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ABSTRACT

Under the NASA Small Spacecraft Technology Program, the Center for Space Engineering at Utah State
University and NASA’s Jet Propulsion Laboratory are jointly developing an active thermal control system to better
enable cryogenic instrumentation on a CubeSat. The Active CryoCubeSat (ACCS) project is a two staged thermal
architecture targeting 6U CubeSat platforms. The second stage consists of a miniature cryocooler for sub 100 K
detector thermal management, while the first stage consists of a single phase Mechanically Pumped Fluid Loop that
circulates a moderate temperature coolant between the cryocooler’s cold plate heat exchanger (HX) and a radiator.
As part of the investigation, two novel additive manufacturing techniques, Direct Metal Laser Sintering (DMLS) and
Ultrasonic Additive Manufacturing (UAM), were also explored for the purpose of rapidly fabricating compact and
lightweight liquid HX and radiator plates.

Instruments such as SABER on the NASA TIMED mission have used pulse tube cryocoolers to support
multispectral scanning of the earth’s atmospheric limb at infrared wavelengths. Such measurements require high
radiometric sensitivity and can only be accomplished by cryogenically cooled detectors. The ACCS project hopes to
enable similar CubeSat based missions such as the SABER-Lite miniature far-IR limb viewer. A summary and

status of the project will be presented.

INTRODUCTION

The objective of the Active CryoCubeSat (ACCS)
project, which is a NASA Small Spacecraft Technology
Partnership between the Center for Space Engineering
at Utah State University (USU) and the Jet Propulsion
Laboratory (JPL), is to provide a ground based
demonstration of an advanced thermal control system
for a 6U CubeSat platform capable of high power
management (>30W) and temperature regulation, while
providing thermal accommodation of a cryogenic
instrument. The thermal control system under
development utilizes a two stage cooling architecture.
The second stage consists of a miniature cryocooler to
provide detector level cooling (>300 mW) in the
cryogenic range of 75-100 K. The first stage is
comprised of a small Mechanically Pumped Fluid Loop
(MPFL)! that circulates a single phase, moderate
temperature coolant between a liquid cold plate heat

exchanger (HX) and an externally deployed radiator. As
shown in Fig. 1, the entire heat load of the cryocooler
(<15 W) along with the additional input power loads of
the pump and any necessary controllers are transported
by the first stage fluid loop to the external radiator for
subsequent  heat rejection.  System interface
temperatures can actively be maintained at ~35 °C or
less while overall power rejection greater than 55 W
can potentially be achieved via active feedback and
control of the MPFL’s flow rate. The ACCS cryogenic
thermal subsystem is designed to fit within a 1U
volume, plus a thin deployable radiator, and targets
standard, commercially available, 6U CubeSat
platforms. However, larger small satellite platforms can
be accommodated as the concept is entirely scalable. As
part of this study, two novel additive manufacturing
methods, Direct Metal Laser Sintering (DMLS) and
Ultrasonic Additive Manufacturing (UAM), were
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explored as possible avenues to quickly build both
miniature liquid HX and radiator plates while seeking
to improve thermal performance and to potentially
allow for the incorporation of the ACCS system directly
into a small satellites’ structure.
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Figure 1: ACCS MPFL Thermal Accommodation of
a Cryocooler

The primary objectives of the ACCS project are
summarized in Table 1 along with the required
performance benchmarks. Ultimately, the ACCS
project will advance the development of CubeSat
missions capable of cryogenic instrumentation for
future NASA Science Mission Directorate programs?.

Table 1: ACCS Project Objectives and Benchmarks

ACCS Project Objectives

Develop a miniature mechanically pumped fluid loop
thermal control system for a CubeSat

Develop advanced manufacturing techniques using
Ultrasonic Additive Manufacturing (UAM) and Direct
Metal Laser Sintering (DMLS) with aluminum to
construct multifunctional structural-thermal components
of a CubeSat

3) Demonstrate thermal accommodation of a miniature
cryocooler suitable for a cryogenic instrument

MPFL

Required Performance Performance Goal

Thermal Load: > 30 W
Interface: 20-30°C
Power: <4 W

Mass: <2 kg

Volume: < 1U
Pointing: <.005°s

Thermal Load: > 60 W
Interface: 10-30°C
Power: <03 W

Mass: < 0.5 kg
Volume: < 0.3U
Pointing: <.0005°%s

Additive Manufacturing

10cm x 10cm HX Panel 10cm x 10cm HX Panel
20cm x 30cm Radiator

Cryocooler

Temperature: < 100K
Thermal Load: > 50 mW

Temperature: < 75K Thermal
Load: > 250 mW

Power: <15W Power: <5 W
Mass: < 1 kg Mass: < 0.2 kg
Volume: < 1U Volume: < 0.3U

Stability: <.005°/s Stability: <.0005°/s

SABER-LITE REFERENCE MISSION

The ACCS project was originally proposed as an
advanced CubeSat reference mission inspired by
NASA’s Thermosphere, Ionosphere, Mesosphere,
Energetics and Dynamics (TIMED) mission and the
original USU Space Dynamics Lab developed
Sounding of the Atmosphere in Broadband Emission
Radiometry (SABER) instrument’. SABER measured
the atmosphere using broadband limb-scanning infrared
radiometry, covering the spectral range of 1.27 — 17 pm
for mesosphere and thermosphere emissive trace
species. The original SABER mission returns included
the study of the fundamental process governing the
chemistry, dynamics, and energetics of the upper
atmosphere. The SABER instrument is cryogenically
cooled and is still operating today onboard the TIMED
spacecraft since its launch in 2001. The current TIMED
spacecraft and SABER instrument are shown below in
Fig. 2.

Figure 2: Original SABER Instrument on the
TIMED Spacecraft?

The Center for Space Engineering (CSE) at USU has
been developing a miniature SABER-Lite radiometer
appropriate for CubeSat architectures and missions. The
idealized reference mission includes the fully developed
1U ACCS thermal subsystem and the SABER-Lite
instrument. The mission would seek to either replace, or
complement the existing TIMED/SABER mission.
Figure 3 shows the prototype SABER-Lite instrument
“Tri-Clops” under development.
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TriClops Prototype

Figure 3: SABER-Lite “Tri-Clops” Radiometer
Prototype

The reference mission considered would include a Blue
Canyon Technologies bus customized to include the
ACCS  deployable radiator, the SABER-Lite
radiometer, and the ACCS MPFL thermal control
subsystem. The deployable radiator would feature a
single, on orbit, flip down deployment off the nadir face
of the bus chassis and a tracking beta drive. The
SABER-Lite instrument would be limb viewing and
sun shaded, while the solar panels would be zenith
mounted. Figure 4 shows the high level conceptual
configuration of the currently proposed ACCS/SABER-
Lite mission.
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Figure 4: ACCS Accommodation of SABER-Lite
Reference Mission

MICRO CRYOCOOLER SELECTION

Recent progress in cryocooler miniaturization has led to
the development of both Stirling cycle & pulse tube
cryocoolers that are appropriately sized for use within a
CubeSat. Instrument concepts have been proposed for
their use within small satellite missions. The ACCS
project originally focused on the micro pulse tube
cryocooler recently developed by Lockheed Martin
(LM) to a TRL of 6°. The LM micro cryocooler
features a low mass and a small volume form factor
design with lower exported vibrations and a higher
reliability (+100,000 hours) lifetime that makes it ideal

for aerospace and CubeSat applications. LM originally
planned to loan a micro cryocooler to the project team
during the second year of the project; however, due to
unforeseen scheduling complications the integration of
the LM micro cryocooler into the ACCS ground based
test bed has been delayed. Instead, the project team will
integrate and test a miniature Ricor K508N Stirling
cycle based cryocooler. The KS508N features an
integrated rotary system with an expanded lifetime of
over 20,000 hours, and an increased ambient rejection
temperature to power input ratio. Despite it being a
greater source of vibration, the K508 was determined to
be a suitable backup to the LM micro cryocooler owing
in part to its successful implementation onboard the
Curiosity rover’. Figure 5 shows both the LM Micro
Cryocooler and the Ricor K508N cryocooler while
Table 2 details the operating performance specifications
of each unit. Fundamentally, the ACCS MPFL will
serve as an ambient temperature control system for the
miniature K508N cryocooler.

Integrated Stirling
cryocooler

Figure 5: Lockheed Martin Micro & Ricor K508N
Cryocoolers®’

Table 2: Lockheed Martin Micro Cryocooler &
Ricor KS08N Cryocooler Performance
Specifications®®

Ricor K508N (Integrated Stirling Cycle)

Cold Tip Temperature 77 K
Cold Tip Heat Load ~500 mW
Compressor Input Power 5-10 W
Ambient Reject Temperature Range -40 °C to +85 °C
MTBF +20,000 hr
Mass 454 gm

121x56.5x71 mm

Form Factor

LM Micro Cryocooler (Pulse Tube)

Cold Tip Temperature ~90 K
Cold Tip Heat Load ~300 mW
Compressor Input Power 20 W
Ambient Reject Temperature Range -30 °C to -20 °C
MTBF +100,000 hr
Mass 311 gm

Form Factor 96.5x91.5x114 mm
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WORKING FLUID SELECTION

The MPFL is the integral element of the
ACCS system. Therefore, selecting an appropriate
working fluid is an essential design aspect. While
numerous fluids were considered, the decision was
narrowed to five candidates. The parameters considered
were:

Density

Viscosity

Thermal Conductivity
Specific Heat

Liquid Vapor Pressure
Safety

Ease of use

Cost & Availability

The physical properties over the temperature range of
interest for each fluid as well as a decision summary
matrix are provided in Figs. 6-10 and Table 3
respectively!%13,
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Figure 7: ACCS Working Fluid Comparison:
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Figure 8: ACCS Working Fluid Comparison:
Thermal Conductivity
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Figure 9: ACCS Working Fluid Comparison:
Specific Heat
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Figure 10: ACCS Working Fluid Comparison:
Liquid Vapor Pressure
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Table 3: Working Fluid Decision Matrix

Working Fluid Trade Study Decision Matrix

Parameter Thermal Specific Heat Dynamic Density Vapor Pour
Conductivity Pressure Point
W/mK 1/kgK
Effect Thermal
Transfer Transfer

Viscosity

mPa sec Kg/m* psi °C

Thermal Decreases Reynolds # Cavitation Low

Pressure Drop Temp

Fluid Req: >0.1 >1000 <1.00
~20%C

Approx. 1000 »0.34 <100

Ranking

Good Acceptable
2nd 3

Working Fluid Ranking

I

[+ ]
_—
[ ¢

Paratherm CR
Novec 7000

Galden HT 55

Galden HT 80

FC-72

Hydrofluorocarbons: Novec 7000 & Silicone Oil: Paratherm CR @ -20 C

The two fluids selected for testing with the ACCS
system are Novec 7000, a low viscosity engineered
hydrofluorocarbon and Paratherm CR, a silicone oil
based thermal transfer fluid. Novec 7000 offers superior
viscosity and therefore lower required pumping
capacity. However, its reduced thermal performance
requires higher flow rates for heat transfer and
increased system pressure (>30 psi) to prevent boiling
of the fluid at the elevated temperatures typically
experienced by avionics. Paratherm CR is a superior
heat transfer fluid and would not require additional
pressurization to prevent two-phase flow. However, its
viscosity and pumping performance are reduced at
lower temperatures. Both fluids offer significant benefit
to the ACCS project, and therefore the system will be
characterized with the working fluid as another variable
parameter.

MICRO PUMP SELECTION

A preliminary objective of the ACCS project was to
perform a trade study on commercially available
miniature pumps suitable for use within a CubeSat
based MPFL. Eventually, the England manufacturer
TCS Micropumps!* was down selected for use within
the ACCS MPFL - specifically, their line of low power,
high flow centrifugal pumps, i.e. the M410 and M510
series. The parameters considered included:

Large Potential Flow Rate
Available Pressure Head
Form Factor

Mass

Power

Mechanical Noise (Vibration)

Operational Lifetime
Cost

Efficiency
Availability

Originally, the M410 series was selected due to meeting
the requirements of pressure drop and flow rate while
offering superior performance in terms of power, mass,
size, and vibration. However, because of the
requirement to run the ACCS system at a higher static
pressure in order to prevent boiling and cavitation, it
became apparent that there was an insufficient pressure
rating on the internal seals within the pump assembly,
thus the larger, more robust M510 was ultimately
selected for incorporation into the vacuum test. The
operating characteristics of the TCS M410 and M510
micro pumps are given below in Table 4.

15,16

Table 4. TCS Micropump Specifications

TCS M410 Operating Characteristics

Maximum Flow Rate up to 2600 mL/Min
Available Pressure <5.5 psi

Power <7TW

Form Factor 41 X 26 X 25 mm
Mass 32 grams

Mech. Noise <3 dB

MTBF >100,000hr

TCS M510 Operating Characteristics

Maximum Flow Rate up to 9000 mL/Min
Available Pressure <10 psi

Power <28 W

Form Factor 64 X32X31 mm
Mass 100 grams

Mech. Noise <15dB

MTBF >100,000hr

The M410 family of pump curves as a function of
voltage input was developed using a custom designed
pump characterization test setup capable of varying
both the system impedance as well as the system
operating temperature. Novec 7000 was used as the
working fluid during the characterization effort. Figure
11 depicts a schematic of the experimental test setup.
After the pump curves were measured, Excel and
Matlab based tools were used to calculate the as
designed ACCS system impedance as a function of
flow rate. The calculation included both major and
minor losses. Figure 12 shows the computed ACCS
system impedance curve overlaid on the family of
M410 pump curves in order to determine the potential
operating point of the pump. The desired flow rate of
1200 mL/min and ~3psid of head requires a power
input of ~7W. The same type of pump characterization
testing is planned for the recently selected M510 pump.
The M510 pump has much more capacity than the
M410 at the expense of a higher power input; however,
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it’s anticipated that it will be possible to achieve the
project objectives with the M510 operating in a lower
power consumption mode.
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Figure 4: TCS M410 & M510 Pump
Characterization Test Bed Schematic
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Figure 5: ACCS System Impedance Curve Overlaid
on the Measured TCS M410 Pump Characterization
Curves's

ADDITIVE MANUFACTURING OF LIQUID
COLD PLATES AND THE CURRENT ACCS
MECHANICAL DESIGN

As per the original ACCS proposal, aluminum based
metallic additive manufacturing will be used to embed
the various flow paths directly into the part of the
CubeSat chassis that supports the cryocooler and pump
mounts, as well as within a thin radiator panel. This
serves the dual purpose of miniaturizing the system
form factor and improving the thermal performance by
circumventing traditional epoxy bonded or brazed
tubing  implementation.  Furthermore,  additive
manufacturing should allow for a more rapid
fabrication of a uniquely customized ACCS system,
thereby enabling a better, more flexible design.
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Figure 13: UAM Welding of Foil Tapes

Two novel additive manufacturing techniques were
considered for the project — Direct Metal Laser
Sintering  (DMLS), and Ultrasonic = Additive
Manufacturing (UAM). There are some fundamental
differences between these two technologies that are
important to consider. DMLS is a high temperature, full
melting fusion process of metallic powder that is
currently limited to build size envelopes of
10”x10”x13” and print rates less than 1.8 cubic inches
per hour. Aluminum parts can be fabricated from a
casting alloy, AlSijoMg, as opposed to 6000 or 7000
series aluminum. The UAM process, on the other hand,
as shown in Fig. 13 creates net-shape solid parts using
low temperature solid state ultrasonic metal welding of
foil sheets and tapes and traditional CNC contour
milling. The high frequency back and forth scrubbing
action of the ultrasonic weld head with its applied
downward force breaks up the oxide layers between the
constituents to be welded enabling cold state
metallurgical bonding. Parts can be built as large as 6ft
x 6ft x 3ft at a maximum print rate of 30 cubic inches
per hour. 6000 and 7000 series aluminum parts as well
as blended metallic parts such as Cu-Al, SS-Al are all
possible. Despite these differences, DMLS is a much
more established technology than UAM which is in its
infancy.

Due to JPL’s previous recent success with
demonstrating the viability of using UAM to produce
hermetically sealed HX structures'’, and owing in part
to the fact that the industry leaders in UAM technology,
Sheridan Solutions LLC and Fabrisonic LLC, have
recently been awarded three NASA SBIRs to continue
their development work of UAM aluminum based
aerospace parts, UAM was selected as the primary
method of fabrication for both the ACCS cold plate HX
and radiator. In parallel, additional experiments
comparing the hermetic and thermal performance of
DMLS and UAM HX parts were also conducted at
JPL'#19, Both additive manufacturing methods were
found to be attractive over traditional based
manufacturing methods.
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Figures 14-16 detail the alternate cold plate HX designs
considered for both the LM micro cryocooler and the
Ricor K508N cryocooler, as well as the notional design
for the deployable radiator. Each HX design
incorporates the cryocooler compressor body, the cold
finger assembly, the MPFL pump, and the controllers
required to run the thermal subsystem. A pair of dale
ohm heaters are also accommodated to maintain the
minimum allowable pump and cryocooler assembly
temperature during an instrument off case and also to
help characterize additional heat rejection that could
readily be achieved by the system. The radiator plate is
mass optimized to be deployable.

LM
Compressor

UAM Heat
Exchanger

Figure 6: ACCS UAM HX Design for the LM Micro
Cryocooler

Ricor KS08N

TCS M510M

25W Dale Ohm
Heaters

Figure 7: ACCS UAM HX Design for the Ricor
K508N Cryocooler

Ribs for
Reinforcement
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Figure 8: ACCS UAM Radiator Panel Design

Each cold plate design relies upon a combination of
additive & subtractive manufacturing — an end mill is
used to cut a U-shaped channel in a virgin billet of
aluminum with as many passes as required for heat
transfer, and then a roof consisting of multiple layers of
aluminum foil sheet is ultrasonically consolidated over
the channel. The part can then be light weighted
anywhere outside the hermetically sealed cooling path
as desired. The fabrication process is fully automatic
with no tube bending or subsequent epoxy bonding or
brazing required.

There were several important design considerations that
had to be mechanically accommodated due to this
additive approach to the hardware construction.
Because the UAM weld head has a finite width, the
roof over the channels is consolidated via multiple
parallel passes. The most ideal weld head path avoids
welding over milled channels that are oriented
perpendicular to the direction of weld head travel. Due
to the extreme downward force applied by the weld
head roller, milled channels oriented perpendicular to
the weld head path can experience sagging of the initial
sheet layers into the profile of the milled channel. This
perpendicular orientation of the channel permits an arc
segment of the circular weld head roller to push slightly
heated metal layers into the milled geometry. The
realization of this tendency prompted design changes
from sharp turning milled channels to channels having
bends with a larger radius of curvature. This more
forgiving geometry minimized the amount of sagging in
these regions. Soft support material within the channels
and a post UAM welding Hot Isostatic Press (HIP)
process were also investigated to further decrease this
sagging effect and were determined to be an excellent
mitigation®.
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After several rigorous studies on UAM bond
effectiveness over the coolant channels, another
parameter which proved critical to consistent leak
prevention was the minimum leak path dimension. For
the purpose of this UAM study, this minimum
dimension was maintained to be 0.100”, and is
measured from the point where the first layer weld
meets the unsupported channel edge and extends
radially outwards from that point. It is important to
preserve this dimension in order to provide a sufficient
region of fully supported UAM welding in order to
ensure proper bonding of foil layers to prevent leaks
and potential crack propagation.

Figures 17 and 18 show the as built UAM HX and
radiator parts. They were subjected to bubble
immersion testing to confirm no leaks were observed
prior to part acceptance. The radiator panel was then
black anodized to increase the surface emissivity in
preparation for ground testing.

Other mechanical considerations which were taken into
account when designing these parts include but are not
limited to compacting the entire test bed design to fit
into a very constrained vacuum chamber size,
accommodating LN, shrouds positioned around the
radiator, and allowing sufficient space for electrical
signal feedthroughs and wrench access to enable fluid
mechanical connections as well as fluid system charge
and discharge.

Figure 17: UAM Radiator and HX Subjected to
Bubble Immersion Leak Testing

Figure 18: As built UAM Radiator Panel with Black
Anodize Surface Treatment

THERMAL ANALYSIS & MODELING

The ACCS is an active thermal fluid control system;
therefore, an in depth understanding of the thermal
performance and behavior of the system is required. To
achieve this, a detailed analytical model/design tool was
created and validated via Thermal Desktop®.

The model utilizes a piecewise or nodal approach
beginning with a full environmental load study on the
radiator for a reference orbit including: solar, albedo,
and earthshine fluxes. Next, 2-D shape factors were
used to model the heat rejected from the UAM
embedded channels to the radiator surface. A constant
surface temperature forced convection model was
developed to describe the fluid thermal link between the
cold radiator and the hot HX. Finally, 2D shape factors
as well as simplified 1D conduction models were used
to approximate the mounting surface temperature of the
HX where the cryocooler, pump, and the various
electronic boards are located. In addition, a full
parasitic model was developed to calculate the expected
thermal loads from the surrounding CubeSat to the cold
finger of the cryocooler. A high level conceptual
diagram of the MPFL thermal analysis, with nodes
labeled, is given below in Fig. 19.

The thermal and hydraulic design is a trade-off between
the heat rejection capability of the system and the
pressure drop within the system. As the average flow
velocity increases, turbulent characteristics and heat
rejection become stronger; however, pressure drop also
increases. Therefore, the goal of this thermal design is
to compromise between reasonable HX and radiator
channel lengths, as well as channel size, while
maintaining a moderate pumping head requirement for
the system. For these reasons, the current MPFL design
targets Reynolds numbers of greater than 4500 for
Paratherm CR, and ~8500 for Novec 7000. In theory,
the ACCS system can toggle between laminar and
turbulent flow regimes by throttling the pump speed in
order to maintain a steady loop operating temperature
despite fluctuations in equipment dissipation or
environmental loads. Table 5 provides a summary of
the equations used in the analysis.
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Figure 19. Simple Nodalized Model of the MPFL

System.

Table 5: ACCS Analysis Working Equations?!-°

Nusselt Number Equation

Laminar Flow
Re<2300

Nuupy=3.66

ACCS Pressure Drop vs. Temperature
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Figure 20: ACCS System Pressure Drop vs.
Temperature for Paratherm CR & Novec 7000
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Turbulent Flow
Re>10000
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Friction factor
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ACCS System Power vs. Temperature
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Figure 21: ACCS System Heat Rejection vs.
Temperature for Paratherm CR & Novec 7000

Modified Bernoulli
with major + minor
losses + 2k method

Figures 20 and 21 detail how the pressure drop and total
heat rejection of the ACCS system varies with
temperature for Novec 7000 and Paratherm CR, while
Figs. 22 and 23 demonstrate the same variations with
respect to Reynolds number. It should be noted, that a 3
K temperature gradient between the mounting surface
interface and the average fluid temperature within the
embedded HX channels was assumed as a design goal.
Table 6 details the scope of a few of the ACCS system

design points.

ACCS Pressure Drop vs. Reynolds
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Figure 92: ACCS System Pressure Drop vs.

Reynolds Number for Paratherm CR & Novec 7000
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ACCS System Heat Rejection with a DT=3 K
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Figure 23: ACCS System Heat Rejection vs.
Reynolds for Paratherm CR & Novec 7000

Table 6: ACCS Specifications

ACCS Design Parameters: Paratherm CR

Total Internal Dissipation 30 W

Radiator Surface Temperature -20.4 °C

HX I/F Temperature -17°C

Total I/F Length 55 cm (HX) & 122 cm (Rad.)
Flow Rate ~2.2 L/min (Nominal)
Reynolds Number ~4,500 (Nominal)

myuCp ~57 W/K (Nominal) @ -20 °C

I/F Conductance ~25 WimK @ -20 °C

Convective Coefficient ~1200 W/m’K @ -20 °C

System Pressure Drop <6.5 psid

ACCS Design Parameters: Novec 7000

Total Internal Dissipation 30 W
Radiator Surface Temperature -20.4 °C
HX I/F Temperature -16.6 °C

Total I/F Length 55 cm (HX) & 122 cm (Rad.)
Flow Rate ~1.4 L/min (Nominal)
Reynolds Number ~9,000

my,Cp ~44 W/K (Nominal) @ -20 °C

I/F Conductance
Convective Coefficient
System Pressure Drop

~27 W/mK @ -20 °C
~1200 W/m’K @ -20 °C
<4.5 psid

Ultimately, the analytical model developed for the
ACCS system serves as an iterative design tool for the
project and as a method of predicting the performance
and behavior of the ACCS system.

Thermal Desktop® was used to validate the reference
orbit environmental loads for the analytical system
model and it was used to provide a more thorough
understanding of the temperature gradients within the
HX and radiator. Figure 24 displays the resulting
temperature contour plot of the HX assuming a constant
inlet temperature and constant heat dissipations for the
pump and the LM micro cryocooler. Figure 25 shows
the resulting temperature contour plot for the radiator
model which was used to determine the optimal number
of channel passes. The overall fin efficiency
formulation was simplified to calculate the general
radiator efficiency as:

D

where Ta., is the area weighted average surface
temperature of the radiator, in degrees Kelvin, and Tiglet
is the fluid inlet temperature, also in degrees Kelvin. As
the number of passes was increased beyond four, no
significant change in efficiency was observed. Thus, a
total of four passes was recommended for the radiator
design yielding an efficiency of 97%.
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Figure 24: Thermal Desktop® Temperature
Contour Plot of the ACCS HX for LM Micro
Cryocooler
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Figure 10: Thermal Desktop® Temperature
Contour Plot of the ACCS Radiator Panel
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ACCS CHARACTERIZATION TEST

The objective of the current project is to demonstrate
the ACCS system in a relevant laboratory based
environment and to raise the overall TRL to 4. To
accomplish this a characterization test setup and
procedure has been developed. The test setup consists
of a vacuum chamber, LN, shrouding and MLI
blanketing to maintain the radiation sink temperature,
and strategically placed heaters to simulate excess
dissipation or fluctuations in either the orbital
environment or parasitic heat load absorbed by the
cryocooler cold finger. The UAM HX and UAM
radiator are connected to one another via tubing and the
entire assembly is thermally isolated. A National
Instruments data logger along with a variety of sensors
are used to monitor the performance of the ACCS
system. Table 7 lists the sensors and their function
while Fig. 26 is a diagram of the ACCS characterization
test setup.

Table 7: Sensor & Data Logging Components

Sensor list Function

MPFL performance
Type T Thermocouples

Surface + emersion temp.

Provide an analog temp. comparison
Log the systems total differential
pressure drop + static pressure level
Monitor the systems flow rate

Thermal IR Camera
Delta P Transducers

Flow Rate:
. Venturi
. Turbine

Power monitoring

Cryocooler Monitor  the  power  profile
performance of the cryocooler
Pump power Monitor the 3-phase power profile

of the pump as well as the RPM’s
via back EMF
Simulates system power loads

Heat Exchanger heater

Radiator Heater Simulates environmental loading
Cold Tip Heater Simulates  cryogenic  instrument
loading

Thermocouple
Placement

—

Figure 26: Schematic of the ACCS Characterization
Test Setup

The test procedure for the ACCS characterization
begins with purging and filling the MPFL loop. Next,
the pump is turned on as well as the cryocooler. The
system is allowed to cool via radiation through the
integrated LN2 shrouds surrounding the radiator panel.
Once the desired thermal equilibrium has been reached
heaters on the HX may be turned on to vary the system
power load. The pump will be throttled through laminar
and turbulent flow regimes to maintain the targeted
interface temperatures. It should be noted that both the
LM micro cryocooler and the Ricor K508N are self-
contained in terms of their control and feedback.
Therefore, only the HX heaters, cold finger heater, and
pump flow rate will be varied to bound the system
performance.

ACCS FUTURE WORK

The near term objectives of the Active CryoCubeSat
project are to finalize the characterization test setup and
procedure and to run the ACCS active thermal control
system to verify its power rejection capability over a
variety of conditions and measure its ability to maintain
near constant interface temperatures with small
variations in power. In addition, if time permits, the
team plans to further explore the LM micro cryocooler
along with additional working fluids. In parallel, the
CSE team will continue its development of SABER-
Lite and hopes to be in a better position to win
proposals enabling either a balloon based mission or a
real spaceflight CubeSat mission.

CONCLUSIONS

The Active CryoCubeSat team has successfully
developed a series of design concepts, and thermal fluid
modelling tools, allowing for the theoretical
characterization of a miniature (1U) thermal control
subsystem appropriate for CubeSat’s platforms and
missions. This combined with the CSE team’s work on
the SABER-Lite radiometer, has allowed for the rapid
design iteration of a SABER-Lite reference mission. In
addition, a rigorous study of the current industry
standard has allowed a system design comprised of
largely off the shelf commercially available
components. UAM based heat exchangers and radiator
prototypes have been designed and manufactured, and a
relevant ground based test architecture has been
developed for the purpose of characterizing the ACCS
system. A miniature cryocooler has been integrated
within the system to allow for a report on the system’s
ability to enable cryogenic instrumentation on a Small
Satellite. Ultimately, the ACCS team has made
tremendous progress and looks forward to reporting on
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the system performance pending the completion of the
ground testing.
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NOMENCLATURE

cp = specific heat, J/(kg-K)

D = tube diameter, m

f= friction factor

g = acceleration, m/s?

h = convective heat transfer coefficient, W/(m2.K)
k¢ = fluid thermal conductivity, W/(m.K)

K = fittings and bends loss coefficient

| = tubing length, m

mdot = mass flow rate, kg/s

n = 0.4 heated flow

N = number of fittings and bends

Nup = Nusselt number based on the tube diameter
P = pressure, Pa

Pr = nondimensional Prandtl number

Rep = Reynolds number based on the tube diameter
T = temperature, °C

Tav = average surface temperature, K

Tinlet = inlet fluid temperature, K

V = average velocity, m/s

Greek symbols

p = density, kg/m?
AP = pressure drop, Pa
n = radiator efficiency
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