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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 (qLOSS), 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 ), 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 
PALETTE1-3, ARTEMIS4, ROD-TSW5, ES-ROD-TSW6, and mini-ROD-TSW6 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 (FSS7), the 
Lunar Surface Electromagnetics Experiment at Night (LuSEE-Night8), 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. 

 
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. 

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

The ten new additions to the thermal toolbox9-13, 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. 

 
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 qLOSS (W/m2) 

2. PRR Lunar surface radiative sink temperature TS (K) 

3. SMLI Effective emissivity * 
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) GOFF (W/K) 

9. VTC VTC-supported structure spring constant, frequency k (N/m),  (Hz) 
10. WHLM Optimum arrangement for reducing wiring heat leak QOPT (W) 

1. TSE Lunar Night Heat Loss Flux (qLOSS) 

The TSE lunar night heat loss flux (qLOSS) is the heater power (QH) needed to keep the TSE internal 
housing (IH) above 253 K during lunar night divided by the TSE external housing (EH) area (AEH). 
Equation 1 indicates that qLOSS includes radiative and conductive heat loss terms. On the NASA 
GCD-funded PALETTE project, developing a TSE that would reduce qLOSS to 3 W/m2 (or lower) was 
the project goal. The actual qLOSS value attained during PALETTE was 0.56 W/m2. 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 qLOSS spreadsheet computational tool (bottom box). The 
information contained within top box demonstrates how effective the TSE is at minimizing qLOSS. 
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. 

qLOSS
 
=  *EH

 
(TEH

4 – TE
4) + NISO GISO (TEH – TE) / AEH    (1) 

 

 
Figure 4. TSE lunar night heat loss flux (qLOSS) 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 (iQi) 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 = [iQi/(R R AR )]0.25      (2) 

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

3. SMLI Effective Emissivity (*) 

Effective emissivity is defined as the radiative heat flux (qH-to-C) transferred from surface H (at TH) 

to surface C (at TC) divided by (TH
4 – TC

4). 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 H and C, respectively, * = GR/A = 1/(1/H + 1/C – 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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QR = net radiating capability of radiator (PRR)
TR = radiator (PRR) temperature
TS = environment radiative sink temperature
AR = radiating area of PRR, R = emissivity, R = effectiveness
AF = frontal area of PRR = 2(1+f) AR

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

Alternate Form of STE: RR AR  TR
4 = QR + iQi

Qi = environmental heat source (i) to radiator
Solving for TS = (iQi/[RR AR ])0.25

Environmental heat sources (QI) include: How to Minimize TS

1. Radiation heat source from hot lunar surface Q1 = (1-R)(TE
4-TS

4)FAF R high as possible

2. Radiation heat flux from lander to sides of radiator through MLI Q2 = e*(TL
4-TS

4)ARS e* low as possible

3. Radiation heat flux from instrument to back of radiator through MLI Q3 = e*(TI
4-TS

4)AF e* low as possible

4. Conduction heat flux from instrument to radiator via mounts + thermal switch Q4 = (NG+GOFF)(TI-TS)        G,GOFF low as possible

TS = ([(1-R)(TE
4-TS

4) FAF + e*(TL
4-TS

4)ARS + e*(TI
4-TS

4)AF + (NG+GOFF)(TI-TS)]/[RR AR ])0.25 … implicit equation for TS
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* = 1/[2(1/H/C + 1/DAM – 1) + (N – 1)(2/DAM – 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/A]A-B = 1/(1/A + 1/B – 1). That total of N+1 is composed of N-1 DAM-to-DAM 

couplings, where [GR/A]DAM-to-DAM = (N-1)(2/DAM -1), in series with 1 H-to-DAM coupling, where 

[GR/A]H-to-DAM = (1/H + 1/DAM – 1), in series with 1 C-to-DAM coupling, where [GR/A]C-to-DAM = 

(1/C + 1/DAM – 1). By combining [GR/A]DAM-to-DAM, [GR/A]H-to-DAM, and [GR/A]C-to-DAM in series 

(where we assume H = C = H/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, eH/C = 0.9 (eH/C = eCUBE in Figure 6), and eDAM = 0.026, yields an e* = 0.0016. 

 
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: T values in Equation 4 will be defined shortly). 

G = (TQMT/TQMC) QQMC / TP     (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 

The PALETTE Spacerless MLI (SMLI) test unit consisted of an

internal cube ( = CUBE), 8 spacerless layers of double aluminized

Mylar or DAM ( = DAM), and an external cube ( = CUBE). For this

system, the * for N parallel plates (ignoring variable area effect) is …

* = 1/[2(1/CUBE + 1/DAM - 1) + (N - 1)(2/DAM - 1)]

note: if CUBE = DAM, * = 1/[(N+1)(2/DAM -1)]

JPL measurements of DAM emissivity indicated DAM = 0.026.

Plugging in DAM = 0.026, CUBE = 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.

Thus, it appears (at least for the cold case) that Spacerless MLI

performs very similarly to multiple parallel low emissivity plates.
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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 TQMC above QM bottom. Next, H2 is 
set to 0 W, H1 is 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 TP while the red puck rises by only TQMT. Heat flow through the LCTI 

(QLCTI) is assumed equal to ([TQMT/TQMC]QQMC), hence GLCTI = QLCTI/TP, 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.  

 
Figure 7. LCTI thermal conductance (G) analytical methods. 

5. ROD-TSW Thermal Conductance ON/OFF (GON, GOFF) 

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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ISOLATOR MATERIAL: 
ULTEM, k =0.22 W/m-K

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.
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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, GOFF = 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, CTEhigh = CTE of high CTE material, 

CTElow = CTE of low CTE material, T = 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 – CTElow) T      (5) 

PS = i(F
 
Li)/(EiAi) … sum over (i) from i = 1 to N    (6) 

 

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

6. ES-ROD-TSW Thermal Conductance ON/OFF (GON, GOFF) 

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 (GOFF) of 5E-4 W/K, which yields 
the 13000:1 ratio. The rationale for using the calculated (not the measured) GOFF value is that the 
test did not use a QM, thus the ultra-low heat flows (in the OFF state) could not be measured. 

Stroke = N L (CTEhigh – CTElow) T

Pre-Stretch = i (F Li)/(EiAi) … sum over (i) from 1 to 2N

N = number of stages
L = length
F = force
E = modulus
A = area
T = T (at assembly) - T

Temperature (T) at which Stroke = Pre-Stretch 

is the actuation temperature (TACT) … further 

cooling creates a GAP that continues to grow.
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a. CTEU =  50E-6 K-1 (Ultem 1000)
b. CTEA =  2E-6 K-1 (mostly Invar 36 + Ultem 2300 “nub”)

2. Nodalize each element into N nodes (10 is good number)
3. Each element starts out at time = 0 at temp T0, length L0

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. Length change Li (odd i) = - j L0(Ti,j – T0) CTEU/N

8. Length change Li (even i) =   j L0(Ti,j – T0) CTEA/N
9. GAP = i Li – PS (PS defined as positive number)

10. Gap Conductor GGAP (updated at each time step)
a. If GAP < -PS GGAP = 5 W/K

b. If -PS < GAP < 0 GGAP = -5* GAP/PS + 1E-10 W/K
c. If GAP > 0 GGAP = 1E-10 W/K
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Figure 9. ES-ROD-TSW ON/OFF behavior analytical methods. 

7. mini-ROD-TSW Thermal Conductance ON/OFF (GON, GOFF) 

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, GOFF = 
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). 

 
Figure 10. Mini-ROD-TSW ON/OFF behavior analytical methods. 

Stroke = N L (CTEhigh – CTElow) T

Pre-Stretch = i (F Li)/(EiAi) … sum over (i) from 1 to 2N

N = number of stages
L = length
F = force
E = modulus
A = area
T = T (at assembly) - T

Temperature (T) at which Stroke = Pre-Stretch 

is the actuation temperature (TACT) … further 

cooling creates a GAP that continues to grow.
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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. Length change Li (odd i) = - j L0(Ti,j – T0) CTEU/N
8. Length change Li (even i) =   j L0(Ti,j – T0) CTEA/N
9. GAP = i Li – PS (PS defined as positive number)
10. Gap Conductor GGAP (updated at each time step)
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b. If -PS < GAP < 0 GGAP = -5* GAP/PS + 1E-10 W/K
c. If GAP > 0 GGAP = 1E-10 W/K
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8. mini-LHP Thermal Conductance OFF (GOFF) 

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 (GOFF) 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. 

 
Figure 11. Mini-LHP OFF conductance analytical methods. 

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

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. 

Implemented in series with ROD-TSW to provide passive 

thermal switching for a thermally-switched enclosure (TSE).

ON conductance from PALETTE and ARTEMIS-T testing

1-6 W/K … orientation/temp dependent

1-2 W/K … temp dependent

1.6-2.5 W/K … temp dependent

OFF conductance from two 1.6 mm (1/16th 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*(p(1.62 – 1.32)/4)/1E6/0.21 ~ 0.0001 W/K

ON/OFF ratio: 10000-60000:1
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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 (EEFF) 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 = EEFF A / L … where EFF = 22 GPa << EVectran   (7) 

LS  = kL = F/L        (8) 

To determine the first-mode frequencies () 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. 

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

10. WHLM Optimum Heat Loss (QL,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 (W0), 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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WASHER

Initial idea circa Aug 2020 envisioned Kevlar Tension Cables* (KTC)

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

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

JPL built few Kevlar cables that “worked” but had low strength.

Applied Fiber was then approached and they suggested Vectran.Applied Fiber 

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

1. Cable Axial Stiffness (N/m) = EEFFA/L … where EEFF ~ 22 GPa < EVectran

2. Cable Lateral Stiffness (N/m) = F/L
3. IH Translational Stiffness (N/m) = TS = 8/[0.70714/(EEFFA/L) + 0.70714/(F/L)]
4. IH Rotational Stiffness (N-m/rad) = RS = 8*2*L2/[0.70714/(EEFFA/L) + 0.70714/(F/L)]
5. IH Translational Frequency (Hz) = [TS/m]0.5/2p
6. IH Rotational Frequency (Hz) = [RS/MOI]0.5/2p
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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. 

 
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 LCRT14 (Lunar Crater Radio Telescope), LGN15 (Lunar Geophysical Network), 
LVHM16 (Lunar Vector Helium Magnetometer), LTV17 (Lunar Terrain Vehicle), VIPER18 (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. 

Ranking of WHLM Architectures
(3 primary architectures W1, W2, W3 and 4 combinations were all evaluated → 7 total architectures ranked)

FSS Prototype
Implemented
W3 WHLM
Architecture

W0 → straight path (Cu wire)
W1 → straight path (spliced-in PB wire*)
W2 →maximum diagonal path (Cu wire)
W3 → isolation in/out (Cu wire)
* D increased by SQRT(11/1.7) to maintain same resistivity as Cu @ 300 K

W0
DWIRE 2.54E-04 m 30 gauge
kAVG 400 W/m-K Cu @ 300 K
NWIRE 50
TIH 300 K
TEH 100 K
LPATH 0.0500 m
Q 4.0537 W 

W2
DWIRE 2.54E-04 m 30 gauge
kAVG 400 W/m-K Cu @ 300 K
NWIRE 50
TIH 300 K
TEH 100 K
LPATH 0.4975 m
Q 0.4074 W 

W3
DWIRE 2.54E-04 m 30 gauge
kAVG 400 W/m-K Cu @ 300 K
NWIRE 50
TIH 300 K
TEH 100 K
LPATH 0.5500 m 25 cm in/out
Q 0.4100 W NWIRE x Q (one wire)

W1
DWIRE 6.46E-04 m match 30 ga. Cu resistivity

kAVG 48 W/m-K
NWIRE 50
TIH 300 K
TEH 100 K
LPATH 0.0500 m
Q 3.1475 W 

Phosphor-Bronze @ 300 KPhosphor-Bronze @ 300 K

W1

W3

W2

Wiring Parameters
NWIRE, DWIRE, kAVG

30 cm Internal Housing (IH) … T = 300 K

40 cm External Housing (EH) … T = 100 K

W0

L = 25 cm
e* = 0.05

L = 25 cm
e* = 0.05

Results (NWIRE = 50) Q (W)
W0 4.0537
W1 3.1475
W2 0.4074
W3 0.4100

W1-W3 Combos Q (W)
W4a: W1+W2 0.3165 (QW2*QW1/QW0)
W4b: W2+W3 0.2160 (adjusted W3 model)
W4c: W1+W3 0.3810 (adjusted W3 model)
W4d: W1+W2+W3 0.1815 (adjusted W3 model)

Conclusion: W3 Ranks Highest
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One Wire TD Model
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217.8 K197.6 K

Q (one wire) = 0.000405366*(217.8 – 197.6) = 0.0082 W 
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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 (qLOSS) 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 () of Vectran tension cable (VTC) supported structures; and (g) 
optimized heat leak (QOPT) 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. 
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FSS
Farside Seismic Suite

LuSEE-Night
Lunar Surface Electromagnetic Expt.

LCRT
Lunar Crater Radio Telescope

LGN
Lunar Geophysical Network

LVHM
Lunar Vector Helium Magnetometer

LTV
Lunar Terrain Vehicle

VIPER
Volatiles Investigating Polar Exploration Rover

Instrument
Extended-Duration Operation/Survival

Rover
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Extended-Duration Operation/Survival

Manifested Mission

Manifested Mission

Possible Mission

Possible Mission

Possible Mission

Possible Mission

Manifested Mission

Possible System

Possible System
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Landing Site: Schrodinger Basin 71 S, Farside
Power Dissipation: Day 10 W (25 W during transmit), Night 5 W

Landing Site: Mid-Latitude, Farside
Power Dissipation: Day 25 W (40 W during transmit), Night 12 W 

Landing Site: Low Latitude (10 S to 10 N), Farside
Power Dissipation: Day 165 W, Night 45 W

Landing Sites: 
Power Dissipation: Day 160 W, Night 40 W (TBR)

Landing Site: Not selected
Power Dissipation: Day 10 W (25 W during transmit), Night 5 W

Landing Site: Lunar South Pole
Power Dissipation: Day TBD, Night 50 W minimum (for SPs)

Landing Site: Nobile Crater (-85), Nearside
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Figure 15. Personnel and organizations that contributed mightily to this work. 

APPENDIX 

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

A  Area (m2) 
AF  Frontal Area (m2) 
AR  Radiator Area (m2) 
D  Diameter (m) 
DAM  Double Aluminized Mylar 

T  Temperature Difference (K) 
E  Modulus of Elasticity (N/m2) 
EEFF  Effective Modulus of Elasticity (N/m2) 

*  Effective Emissivity 
EH  External Housing 
F  Force (N) 
FSS  Farside Seismic Suite 
G  Thermal Conductance (W/K) 
GISO  Thermal Conductance of Isolators (W/K) 
GOFF  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) 
qLOSS  Lunar Night Heat Loss Flux (W/m2) 
QM  Q-Meter 
QMC  QM Calibration 
QMT  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 

  Frequency (Hz) 
VIPER  Volatiles Investigating Polar Exploration Rover 
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