 grr ‘ UAypyp 1 grr UApp—ni-n, bre Terp-1-n,conp ‘ Torp-1-n,Evap ‘ Tenp-i1-n,conp ‘ TPHP*H*N.E\/AP‘ SReup iy ‘

Qpirp-1-n

231




(Wl | W] (W] [W/m-K] [W/m-K] [W/K] [W/K] (K] [K] (K] (K]
0.985 | 1.671 | -0.214 | 12835.904 7.754 1.723 0.00104 72.248 73.917 290.019 84.139
1977 | 2.759 | -0.617 | 16407.274 22316 2.202 0.00300 72.845 74.111 296.047 90.110
4.053 | 4.944 | -0.661 | 23747.912 25.173 3.187 0.00338 74.499 76.070 294.603 98.896
6.001 | 6.728 | -0.764 | 30805.897 30.541 4.135 0.00410 76.006 77.642 291.460 104.970 N/A
7.980 | 8.828 | -0.202 | 24087.891 8.579 3.233 0.00115 72.280 75.043 289.743 114.462
6.119 | 7.334 | -0.199 | 20809.207 8.234 2.793 0.00111 71.154 73.789 289.587 109.370
4.054 | 4.945 | -0.210 | 19797.609 8.167 2.657 0.00110 69.327 71316 289.445 97.930

Table 8.17. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = ON, FR.
PHP-I-N— 0507, FRPHP.I[.N: 0507

QCLP,N QpHy—x—N qup—u—w [ | S UApip-1-n err UA piip_ii-n, err Torp-1-n,conp Torp-i-n,evap Tonp-1n,conp Tonpin, evar SRepp_in
Wl | W] | W] | [WmK] | [WmK] [W/K] [W/K] K] K] K] K]
9.982 | 3.928 5.029 25405.654 24518.048 3.410 3.291 78.169 79.335 78.020 79.570 971.598
9.982 | 3.867 4.848 36658.985 9964.651 4.920 1.337 79.214 80.006 76.845 80.481 394.878
19.957 | 9.843 9.822 31594.623 38794.624 4.241 5.207 82.768 85.090 83.233 85.121 1537.348
19.959 | 10.426 9.476 14502.532 47121.993 1.946 6.325 78.803 84.161 82.738 84.237 1867.343
13.992| 7.015 6.783 7165.993 49164.187 0.962 6.599 76.279 83.583 82.574 83.604 1948.271
13.992| 6.471 6.863 12931.132 48505.494 1.736 6.510 80.219 83.952 82.733 83.789 1922.169
16.056 | 7.622 7.821 13109.477 49649.754 1.760 6.664 81.217 85.550 84.185 85.359 1967.513
16.057 | 7.696 8.062 18544.210 46742.550 2.489 6.274 81.220 84.314 82.810 84.098 1852.307
17.851 | 8.889 8.659 21816.471 46989.350 2.928 6.307 82.075 85.113 83.716 85.090 1862.087
9.982 | 3.830 4.850 36540.232 10052.006 4.904 1.349 79.204 79.991 76.844 80.453 398.339
19.957| 9.849 9.794 31896.121 38678.717 4.281 5.191 82.779 85.080 83.224 85.111 1532.755
19.958 | 10.509 9.475 14880.692 47104.254 1.997 6.322 78.894 84.159 82.735 84.235 1866.640
19.958 | 10.106 9.560 20699.063 46133.003 2.778 6.192 80.851 84.490 82.856 84.400 1828.152
17.858 | 8.871 8.704 20929.639 45723.282 2.809 6.137 79.909 83.068 81.560 82.980 1811.916
16.063 | 7.384 7.890 40979.449 19036.568 5.500 2.555 80.839 82.184 79.412 82.507 754.378
9.983 | 4.066 4.676 38790.688 5516.712 5.206 0.740 78.314 79.096 73.984 80.306 218.615

Table 8.18. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = ON, FR.
PHP-I-N— 0547, FRPHP.H.N: 0547

Qeern | Qx| Quonn | Ko | Komwoser | UAm e | Ul | Tovmrwcon | Tonsrnews | Tooicow | Tomtowew | on
[W] W] W] [(W/m-K] [W/m-K] [W/K] [W/K] (K] K] (K] (K] e
12,091 | 5394 | 5.841 | 9582.840 | 47355.152 1.286 6.356 75.119 79.321 78.290 79.217 | 1876583
14.014| 6493 | 6.637 | 9406.732 | 36628.405 1.263 4916 75.969 81.132 79.774 81.129 | 1451.505
16.081 | 7.924 | 7.557 | 10090310 | 41769.154 1354 5.606 77.177 83.033 81.706 83.057 | 1655222
18.077| 9.030 | 8.618 | 8536.717 | 48402236 1.146 6.496 78.108 85.998 84.255 85.582 | 1918.077
17.878| 8.777 | 7.934 | 16781.354 | 41650.521 2252 5.590 77.757 81.657 79.929 81351 | 1650.521
17.880| 8.788 | 7.939 | 16819.571 | 42070.675 2257 5.647 77.760 81.661 79.947 81355 | 1667.171
16.085| 7.667 | 7.199 | 19781322 | 39057.138 2.655 5242 76.935 79.843 78.308 79.686 | 1547.751
13.838| 6.265 | 6.193 | 26071.657 | 26457.280 3.499 3.551 75.756 77.561 75.895 77.668 | 1048.445
14.018| 6.241 | 6.193 | 35103.891 | 17318363 4712 2324 75.763 77.098 74.887 77.674 | 686.290
12.095| 5.154 | 5361 | 36816.786 | 11865578 4.941 1.593 74.921 75.979 73.174 76.664 | 470207
Table 8.19. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = ON, FR.

PHP-I-N— 0 . 596, FRPHP-H

~=0.596

Qeeron | Qeiprn | Qowp-n S — K ptip-n1-N e UApip i wger | UAppoinger | Teip-i-n,cono | Tewpoinevap | Teupoiin,conn | TeHpoiin,evap SRewp_ i1
(Wl | W] (W] [W/m-K] [W/m-K] [W/K] [W/K] (K] K] (K] (K]

10.141| 4.042 5.565 4201.727 51590.866 0.564 6.924 74.007 81.179 79.881 80.730 2044.435
19.966 | 10.545 9.416 10624.092 41587.039 1.426 5.582 79.082 86.478 84.832 86.501 1648.005
19.962 | 10.583 9.538 7131.367 42056.851 0.957 5.645 79.137 90.195 88.532 90.241 1666.623
14.002 | 6.272 6.871 27433.732 22834.835 3.682 3.065 80.075 81.792 79.822 82.085 904.895
14.004 | 6.648 6.763 10077.368 40261.473 1.353 5.404 76.156 81.097 79.656 80.919 1595.476
14.000 | 6.748 6.731 6034.657 48755.868 0.810 6.544 76.198 84.543 83.314 84.370 1932.090
15.874| 7.566 7.862 8318.419 46343.999 1.116 6.220 76.641 83.424 81.721 83.003 1836.513

232



18.068 | 9.212 8.589 10323.304 45808.019 1.386 6.148 78.092 84.743 83.147 84.559 1815.273
12.077| 5.178 6.084 4440.253 44673.287 0.596 5.996 74.829 83.522 82.087 83.109 1770.306
12.080 | 5.115 5.937 26446.598 16538.849 3.550 2.220 79.144 80.527 78.330 81.014 655.399
12.078 | 5.332 6.033 9804.160 39875.384 1.316 5.352 79.315 83.373 82.072 83.231 1580.176
15.874 | 7.675 7.872 6507.147 44038.811 0.873 5911 76.998 85.799 84.338 85.688 1745.164

Table 8.20. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = ON, FR.

PHP-I-N— 0705, FRPHP.H.N: 0705

Qeern | Qi | Qerp—nin ST K pyipo 1w e UApip-ionere | UApupononere | TeHP-1-N.COND | TPHP-I-N.EVAP | TPHP_I-N,COND | TPHP-II-N,EVAP SRewp_1n
W] (W] (W] [W/m-K] [W/m-K] [W/K] [W/K] (K] [X] (K] (K]
9.995 | 3.939 4.053 22902.423 3202.099 3.074 0.430 74.186 75.468 66.833 76.303 126.892
9.996 | 3.728 4.680 17932.819 7933.926 2.407 1.065 73.996 75.548 71.735 76.138 314.404
9.994 | 3.179 4.386 6592.030 21059.856 0.885 2.827 73.577 77.182 75.404 76.960 834.557
11.922 | 5.169 5.087 22619.815 4266.325 3.036 0.573 75.075 76.781 68.571 77.513 169.065
11.922| 4.834 5.634 19814.741 11406.921 2.659 1.531 74.905 76.734 73.289 77.047 452.032
11.919| 4.700 6.086 6460.177 25229.175 0.867 3.386 74.822 80.249 78.362 80.163 999.778
11.919| 4.492 6.223 3014.268 28705.855 0.405 3.853 69.380 80.796 78.614 80.235 1137.551
11.923 | 4.769 5.810 5383.960 23936.373 0.723 3.213 69.472 76.108 73.780 75.598 948.547
14.012| 6.451 5.638 23489.588 4453.876 3.153 0.598 76.163 78.211 69.760 79.215 176.498
14.013| 6.382 6.249 22189.979 10313.343 2.978 1.384 76.074 78.221 74.612 79.133 408.696
14.010 | 6.119 7.109 7045.387 26109.691 0.946 3.504 75.849 82.398 80.265 82.311 1034.671
16.074 | 6.892 8.367 5509.763 27226.307 0.740 3.654 76.404 85.767 82.809 85.104 1078.920
16.083 | 7.323 6.749 24741.079 8148.545 3.321 1.094 76.819 79.027 72919 79.117 322.909
16.080 | 7.397 7.833 12555.446 22469.697 1.685 3.016 76.798 81.208 78.453 81.057 890.426
18.080 | 8.402 7.561 23236.411 10184.293 3.119 1.367 77.703 80.399 74.740 80.279 403.582
18.078 | 8.470 8.334 14102.084 20195.276 1.893 2.711 77.646 82.128 79.284 82.364 800.295
18.074 | 8.292 9.041 6451.655 25660.062 0.866 3.444 77.404 86.997 84.304 86.932 1016.853
19.976 | 9.690 9.447 10081.632 24661.771 1.353 3.310 78.492 85.657 82.758 85.613 977.293

Table 8.21. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = OFF, FR.

PHP-I-N— 0-507, FRpppin=0.507

Quorn | Qowrn| Quwnn | Koo | Kewunser | UAwpinze | UAmpnnee | Towincow | Toweinewe | Tewoincow | Tewinew | g
W] | W] W] [WmK] | [WmK] [WK] [WK] [K] [K] [K] [K]
6.028 6.764 -0.378 14904.522 15.646 2.000 0.00210 76.146 79.537 269.790 89.820

7.018 7.985 -0.330 13377.166 13.535 1.795 0.00182 77.065 81.536 274.514 93.124

9.065 | 11.271 -0.568 4257.184 26.269 0.571 0.00353 79.849 99.600 275.369 114.368

4.072 5.074 -1.338 11697.773 51.053 1.570 0.00685 74.649 77.896 281.642 86.330 NA
5.110 | 5.883 -0.556 10681.251 21.304 1.434 0.00286 75.665 79.785 284.259 89.660

2.895 3.613 -0.521 10542.849 19.329 1.415 0.00259 73.859 76.425 284.672 83.687

1.986 | 2.352 -0.509 7772.680 18.618 1.043 0.00250 73.015 75.286 284.967 81.124

1.140 1.423 -0.494 5726.772 17.823 0.769 0.00239 72.290 74.153 285.250 78.766

Table 8.22. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = OFF, FR.

PHP-I-N— 0547, FRPHP,H,N: 0547

QC( - QPHP?I?N QPHp—u—N | S— | UA pip_1-n e UA pyp_ 11w, ere Terp-i-n,conp Torp-i-n,evap Tenp—ii-,conp Torp -1, Evap SRenp 1 n
W] (W] (W] [W/m-K] [W/m-K] [W/K] [W/K] [K] [K] (K] (K]

1.987 | 2.596 -0.703 9767.273 25.831 1.311 0.00347 73.075 75.105 284.195 81.548

3.065 | 3.883 -0.722 13273.272 26.966 1.782 0.00362 74.070 76.272 283.952 84.454

4.024 | 5.023 -0.767 15183.145 29.215 2.038 0.00392 75.040 77.520 282.667 87.148 N/A

5.004 | 5.882 -0.745 14185.953 28.621 1.904 0.00384 75.757 78.865 283.557 89.493

7.020 | 8.477 -0.777 13173.107 30.816 1.768 0.00414 77.631 82.501 283.848 95.904

Table 8.23. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-II-N Status = OFF, FR.

PHP-IN— 0596, FRPHP.H.N: 0596

Qccr n

W]

Qerrp-1-n

(W]

Qeip11-n

(W]

ka}LFN,EFF

[W/m-K]

Kpipn ~N EFF

[W/m-K]

UApyp 1 grr

[W/K]

UApip 1w, err

[W/K]

Torp-1-n.conp

(K]

Toup1-n,Evar

K]

Tenp i conn

(K]

Torp1n,evar

(K]

SRee iy
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7.022 | 7.975 -0.690 11668.770 26.414 1.566 0.00355 72.193 77.304 285.020 90.501
7.952 | 8.220 -0.651 13885.442 24.758 1.864 0.00332 72.133 76.549 285.324 89.534
6.021 | 6.740 -0.661 3407.690 29.559 0.457 0.00397 76.281 91.389 268.178 101.624
3.066 | 4.150 -0.668 8147.362 24.518 1.094 0.00329 69.295 73.202 284.267 81.150
5.006 | 5.400 -0.826 9434.058 31.875 1.266 0.00428 70.189 74.479 277.463 84.316
3.064 | 3.734 -0.706 9682.911 26.439 1.300 0.00355 74.034 76.929 283.284 84.443
5.001 | 5.784 -0.788 10112.988 30.720 1.357 0.00412 75.619 79.915 280.873 89.846
7.010 | 8.569 -0.981 4696.829 42.132 0.630 0.00565 77.696 91.409 277.037 103.504

N/A

Table 8.24. Nitrogen PHP thermal switch test results [Configuration = 1-circuit, Cryocooler-1I-N Status = OFF, FR.
PHP-I-N— 0705, FRPHP.I[.N: 0705

Qeern Qur1n | Qoponn | — [ p— UApyp 1 grr UApp nwsre | Toupoi-n,cond | TeHpo1-N,EvaP Torp-in,conp | Terp-ii,evap SRerp 1
W] (W] (W] [W/m-K] [W/m-K] [W/K] [W/K] [K] [X] (K] (K]

5.002 | 5.987 -0.204 11060.813 8.034 1.485 0.00108 75.880 79.944 280.517 91.801

4.073 | 4.884 -0.876 9885.860 33.741 1.327 0.00453 74.891 78.610 282.422 89.025

1.987 | 2.533 -0.767 8555.965 28.085 1.148 0.00377 73.079 75.322 285.966 82.355

1.090 | 1.536 -0.740 6350.866 26.598 0.852 0.00357 72.321 74.206 286.835 79.604

5.973 | 6.900 -0.566 10564.338 22.120 1.418 0.00297 71.415 76.301 280.563 89.979 N/A
5.007 | 5.732 -0.540 10982.846 20.629 1.474 0.00277 70.464 74.405 281.583 86.493

4.025 | 4.703 -0.530 10061.312 19.917 1.350 0.00267 69.539 73.032 282.078 83.631

1.988 | 2.291 -0.508 5579.013 18.494 0.749 0.00248 67.949 71.035 282.457 78.043

1.040 | 1.266 -0.500 3376.764 17.989 0.453 0.00241 67.203 70.073 282.566 75.409

8.8 Helium PHP thermal switch test data
Table 8.25. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-H Status = ON, FRppp-

I-H— 0203, FRPHP-II-H= 0187]

Qccrn

Qo 11

Qeip 1110

k

k

[SZ e a——

UAPHP—M—H,EFF

Towp 1-1,conp

Toup 11, Evar

Tewp-11-H.conp

Towp 11, evar

PHP-1-H, EFF PHP- 11 ~H EFF SRowp 11
Wl | (W] (W] [W/m-K] [W/m-K] [W/K] [W/K] LS| K] (K] (K]

0.000 | 0.028 0.055 164580.400 | 93150.043 2.434 1.377 3.081 3.064 3.011 3.068

0.049 | 0.028 0.057 51850.581 63479.560 0.767 0.939 3.113 3.155 3.107 3.168

0.098 | 0.102 0.071 68293.041 47711.899 1.010 0.706 3.156 3.256 3.175 3.276

0.148 | 0.058 0.068 26100.578 32128.307 0.386 0.475 3.220 3.374 3.250 3.392

0.197 | 0.121 0.106 36767.223 37765.487 0.544 0.558 3.272 3.494 3.333 3.523

0.246 | 0.117 0.150 19637.047 38840.483 0.290 0.574 3.308 3.705 3.440 3.701

0.295 | 0.110 0.183 15122.447 32539.476 0.224 0.481 3.367 3.868 3.506 3.890

0.394 | 0.214 0.250 17212.551 26388.613 0.255 0.390 3.442 4.291 3.665 4.309 N/A
0.444 | 0.204 0.264 13083.166 22199.858 0.193 0.328 3.496 4.558 3.750 4.565

0.000 | 0.004 0.085 24808.574 | 533363.769 0.367 7.887 4.000 3.984 3.999 3.988

0.098 | -0.037 0.144 34679.069 | 108898.361 0.513 1.610 4.004 4.077 3.995 4.084

0.197 | 0.034 0.154 12965.965 57176.863 0.192 0.845 4.007 4.179 4.003 4.186

0.295 | 0.110 0.227 28121.180 55571.526 0.416 0.822 4.001 4.268 4.001 4.277

0.394 | 0.168 0.293 29870.677 52663.709 0.442 0.779 3.995 4375 4.003 4.379

0.493 | 0.265 0.324 31358.729 38658.389 0.464 0.572 3.998 4.569 4.003 4.572

Table 8.26. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-H Status = ON, FRppp.
I-H— 0287, FRPHP.H.H: 0302]

Qeoron | Qenp-r-n | Qop-nion Kpup-1-, ere K pyip 11 e UA o1 e UApip_ni-meer | Terp-i-n,cono Toup-i1-n.evap Torp-n-r.cono | Terp-i-n,evap SRewp_ 11
(W] | W] [W] [W/m-K] [W/m-K] [W/K] [WK] (K] (K] (K] (K]

0.000 | -0.004 0.052 72078.832 | 160474.212 1.066 2.373 3.052 3.087 3.068 3.090 N/A
0.049 | 0.060 0.055 70661.988 68531.956 1.045 1.013 3.114 3.171 3.135 3.190

0.098 | 0.041 0.064 | 22753.906 | 43141.146 0.336 0.638 3.166 3.290 3.207 3.307

0.148 | 0.049 0.072 18665.835 32228.136 0.276 0.477 3.231 3.413 3.287 3.439

0.197 | 0.089 0.104 | 27019.791 38997.407 0.400 0.577 3.299 3.522 3.365 3.545
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0.246 | 0.162 | 0.143 | 38840.258 | 43791.607 0.574 0.648 3.346 3.628 3.432 3.653
0295 | 0.157 | 0.171 | 30748.959 | 44474.278 0.455 0.658 3.383 3.728 3.496 3.756
0345 | 0.180 | 0.181 | 31869.075 | 41042.423 0.471 0.607 3.448 3.832 3.567 3.865
0394 | 0202 | 0232 | 19679.578 | 28578.824 0.291 0.423 3.485 4.172 3.653 4.204
0.444 | 0228 | 0259 | 20255687 | 28465.377 0.300 0.421 3.533 4.297 3.713 4328
0.493 | 0303 | 0279 | 22819.629 | 25861.927 0337 0.382 3.593 4.498 3.780 4516
0.542 | 0323 | 0327 | 20602.293 | 27289.887 0.305 0.404 3.614 4.680 3.866 4.676
0.592 | 0368 | 0325 | 18879.476 | 19298.866 0.279 0.285 3.672 5.007 3.905 5.048
0.641 | 0318 | 0355 | 9749.991 | 12797.973 0.144 0.189 3.680 5.885 4.000 5.875
0.690 | 0.360 | 0356 | 7886.069 | 8897.200 0.117 0.132 3.706 6.797 4.096 6.800
0.000 | -0.030 | 0.085 | 700330.395 |38468912.090|  10.356 568.842 3.603 3.595 3.601 3.603
0.049 | 0.056 | 0.113 | 86488.407 | 153953.373 1.279 2277 3.602 3.646 3.606 3.656
0.123 | 0.035 | 0.123 | 36312.203 | 81805.171 0.537 1.210 3.608 3.699 3.605 3.707
0.148 | 0.067 | 0.149 | 30384.223 | 67754475 0.449 1.002 3.598 3.746 3.602 3.752
0.197 | 0.105 | 0.175 | 35566.100 | 60808.089 0.526 0.899 3.594 3.796 3.604 3.799
0246 | 0.070 | 0.193 | 20020.023 | 52908.287 0.296 0.782 3.606 3.842 3.600 3.847
0295 | 0.148 | 0201 | 35140.616 | 47093.800 0.520 0.696 3.597 3.885 3.602 3.891
0345 | 0.197 | 0220 | 38161.451 | 41507.369 0.564 0.614 3.603 3.952 3.604 3.966
0394 | 0250 | 0.260 | 29349.105 | 33007.237 0.434 0.488 3.599 4.176 3.668 4.203
0.444 | 0232 | 0269 | 22900.281 | 32093.183 0.339 0.475 3.593 4.274 3.733 4301
0493 | 0293 | 0270 | 22235594 | 24360.605 0.329 0.360 3.615 4.508 3.782 4.533
0542 | 0302 | 0305 | 19323.959 | 23746.755 0.286 0.351 3.638 4.693 3.831 4702
Table 8.27. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-H Status = ON, FRppp.
-H— 0432, FRPHP.H.HZ 0406]

QCCP*H QPHP*I*H QPHP*”*" kPHPflfH,bH- kPH}’foHLH- UA}’HP*I*H,]:H‘ UAPHP*U*H,EH— TPHP*I*H,COND TPHP*I*H,EVAP TPHP*\I—H,CDND TF‘HP*H*H,E\/AP SRPHP,H,H
(W] W] W] [W/m-K] [W/m-K] [W/K] [W/K] (K] K] (K] (K]
0.000 | -0.057 | 0.047 |5102748.908| 117072.074 75.455 1.731 3.078 3.073 3.056 3.082
0.098 | 0.056 | 0.073 | 29808.394 | 39808.377 0.441 0.589 3.195 3322 3215 3.340
0.197 | 0.092 | 0.116 | 24819.791 | 36927.015 0.367 0.546 3.286 3.535 3.355 3.567
0295 | 0.117 | 0.174 | 22445683 | 40289.294 0332 0.596 3.405 3.758 3.494 3.787
0394 | 0.167 | 0234 | 24381.480 | 42489.327 0361 0.628 3.503 3.967 3.626 3.999
0493 | 0276 | 0245 | 34371317 | 37455.811 0.508 0.554 3.621 4.164 3.759 4.201
0.592 | 0291 | 0301 | 31096.058 | 39243.549 0.460 0.580 3.716 4348 3.871 4389
0.690 | 0.401 | 0350 | 37743.274 | 40981.732 0.558 0.606 3.804 4.523 3.983 4.560
0.789 | 0.447 | 0391 | 37966.881 | 41067.769 0.561 0.607 3.889 4.686 4.089 4.733
0.888 | 0532 | 0443 | 42058379 | 44128567 0.622 0.653 3.965 4.822 4.190 4.869
0987 | 0.600 | 0.510 | 27128.681 | 29916.685 0.401 0.442 4.000 5.495 4359 5512
1.061 | 0574 | 0.604 | 21176.090 | 29872.936 0313 0.442 4.011 5.851 4.494 5.861
0.000 | -0.061 | 0.112 | 392848385 | 698332.494 5.809 10326 4.000 4.005 4.003 4.014

0.098 | -0.004 | 0.155 | 35472.282 | 92841.959 0.525 1373 4.001 4.108 4.001 4.114 N/A
0.197 | 0.044 | 0.185 | 18531.864 | 59763.871 0.274 0.884 4.010 4.205 4.002 4211
0295 | 0.049 | 0212 | 11175400 | 46584.833 0.165 0.689 4.004 4300 3.999 4307
0419 | 0.138 | 0260 | 23949.034 | 43546.744 0354 0.644 4.010 4.401 3.998 4.401
0.444 | 0225 | 0303 | 34157.413 | 46210362 0.505 0.683 4.001 4.446 4.001 4.445
0.493 | 0.165 | 0290 | 23759.241 | 40699.178 0351 0.602 4.016 4.486 4.001 4.483
0.592 | 0.323 | 0342 | 39307.878 | 41081.792 0.581 0.607 4.011 4.567 4.002 4.565
0.690 | 0.364 | 0374 | 37698.771 | 40627.329 0.557 0.601 4.011 4.663 4.051 4.674
0.788 | 0411 | 0420 | 36984.190 | 43213.830 0.547 0.639 4.005 4.757 4.127 4.784
0.838 | 0447 | 0418 | 38310.606 | 42326.461 0.567 0.626 4.008 4.798 4.166 4.834
0.888 | 0.506 | 0.431 | 41213.051 | 42962.846 0.609 0.635 4.008 4.839 4.203 4.881
0.937 | 0.609 | 0.452 | 47561.882 | 44058.593 0.703 0.651 4.017 4.882 4.239 4.932
0.987 | 0.605 | 0.479 | 45775170 | 45149.440 0.677 0.668 4.053 4.947 4.283 5.001
1.085 | 0487 | 0.621 | 18765032 | 33174.584 0277 0.491 4.040 5.805 4.526 5.794
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Table 8.28. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-H Status = ON, FRppp.
-H— 0478, FRPHP.H.H: 0500]

Q(‘.(‘.P*H QPHP*I*H QPHP*H*H kPHPflfH, EFF k PHP-11 —H EFF UAPHP*I*H,EFF UA PHP—II-H, EFF TPHP*I*H.COND TPHP*I*H,EVAP TPHP*\I—H,COND TPHP*H*H,E\/AP SRPHPA\?H
Wl | Wl | W] | [WmK] | [WmK] [W/K] [W/K] K] K] K] K]
0.000 | 0.000 0.045 70399.687 | 1205620.554 1.041 17.828 3.193 3.196 3.196 3.207 N/A
0.024 | -0.030 0.043 90322.426 51202.315 1.336 0.757 3.197 3.237 3.196 3.252
0.049 0.019 0.059 18841.281 44203.563 0.279 0.654 3.207 3.276 3.199 3.288
0.074 0.023 0.066 14494.038 37294.274 0.214 0.551 3.206 3.315 3.205 3.325
0.098 0.008 0.065 16791.635 29598.741 0.248 0.438 3.205 3.340 3.203 3.353
0.148 0.047 0.077 15359.159 26358.452 0.227 0.390 3.236 3.436 3.259 3.457
0.197 | 0.100 0.107 27158.772 30591.109 0.402 0.452 3.289 3.546 3.337 3.575
0.246 0.081 0.131 17047.983 31099.178 0.252 0.460 3.347 3.668 3.413 3.697
0.295 0.176 0.174 32367.512 36731.427 0.479 0.543 3.399 3.768 3.481 3.802
0.345 0.149 0.179 24008.621 32243.222 0.355 0.477 3.450 3.869 3.541 3.917
0.394 0.236 0.210 32715.908 34164.685 0.484 0.505 3.503 3.991 3.610 4.026
0.444 0.252 0.243 32006.202 37395.947 0.473 0.553 3.564 4.097 3.688 4.128
0.493 | 0.303 0.282 34619.316 39234.296 0.512 0.580 3.613 4.205 3.751 4237
0.542 0.337 0.316 35768.812 42001.324 0.529 0.621 3.667 4.303 3.828 4.336
0.592 0.286 0.297 28044.868 35924.828 0.415 0.531 3.708 4.399 3.875 4.434
0.641 0.396 0.347 36052.638 39795.258 0.533 0.588 3.750 4.492 3.936 4.526
0.691 0.386 0.339 32977.911 36598.918 0.488 0.541 3.791 4.582 3.990 4.617
0.739 0.411 0.378 34435.422 39103.911 0.509 0.578 3.850 4.657 4.042 4.696
0.789 | 0.462 0.404 38164.578 40673.998 0.564 0.601 3916 4.736 4.103 4.775
0.838 0.466 0.402 37241.441 39708.005 0.551 0.587 3.948 4.795 4.150 4.834
0.888 0.480 0.410 38161.843 39958.927 0.564 0.591 4.004 4.855 4.203 4.896
0.938 0.501 0.430 38860.457 41328.952 0.575 0.611 4.042 4915 4.253 4957
0.987 0.471 0.457 35911.409 43308.903 0.531 0.640 4.089 4975 4.305 5.018
1.036 0.674 0.533 50319.937 49650.073 0.744 0.734 4.132 5.038 4.362 5.088
1.086 | 0.551 0.623 27926.098 47175.702 0.413 0.698 4.082 5.417 4.534 5.426
1.134 0.584 0.628 24318.714 34643.799 0.360 0.512 4.130 5.755 4.547 5.773
1.184 0.588 0.648 24192.887 37372.400 0.358 0.553 4.145 5.789 4.627 5.800
1.233 0.594 0.676 23544.139 38754.321 0.348 0.573 4.168 5.875 4.698 5.878
1.284 0.605 0.680 22178.889 35267.556 0.328 0.522 4.207 6.052 4.753 6.057
1.331 0.612 0.696 20003.699 31649.407 0.296 0.468 4.240 6.308 4.819 6.305
1.382 | 0.661 0.722 19522.052 28814.722 0.289 0.426 4.269 6.560 4.863 6.556
0.000 | -0.071 0.076 332435.355 | 199591.553 4916 2951 3.599 3.620 3.597 3.623
0.049 | -0.019 0.094 23490.896 78174.047 0.347 1.156 3.600 3.671 3.601 3.683
0.098 0.028 0.132 23586.507 64516.333 0.349 0.954 3.601 3.724 3.599 3.736
0.148 0.009 0.121 3237.187 41540.152 0.048 0.614 3.600 3.784 3.601 3.797
0.197 0.040 0.140 11577.520 39636.852 0.171 0.586 3.596 3.834 3.602 3.841
0.246 | 0.156 0.184 38257.574 42287.672 0.566 0.625 3.609 3.884 3.602 3.896
0.295 0.114 0.196 23764.844 39327.956 0.351 0.582 3.609 3.932 3.604 3.941
0.345 0.132 0.201 23469.729 35229.654 0.347 0.521 3.604 3.984 3.610 3.996
0.394 0.194 0.223 28790.264 36113.817 0.426 0.534 3.598 4.051 3.655 4.073
0.444 0.214 0.232 28060.382 35608.784 0.415 0.527 3.601 4.117 3.705 4.146
0.493 0.282 0.265 33658.022 37280.769 0.498 0.551 3.642 4.209 3.764 4.245
0.542 | 0.343 0.296 38969.675 38480.674 0.576 0.569 3.718 4.313 3.831 4.351
0.592 0.372 0.316 37790.796 37973.757 0.559 0.562 3.734 4.400 3.876 4.440
0.641 0.292 0.311 28132.643 35373.506 0.416 0.523 3.786 4.487 3.932 4.527
0.690 0.368 0.334 32894.344 35624.869 0.486 0.527 3.816 4.572 3.981 4.614
0.739 0.392 0.350 32990.081 35393.750 0.488 0.523 3.850 4.653 4.029 4.698
0.789 0.464 0.366 37842.320 36126.835 0.560 0.534 3.893 4.723 4.083 4.769
0.838 | 0.495 0.399 39886.454 38855.247 0.590 0.575 3.946 4.786 4.139 4.834
0.888 0.558 0.428 43382.669 40714.209 0.642 0.602 3.975 4.845 4.185 4.896
0.938 0.590 0.450 45357.327 42177.838 0.671 0.624 4.027 4.906 4.237 4958
0.987 0.610 0.469 45700.178 43461.564 0.676 0.643 4.061 4.964 4.287 5.017
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1.037 | 0.596 0.509 43113.729 46204.978 0.638 0.683 4.101 5.037 4.343 5.088
1.086 | 0.569 0.585 31949.412 47981.844 0.472 0.710 4.096 5.301 4.499 5.324
1.134 | 0.608 0.603 28174.769 35857.896 0.417 0.530 4.183 5.640 4.530 5.667
1.184 | 0.581 0.646 26579.352 39024.289 0.393 0.577 4.210 5.690 4.597 5.717
1.233 | 0.577 0.619 25084.994 36532.831 0.371 0.540 4233 5.790 4.664 5.811
1.284 | 0.689 0.687 25814.366 34966.055 0.382 0.517 4231 6.037 4.723 6.051
1.331 | 0.650 0.705 21625.288 31974.522 0.320 0.473 4.245 6.278 4.796 6.286
1.382 | 0.627 0.714 19223.565 29787.934 0.284 0.440 4.261 6.465 4.850 6.470
0.000 | -0.002 0.128 30388.838 | 2714953.777 0.449 40.146 4.000 3.993 4.002 3.998
0.049 | 0.037 0.149 37962.768 | 137049.192 0.561 2.027 3.995 4.061 3.997 4.071
0.098 | 0.001 0.141 29168.643 71941.746 0.431 1.064 3.991 4.117 3.996 4.129
0.148 | 0.094 0.189 35661.588 69026.363 0.527 1.021 3.999 4.177 4.004 4.189
0.197 | 0.117 0.199 36993.725 58374.884 0.547 0.863 4.013 4.227 4.004 4.235
0.246 | 0.089 0.207 21070.754 48890.639 0.312 0.723 3.989 4.275 3.996 4.283
0.295 | 0.111 0.231 22892.667 46551.370 0.339 0.688 3.997 4.327 3.999 4.335
0.345 | 0.196 0.263 35309.752 46081.843 0.522 0.681 4.002 4.378 3.997 4.384
0.394 | 0.161 0.265 24905.448 40237.285 0.368 0.595 4.002 4.437 3.999 4.443
0.444 | 0.180 0.283 24844.428 38673.383 0.367 0.572 3.998 4.486 3.996 4.491
0.493 | 0.259 0.320 33655.805 41169.621 0.498 0.609 4.007 4.527 4.003 4.529
0.542 | 0.250 0.332 29254.535 38961.185 0.433 0.576 3.992 4.571 3.997 4.573
0.592 | 0.254 0.348 27626.081 38401.243 0.409 0.568 3.998 4.618 4.000 4.612
0.641 | 0.352 0.381 35854.537 39837.311 0.530 0.589 3.998 4.663 4.015 4.662
0.690 | 0.391 0.390 37579.423 39961.884 0.556 0.591 4.003 4.708 4.054 4.715
0.764 | 0.389 0.399 34475.692 39682.314 0.510 0.587 4.004 4.767 4.103 4.783
0.789 | 0.428 0.405 36300.886 40177.082 0.537 0.594 3.986 4.783 4.125 4.806
0.838 | 0.460 0.404 37943.694 39434.422 0.561 0.583 4.002 4.821 4.165 4.858
0.888 | 0.482 0.404 38211.107 39261.438 0.565 0.581 3.998 4.853 4.202 4.898
0.987 | 0.514 0.446 38922.510 42021.277 0.576 0.621 4.071 4.963 4.298 5.016

Table 8.29. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-H Status = ON, FRpyp.
-H— 0470, FRPHP.H.HZ 0479]

Qeeron | Qe | Quewn | Koo | Kowwowser | UAweinere | UAme e | Toweiwcow | Tewerwewe | Tewoimcow | Toeownewe | gg

W] | W] W] [WmK] | [WmK] [WK] [WK] [K] [K] [K] [K]
0.000 | 0.010 0.035 1157705.966| 19080.113 17.119 0.282 3.114 3.109 3.245 3.121 839.067
0.098 0.060 0.066 24444.527 45863.486 0.361 0.678 3.244 3.410 3.347 3.444 2016.893
0.197 | 0.132 0.122 32701.942 43683.227 0.484 0.646 3.369 3.642 3.489 3.678 1921.014
0.295 0.141 0.189 25148.236 45735.023 0.372 0.676 3.466 3.845 3.611 3.891 2011.243
0.394 | 0.196 0.216 27844.398 41684.679 0.412 0.616 3.559 4.037 3.734 4.085 1833.126
0.493 0.304 0.272 35586.914 44124.793 0.526 0.652 3.640 4217 3.853 4.270 1940.432
0.592 | 0.364 0.299 36737.419 39931.478 0.543 0.590 3.742 4413 3.962 4.468 1756.027
0.690 | 0.399 0.337 38409.852 38904.448 0.568 0.575 3.890 4.603 4.066 4.652 1710.862
0.739 | 0.486 0.344 41674.969 38198.500 0.616 0.565 3.887 4.675 4.120 4.729 1679.817
0.888 0.515 0.426 40792.729 43114.072 0.603 0.638 4.017 4.870 4.263 4931 1895.985
0.888 | 0.448 0.431 34504.792 34923.671 0.510 0.516 4.189 5.064 4.257 5.093 1535.803
0.888 0.451 0.443 36032.172 36536.656 0.533 0.540 4.205 5.052 4.259 5.079 1606.736
0.888 0.460 0.420 39998.039 35887.951 0.591 0.531 4.197 4.976 4.226 5.018 1578.209
0.838 0.412 0.436 38877.732 43140.184 0.575 0.638 4.204 4.920 4.246 4.929 1897.133
0.789 | 0.413 0.429 41164.700 43211.251 0.609 0.639 4.209 4.886 4214 4.885 1900.258
0.739 | 0.320 0.398 32692.236 41285.518 0.483 0.610 4.194 4.856 4.198 4.850 1815.572
0.690 | 0.284 0.380 30433.602 41322.826 0.450 0.611 4.197 4.828 4.198 4.820 1817.213
0.641 0.225 0.347 25107.334 39975.336 0.371 0.591 4.193 4.798 4.200 4.787 1757.955
0.592 | 0.231 0.364 27651.612 44393.167 0.409 0.656 4.202 4.767 4.200 4.754 1952.234
0.542 | 0.238 0.328 30231.904 42216.163 0.447 0.624 4.199 4.733 4.198 4.723 1856.498
0.492 | 0.206 0.278 27767.419 38796.197 0.411 0.574 4.188 4.691 4.196 4.681 1706.102
0.444 | 0.095 0.263 14304.466 40730.696 0.212 0.602 4.197 4.648 4.201 4.638 1791.173
0.394 | 0.143 0.281 23666.140 48328.599 0.350 0.715 4.193 4.602 4.199 4.592 2125.299
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0.265 | -0.007 0.173 1600.183 42840.219 0.024 0.633 4.195 4.478 4.202 4.475 1883.942
0.197 | 0.088 0.200 29138.236 64147.376 0.431 0.949 4.206 4.411 4.200 4.411 2820.945
0.098 | 0.052 0.158 34960.955 93331.079 0.517 1.380 4.209 4.309 4.200 4315 4104.328
0.000 | -0.006 0.051 |4179398.095| 489613.069 61.801 7.240 3.095 3.092 3.108 3.097 21531.226
0.049 | 0.022 0.057 16517.086 58238.826 0.244 0.861 3.138 3.227 3.181 3.248 2561.111
0.098 | 0.034 0.072 15642.817 42300.126 0.231 0.625 3.200 3.350 3.255 3.371 1860.190
0.148 | 0.093 0.096 30903.780 39899.311 0.457 0.590 3.255 3.461 3.327 3.490 1754.612
0.197 | 0.137 0.129 34592.937 41961.297 0.512 0.620 3.311 3.579 3.397 3.605 1845.290
0.246 | 0.131 0.152 28992.803 41859.438 0.429 0.619 3.385 3.691 3.473 3.718 1840.811
0.305 | 0.141 0.160 25128.545 37986.137 0.372 0.562 3.409 3.789 3.534 3.819 1670.478
0.345 | 0.191 0.194 31009.183 41850.405 0.459 0.619 3.476 3.892 3.605 3.919 1840.414
0.394 | 0.279 0.211 38644.104 39500.144 0.571 0.584 3.508 3.996 3.663 4.024 1737.058
0.444 | 0.300 0.258 38013.813 43688.288 0.562 0.646 3.566 4.100 3.729 4.128 1921.236
0.493 | 0.324 0.274 38331.628 42959.579 0.567 0.635 3.620 4.191 3.794 4.226 1889.191
0.542 | 0312 0.288 32982.330 41455.845 0.488 0.613 3.647 4.287 3.852 4.321 1823.062
0.592 | 0.382 0.328 37395.282 43849.416 0.553 0.648 3.699 4.389 3.913 4.419 1928.322
0.690 | 0.415 0.373 36009.379 43717.210 0.532 0.646 3.785 4.564 4.021 4.597 1922.508
0.764 | 0.431 0.380 35384.608 41586.494 0.523 0.615 3.835 4.659 4.075 4.692 1828.808
0.813 | 0.476 0.415 38880.775 43968.783 0.575 0.650 3.911 4.738 4.136 4.775 1933.571
0.838 | 0.479 0.411 38314.689 42650.871 0.567 0.631 3.935 4.780 4.168 4.820 1875.615
0.888 | 0.479 0.437 30299.640 37441.970 0.448 0.554 3.963 5.033 4.276 5.065 1646.548
0.987 | 0.506 0.483 31811.364 33240.394 0.470 0.492 4212 5.287 4.340 5.323 1461.780

Table 8.30. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-H Status = ON, FRppp-
H— 0589, FRPHP.II.H: 0577]

Qo | Qoe-ron] Qoo | Komronrr | Kmwwonsmr | Uswrornae | Ulmrcicnare | Toe-rncow | T-rnews | Towoincow | Toownewe | g
Wl | (W] | [W] | [WmK] | [WmK] [W/K] [W/K] [K] K] [K] [K]
0.000 | -0.009 0.044 2396950.784| 119801.052 35.444 1.772 3.052 3.054 3.037 3.062
0.098 | 0.003 0.071 4768.047 29794.138 0.071 0.441 3.155 3.332 3.186 3.347
0.197 | 0.038 0.119 8472.990 31728.083 0.125 0.469 3.271 3.576 3.343 3.597
0.295 | 0.148 0.170 24108.945 32842.429 0.357 0.486 3.383 3.801 3.482 3.834
0.394 | 0.195 0.216 24705.053 33390.859 0.365 0.494 3.483 4.018 3.613 4.049
0.493 | 0.222 0.263 23197.091 34522.721 0.343 0.510 3.587 4.233 3.747 4.262
0.592 | 0.307 0.306 27696.529 34396.068 0.410 0.509 3.690 4.440 3.870 4.472
0.690 | 0.445 0.369 35199.266 37127.614 0.520 0.549 3.766 4.621 3.981 4.654
0.838 | 0.531 0.406 39904.873 38019.760 0.590 0.562 3.919 4818 4.137 4.858
0.888 | 0.461 0.424 34078.609 38872.964 0.504 0.575 3.964 4.880 4.186 4.923
0.987 | 0.633 0.480 45700.666 43472.529 0.676 0.643 4.056 4.993 4.291 5.039
1.086 | 0.603 0.543 42228.628 47847.356 0.624 0.708 4.141 5.105 4.389 5.156
1.184 | 0.680 0.587 44858.547 47635.900 0.663 0.704 4.219 5.244 4.470 5.303 NA
1.234 | 0.730 0.615 39931.656 40380.848 0.590 0.597 4.268 5.553 4.527 5.600
1.382 | 0.685 0.658 27184.101 29662.344 0.402 0.439 4.383 6.086 4.645 6.145
0.000 | -0.100 0.091 1458269.549 | 307446.045 21.564 4.546 4.002 4.008 3.995 4.018
0.098 | -0.006 0.165 31395.102 78904.898 0.464 1.167 3.997 4.130 4.000 4.142
0.197 | 0.060 0.209 16511.431 53708.399 0.244 0.794 3.992 4.249 4.000 4.263
0.295 | 0.068 0.260 12349.841 46867.999 0.183 0.693 3.993 4.366 3.997 4.373
0.394 | 0.167 0.239 23893.427 33884.814 0.353 0.501 4.009 4.481 4.004 4.480
0.493 | 0.219 0.311 25250917 35739.264 0.373 0.528 4.002 4.587 4.001 4.589
0.592 | 0.324 0.356 32616.037 35922.405 0.482 0.531 4.006 4.678 4.006 4.676
0.690 | 0.341 0.389 30435.054 36945.241 0.450 0.546 3.998 4.756 4.053 4.765
0.789 | 0.409 0.421 33076.745 39301.692 0.489 0.581 3.997 4.834 4.131 4.854
0.888 | 0.480 0.424 36055.646 39042.801 0.533 0.577 4.007 4.908 4.208 4.941
0.987 | 0.505 0.477 35774.064 42884.432 0.529 0.634 4.044 4.999 4.292 5.044
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Table 8.31. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-H Status = ON, FRpyp.

I-H— 0489, FREI—IP-II-H: 0194]

Qeer-n | Qur-ion | Qv | Kow-rsae | Kowwonssr | UAmoronsse | U | Toooiwcons | Tornewe | Toeincow | Twwrnews | gp
Wl | (W] | (W] | [WmK] | [WmK] [W/K] [W/K] [K] [K] [K] [K]

0.000 | 0.032 0.033 | 906232.857 | 12698.300 13.401 0.188 3.112 3.114 3.326 3.123 558.420
0.113 | 0.052 0.076 21653.298 63831.541 0.320 0.944 3.271 3.430 3.381 3.461 2807.056
0.148 | 0.095 0.097 31660.524 55138.717 0.468 0.815 3.337 3.538 3.451 3.570 2424.780
0.197 | 0.146 0.124 37075.258 52177.073 0.548 0.772 3.383 3.650 3.517 3.677 2294.539
0.246 | 0.140 0.159 28493.498 54765.590 0.421 0.810 3.418 3.753 3.585 3.781 2408.372
0.295 | 0.141 0.188 25009.031 50602.458 0.370 0.748 3.482 3.863 3.642 3.893 2225.294
0.394 | 0.273 0.198 38018.589 38060.450 0.562 0.563 3.584 4.070 3.759 4.111 1673.746
0.493 | 0.365 0.242 40736.130 35172.057 0.602 0.520 3.684 4.292 3.870 4.340 1546.726
0.592 | 0.361 0.283 33323.386 28535.993 0.493 0.422 3.799 4.532 3.929 4.601 1254.899

Table 8.32. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-II-H Status = OFF, FRppp.

-H— 0470, FRPHP-II-H: 0479]

Qccpn

Qep-1-n

Qpip 111

Kpup 111 ere

- EFF

UApyp 1 prr

UA oo, ere

TPHP—FH,COND

Tonp 11, evap

Towp1i-H,conp

TPHP*H*H,E\/AP

W1 | W] (W] [WmK] | [WmK] [W/K] [W/K] [K] K] K] [K] SR 1w
0.000 0.075 -0.075 29138.326 18.024 0.431 0.00027 3.491 3.664 282.794 3.742
0.020 0.165 -0.145 51116.674 34.898 0.756 0.00052 3.531 3.749 285.725 3.839
0.039 | 0.182 -0.143 49302.915 34.414 0.729 0.00051 3.565 3.815 285.792 3915
0.059 0.164 -0.105 38378.643 25.222 0.568 0.00037 3.605 3.894 285.851 4.004
0.078 0.228 -0.150 46370.312 35.967 0.686 0.00053 3.635 3.968 285.909 4.086
0.098 0.196 -0.097 35337.850 23.375 0.523 0.00035 3.670 4.044 285.967 4.163
0.118 0.209 -0.091 33337.522 21.856 0.493 0.00032 3.697 4.122 286.020 4.248
0.128 0.177 -0.049 27608.600 11.812 0.408 0.00017 3.721 4.155 286.057 4.290
0.157 | 0.252 -0.094 33726.559 22.663 0.499 0.00034 3.758 4.263 286.123 4.412
0.177 0.254 -0.077 31746.180 18.383 0.469 0.00027 3.798 4.340 286.176 4.493
0.197 0.333 -0.136 38000.359 32.636 0.562 0.00048 3.820 4412 286.232 4.565
0.216 0.350 -0.133 37840.533 32.014 0.560 0.00047 3.862 4.487 286.280 4.644 N/A
0.236 0.262 -0.025 26553.462 6.120 0.393 0.00009 3.896 4.562 286.334 4.725
0.256 0.368 -0.113 36181.751 27.053 0.535 0.00040 3.934 4.623 286.393 4.790
0.276 | 0.363 -0.088 34689.504 21.020 0.513 0.00031 3.964 4.672 286.451 4.849
0.305 0.411 -0.106 37633.114 25.537 0.556 0.00038 3.992 4.731 286.513 4915
0.315 0.465 -0.150 42662.066 35.906 0.631 0.00053 4.020 4.757 286.553 4.944
0.281 0.381 -0.100 36532.703 24.095 0.540 0.00036 3.966 4.673 286.613 4.849
0.262 0.315 -0.053 31108.753 12.620 0.460 0.00019 3.943 4.627 286.668 4.797
0.233 0.347 -0.113 36286.775 27.173 0.537 0.00040 3.902 4.549 286.719 4,712
0.227 | 0.331 -0.105 35669.537 25.117 0.527 0.00037 3.881 4.508 286.753 4.670
0.220 0.337 -0.117 37258.483 28.011 0.551 0.00041 3.880 4.490 286.789 4.651
0.206 0.266 -0.060 30176.151 14.289 0.446 0.00021 3.845 4.442 286.820 4.600

Table 8.33. Helium PHP thermal switch test results [Configuration = 2-circuit, Cryocooler-1I-H Status = OFF,FR pp.
I-H™ 0489, FRPHP-II-H = 0194]

W | (W] | (W] | [WAnK] | [WimK] | [WK] [W/K] [K] [K] [K] [K]
0.020 | 0.108 -0.088 35468.385 22.027 0.524 0.00033 3.466 3.672 275.426 3.762 N/A
0.039 | 0.098 -0.059 27394.351 14.789 0.405 0.00022 3.509 3.754 275.603 3.854
0.059 | 0.129 -0.070 | 29585.282 17.455 0.437 0.00026 3.521 3.811 275.779 3.922
0.078 | 0.185 -0.107 39062.247 26.515 0.578 0.00039 3.593 3.913 275.992 4.021
0.098 | 0.226 -0.128 40977.996 31.827 0.606 0.00047 3.580 3.953 276.236 4.072
0.118 | 0.189 -0.071 31831.124 17.617 0.471 0.00026 3.655 4.057 276.511 4.187

239



0.138 | 0.256 -0.118 38376.520 29.295 0.567 0.00043 3.685 4.136 276.719 4.273
0.157 | 0.177 -0.019 | 24844.749 26.069 0.367 0.00039 3.701 4.181 276.910 4.322
0.177 | 0.221 -0.044 | 28069.677 10.926 0.415 0.00016 3.738 4.271 277.047 4418
0.197 | 0.250 -0.053 29487.786 13.131 0.436 0.00019 3.786 4.359 277.176 4512
0.216 | 0.263 -0.047 | 29622.958 11.666 0.438 0.00017 3.829 4.430 277.332 4.587
0.000 | 0.088 -0.088 33186.489 21.466 0.491 0.00032 3.462 3.644 280.956 3.722
0.024 | 0.112 -0.087 33085.686 21.232 0.489 0.00031 3.519 3.748 281.132 3.841
0.049 | 0.139 -0.090 | 33699.222 22.029 0.498 0.00033 3.562 3.841 281.299 3.946
0.074 | 0.188 -0.114 39557.963 27.883 0.585 0.00041 3.614 3.935 281.501 4.051
0.098 | 0.203 -0.104 | 37073.456 25.429 0.548 0.00038 3.642 4.010 281.688 4.132
0.123 | 0.225 -0.102 36103.447 24919 0.534 0.00037 3.682 4.103 281.829 4.235
0.148 | 0.255 -0.107 36895.348 26.121 0.546 0.00039 3.749 4215 281.984 4.357
0.172 | 0.250 -0.078 32687.191 19.067 0.483 0.00028 3.792 4.309 282.154 4.461
0.197 | 0.293 -0.096 | 33644.952 23.387 0.498 0.00035 3.808 4.396 282.292 4.552
0.222 | 0312 -0.091 33154.522 22.060 0.490 0.00033 3.846 4.483 282.392 4.641
0.246 | 0.243 0.003 24907.068 10.167 0.368 0.00015 3.901 4.561 283.082 4.723

8.9 PHP thermal switch ON state model validation data

Table 8.34. PHP thermal switch ON state model validation data from various experiment sources

NPHP,TUBE& k)
dpyyp; [mm], ) . .
i | souree | Goe 0L | g | Tow | Taw | Queoseremer | Qneovsoon | UAueoosemen | UAneousoost | Quroxmamrs
Lo aors. [mml, K] K] W] W] [W/K] [WK] UAeyo on etavetrer

Liyp,coxp [Mm],

Lowp,pvap [MM]
0520 | 7529 | 77.07 5.87 10.02 3.30 5.64 0.41
0520 | 7249 | 7576 9.16 13.18 2.80 4.03 2030
0260 | 8120 | 83.04 13.44 12.45 7.28 6.74 0.08
0260 | 8299 | 85.02 15.71 13.89 7.75 6.85 0.13
0260 | 8470 | 87.00 17.63 16.64 7.68 7.25 0.06
0302 | 7596 | 77.34 6.78 6.35 4.89 458 0.07
0302 | 7670 | 7823 8.06 6.96 527 455 0.16
fgé, 0415 | 7441 | 7597 47 9.17 3.03 5.89 048
Present 147, 0520 | 7608 | 77.94 7.01 9.56 3.78 5.15 027
Work 254, 0.520 | 72.88 75.30 9.67 10.58 4.00 438 -0.09
11%22’ 0520 | 7339 | 76.67 10.37 13.16 3.16 401 -0.21
Nitrogen 0520 | 8251 | 8445 9.43 12.15 4.87 6.28 022
0520 | 7880 | 80.54 7.16 10.08 4.10 5.78 -0.29
0520 | 8030 | 81.69 5.51 9.29 3.98 6.71 041
0259 | 8129 | 82.66 6.13 10.25 450 7.52 -0.40
0259 | 82.09 | 83.52 8.91 10.63 6.19 7.39 -0.16
0259 | 83.44 | 84.92 9.73 11.61 6.58 7.85 -0.16
0303 | 7892 | 79.85 529 7.36 5.70 7.94 -0.28
16, 0480 | 80.15 | 85.65 22.50 20.37 4.09 3.70 0.10
1.65, 0480 | 82.15 | 89.15 40.50 25.54 5.79 3.65 0.59
[39] 31(§§ 0480 | 79.15 | 9115 68.80 41.78 5.73 3.48 0.65
60. 0480 | 83.65 | 97.65 86.70 47.83 6.19 3.42 0.81
40 0480 | 81.65 | 100.65 125.70 62.50 6.62 3.29 1.01
Helium | Present 18, 0203 | 4.00 457 027 0.28 0.46 0.49 -0.05
Work 8% 0.187 | 4.00 4.57 032 029 0.57 0.5 0.13
501 0287 | 335 3.63 0.16 0.17 0.57 0.61 -0.06
90, 0302 | 371 433 0.26 031 0.42 0.5 -0.16
9 0478 | 409 | 498 0.58 0.42 0.66 0.47 0.4
0589 | 3.69 4.44 031 03 0.41 0.4 0.03
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0589 | 338 3.80 0.15 0.18 0.36 0.44 20.19
0577 | 334 3.60 0.12 0.13 0.47 0.5 -0.06

0577 | 4.14 4.86 0.41 0.33 0.56 0.46 022
0470 | 3.56 4.04 0.20 022 0.41 0.47 0.12

0470 | 3.89 4.60 0.40 035 0.56 0.49 0.14

0479 | 335 3.44 0.07 0.05 0.68 0.57 0.2

0479 | 3.96 447 0.30 0.24 0.59 0.48 023

0479 | 426 4.93 0.43 03 0.64 0.45 0.42
0432 | 335 3.53 0.09 0.11 0.51 0.62 0.18

0432 | 376 4.16 0.28 022 0.68 0.54 025

0432 | 397 4.82 0.53 0.46 0.62 0.53 0.16
0406 | 3.49 3.79 0.17 0.18 0.60 0.62 -0.04

0406 | 4.09 4.73 0.39 031 0.61 0.48 027
14, 0700 | 333 3.60 0.05 0.08 0.19 031 039
828 0700 | 3.75 4.10 0.10 0.11 029 031 0.07
300, 0.700 | 4.00 4.60 0.15 031 0.25 0.52 0.52
2%’ 0700 | 420 4.80 0.18 034 0.29 0.56 -0.48
[40] 14, 0580 | 3.60 3.90 0.08 0.1 025 035 0.28
8;8 0580 | 3.75 4.10 0.10 0.11 0.29 033 20.12
1000, 0580 | 4.00 4.60 0.15 0.16 025 0.27 -0.08
Z%’ 0580 | 4.20 4.80 0.18 0.12 029 0.20 0.47
0200 | 8898 | 91.90 1.00 2.70 034 0.92 0.63
0200 | 89.04 | 92.40 1.50 3.8 0.45 0.98 0.54
A0, 0200 | 89.04 | 92.83 2.00 3.52 0.53 0.93 0.43
0.51, 0200 | 89.10 | 93.22 2.50 3.63 0.61 0.88 031
Argon | [72] ‘;6752 0200 | 89.05 | 93.44 3.00 422 0.68 0.96 0.29
50, 0200 | 89.00 | 93.67 3.50 4.08 0.75 0.87 0.14
50 0200 | 89.00 | 93.85 4.00 4.83 0.82 1.00 0.17
0200 | 88.98 | 94.43 5.00 417 0.92 0.76 0.20
0200 | 89.09 | 101.77 6.00 12.45 0.47 0.98 0.52

. 0340 | 19.00 | 19.28 0.40 0.28 1.43 0.99 0.44
2.30, 0340 | 19.00 | 20.80 3.00 1.28 1.67 0.71 1.34
3538 0340 | 19.00 | 2130 4.00 1.53 1.74 0.67 1.61
55, 0340 | 19.00 | 21.80 5.00 1.82 1.79 0.65 1.75
55 0340 | 1920 | 22.60 6.00 1.81 1.76 0.53 231
0340 | 2320 | 27.80 8.00 3.05 1.74 0.66 1.63
Hydrogen| [71] 0340 | 19.00 | 19.25 0.40 0.58 1.60 234 0.32
10, 0340 | 19.00 | 19.80 3.00 2.08 3.75 2.60 0.44
2.30, 0340 | 19.00 | 23.20 4.00 7.81 0.95 1.86 0.49
3538 0340 | 19.00 | 20.60 6.00 3.20 3.75 2.00 0.87
55, 0340 | 2130 | 2320 8.00 448 421 236 0.78
55 0340 | 2750 | 3030 12.00 6.46 429 231 0.86
0340 | 19.00 | 20.25 5.00 238 4.00 1.91 1.10
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8.10 Software packages

1.

2.

Python [75] — for data analysis and plots

Numpy [76] — for data analysis and plots

Matplotlib [77] — for data analysis and plots

Engineering Equation Solver (EES) [78] — for modeling and data analysis
Julia [68] - for modeling

DifferentialEquations.jl [69] - for modeling

242



9 References

1. Bugby D, Marland B, Stouffer C, et al. Advanced components and techniques for cryogenic
integration. 31st International Conference on Environmental Systems, Orlando Florida USA,
July 9-12 2001.

2. Goldsten J, Rhodes E, Boynton W, et al. The MESSENGER gamma-ray and neutron spec-
trometer. Space Science Reviews 131 (2007) 339-391. DOI: 10.1007/s11214-007-9262-7

3. Ross Jr R,. and Green K. AIRS Cryocooler System Design and Development. Proceedings of
the 9™ International Cryocooler Conference. Waterville Valley, Vermont, USA. June 1996.
Plenum Publishing Corporation, New York.

4. Bugby D, Garzon J, Beres M, etal. Cryogenic diode heat pipe system for cryocooler redun-
dancy. SPIE Conference on Optics and Photonics. San Diego, California, USA. August 2005.
DOI: 10.1117/12.617242

5. Tate G. Linear-drive cryocoolers for the Department of Defense standard advanced dewar as-
sembly (SADA). Defense and Security Conference, Orlando, Florida, USA. 2005. DOI:
10.1117/12.606441

6. Kirkconnell, C. Design of a 4K Hybrid Stirling/Pulse Tube Cooler for Tactical Applications.
Proceedings of the 17" International Cryocooler Conference. Los Angeles, California, USA.
2017.

7. Nast T, Olson J, Champagne P, et al. Development of a 4.5 K pulse tube cryocooler for super-
conducting electronics. AIP Conference Proceedings 985, 881 (2008). DOI:
10.1063/1.2908684

8. Brake H, and Wigerinck G. Low-power cryocooler survey. Cryogenics 42 (2002) 705-718.
DOI: 10.1016/S0011-2275(02)00143-1

9. Chen X, Xia M, Wang L, et al. The reliability development of miniature Stirling crycoolers.
Proceedings of the 18" International Cryocooler Conference. Boulder, Colorado, USA. 2014.

10. Estrada R, Kuo D, and Phan Q. Reliability growth of Stirling-cycle coolers at L-3 CE. Pro-
ceedings of the 15™ International Cryocooler Conference, Boulder, Colorado, USA. 2009.

11. Yasukawa Y, Ohshima K, Toyama K, et al. Design and test of a 70 K pulse tube cryocooler.
Proceedings of the 12™ International Cryocooler Conference, Cambridge, Massachusetts,
USA. 2002.

12. DiPirro M, Shirron P, Kimball M, et al. Cryocooling technologies for the origins space tele-
scope. Journal of Astronomical Telescopes, Instruments and Systems 7 1 011008 (2021).
DOI: 10.1117/1.JATIS.7.1.011008

13.Radebaugh R. 2009. Cryocoolers: State of the art and recent developments. Journal of
Physics-Condensed Matter. Online (Accessed June 6, 2021). https://tsapps.nist.gov/publica-
tion/get pdf.cfm?pub_1d=901013

14.Ross, R. Cryocooler reliability and redundancy considerations for long-life space missions.
Proceedings of the 11" International Cryocooler Conference. Keystone, Colorado, USA.
2000.

15. Yang T, Kwon B, Weisensee P, et al. Millimeter-scale liquid metal droplet thermal switch.
Applied Physical Letters 112 (2018) 063505. DOI:10.1063/1.5013623

16. Cho J, Richards C, Bahr D, et al. Evaluation of contacts for a MEMS thermal switch. Journal
of Micromechanical Microengineering 18 (2009) 105012. DOI: 10.1088/0960-
1317/18/10/105012

17. Dietrich M, Euler A, Thummes G. A compact thermal heat switch for cryogenic space appli-
cations operating near 100 K. Cryogenics 59 (2014) 70-75. DOI: 10.1016/

243



j-cryogenics.2013.11.004

18. Jahromi A, and Sullivan D. A piezoelectric cryogenic heat switch. Review of Scientific In-
struments 85 (2014) 065118. DOI: 10.1063/1.4876483

19. Dietrich M, Euler A, and Thummes G. A lightweight thermal heat switch for redundant cry-
ocooling on satellites. Cryogenics 83 (2017) 31-34. DOI: 10.1016/j.cryogenics.2017.02.003

20.DiPirro M, and Shirron P. Heat switches for ADRs. Cryogenics 62 (2014) 172-176. DOLI:
10.1016/j.cryogenics.2014.03.017

21.Kimball M, Shirron P, Canavan E, et al. Passive gas-gap heat switches for use in low temper-
ature cryogenic systems. Advances in Cryogenic Engineering: Proceedings of the Cryogenic
Engineering Conference, Madison, Wisconsin, USA. 2017.

22. Shirron, P, Canavan E, DiPirro M, et al. Passive gas-gap heat switches for use in adiabatic de-
magnetization refrigerators. Proceedings of the Cryogenic Engineering Conference, Madison,
Wisconsin, USA. 2001.

23. Shirron P, Canavan E, DiPirro M, et al. A compact, high-performance continuous magnetic
refrigerator for space missions. Cryogenics 41 (11-12) (2001) 789-795. DOI: 10.1016/S0011-
2275(01)00164-3

24. Catarino I, Afonso J, Martins D, Duband L, and Bonfait G. Gas gap thermal switches using
neon or hydrogen and sorption pump. Vacuum 83 (2009) 1270-1273. DOI: 10.1016/j.vac-
uum.2009.03.021

25.Bugby D, Garzon J, Beres M, Stouffer C, Mehoke D, et al. Cryogenic diode heat pipe system
for cryocooler redundancy. Proceedings of SPIE 58904, Cryogenic Optical Systems and In-
struments XI, 59040Z. August 18 2005. DOI: 10.1117/12.617242.

26. Cepeda-Rizo J, Rodriquez J, and Bugby D. Methane cryogenic heat pipe for space use with a
liquid trap for on-off switching. Advances in Cryogenic Engineering, AIP Conference Pro-
ceedings 1434 (2012) 293-300. DOI: 10.1063/1.4706932.

27.Engels J, Gorter F, Miedema A. Magnetoresistance of gallium — a practical heat switch at liq-
uid helium temperatures. Cryogenics 12 (1972) 2 141-145. DOI: 10.1016/0011-
2275(72)90016-1.

28. Tuttle J, Canava E, Delee C. Development of a space-flight ADR providing continuous cool-
ing at 50 mK with heat rejection at 10 K. Advances in Cryogenic Engineering: Proceedings
of the Cryogenic Engineering Conference, Madison, Wisconsin, USA. 2017.

29. Akachi H, Polasek F, and Stulc P. Pulsating heat pipes. Proceedings of the Sth International
Heat Pipe Symposium, Melbourne Australia, 1996. 208-217.

30.Holley B, and Faghri A. Analysis of pulsating heat pipe with capillary wick and varying
channel diameter. International Journal of Heat and Mass Transfer 48 (2005) 2635-2651.

31. Charoensawan P, Khandekar S, Groll M, and Terdtoon P. Closed loop pulsating heat pipes
Part A: parametric experimental investigations. Applied Thermal Engineering 23 (2003)
2009-2020.

32.Khandekar S, Dollinger N, and Groll M. Understanding operational regimes of closed loop
pulsating heat pipes: an experimental study, Applied Thermal Engineering 23 (2003) 707-
719.

33. Khandekar S, Thermo-hydrodynamics of closed loop pulsating heat pipes. PhD dissertation,
Institut fiir Kernenergetik und Energiesysteme der Universitdt Stuttgart, Stuttgart, Germany,
2004.

34.Kim J, Bui N, Kim J, Kim J, and Jung H. Flow visualization of oscillation characteristics of
liquid and vapor flow in the oscillating capillary tube heat pipe. KSME International Journal
17 (2003) 1507-1519.

244



35.Fonseca L. Experimental characterization of cryogenic helium pulsating heat pipes. PhD Dis-
sertation, University of Wisconsin — Madison, 2017.

36. White E, and Beardmore R. The velocity of rise of single cylindrical air bubbles through liq-
uids contained in vertical tubes. Chemical Engineering Science 17 5 (1962) 351-361.

37. Touloukian Y, Powell R, Ho C, and Klemens P. Thermal Conductivity: Metallic Elements and
Alloys. Springer, New York, 1970.

38.NIST Material Properties: OFHC Copper (UNS C10100/C10200). https://trc.nist.gov/cryo-
genics/materials/OFHC%20Copper/OFHC Copper_rev1.htm. 7 Jun 2020.

39.Jiao A, Ma H, and Critser J. Experimental investigation of cryogenic oscillating heat pipes.
International Journal of Heat and Mass Transfer 52 (2009) 3504-3509. DOI: 10.1016/].ijheat-
masstransfer.2009.03.013

40. Fonseca L, Miller F, and Pfotenhauer J. Experimental heat transfer analysis of a cryogenic ni-
trogen pulsating heat pipe at various liquid fill ratios. Applied Thermal Engineering 130
(2018) 343-353. DOI: 10.1016/j.applthermaleng.2017.11.029

41.Mito T, Natsume K, Yanagi N, Tamura H, Tamada T, Shikimachi K, Hirano N, and Nagaya S.
Development of highly effective cooling technology for a superconducting magnet using
cryogenic OHP. IEEE Transactions on Applied Superconductivity 20 3 (2010) 2023-2026.
DOI: 10.1109/TASC.2010.2043724

42.Liang Q, Li Y, and Wang Q, Study on a neon cryogenic oscillating heat pipe with long heat
transport distance. Heat and Mass Transfer 54 (6) (2018) 1721-1727. DOI: 10.1007/s00231-
017-2269-z

43.Fonseca L, Miller F, and Pfotenhauer J. A helium based pulsating heat pipe for superconduc-
tive magnet. Advances in Cryogenic Engineering: Transactions of the Cryogenic Engineering
Conference, Anchorage Alaska USA, 2013, 28-35.

44.Xu D, Li L, and Liu H, Experimental investigation on the thermal performance of helium
based cryogenic pulsating heat pipe. Experimental Thermal and Fluid Science 70 (2016) 61-
68. DOI: 10.1016/j.expthermflusci.2015.08.024

45. Fonseca L, Pfotenhauer J, and Miller F. Results of a three evaporator cryogenic helium pul-
sating heat pipe. International Journal of Heat and Mass Transfer 120 (2018) 1275-1286.
DOI: 10.1016/j.ijheatmasstransfer.2017.12.108

46. Patel V, and Mehta H. Influence of gravity on the performance of closed loop pulsating heat
pipe. World Academy of Science, Engineering and Technology International Journal of Me-
chanical and Mechatronics engineering 10 1 (2016) 219-223.

47.Okazaki S, Fuke H, Miyazaki Y, and Ogawa H. Development of Meter-Scale U-Shaped and
O-Shaped Oscillating Heat Pipes for GAPS. Journal of Astronomical Instrumentation 3 2
(2014) 1440004. doi:10.1142/S2251171714400042

48.Gu J, Kawaji M, and Futamata R. Microgravity performance of micro pulsating heat pipes.
Microgravity — Science and Technology 16 (2005) 181-185. DOI: 10.1007/BF02945972

49. Mameli M, Araneo L, Filippeschi S,et al. Thermal response of a closed loop pulsating heat
pipe under a varying gravity force. International Journal of Thermal Sciences 80 (2014) 11-
22. DOI: 10.1016/j.ijthermalsci.2014.01.023

50.Gu J, Kawaji M, and Futamata R. Effects of gravity on the performance of pulsating heat
pipes. Journal of Thermophysics and Heat Transfer 18 (3) (2004) 370-378. DOI:
10.2514/1.3067

51. Harichian T, and Garimella S. A comprehensive flow regime map for microchannel flow boil-
ing with quantitative transition criteria. International Journal of Heat and Mass Transfer 53
(2010) 694-702. DOI: 10.1016/j.ijheatmasstransfer.2010.02.039

245



52.Fonseca L, Pfotenhauer J, and Miller F. Short communications: thermal performance of a
cryogenic helium pulsating heat pipe with three evaporator sections. International Journal of
Heat and Mass Transfer 123 (2018) 655-656. DOI: 10.1016/j.ijheatmasstransfer.2018.03.013

53. Nellis G and Klein S. Heat Transfer. Cambridge University Press. 2012.

54. Lemmon E, and Jacobsen R. Viscosity and thermal conductivity equations for nitrogen, oxy-
gen, argon, and air. International Journal of Thermophysics 25 1 (2004) 21-69.

55.Span R. A reference equation of state for the thermodynamic properties of nitrogen for tem-
peratures from 63.151 to 1000 K and pressures to 2200 Mpa. Journal of Physical and Chemi-
cal Reference Data 29 (2000) 1361. DOI: 10.1063/1.1349047

56.NIST Material Properties: 304 Stainless (UNS S30400). https://trc.nist.gov/cryogenics/mate-
rials/304Stainless/304Stainless_rev.htm. Retrieved 7 Jun 2020.

57.Hands B and Arp V. A correlation of thermal conductivity data for helium. Cryogenics 21
(12) (1981) 697-703. DOI: 10.1016/0011-2275(81)90211-3

58. Vega D. A new wide range equation of state for helium-4. PhD Thesis, Texas A&M Univer-
sity. August 2013. http://oaktrust.library.tamu.edu/handle/1969.1/151301

59. Shaffii M, Faghri A, and Zhang Y. Analysis of heat transfer in unlooped and looped pulsating
heat pipes. International Journal of Numerical Methods for Heat and Fluid Flow 12 (5)
(2002) 585-609. DOI: 10.1108/09615530210434304

60. Ma H, Hanlon M, and Chen C. An investigation of oscillating motions in a miniature pulsat-
ing heat pipe. Microfluidics and Nanofluidics 2 (2006) 171-179. DOI: 10.1007/s10404-005-
0061-8

61. Giirsel G, Frijns A, Homburg F, and van Steenhoven A. A mass-spring-damper model of a
pulsating heat pipe with a non-uniform and asymmetric filling. Applied Thermal Engineering
91 (2015) 80-90. DOI:10.1016/j.applthermaleng.2015.06.014

62.Sun X, Li S, Wang B, Jiao B, et al. Numerical study of thermal performance of a hydrogen
pulsating heat pipe. International Journal of Thermal Sciences 172 (A) (2022).DOI: 10.m/j.i-
jthermalsci.2021.107302

63. Gungor K and Winterton R. A general correlation for flow boiling in tubes and annuli. Inter-
national Journal of Heat and Mass Transfer 29 (3) (1986) 351-358. DOI: 10.1016/0017-
9310(86)90205-X

64. Nikolayev V. A dynamic film model of the pulsating heat pipe. Journal of Heat Transfer 133
(8) (2011). DOI: 10.1115/1.4003759

65. Aussillous P and Quéré D. Quick deposition of a fluid on the wall of a tube. Physics of FLu-
ids 12 (2000). DOI: 10.1063/1.1289396

66. Gohl J, Mark A, Sasic S, and Edelvik F. An immersed boundary based dynamic contact angle
framework for handling complex surfaces of mixed wettabilities. International Journal of
Multiphase Flow 109 (2018) 164-177. DOI: 10.1016/j.ijmultiphaseflow.2018.08.001

67.Bell I, Wronski J, Quoilin S, and Lemort V. Pure and Pseudo-pure Fluid Thermophysical
Property Evaluation and the Open-Source Thermophysical Property Library CoolProp. Indus-
trial and Engineering Chemistry Research 53 (6) (2014) 2498-2508. DOI: 10.1021/ie4033999

68. The Julia Programming Language. Version 1.6.3. www.julialang.org

69. Rackauckas C and Qing N. Differentialequations.jl - a performant and feature-rich ecosystem
for solving differential equations in julia. Journal of Open Research Software 5 (1) (2017).
DOI: 10.5334/jors.151

70. Nlsolve.jl. https://github.com/JuliaNLSolvers/NLsolve.jl

71.Sun X, Li S, Jiao B, et al. Experimental study on hydrogen pulsating heat pipes under differ-
ent number of turns. Cryogenics 111 (2020). DOI: 10.1016/j.cryogenics.2020.103174

246



72.Memje, Uzoma. Personal communication (2022).

73.Mameli M, Manno V, Filippeschi S, et al. Thermal instability of a closed loop pulsating heat
pipe: combined effect of orientation and filling ratio, Experimental Thermal and Fluid Sci-
ence 59 (2014) 222-229. DOI: 10.1016/j.expthermflusci.2014.04.009

74. LakeShore Cryotronics PT-100 series platinum RTD Specifications. https://www.lakeshore.-
com/docs/default-source/product-downloads/Istc_platinum_Lpdf?sftvrsn=9157869¢ 5.  Re-
trieved 7 JUN 2020.

75. Python Software Foundation. Version 3.9.5. www.python.org

76. Numpy. Version 1.20.0. www.numpy.org

77. Matplotlib. Version 3.4.2. www.matplotlib.org

78. Engineering Equation Solver. Www.fchartsoftware.com/ees/

247



	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Thermal switch background
	1.1.1 Characterization, design criteria, and figure of merit
	1.1.2 Review of existing thermal switch technologies
	1.1.2.1 Piezoelectric mechanical contact switches
	1.1.2.2 Thermal expansion mechanical contact switches
	1.1.2.3 Gas gap switches
	1.1.2.4 Traditional heat pipe diode switches
	1.1.2.5 Magnetoresistive switches

	1.1.3 Performance summary of existing thermal switch technologies

	1.2 Pulsating heat pipes (PHPs) background
	1.3 PHPs as thermal switches
	1.4 PHPs as thermal switches in high reliability redundant cryocooler applications
	1.5 Benefits of PHPs relative to existing thermal switch technologies
	1.6 Project objectives

	2 Nitrogen PHP thermal switch performance characterization in a redundant cryocooler system
	2.1 Test facility overview
	2.2 Nitrogen PHP design and construction
	2.3 Heat meter design, fabrication, and calibration
	2.4 Measurements and performance characteristics
	2.5 Experimental results
	2.5.1 Validation of heat meter calibrations
	2.5.2 PHP heat transfer, effective conductivity, and evaporator/condenser temperature difference in the ON and OFF switch states
	2.5.3 Switching ratio
	2.5.4 Contact conductance in the common cold plate assembly
	2.5.5 Behavior during Cryocooler-II-N shutdown and subsequent restart


	3 Helium PHP thermal switch performance characterization in a redundant cryocooler system
	3.1 Test facility overview
	3.2 Nitrogen heat shield PHP design and construction
	3.3 Helium PHP design and construction
	3.4 Heat meter design, fabrication, and calibration
	3.5 Measurements and performance characteristics
	3.6 Experimental results
	3.6.1 Confirmation of heat meter calibrations
	3.6.2 PHP heat transfer, effective conductivity, and evaporator/condenser temperature difference in the ON and OFF switch states
	3.6.3 Switching ratio
	3.6.4 Behavior during Cryocooler-II-H shutdown and subsequent restart
	3.6.5 Modification of PHP fluid circuit design to resolve initial performance issues


	4 Development of a PHP thermal switch OFF state performance model
	4.1 Model definition
	4.2 Comparison of the nitrogen PHP thermal switch OFF state measurements to OFF state performance model
	4.3 Comparison of the helium PHP thermal switch OFF state measurements to OFF state performance model

	5 Development of a PHP thermal switch ON state performance model
	5.1 Model definition
	5.1.1 Model physics
	5.1.2 Boundary conditions, initial conditions, applied loads, and discretization details
	5.1.3 Fluid properties and state update procedure
	5.1.4 Implementation and solution algorithms
	5.1.5 Novel features relative to existing models
	5.1.6 ON state model validation

	5.1 Comparison of the nitrogen PHP thermal switch ON state measurements to ON state performance model
	5.2 Comparison of the helium PHP thermal switch ON state measurements to ON state performance model

	6 Comparison of tested PHP thermal switch performance to competing technologies
	7 Proposal for future work
	8 Appendix
	8.1 Nitrogen PHP thermal switch test facility vacuum and filling systems
	8.2 Helium PHP thermal switch test facility vacuum and filling systems
	8.3 PHP filling calculation
	8.4 Nitrogen PHP thermal switch test facility platinum resistance temperature sensor calibrations and measurements
	8.5 Nitrogen PHP thermal switch test facility heat meter RRR and conductivity calculation
	8.6 Helium PHP thermal switch test facility Cernox sensor calibrations and measurements
	8.7 Nitrogen PHP thermal switch test data
	8.8 Helium PHP thermal switch test data
	8.9 PHP thermal switch ON state model validation data
	8.10 Software packages

	9 References

