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ABSTRACT

This paper describes the analytical methods used in the design/development of new thermal
toolbox elements for science payload operation/survival in extreme environments. These new
thermal tools were developed as a result of five JPL projects (PALETTE, ARTEMIS, ROD-TSW, ES-
ROD-TSW, and mini-ROD-TSW) and include thermally-switched enclosures (TSE), parabolic
reflector radiators (PRR), spacerless multilayer insulation (SMLI), low conductance thermal
isolators (LCTI), 3 types of reverse-operation DTE thermal switches (ROD-TSW), miniaturized loop
heat pipes (mini-LHP), Vectran tension cables (VTC), and wire heat leak minimization (WHLM)
techniques. The analytical methods are used to predict key performance parameters (KPPs)
associated with each thermal tool. The KPPs include TSE lunar night heat loss flux (qioss), PRR
lunar noon radiative sink temperature (Ts), SMLI effective emissivity (¢*), LCTI thermal
conductance (G), ROD-TSW/mini-LHP ON/OFF behavior, VTC structure stiffness and frequency (k
and v), and WHLM heat loss. The paper also describes thermal toolbox mission infusion status.

NOMENCLATURE, ACRONYMS, ABBREVIATIONS*

ARTEMIS Architecture for Thermal Enclosures of Moon Instrument Suites
DTE Differential Thermal Expansion

ES-ROD-TSW Extended Stroke Reverse-Operation DTE Thermal Switch
mini-LHP Miniaturized Loop Heat Pipe

mini-ROD-TSW Miniaturized Reverse-Operation DTE Thermal Switch

PALETTE Planetary and Lunar Environment Thermal Toolbox Elements
ROD-TSW Reverse-Operation DTE Thermal Switch

VTC Vectran Tension Cable

WHLM Wire Heat Leak Minimization

* additional terms defined in the Appendix

INTRODUCTION

The desire for extended-duration robotic exploration in extreme environments like the Moon
(without radioisotopes) has highlighted a need for improved thermal capabilities. The needs
include better tools, advanced thermal architectures, and methods that enable tool scalability,
extensibility, and planetary use. JPL has been working for the last 5 years in those areas (on the
PALETTE'3, ARTEMIS* ROD-TSW?>, ES-ROD-TSW?, and mini-ROD-TSW?® projects) and this paper
describes the thermal tools and their associated analytical methods. Remarkably, these new
thermal tools are already being infused into missions such as the Farside Seismic Suite (FSS’), the
Lunar Surface Electromagnetics Experiment at Night (LuSEE-Night®), and potentially many others.
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The extreme destinations in question are depicted graphically in Figure 1 along with lunar
architectures at low/high latitudes and preview photos of nine of the ten thermal tools to be
introduced later. The remainder of this paper is organized as follows. First, the Problem of science
payload thermal control in extreme environments is presented along with the four basic thermal
toolbox elements (passive thermal switches, low sink temperature radiators, radiative isolators,
and conductive isolators). Next, the ten new additions to the thermal Toolbox are described.
Following the toolbox section is a section describing the key analytical Methods. The final section
of the paper provides details on thermal toolbox mission Infusion.
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High Latityge

Payloads

Low Latitude £
Payloads

Figure 1. Extreme environment destinations, lunar architectures, and thermal tools.

PROBLEM

The overarching problem addressed in this paper, as depicted in Figure 2, is science payload (SP)
thermal control in extreme environments. To maintain SPs within limits on different carriers at
various extreme destinations, given typical constraints, requires a thermal architecture
composed of a passive thermal switching system, a low sink temperature radiator, and high
performance radiative/conductive isolation. While the architecture is not new, the thermal tools
as well as the analytical methods to design and predict tool performance, are indeed new.

We want to use  Carrying one or To operate and stay within temperature limits, Using a thermal control
one of these ... more of these ... in Extreme Environments such as these ... architecture that is ...
Rover Moon ( 50-400 K, Vac) Low Power
Lander Science Mars (148-293 K, Non-Vac) Lf%gtslf;?igm
. Europa (53-113 K, Vac)
Orbiter Payload (SP) || titan (90-94 K, Non-Vac) %OTp:’ct
’ ellable
Iflye.-_' 253-313 K lo (105-123 K, Vac) Affordable
Airship Venus 70-30 km (173-473 K, Non-Vac) Radioisotope-Free
Extreme Environment operability/survivability =
requires 4 improved thermal toolbox elements ...
3 -
1 2 1— PASSIVE THERMAL SWITCHING SYSTEMS
{GSP RAD ENV 2 - LOW SINK TEMPERATURE RADIATORS
“aa 4 UV + IR < 3 — LOW EFFECTIVE EMISSIVITY MLI (in vacuum)
CARRIER 4 - LOW CONDUCTANCE THERMAL ISOLATORS

Figure 2. Problem of science payload control in extreme environments.
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TOOLBOX

The ten new additions to the thermal toolbox®13, as illustrated in Figure 3, include the following:
(1) thermally-switched enclosures (TSE), which combine a passive thermal switching/transport
system, a low sink temperature radiator, high performance radiative isolation, and high
performance conductive isolation; (2) parabolic reflector radiators (PRR), which are side-facing
radiators on lunar surface SPs that reflect away lunar surface IR for a low sink temperature; (3)
spacerless multilayer insulation (SMLI), which is a new method of radiative insulation that
surrounds VTC-supported SPs with nested (spacerless) boxes of double aluminized Mylar (DAM)
that rest on the VTCs; (4) low conductance thermal isolators (LCTI), which are 3D-printable
polymer isolators with extremely low conductance; (5) reverse-operation DTE thermal switch
(ROD-TSW), which is a new high-performance passive thermal switch with a 2500:1 ON/OFF
ratio; (6) extended stroke ROD-TSW (ES-ROD-TSW), which uses two stages and negative CTE
Allvar to extend ROD-TSW stroke by 10X to nearly 1 mm for non-vacuum applications while still
providing a 13000:1 ON/OFF ratio in vacuum; (7) miniaturized ROD-TSW (mini-ROD-TSW), which
uses four reduced-length stages to create a compact (35 mm D, H), lightweight (30 g) ROD-TSW
that is projected to have a 1000:1 ON/OFF ratio, although it has not yet been performance tested;
(8) miniaturized loop heat pipes (mini-LHP), which provide thermal acquisition, thermal
transport, ultra-high ON/OFF ratio thermal switching, and high effectiveness radiators (because
of the intrinsic heat spreading capability of the mini-LHP condenser) in a highly compact package;
(9) Vectran tension cables (VTC), which provide SP structural support, conductive isolation, and
are an integral part of spacerless MLI; and (10) wire heat leak minimization (WHLM) techniques,
which are methods to reduce (minimize) the heat leak from TSE wiring.

1. Thermally-Switched Enclosures (TSE) 2. Parabolic Reflector Radiators (PRR 3. Spacerless Multi-Layer Insulation (SMLI) 4. Low Conductance Thermal Isolators (LCTI) 5. Rev.-Op. DTE Thermal Switch (ROD-TS
E [ — e ‘ N :

I"
\}

Figure 3. Thermal toolbox elements for extreme environments.

METHODS

The analytical methods used to assess thermal tool performance during the design process is
addressed in this section. The relevant key performance parameters (KPPs) are listed in Table 1.
The section is organized into 10 subsections, which describe the associated analytical methods.
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Table 1. Key Performance Parameters (KPPs) Used in the Design of Thermal Toolbox Elements

Thermal Tool Key Performance Parameter (KPP) Symbol (Units)
1. TSE Lunar night heat loss flux Qoss (W/m?)
2. PRR Lunar surface radiative sink temperature Ts (K)
3. SMLI Effective emissivity g*
4. LCTI Thermal conductance G (W/K)
5. ROD-TSW Thermal conductance (ON, ON-OFF transition, OFF) G (W/K)
6. ES-ROD-TSW Thermal conductance (ON, ON-OFF transition, OFF) G (W/K)
7. mini-ROD-TSW | Thermal conductance (ON, ON-OFF transition, OFF) G (W/K)
8. mini-LHP Thermal conductance (OFF) Gorr (W/K)
9. VTC VTC-supported structure spring constant, frequency k (N/m), v (Hz)
10. WHLM Optimum arrangement for reducing wiring heat leak Qopr (W)

1. TSE Lunar Night Heat Loss Flux (gLoss)

The TSE lunar night heat loss flux (gLoss) is the heater power (Qu) needed to keep the TSE internal
housing (IH) above 253 K during lunar night divided by the TSE external housing (EH) area (Aen).
Equation 1 indicates that qioss includes radiative and conductive heat loss terms. On the NASA
GCD-funded PALETTE project, developing a TSE that would reduce qioss to 3 W/m? (or lower) was
the project goal. The actual quoss value attained during PALETTE was 0.56 W/m?. Figure 4
illustrates the situation. The two boxed graphics within the IH envelope are the PALETTE Task 1
Test 1B test data (top box) and qioss spreadsheet computational tool (bottom box). The
information contained within top box demonstrates how effective the TSE is at minimizing gioss.
To match the Task 1 Test 1B test data, several parameters in the spreadsheet (bottom box) were
reduced, indicating the TSE actually performs better than predicted.

quoss = & €¥en (Ten* — Te*) + Niso Giso (Ten — Te) / Aen (1)

External Housing (EH) = Area Ag, at Temp T

Internal Housing (IH) = Area Ay, at Temp T,

ey

External
Radiative
Environment
at Temp T¢

Conventional MLI with £*

Ny Vectran Tension Cables
Each with Conductance G ;¢

Niso Thermal Isolators
Each with Conductance G5

Auossi = O €5 (Tiy? = Te®) + NyrcGuyre (Tin — Tew)/Ay

OLoss,en ™ O €en (Tew® = Te®) + NisoGiso (Ten — Te) /Aey

Figure 4. TSE lunar night heat loss flux (gLoss) analytical methods.
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2. PRR Lunar Surface Radiative Sink Temperature (Ts)

The PRR lunar surface radiative sink temperature (Ts) is the temperature attained by a side-facing
radiator of a science payload (SP) at lunar noon with no SP power dissipation and it is computed
using the procedure and equations outlined in Figure 5. Also shown in Figure 5 is the PALETTE
Task 2 Prototype PRR and three small boxed items that illustrate (from left to right) PRR rationale,
LuSEE-Night preliminary PRR thermal balance, and PALETTE Task 2 test data (note: surrounding
the test data box is a larger box showing a correlated Excel spreadsheet model implementing the
equations shown in the figure). Equation 2 is the analytical tool needed to compute Ts. The Ts
goal on PALETTE was 215 K. However, during testing, a Ts value of 231 K was obtained, which
could have been 5-10 K lower by taking extra build/integration steps that: (a) maximize
reflectance (R) from PRR frontal area by covering open gaps or high & areas with double
aluminized Mylar; and (b) minimize heat leaks (£iQ;) into the PRR. On a flight PRR attached to a
TSE-housed SP, heat leaks into the PRR emanate from environment/lander/TSE. Heat leaks into
the TSE from the environment/lander should also be minimized since that heat leak is also
serviced by the PRR.

Ts = [ZiQ/(nrer AR 5)]0?° (2)

Sink Temp Equation (STE): Qg = nNgegAg © (Tr*Ts?%)

Qg = net radiating capability of radiator (PRR)

Tk = radiator (PRR) temperature

Ts = environment radiative sink temperature

Ag = radiating area of PRR, &g = emissivity, ng = effectiveness
A; = frontal area of PRR = 2(1+¢) Ag

¢ = non-ideal PRR factor = 0.16 for PALETTE PRR

¥ Alternate Form of STE: ngegAg 6 Tg? = Qg + 5Q;
| Q; = environmental heat source (i) to radiator

I Solving for Tg = (£Q/[nrer Ag 61)°%

Environmental heat sources (Q)) include:

1. Radiation heat source from hot lunar surface Q, = o(1-R)(T- T FA:

SINGLE-CELL MULTI-CELL

2. Radiation heat flux from lander to sides of radiator through MLI Q, = oe"(T “Ts)Ags
3. Radiation heat flux from instrument to back of radiator through MLI Q; = oe*(T-TgHAe
4. Conduction heat flux from instrument to radiator via mounts + thermal switch Q= (NG+Goe)(Ti Tg)

Te = ([0(1-R)(TeTe) FA¢ + 06" (T, Te!)Ags + 0€X(TE-Te)A + (NG*Goge)(T-Te)l/ [N Ag G102 ... implicit equation for T

PALETTE Prototype Input Values (Correlated to Predict 231 K Sink Temp) PALETTE Prototype
TTé jgg E L =30 cm (29.9 actual)
TL 400 K a1 2.774 w H =30 cm (28.7 actual)
ARS 120 cm2 Q2 0.310 w h =1.250 cm
AR 370 cm2 a3 0512 w w =0.625 cm
R 0.95 a4 1.863 w N = 20 (24 initial reqt.)
7 :.951 QTOTAL 5.459 w Aroma = 900 cm2
€ X
N 1 sumQ/sigma/e/AR 2859232075 K4 (860 actual)
GOFF 0wk (sumQ/sigma/e/AR)A0.25 231.2396758 K Agap =450 cm?
G 0027 W/K —_— (370 actual)
e* 0.02 = 1 NOTE: w is actually
‘‘‘‘‘ = — Margin 0 K ol e L[] the width of the
e - i TSguess 231 K Left Click from Slide Show Mode —>| | . = exposed section of
ﬂ — s = - ] TSHI\Sargln ;31 i fin (radiator L = 29.3 cm)

Figure 5. PRR lunar surface radiative sink temperature (Ts) analytical methods.

3. SMLI Effective Emissivity (*)

Effective emissivity is defined as the radiative heat flux (qu-to-c) transferred from surface H (at Tn)
to surface C (at Tc) divided by o(Tu* — Tc?). The parameter ¢* can also be thought of as the
radiative coupling per unit area (Gr/A) between those surfaces. For infinite parallel planar
surfaces, with emissivity values 4 and gc, respectively, ¢* = Gg/A =1/(1/en + 1/ec— 1). Now, if we
attempt to reduce the radiative heat transfer rate by adding N double aluminized Mylar (DAM)
layers between surfaces H and C, €* can be estimated by using Equation 3.
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e*=1/[2(1/enjc + 1/epam—1) + (N = 1)(2/€pam — 1)] (3)

The derivation of Equation 3 is based on the fact that if we place N DAM layers between surfaces
H and C, there will be N+1 (Surface A-to-Surface B) radiative couplings per unit area in series,
each given by [Gr/Ala-s = 1/(1/ea + 1/es — 1). That total of N+1 is composed of N-1 DAM-to-DAM
couplings, where [Gr/Albam-to-oam = (N-1)(2/epam -1), in series with 1 H-to-DAM coupling, where
[Gr/AlH-to-bam = (1/en + 1/epam — 1), in series with 1 C-to-DAM coupling, where [Gr/Alc-to-bam =
(1/ec + 1/epam — 1). By combining [Gr/Alpam-to-0am, [Gr/AlH-to-am, and [Gr/A]cto-bam in series
(where we assume e = &c = €n/c), one arrives at Equation 3. And based on that equation, very low
€* values are possible with just a few layers. In practice, due to seams, folds, and spacers (SFS),
conventional MLI €* values are rarely less than 0.02. Spacerless MLI (SMLI) eliminates SFS by
hanging nested DAM layers on VTC supports and, as Figure 6 shows, has a measured ¢* = 0.0015.
Equation 3 with N =8, en/c= 0.9 (en/c = ecuse in Figure 6), and epam = 0.026, yields an e* = 0.0016.

S The PALETTE Spacerless MLI (SMLI) test unit consisted of an
internal cube (e = ecyge), 8 spacerless layers of double aluminized
B Mylar or DAM (g = gpay), and an external cube (g = gygg). For this
system, the &* for N parallel plates (ignoring variable area effect) is ...

e* = 1/[2(1/ecyge + Lepam - 1) + (N - 1)(2/epay - 1)]
note: if ecuae = Epar & = V[(N+1)(2/epay -1)]
JPL measurements of DAM emissivity indicated gppy = 0.026.

Plugging in gpay = 0.026, gcge = 0.9, N = 8 into above equation
yields ¢* = 0.0016.

Drawings, photos, and test data for PALETTE spacerless MLI are
shown below. Measured & = 0.0015. Use maximum magnification
to see content in the three boxes below.

Drawing Photos

Test Data

JPL £,,,, Data

Meas. Loc. €pam
Location 1 0.024
L 2 .03 .
o To=- Thus, it appears (at least for the cold case) that Spacerless MLI

average | 0.026 | ' performs very similarly to multiple parallel low emissivity plates.

&
-

PR

Figure 6. SMLI effective emissivity (¢*) analytical methods.

4. LCTI Thermal Conductance (G)

The LCTI thermal conductance (G), while easy to compute analytically with Thermal Desktop (TD),
is quite difficult to validate by TVAC test measurement because G is so low. The analytical method
used to measure LCTI G in TVAC testing is illustrated in Figure 7. The method utilizes a 0.1 W/K
Q-meter (QM) and a QM Calibration (QMC) process known as “in-situ calibration”. Equation 4
depicts the analytical relationship (note: AT values in Equation 4 will be defined shortly).

G = (ATamt/ATamc) Qamc / ATp (4)

The method involves setting up the system as illustrated in Figure 7 by first bolting disc-shaped
aluminum “pucks” to the LCTI top (green puck) and LCTI bottom (red puck). The red puck is bolted
to the QM top, the QM bottom is bolted to a cooling source (which holds the QM bottom at a
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constant temperature), a heater (H1) is attached to the QM bottom, another heater (H2) is
attached to the red puck (QM top), and a third heater (H3) is attached to green puck (LCTI top).

After setting up the system as described above (and surrounding the assembly with a single DAM
cylinder), a LCTI conductance test is carried out as follows. First, the cooling source is turned on
and the QM bottom, with H1 set to 0.5 W, cools the entire setup so that the QM bottom reaches
a desired temperature and is held there while the rest of the system cools. When the QM bottom
is steady, the QM top heater H2 is set to 0.5 W and the QM bottom heater H1 is turned off. This
is the QM Calibration (QMC) step. The QM top then rises ATquc above QM bottom. Next, H2 is
setto O W, H1lis set back to 0.5 W, and H3 is turned on at about 0.2 W. This step causes the green
puck to rise appreciably by ATp while the red puck rises by only ATqur. Heat flow through the LCTI
(Quen) is assumed equal to ([ATamr/ATamc]Qawmc), hence Gien = Queni/ATp, as Equation 4 indicates.

As mentioned at the top of Figure 7, PALETTE LCTIs were made from 3 different materials
(machinable Ultem 1000 and 3D-printable Ultem 9085/1010) in two sizes (short, tall). Thus, six
total configurations were TVAC tested and 2 or 3 such tests of each configuration were carried
out. Figure 7 also provides views of the five LCTI concepts, TD modeling results, TVAC test results,
and a tensegrity LCTI prototype (which was also tested using this method, but not as part of
PALETTE). Use of document zoom to discern some Figure 7 content may be required.

The PALETTE low conductance thermal isolators (LCTI) were made from 3 materials (machinable Ultem
1000 and 3-D printable Ultem 9085 and Ultem 1010) in two sizes (short, tall). To measure very low heat
flows, the Q-meter procedure illustrated below was used. For better views of the method, modeling/test
results, and a future concept (tensegrity), use max magnification to view this figure.

FOR EXPLANATORY |
Gy = (ATqur /AT amc)Qamc/ATe PG 76 SeALE
Top Puck
T~ 0P PUCK~-0.2 W

(Steady-State)

TOP PUCK 0.8 W

Isolator Top
(Fast Heat Up)

AT,

Q-Meter Top 0.5 W = QMC
Q-Meter Bottom 0.0 W

Temperature (K)

Q-Meter Top

ATame

1T Aoy

Bottom Puck

Q-Meter
Bottom Q-Meter Bottom
0.5W Q-Meter Top 0.0 W, Q-Meter Bottom 0.5 W

Time (min)

" 3D-Printed TC-Based
Flexure
+TSW

s b
- 4 m
TSW-Based S Tensegrity
B hatf

v

5. ROD-TSW Thermal Conductance ON/OFF (Gon, Gorr)

The ROD-TSW is a passive thermal switch that modulates heat flow (from fully ON to fully OFF)
via single-stage DTE between a high CTE body (either Ultem 1000 or 6061 Al) and a low CTE rod
(Invar 36 with a small Ultem 2300 “nub”). Figure 8 illustrates the Ultem 1000 body version. The
figure also provides the two essential governing equations and an algorithm for actively modeling
ROD-TSW transient thermal performance in Thermal Desktop (TD). A ROD-TSW identical to the
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one pictured in Figure 8 is slated to be flown on the Farside Seismic Suite (FSS) mission to
Schrodinger Basin on the lunar farside sometime in 2025. In TVAC performance testing at JPL in
2018, two ROD-TSW prototypes (Ultem 1000 and 6061 Al body versions) both exhibited ON/OFF
ratios of roughly 2500:1 (Gon = 5 W/K, Gorr = 0.002 W/K). The ON/OFF temperature of actuation
is typically 273 K but can be raised or lowered by 5-10 K by reducing or increasing the pre-stretch
(PS). The governing equations for stroke (S) and pre-stretch (PS) are provided below as Equations
5 and 6 (note: N = number of stages, L = characteristic length, CTEnigh = CTE of high CTE material,
CTEiow = CTE of low CTE material, AT = temperature difference over which ON/OFF performance
is calculated, F = desired PS force, E = modulus of elasticity, and A = cross-sectional area).

S =N L (CTEhigh — CTEjow) AT (5)
PS = Zi(F Li))/(EiAi) ... sum over (i) fromi=1to N (6)
1 oime Stoke =NL (CTE,jgy - CTE,,) AT
o.0smm Pre-Stretch = Zi (F LI)/(EIAI) ... sum over (i) from 1 to 2N
g N =number of stages
l "; :'{,?3;“ Temperature (T) at which Stroke = Pre-Stretch
E =modulus is the actuation temperature (T,cr) ... further
QT z %f(eaﬂ assembly) - T cooling creates a GAP that continues to grow.

Thermal Desktop Transient Modeling Procedure (adapted from 2-Stage ES-ROD-TSW procedure)

W ENVIRONMENT (Tg)

® RADIATOR (T;) Modeling Steps and/or Major Assumptions
from ambientto actuation temp (Tacr =273 K)
U 50E-6 K1 (Ultem 1000)
nvar 36 +Ultem 2300 “nub”)
N nodes (10 is good number)
0attemp Ty, length Ly

END-PIECE (Ty)

[
o

FLANGE
(Te)

INSTRUMENT
m Length change AL, (eve:
GAP = AL~ P (PS de er
0. Gap Conductor Ggap (updated at each time step)
a. If GAP <-PS Goap="5 W/K
b. If-PS<GAP <0 Genp = -5* GAP/PS + 1E-10 W/K
c. IfGAP>0 Geap= 1E-10 W/K

BN UMAEWLN

ELEMENT 1... Ultem 1000
ELEMENT 2... Invar 36 + Ultem 2300

4
4

s

Figure 8. ROD-TSW ON/OFF behavior analytical methods.

6. ES-ROD-TSW Thermal Conductance ON/OFF (Gon, Gorr)

The ES-ROD-TSW is a passive thermal switch that modulates heat flow (from fully ON to fully OFF)
via dual-stage DTE between a high CTE body/nested cylinder (Ultem 1000) and a low CTE nested
cylinder/rod (Invar 36). Figure 9 illustrates the ES-ROD-TSW prototype. The figure also provides
the two essential governing equations and provides an algorithm for actively modeling ES-ROD-
TSW transient thermal performance in Thermal Desktop (TD). With a stroke approaching 1 mm,
which is 10X that of the original ROD-TSW, the ES-ROD-TSW (while primarily intended for non-
vacuum applications), has exhibited an ON/OFF ratio in vacuum of 13000:1 in TVAC testing at JPL.

The ES-ROD-TSW in-vacuum ON/OFF ratio indicated above was attained with a measured ON
conductance (Gon) of 6.5 W/K and a calculated OFF conductance (Gorr) of 5E-4 W/K, which yields
the 13000:1 ratio. The rationale for using the calculated (not the measured) Gorr value is that the
test did not use a QM, thus the ultra-low heat flows (in the OFF state) could not be measured.
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1omm Stroke =NL (CTE,qg, - CTE,) AT
ozmm Pre-Stretch =X (FL)Y(EA) ... sumover ) from 1 to 2N

6063 Al Flange

N = f
- L = Peﬂgaer of stages Temperature (T) at which Stroke = Pre-Stretch
& EZfoce is the actuation temperature (Tyc;) ... further
A_ =area cooling creates a GAP that continues to grow.
AT =T (at bly) - T

Thermal Desktop Transient Modeling Procedure

W ENVIRONMENT (Te)
® RADIATOR (Tq)
END-PIECE (T7)

Modeling Steps and/or Major Assumptions

1. CTE constant from ambient to actuation temp (Tact = 273 K)
a. CTEy = S50E-6 K (Ultem 1000)
b. CTEa =-30E-6 K (Allvar 30)
2. Nodalize each element into N nodes (10 is good number)
3. Each element starts out at time =0 at temp To, length Lo
4. Green conductors are set to high values (100 W/K)
5. Rod pre-stretch (PS) computed using Eq. (2)
6. Indexing (i= element number, j = node number)
7
8
9
1

s

ELEMENT 3 ... Ultem 1000 &

. Length change AL (odd i)  =- ¥ Lo(Ti;; = To) CTEW/N

. Length change ALi (eveni) = X Lo(Ti;— To) CTEA/N

. GAP =X; AL —PS (PS defined as positive number)

0. Gap Conductor Geap (updated at each time step)
a. IfGAP< -PS Gaap = 6.5 W/K
b. If-PS<GAP <0 Gaap = -5* GAP/PS +1E-10 W/K
c. IfGAP>0 Geap = 1E-10 W/K

INSTRUMENT =~
(m)

ELEMENT 2 ... Allvar 30
ELEMENT 4 ... Allvar 30+

Allvar 30 Cylinder

2 ey

Figure . ES-ROD-TSW ON/OFF behavior‘anélytical methods.

7. mini-ROD-TSW Thermal Conductance ON/OFF (Gon, Gorr)

The mini-ROD-TSW is a totally passive thermal switch that modulates heat flow (from fully ON to
fully OFF) via quad-stage DTE between a high CTE body and cylinders (6061 Aluminum) and low
CTE cylinders and rod (Invar 36). Figure 10 illustrates the initial prototype. The figure also lists the
two essential governing equations and provides an algorithm for actively modeling its transient
thermal performance in Thermal Desktop (TD). The mini-ROD-TSW has yet to be TVAC
performance tested, but it is projected to have an ON/OFF ratio of 1000:1 (Gon = 2 W/K, Gorr =
0.002 W/K). Shown at the lower left of Figure 10 is a small graphic illustrating the various parts
within the mini-ROD-TSW (note: document zoom may be required to discern this content).

oamm Stroke =N L (CTE,, - CTE,,) AT
0osmm Pre-Stretch =X (FL)/EA) . sum over () from 1to 2N
N =number of stages
lﬁ :#gpgeth Temperature (T) at which Stroke = Pre-Stretch
E =modulus is the actuation temperature (Tc7) ... further
A_= i i
Ao 13.’(933( assembly) - T cooling creates a GAP that continues to grow.

Thermal Desktop Transient Modeling Procedure (adapted from 2-Stage ES-ROD-TSW procedure)

W ENVIRONMENT (T,

RADIATOR () Modeling Steps and/or Major Assumptions

END-PIECE (T,)

1. CTE constant from ambientto actuation temp (Tacr =273 K)
a. CTEy, = 23E-6K? (6061 Alum)
b. CTE, = 1E-6 K (Invar36)
2. Nodalize each elementinto N nodes (10 is good number)
3. Eachelementstarts out at time=0 at temp To, length Lo
4. Green conductors are set to high values (100 W/K)
5. Rod pre-stretch (PS) computed using Eq. (2)
6. Indexing (i = element number, j =node number)
7
8
9
1

ol

Gl

ELEMENT 3 .. 6061 Alum
=

um £

ot

ot

o

INSTRUMENT . Lengthchange AL (odd i) = - X;Lo(T;— To) CTEy/N
m . Length change AL (eveni) = ;Lo(T,j—To) CTEA/N
. GAP = X, AL;— PS (PS defined as positive number)
0. Gap Conductor Ggap (updated at each time step)
a. If GAP <-PS Geap=5 W/K
b. If-PS<GAP <0 Geap = -5* GAP/PS + 1E-10 W/K
c. IfGAP >0 Geap = 1E-10 W/K

ELEMENT 8 ... Invar 36

ELEMENT 1 ... 6061 Alum
ELEMENT 2 ... Invar 36
ELEMENT 4 ... Invar 36
ELEMENT 5 ... 6061 Al
ELEMENT 6 ... Invar 36
ELEMENT 7 ... 6061 Al

T T T T T Tex T Taw

Figure 10. Mini-ROD-TSW ON/OFF behavior analytical methods.
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8. mini-LHP Thermal Conductance OFF (Gorr)

The mini-LHP is a (nearly) fully passive device that provides thermal acquisition, transport,
switching, and radiator heat spreading. It is not fully passive because a startup heater is
sometimes needed to start circulation and a shutdown heater is sometimes needed to end
circulation. During the PALETTE project, a mini-LHP was paired in series with a ROD-TSW. The
goal was to eliminate the need for mini-LHP startup/shutdown heaters. While PALETTE testing
has shown that a startup heater is still required, the ROD-TSW does eliminate the need for a
shutdown heater. Interestingly, when the ROD-TSW and mini-LHP are paired in series and both
are OFF, the system OFF conductance is dominated by the mini-LHP, as described below.

Mini-LHP ON conductance is difficult to predict analytically, thus it must be measured by testing.
However, mini-LHP OFF conductance can be readily calculated. Figure 11 provides OFF
conductance calculations as well as ON conductance values obtained during PALETTE and
ARTEMIS TSE testing, which was carried out with a ROD-TSW in series with a propylene mini-LHP.
As indicated in the figure, mini-LHP OFF conductance (Gorf) is predicted to have the exceedingly
low value of just 0.0001 W/K, which outperforms the ROD-TSW in OFF conductance by a factor
of 50. Depending on which ON conductance test measurements are used (PALETTE at Aavid,
PALETTE at JPL, or ARTEMIS-T at JPL), the mini-LHP ON/OFF ratio is in the range of 10000-60000:1.

Implemented in series with ROD-TSW to provide passive
thermal switching for a thermally-switched enclosure (TSE).
INTERNAL ROD-TSW MINI-LHP MINI-LHP TVAC

HOUSING END-PIECE EVAP RAD SHROUD
(IH) (RE) (ME) (MR) (TS)

. G ROD-TSW . G INTERFACE . G MINI-LHP . G-RADIATOR .

3 ON conductance from PALETTE and ARTEMIS-T testing

1-6 WK ... orientation/temp dependent
1-2 WK ... temp dependent
1.6-25 W/K ... temp dependent

OFF conductance from two 1.6 mm (1/16t% in.) OD SS tubes
» OD =1.6 mm

» ID = 1.3 mm (estimated)

» k =15 W/m-K

> N =2 lines (vapor, liquid)

» L =21 cm (vapor is ~18 cm, liquid is ~24 cm)

» GOFF =15*2*(n(1.62 — 1.32)/4)/1E6/0.21 ~ 0.0001 W/K

e ‘ \ ' ONJ/OFF ratio: 10000-60000:1

Figure 11. Mini-LHP OFF conductance analytical methods.

9. VTC Spring Constant (k) and Frequency (v)

To minimize conductive/radiative heat loss from TSEs, VTC-supported structures (IH cube frame
within EH cube frame) are used. All temperature sensitive elements are housed within the IH,
which is supported from the EH by 8 corner VTCs. To facilitate early design trades, a simple
analytical method was needed to calculate the (translation/rotational) first mode frequencies.
Figure 12 depicts the model equations and spreadsheet model results for FSS. As indicated, the
frequencies predicted by this simple model agree with those predicted by the FSS flight FEM.
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Two of the key quantities that go into the translational and rotational frequencies are the cable
axial and lateral stiffnesses or spring constants (k), which are presented below as Equations (7)
and (8). As indicated in Equation (7), the effective modulus (Eerr) of these VTCs (which are Vectran
ropes epoxied into threaded end-fittings) at 22 GPa is quite a bit lower than the modulus of pure
Vectran (Evectran), Which is 50-100 GPa depending on the type of Vectran.

AS =ks = Egrr A/ L ... where Err = 22 GPa << Evectran (7)
LS =k.=F/L (8)

To determine the first-mode frequencies (v) of the IH, which is supported by 8 VTCs, refer to the
last four of six equations at the lower left of Figure 12. Also shown in Figure 12 are five boxed
items with small graphics that probably require document zoom. These items, from left to right
on the figure, are: (1) the VTC sizing spreadsheet, created by Richard Bahng, a JPL structural
engineer; (2) pull test results for the FSS 6.35 mm OD VTCs; (3) spacerless MLI Kevlar tension
cable (KTC) test article (note: KTCs built by JPL did not have sufficient strength and were replaced
by VTCs built by Applied Fiber [AF]); (4) AF drawing of a 3.175 mm OD VTC used by PALETTE; and
(5) AF drawing of a 6.35 mm OD VTC used by FSS. The photo in Figure 12 shows the FSS prototype
being assembled for a TVAC-vibe test sequence, which were both successfully completed.

Vactren Jepsion Cable (VIC) Strios Sprondtiest Applid Fiber .. Inch OD VTC Pull Test Results Initial idea circa Aug 2020 envisi d Kevlar T ion Cables* (KTC)
EXTERNAL HOUSING ROD WITH THRU-HOLE INTERNAL HOUSING
(CORNER VERTEX THRU-HOLE) THREADED ON ITS OD (CORNER VERTEX THRU-HOLE)

(OD =8 mm, L =254 mm)
Tension ~ 6500 N (365 MPa)

KEVLAR-TO-ROD
EPOXY BOND

e ——

<«——— CAPTURE NUT

KEVLAR 29 ROPE

TENSIONER NUT - (0D =4.76 mm = 3/16n)

j=—— WASHER

* Kevlar has previous flight heritage on projects led by PALETTE PI (CRYOTSU, Methane Diode HP for CRISM on MRO)

JPL built few Kevlar cables that “worked” but had low strength.
Applied Fiber was then approached and they suggested Vectran.

Spacerless MLI Test with KTC Applied Fiber Drawing for PALETTE Applied Fiber Drawing for ARTEMIS-T and FSS

™

Approximate Design Equations (for IH supported from EH by 8 corner tension cables)

1. Cable Axial Stiffness (N/m) = EgefAUL ... where Ege ~ 22 GPa < Eyegyan
2. Cable Lateral Stiffness (N/m) =F/L

3. IH Translational Stiffness (N/m) =TS = 8/[0.70714/(EgeA/L) + 0.70714(F/L)]

4. IH Rotational Stiffness (N-m/rad) = RS = 8*2*1./[0.7071%/(Ec£A/L) + 0.7071%/(F/L)]
5. IH Translational Frequency (Hz) = [TS/m]%%2n

6. IH Rotational Frequency (Hz) = [RS/MOI]*5/2n

Figure 12. VTC-supported structure translational/rotational frequency analytical methods.

10. WHLM Optimum Heat Loss (Qv,opT)

To minimize the heat leak from IH-to-EH Cu wiring, there are 3 options: (W1) splice-in phosphor
bronze wires but maintain Cu wire resistivity; (W2) route the Cu wires out along a long diagonal
path; and (W3) provide a length inside the IH with radiative isolation and a length outside the EH
with radiative isolation before heat sinking the wires. All options need to improve on (WO0), which
is to heat sink the Cu wires to the IH, EH. Combining W1-W3 yields 4 more options (W4a-W4d).
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To limit analytical scope, a sample configuration was assumed involving fifty 30-gauge Cu wires
that pass from a 30 cm cube IH at 300 K to a 40 cm cube EH at 100 K. The heat leak results for all
eight configurations (W0-W3, W4a-W4d) are illustrated in Figure 13. Those results indicate that
the lowest heat leak solution is W4d, which is a W1 + W2 + W3 combination. But W4d is not the
optimum solution. The optimum solution is the one that best meets all performance criteria
including heat leak, simplicity, cost, mass, and others. To determine the optimum solution, the
PALETTE project conducted a study with a total of 10 performance criteria and each solution was
numerically ranked based on those criteria. In the end, W3 ranked highest. Interestingly, FSS
selected W3 as its WHLM architecture before this study was completed, as their principle
selection criterion was integration simplicity. Included in Figure 13 is a photo of the FSS prototype
test article, which illustrates the external radiative isolation used in the W3 architecture.

FSS Prototype ! A Ranking of WHLM Architectures
Wgw:ﬂ\‘fd s By ” ams 4 (3 primary architectures W1, W2, W3 and 4 combinations were all evaluated - 7 total architectures ranked)
Architectur §'yE i ] . Wo R
Filec e \ . ., - WO straight path (Cu wire) o s |n iUgaugl Results (Nyee= 1) QW)
W1 straight path (splice-in PB wire?) @ inipexoc |1WO 40537
o . - w1 3.475
W2 2 maximum diagonal path (Cu wire) ET S '
o ) o« W2 0.4074
W3 2 isolation infout (Cu wire) T » 0410

* Dincrensed by SQRTI1/17)to mantin same ety s u @ 300K 0057 W

40 cm External Housing (EH) .. T=100K W1-W3 Combos Q W}
it | Waa W2 03165 (0,00,

o Wab: W23 0.2260 (adisted W3 mode)
- We W3 0.3810 (adusted Wamode)

K
T Wi WA 0,115 s Moot
n

3.1475
I Conclusion: W3 Ranks Highest

e N

ing ). T=300K

=350 L=t
o | W3 i

SEIPEFFEFEFREIPEFRFFEE

=
5

,_0¢ Wiring Parameters

NWIREI DW\RE' kAVG

l
EIFEFFEE

One Wi O Mode

w2

Dﬁ

7 » ! L 4

Figure 13. WHLM optimum heat loss determination analytical methods.

INFUSION

The ultimate goal of all thermal technology development projects is mission infusion and the new
thermal toolbox elements described in this paper are well on their way in that regard. Two
manifested missions that will utilize these tools, as previously mentioned herein, are FSS and
LUSEE-Night. But there are several other possibilities as indicated in Figure 14. Those future
possibilities include LCRT** (Lunar Crater Radio Telescope), LGN (Lunar Geophysical Network),
LVHM?® (Lunar Vector Helium Magnetometer), LTV’ (Lunar Terrain Vehicle), VIPER!® (Volatiles
Investigating Polar Exploration Rover), and arbitrary instruments/rovers/landers that seek
extended-life operability. Figure 14 was taken directly from a PowerPoint presentation and the
boxed items on the left are actually embedded objects with additional information on each
application. The TFAWS presentation that accompanies this paper may have time to open a few
of those embedded PowerPoint objects to see the key details associated with each manifested
or possible mission/system.
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. - Landing Site: Schrodinger Basin 71° S, Farside Toolbox Features
FSS || Manifested Mission poer Dissipation: Day 10 W (25 W during transmit), Night 5 W TSE,VTC,SMLI
) . - Landing Site: Mid-Latitude, Farside Toolbox Features
LuSEE-Night|| Manifested Mission  poyer Dissipation: Day 25 W (40 W during transmit), Night 12 W 2 mini-LHP TSE, PRR
- - Landing Site: Low Latitude (10° S to 10° N), Farside .~ 7 Toolbox Features
LCRT | Possible Mission  power Dissipation: Day 165 W, Night 45 W - TSE,VTC,SMLI,PRR
. o Landing Sites: PKT 20.7°, Crisium 18.5°, Schickard -44.3°, Korolev -2.4° 3 Toolbox Features
LGN || Possible Mission  poyer Dissipation: Day 160 W, Night 40 W (TBR) : 9 TSEVTC,SMLI,PRR
. L Landing Site: Not selected * Toolbox Features
LVHM || Possible Mission  poer Dissipation: Day 10 W (25 W during transmit), Night 5 W TSE.VTC,SMLIPRR
. . Landing Site: Lunar South Pole Aax Toolbox Features
LTV | Possible Mission  power Dissipation: Day TBD, Night 50 W minimum (for SPs) g TSE.VTC,SML/
. - Landing Site: Nobile Crater (-85°), Nearside yx= =nY Toolbox Features
VIPER | Manifested Mission g o Dissipation: Day ~400 W, Night 60-90 W (50 hours) - TSE with LHPs/TCVs
. Landing Site: Arbitrary (HL or LL, NS or FS) Toolbox Features
Instrument|| Possible System Power (Typical):  Day 5-80 W, Night 0-20 W TSE,VTC,SMLI,PRR
R Possible Syst Landing Site: Arbitrary . g2 Toolbox Features
over ossible system Power (Notional):  Day 1-500 W, Night 0-50 W B—===@h TSEVTC,SMLI,PRR
. Landing Site: Arbitrary Toolbox Features
Lander || Possible System Power (Notional):  Day 1-1000 W, Night 0-100 W ﬂ TSE,VTC,SMLI,PRR

Figure 14. Infusion plans/opportunities for PALETTE, ARTEMIS, and ROD-TSW thermal tools.

CONCLUSIONS

This paper has presented a set of analytical methods to go along with a new series of thermal
toolbox elements for thermally managing science payloads in extreme environments. This set of
analytical methods enables the hand calculation, numerical simulation, and/or test measurement
of: (a) lunar night heat loss flux (gioss) of thermally-switched enclosures (TSE); (b) lunar noon
radiative sink temperature (Ts) for parabolic reflector radiators (PRR); (c) effective emissivity (£*)
of spacerless multilayer insulation (SMLI); (d) thermal conductance (G) of low conductance
thermal isolators (LCTI); (e) ON/OFF behavior of reverse-operation DTE thermal switches (ROD-
TSW, ES-ROD-TSW, mini-ROD-TSW) and miniaturized loop heat pipes (mini-LHP); (f) spring
constant (k) and frequency (v) of Vectran tension cable (VTC) supported structures; and (g)
optimized heat leak (Qopr) of wire heat leak minimization (WHLM) techniques. This new set of
thermal tools and methods has already been applied to the currently manifested FSS, LUSEE-
Night, and VIPER missions and may eventually be infused into several future mission possibilities
including LCRT, LGN, LTV and others.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the significant contributions of the personnel and
suppliers listed in Figure 15 to the work described herein. Although that figure was specifically
prepared for the NASA GCD sponsored PALETTE project, many (if not most) listed there also
contributed to the ARTEMIS, ROD-TSW, ES-ROD-TSW and mini-ROD-TSW projects. This research
was carried out at the Jet Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration (8ONM0018D0004).

TFAWS 2023 — August 21-25, 2023 13



Jose Rivera

John Elliott

Eric Sunada
Pamela Clark

Tim O’Donnell
Doug Hofmann
Garry Burdick
Sabrina Feldman
Ying Lin

Satish Khanna
David Eisenman
Andrew Gray
Virgil Mireles
Gani Ganapathi
Chuck Phillips
PALETTE Team Members (JPL)
David Bugby
Jose Rivera

Doug Hofmann
Pamela Clark
Scott Roberts
Stefano Morellina
Bob Kovac

Bart Patel

Kurt Gonter
Jason Kempenaar
Kevin Anderson
Richard Bahng
Chris Chrzanowski

I R Y

Key Contributors to PALETTE (JPL)

Agreed to help run several tech-dev projects (ARTEMIS-T, Astrobotic, ES-ROD-TSW, FSS Proposal, etc.)
Suggested need for thermal switch for Lunette and defined need for ﬁarabollc reﬂector radiator (PRR)
Encouraged development of Reverse- Operatlon DTE Thermal Switch (ROD-TS

Suggested need for thermal switch for lunar nlg ht survival of SILVIR IR spectrometer concept

Helped with Spontaneous R&TD Proposal for ROD-TSW and provided 8rear advice on all projects
Helped with Spontaneous R&TD Pro ect for ROD-TSW, CIF Advanced Concepts ES-ROD-TSW project
Provided internal JPL funding for ROD-TSW qual. testlng suggested CLPS lander independence (retired)
Provided internal JPL funding for ROD-TSW qual. testing, initiated ARTEMIS project w/D. Bugby as lead
ARTEMIS-T SR&TD initiative lead has EI)_rowded great guidance throughout

Provided great strategic direction to ARTEMIS-T and \ndlrect1ly to PALETTE

Program manager for Lunar CATALYST which funded ROD-TSW thermal switching system for Astrobotic

JPL Program Office interface to NASA GCD
Section management support KeyiSuppilsrsitolPALEITE

Pl, Technical/Management
Co-l, Technical/Management
Co-l, Advanced Materials

Tension Cables Applied Fiber
Structural Analysis Quartus Engineering

Section management support : Mini-LHP Aavid/Thermacore (Boyd Corporation)
Group management support (left JPL) . glra ohJ;?n?;aps mﬁ;&?tggthgn
+ Design/CAD APR Consultlng ?/Barl Patel)

NASA STMD/GCD Technology Management Team

Quynhgilao Nguyen Program Element Manager-3, GCD
Fred EI Program Element Manager-2, GCD
Shawn Britton Program Element Manager—1, GCD
Amanda Cutright Chief Engineer, GCD

Mark Thornblom  Dep utE Program Manager, GCD
David Goggin Chief Engineer's Office, GCD
Jeff Antol Chief Engineer's Office, GCD glfenred)
Kevin Somervill TIM Extreme Environments, S
Angela Krenn Thermal Principal Technologist, STMD

Co-l, Lunar Science (left JPL)
Additive Manufacturing (AM)
Thermal Design, CAD, AM
Design, CAD, Fabrication

Design, CAD (APR Consulting
Thermal Design/Analysis (left JPL
Thermal Design/Analysis (left JPL
Thermal Analysis

Structural Analysis

Structural Analysis

}
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APPENDIX

Terms that were not included in the Nomenclature, Acronyms, and Abbreviations section are
listed and defined below.

A Area (m?)

Ar Frontal Area (m?)

Ar Radiator Area (m?)

D Diameter (m)

DAM Double Aluminized Mylar

AT Temperature Difference (K)

E Modulus of Elasticity (N/m?)

Eerr Effective Modulus of Elasticity (N/m?)
e* Effective Emissivity

EH External Housing

F Force (N)

FSS Farside Seismic Suite

G Thermal Conductance (W/K)

Giso Thermal Conductance of Isolators (W/K)
Gorr OFF Thermal Conductance (W/K)

Gon ON Thermal Conductance (W/K)

H Height (m)

IH Internal Housing

k Spring Constant (N/m) or Thermal Conductivity (W/m-K)
KPP Key Performance Parameter

L Length (m)

LCRT Lunar Crater Radio Telescope
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LCTI Low Conductance Thermal Isolator

LGN Lunar Geophysical Network

LTV Lunar Terrain Vehicle

LUSEE-Night  Lunar Surface Electromagnetics Experiment-Night
LVHM Lunar Vector Helium Magnetometer
Niso Number of Isolators

PRR Parabolic Reflector Radiator

PS Pre-Stretch (m)

gLoss Lunar Night Heat Loss Flux (W/m?)
QM Q-Meter

QaMmc QM Calibration

QaMmT QM Top

S Stretch (m)

SFS Seams, Folds, and Spacers

SMLI Spacerless Multilayer Insulation

SP Science Payload

T Temperature (K)

Te Environment Temperature (K)

Ts Sink Temperature (K)

TD Thermal Desktop

TSE Thermally-Switched Enclosure

v Frequency (Hz)

VIPER Volatiles Investigating Polar Exploration Rover
CONTACT
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D. Bugby david.c.bugby@jpl.nasa.gov
J. Rivera jose.g.rivera@ijpl.nasa.gov
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