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Future missions to Mars will require improved entry, descent, and landing (EDL)
technology over the Viking-heritage systems which recently landed the largest payload to
date, the 900 kg Mars Science Laboratory. As a result, NASA’s Low Density Supersonic
Decelerator (LDSD) project is working to advance the state of the art in Mars EDL systems
by developing and testing three key technologies which will enable heavier payloads and
higher altitude landing sites on the red planet. These technologies consist of a large 33.5 m
diameter Supersonic Disk Sail (SSDS) parachute and two different Supersonic Inflatable
Aerodynamic Decelerator (SIAD) devices — a robotic class that inflates to a 6 m diameter
torus (SIAD-R), and an exploration class that inflates to an 8 m diameter isotensoid (SIAD-
E). All three technologies will be demonstrated on test vehicles at high earth altitudes in
order to simulate the Mars EDL environment. Each vehicle will be carried to altitude by a
large helium balloon, released, spun up using spin motors to stabilize the vehicle’s
trajectory, and accelerated to supersonic speeds using a large solid rocket motor. The vehicle
will then be spun down using another set of spin motors, and will deploy either the SIAD-R
or SIAD-E, followed by the SSDS parachute until the vehicle lands in the ocean. Component
level testing and bounding analysis are used to ensure the survival of system components in
extreme thermal environments and predict temperatures throughout the flight. This paper
presents a general description of the thermal testing, model correlation, and analysis of the
spin motor passive thermal control sub-system to maintain spin motor performance,
prescribed vehicle trajectory, and structural integrity of the test vehicle. The spin motor sub-
system is predicted to meet its requirements with margin.

Nomenclature

= Specific heat CEC = Chemical Equilibrium Combustion
= Thermal conductivity CFD = Computational Fluid Dynamics
= Heat flux EDL = Entry, Descent, and Landing
= Temperature LDSD = Low Density Supersonic Decelerator
= Time PLIMP = Plume Impingement code
= Thermal emissivity RAMP2 = Reacting and Multiphase Program, version 2
= Pi SIAD = Supersonic Inflatable Aerodynamic Decelerator
= Density SSDS = SuperSonic Disk Sail
= Stefan-Boltzman constant TPS = Thermal Protection System
= Allowable Flight Temperature wcc = Worst Case Cold

Balloon Launched Decelerator Test WCH = Worst Case Hot
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1. Introduction

Previous lander missions to Mars have all relied
on heritage landing technology developed for
the Viking program in the 1970s and tested on
balloon launched decelerator test wvehicles
(BLDT)'. However, future missions to Mars will
require new types of decelerator systems in order
to land heavier payloads at higher altitudes.
Although many different types of decelerator
systems have been studied over the past 50 years® SR p—
NASA’s Low Density Supersonic Decelerator T T AT

33.5-meter Supersonic Disk Sail Parachute

(LDSD) program has been tasked with developing . H . y
and testing three new decelerator technologies to ==

enable future missions, shown in Figure 1. One of
these, the Supersonic Disk Sail (SSDS) parachute
is similar to the Disk-Gap-Band parachute tested
during the BLDT program. The other two are Figure 1. Parachutes tested in the LDSD test program®.
Supersonic Inflatable Aerodynamic Decelerator
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is an 8 meter outside diameter isotensoid intended T e W
for human exploration missions which inflates nseoo_ o b 55 eace
. . . Spin-Up an
using a combination of compressed gas and ram T 3 ignition \

air. Details on the development of the parachute,
SIADs, test vehicle can be found in””.

All three technologies are planned for testing
at the Pacific Missile Range Facility on Kauai,
Hawaii during the summers of 2014 and 2015°,
The flight profile of the vehicle is summarized in
Figure 2. The test vehicle is launched using a
helium filled balloon provided by Columbia
Scientific Balloon Facility. When it reaches a :
float altitude of approximately 118,000 ft (~36 Launch
km), the test vehicle is dropped, spun up for Figure 2. Summary of the flight profile’.
trajectory stability using solid propellant spin up
motors, and a large solid rocket motor fires to accelerate the test vehicle to around Mach 4. Once the main motor
burn is finished, the vehicle is de-spun using a set of spin down motors and the test period begins. The SIAD is
tested first, followed by a test of the SSDS parachute, and concluding with a descent into the ocean and subsequent
recovery. The flight spans a number of environmental regimes including ascent, float, test, and descent which can be
thermally challenging. In particular, the long ascent and float through the cold air in the upper atmosphere and the
large heat fluxes encountered during the solid rocket burns have proved challenging to manage in both the LDSD
test vehicle and the previous Viking-era BLDT test'®'".

The focus of this work is the LDSD test vehicle spin motor sub-system. First, an overview is given of the spin
motor sub-system and the sub-system requirements are discussed. Next, a spin motor thermal model is presented
along with its calibration to ground test firing data. The predicted spin motor plume heating and TPS temperature
predictions are also discussed. Finally, the predicted temperatures of the spin motors prior to firing are presented,
and top deck heating due to soakback is analyzed. The spin motors, top deck, and TPS system are all predicted to
meet their requirements with margin.

SSRS: Supersonic Ringsail
POD: Parachute Deployment Device

Altitude (ft)

SSRS Deploy+180sec 4

Ocean Impact
& Recovery

II. Spin Motor Sub-System Overview
A total of eight spin motors, four spin up and four spin down, are located on the exterior of the test vehicle as
shown in Figure 3. The spin up motors are numbered 1-4 (red) and the spin down motors are numbered 5-8 (green).
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Multiple spin motor firing configurations have been
considered through the course of the project. In the
simultaneous firing scenario, all four spin up motors
fire concurrently, followed by the main motor burn,
followed by all four spin down motors firing
concurrently. For the staggered firing scenario, there
are a total of four spin motor pairs which fire in
sequence before and after the main motor burn. The
sequence of motor burns in the staggered firing
scenario is as follows: spin motors 1 and 3, spin
motors 2 and 4, main motor, spin motors 6 and 8, and
then spin motors 5 and 7. It is necessary for the spin
motors to fire in pairs to apply a moment couple to the
vehicle without generating excessive nutation. In
addition, the amount of force generated by the spin
motors is dependent on the initial propellant
temperature, so large differences in spin motor
temperature could affect the vehicle trajectory and Figure 3. Spin motor numbering on the test vehicle.
stability. Spin up motors (1-4) are denoted by red text and spin

The primary thermal focus is on predicting spin  down motors (5-8) are denoted by green text.
motor temperatures prior to spin motor firing and
mitigating the effects of main motor and spin motor
plume heating. The main motor has a much longer
burn time than the spin motors (~67 s burn time vs.
~0.25 s), however the peak heat rates produced by the s,
spin motors are predicted to be roughly two orders of ‘J%
magnitude larger than those produced by the main BTG
motor. Although the main motor plume heating
contributes a majority of the integrated heat load, the
severe heat rates predicted for the spin motor plume
necessitate the use of additional thermal protection in
localized areas to protect against burn through.

The spin motors are located on the exterior of the
test vehicle and are shown in Figure 4 with and without
the thermal protection system (TPS). The spin motor
nozzle exit cone is painted white to reduce the effect of
direct incident sunlight on the spin motor temperature.
The spin motors are mounted to the top deck using
titanium brackets and inserts. The low thermal
conductivity of the titanium brackets protects the top deck from spin motor soak back heating. The spin motor TPS
primarily consists of a low density fibrous alumina insulation encapsulated in a high temperature glass fabric. The
insulation keeps the motors from getting too cold during the cold ascent through the troposphere and prevents the
spin down motors from getting too hot during the main motor burn. Compression of the low density fibrous
insulation is considered acceptable as long as a certain thickness of insulation is maintained. Previous studies have
reported that the thermal conductivity of low density fibrous insulation actually decreases when the insulation is
compressed by up to 50% [12]. This is likely because higher density fibrous insulators have more barriers to internal
thermal radiation and convection per volume than lower density fibrous insulators, resulting in a lower measured
thermal conductivity of the material. In certain regions, spin motor plume shields are used to protect the top deck,
parachute bridle, and parachute rigging TPS from the severe spin motor plume heating. The steel plume shields are
bonded to the top deck using titanium stand-offs with high temperature ceramic washers to thermally isolate the
shields from the top deck. The shields are painted with high temperature white paint to keep the initial temperature
of the plume shields low prior to spin motor and main motor ignition. In addition to the plume shields, a brush on
silicone ablator provided by Ames Research Center is used on selected top deck locations to prevent burn through of
the encapsulated fibrous insulation during spin motor plume heating.

The thermal design of the spin motor sub-system for the LDSD test vehicle shares some similarities with the
BLDT test vehicle. The spin motors for the BLDT test vehicle also were insulated and mounted on the exterior of
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Figure 4. Spin motor sub-system: a) without TPS b)
with TPS.



the test vehicle. They were insulated with one inch thick low-density fiberglass encapsulated in antistatic Dacron
fabric [10]. However, on the BLDT test vehicle, the spin motor plume heating was determined by analysis to be
negligible. This is likely because the exterior portions of the BLDT test vehicle structure were largely made of
metal, whereas the LDSD test vehicle structure is made of a composite with a narrow allowable temperature range,
which is summarized in Table 1. Metals have a higher thermal inertia than structural composites or insulators and
can better absorb high heat fluxes for a short duration of time. The metallic spin motor plume shields are necessary
to mitigate the substantial risk of encapsulated fibrous insulation burn through during the spin motor burn.

III. Spin Motor Sub-System Requirements

The spin motor sub-system was subject to a number of temperature requirements, summarized in Table 1. The
allowable flight temperatures (AFTs) are the temperature limits which the hardware is allowed to reach in flight, and
the qualification temperatures are the temperature limits to which the hardware was tested [13]. The hardware may
be capable of more extreme temperatures, but its performance may not be verified. The requirements are further
split up into operational and nonoperational regimes. For example, the spin motors are allowed to experience a
wider range of temperatures during nonoperation than they they can immediately before triggering the firing
sequence. After that, their temperature will rise rapidly due to internal heat generation and the AFTs no longer
apply. The top deck should remain below its operational AFT for the duration of the flight up until the end of
testing, when peak structural loads are experienced during parachute snatch. After that, during the nonoperational
regime, the vehicle will slowly descend to the ocean’s surface and have plenty of structural margin.

Table 1: Summary of allowable flight temperatures (AFTs) and qualification temperatures.

Allowable Flight Temperature (°C) Qualification Temperature (°C)
Operational Nonoperational Operational Nonoperational
Component Min Max Min Max Min Max Min Max
Spin Motor -39 54 -39 54 -54 74 -54 74
Top Deck -43 64 -43 88 -58 84 -58 108
Fibrous Insulation -45 730 -45 730 -60 750 -60 750
Insulation Encapsulant -45 730 -45 730 -60 750 -60 750

The temperature limits on the fibrous insulation and encapsulant were established through high temperature oven
testing. Two types of oven testing were performed. In the first, a steel block was placed in a high temperature oven
and its temperature allowed to equilibrate. The block was then removed and placed onto a room temperature sample,
where a thermocouple measured the contact temperature between the block and the sample. In the second test, the
entire sample was placed inside the high temperature oven. Both the fibrous insulation and encapsulant were
successfully tested up to 750 °C without any signs of melting or burning.

An additional requirement also states that the temperature difference between the two spin motors in a spin
motor pair shall be 8 °C or less when the spin motors are fired. Because the amount of force produced by the spin
motor is slightly dependent on the initial propellant temperature, this requirement exists in order to ensure that a
mismatched force generated by a pair of spin motors will not change the vehicle trajectory or cause excessive
vehicle nutation. Each spin motor temperature will be monitored during ascent using a thermocouple and the data
will be used to inform the real time decision to initiate the test sequence for the vehicle.

IV. Spin Motor Thermal Model Calibration

When a spin motor fires, it generates a significant amount of heat and the motor casing and nozzle exit cone get
very hot. The implementation on the LDSD test vehicle only exacerbates the problem. The spin motors are insulated
as much as possible to protect them from main motor plume heating, but this insulation prevents the spin motors
from rejecting heat after they fire. This is a concern for the top deck, where the spin motors are mounted. During
spin motor ground testing, thermocouples were added to different parts of a spin motor to quantify the amount of
energy released during spin motor fire. Testing was performed at atmospheric pressure. The spin motors were
chilled in a temperature controlled chamber and removed just prior to testing in order to match the predicted flight
firing temperatures as closely as possible. Figure 5 shows the test setup and spin motor components before and
during the firing test along with a thermal model of the test setup.
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A thermal model of the spin motor test setup was constructed in the thermal analysis tool Thermal Desktop®.
The model considered the conductive heat flow from the spin motor to the test stand, and contained boundary
conditions to represent natural convection and radiation to the environment. The initial condition of the spin motor
was set to the chamber temperature, and the initial
condition of the test stand was set to the ambient air
temperature. The analysis began when the spin motor
was removed from the temperature chamber and ended
after the spin motor was fired. A total of five time-
varying heat loads to different segments of the spin
motor were created and calibrated so that the modeled
temperature response matched the test firing data as
closely as possible. The temperature response of six
discrete points on the thermal model match the test data
well and are shown for comparison in Figure 6.
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V. Spin Motor Plume Heating Predictions

The spin motor solid rocket plumes are by nature two-phase; consisting of gaseous hot combustion products and
solid aluminum-oxide particles, as they have agglomerated, shattered, and solidified once exiting the nozzle [14].
Spin motor plume heating is caused by three different mechanisms: heat transfer from plume particle thermal
energy, plume particle kinetic energy, and gaseous convection. Plume induced environments were predicted at
discrete times during the spin motor and main motor firing events. The main motor plume heating environment is
beyond the scope of this paper. The trajectory and freestream conditions used for the analysis correspond to the
expected flight trajectory with the spin up and spin down respectively occurring at approximately 120,000 and
164,000 ft (36 and 50 km) altitude (Figure 2).

Engineering codes and computational fluid dynamics (CFD) were used to predict the plume induced
environments. The Plume Impingement (PLIMP) engineering code was used to predict the particle thermal and
kinetic heating on the test vehicle [15-16]. Chamber conditions, provided by the spin motor contractor
(NammoTalley, Inc) were used to generate gas thermodynamic properties using the Chemical Equilibrium
Combustion (CEC) program [17-18]. The CEC code computed the chemistry and thermodynamic transport
properties from the chamber throughout the expansion process to the nozzle exit plane. The combustion
chamber/nozzle solution for the spin motor nozzle was performed using the Reacting and Multiphase Program,
version 2 (RAMP2) [19-20]. The RAMP2 program is a single or multi-phase inviscid method of characteristics
supersonic flow code that fully couples the momentum and heat transfer processes that occur in solid rocket motors
between the gas and condensed alumina particulates. The CEC and RAMP2 codes are heritage, computationally
efficient, codes that have been developed and utilized over the last 30 years. The nozzle boundary layer properties
were generated using the Boundary Layer Integral Matrix Procedure code [21]. At a certain point in the flow, the
obtained nozzle flow field solution was extracted and post-processed to be used as a prescribed boundary condition
in the CFD grid, which consisted of around 173 million cells. The plume impingement flow field was modeled using
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the CFD code, Loci-CHEM 3.2 [22-26]. The CFD flow field model characteristics and assumptions are summarized
in Table 2, and the surface mesh and prescribed nozzle inlet boundary are shown in Figure 7.

Table 2: CFD setup and flow model characteristics.

Boundary Conditions No-slip, isothermal walls

Chemical Species Frozen 2 species: equivalent air and equivalent plume gas
Compressibility Correction Sarkar

Diffusion Model Laminar-Schmidt

Discretization 2" order time and space

Thermodynamic Properties Thermally perfect, temperature dependent specific heat
Turbulence Model Shear Stress Transport, SST

Viscosity Model Sutherland

Prescribed Nozzle Inlet Boundary

Figure 7. Spin up motor surface mesh with prescribed nozzle inlet boundar

The predicted spin motor plume flow field mach contours are shown for spin up and spin down in Figure 8, a and
b, respectively. The spin up plume is smaller and more concentrated than the expanded spin down plume due to the
altitude difference of both simulations. The nozzle flow is highly under expanded for both altitudes and the plume
expansion at the nozzle exit affects the local plume impingement heating and impacted area. This means that at spin
up, the plume is smaller but heating is more severe, and at spin down the plume heats more area at a generally less
severe heat rate. The representative plume heating on a set of spin motors is shown in Figure 8c. The region of
highest heating is on the adjacent spin motor case, however other areas experience significant spin motor plume
heating as well. The predicted heat rates are on the order of 100 W/cm® or greater.

Figure 8. Selected CFD simulation results: a) mach contour for the spin up plumes b) mach contour for the
spin down motor plumes c) heat flux contour on the spin motor case, bridle, and top deck.

VI. Plume Shield Temperature Predictions

With extremely high heat rates, a very low thermal inertia material such as fibrous insulation rapidly approaches
radiative thermal equilibrium. This can be verified using the analytical solution for the surface temperature of a
semi-infinite body subjected to a constant heat flux [27], shown in Equation 1.
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In this equation, 7; is the initial temperature of the semi-infinite body representing the insulation, ¢~ is the
surface heat flux, ¢ is time, m is Pi, k is thermal conductivity, p is density, and ¢, is specific heat. Equation 1 only
holds true for a short time because as the insulation surface temperature rises, so does the thermal radiation emitted
from the surface. As a result, a simple energy balance can be used to estimate the peak surface temperature, shown
in Equation 2.

T = (q"/0g)%?> (2)

In this Equation, T is temperature, ¢ ” is heat flux, o is the Stefan-Boltzman constant, and ¢ is the thermal emissivity.
With a heat flux on the order of 100 W/cm? or greater, the surface temperature can exceed 1500 °C during the 0.25 s
spin motor firing, even though the fibrous insulation and encapsulant were only qualified to 750 °C. As a result, low
thermal inertia fibrous insulation alone is not sufficient to protect against the spin motor plumes due to the serious
risk of burn through. Instead, metallic plume shields are sized and designed to protect the vehicle in peak heat flux
regions. AISI 304 steel is chosen as the shield material due to its high melting point, low cost, relatively high
thermal conductivity, and the availability of well documented temperature dependent material properties [27, 28].

A 1D numerical model was used to predict the through thickness steel temperature of the plume shields. The
model considered the worst case combination of heat loads from the spin motor and main motor plumes, and used an
adiabatic boundary condition for the shield backside. The heated surface was radiatively coupled to a node
representing the environment for the duration of the simulation. At the most severe heating location on the adjacent
spin motor, the rocket plume was assumed to erode the paint so that the bare steel was present and the thermal
emissivity of the surface was reduced. At other
locations, the high temperature paint remained below its

allowable temperature.  The risk of charring or

blackening of the paint could have raised the solar

absorptivity after motor fire, but is not expected to — |
change the thermal emissivity. Although the numerical = !

model uses temperature dependent properties and = /

considers surface radiation, and the analytical solution < /

of Equation 1 uses constant material properties and ,’l

neglects surface radiation, the predicted surface I —Surface (Numerical)
temperature is similar. In this way, the analytical [T :giffl;sc'ge( ,S;:::;?Cr;ffl)
solution is used to validate the numerical model. The = = b = 2
numerically predicted surface and backside temperatures 10 TimLOAfter Start c;]fop|ume Heat1ir?g (s) 10

at the most severe heating location is plotted vs. time in Figure 9. Predicted plume shield temperatures using

Figure 9 along with the analytically predicted surface pumerical and analvtical methods.
temperature.

VII. Spin Motor Temperature Predictions

In order to obtain temperature predictions for the spin motors during flight, it was necessary to integrate the
calibrated spin motor model into the LDSD system level thermal model, which was described in detail in a previous
paper [11]. First, the spin motors were conductively coupled to the top deck of the test vehicle. The nodal
discretization of the top deck had to be refined in order to properly capture heat spreading from the spin motor
bracket to the top deck composite. The mass of the spin motor brackets and top deck inserts were represented using
a single node for each bracket and a single node for each group of inserts. The conductance values were obtained
through a resistance network analysis which used tabulated bolted joint resistances and conductance values obtained
through a finite element analysis of the spin motor brackets and top deck inserts. TPS was added to the model
around the spin motors, and time-varying heat loads were applied to the TPS to represent the main motor and spin
motor plume heating. Uncertainties in the environment and convection coefficients were accounted for through the
use of worst case hot (WCH) and worst case cold (WCC) bounding environments. The same bounding thermal
environments and convection coefficients, previously described in detail [11], were used in this work. Both radiation
and air convection were considered on the exposed surfaces of the spin motors and TPS. Two spin motors in the
completed thermal model are shown in Figure 10.
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One of the unique thermal challenges for the spin
motor sub-system is taking into account the changing
and uncertain thermal environments around the test
vehicle, shown in Figure 11. These environments are
especially relevant in predicting whether the 8 °C
temperature difference requirement for the spin motor
pairs is met. Although largely symmetrical, the entire
vehicle hangs from a balloon at a 24 degree nominal
hang angle. In reality, the hang angle could be
anywhere from 17 to 30 degrees. The hang angle can
affect the albedo, sky IR, ground IR, and direct solar ==
flux on both sides of the test vehicle and the spin Figure 10. The spin motor thermal model was
motors. In addition, the vehicle naturally spins at a rate integrated into the LDSD system thermal model along
of approximately 1 RPM as it ascends to its float with the spin motor TPS.

altitude. This is good because it
spreads the direct solar flux evenly
o
Q\

I Environment Energy Exchange |

around the vehicle through the
ascent. However, once the vehicle
reaches float altitude, it may or may
not continue to spin. If it does not
spin, the natural pointing direction of <
the vehicle would be random. The
balloon has the ability to spin or

T
l

‘ 1 RPM Spin axis

v

4

point the vehicle prior to initiation of i ¥ o~

the motor firing sequence, but it is spmM::::;Z,rss'/: £ ":!
desirable that the vehicle has a - %‘

robust design regardless of pointing. %

For the WCH orbit, the sun passes / SpinMotors2,7
directly overhead the vehicle at R, S

noon, but in a WCC orbit, the sun

reaches a maximum elevation angle ﬁ ﬁ

of 65 degrees from the horizon. The

WCH environment also has a much {Con =
larger albedo than the WCC Figure 11. The vehicle thermal environments and their relation to the
environment (0.35 vs. 0.06) [11]. spin motors [11].

Due to the uncertainty in the environment for the test vehicle and the influence that this may have on individual
spin motor temperatures, a rigorous set of analyses were performed to better understand the effect of hang angle,
vehicle spin, pointing direction, and sun angle on the spin motor temperatures. The temperature of the spin motors
vs. time after start of ground operations for both WCC and WCH in the nominal condition (fast spin, 24 degree hang
angle) and the conditions which represent the largest predicted temperature difference for both WCC and WCH are
shown in Figure 12. The worst predicted temperature difference in a spin motor pair is 5 °C for WCH (Figure 12, c)
and 7 °C for WCC (Figure 12, d).

Numerous trends were observed, some more obvious than others. First, a spinning vehicle is preferable to a non-
spinning vehicle because the spinning spreads the solar loads more evenly on the various spin motors. Second, a
larger hang angle corresponds to larger temperature differences between spin motor pairs. This is because the spin
motors in a single pair are on opposite sides of the vehicle (Figure 3) with spin motors 4 and 5 having a better view
of the sky, and spin motors 2 and 7 having a better view to the ground and albedo (Figure 11). The consequence of
this point is that spin motors 4 and 5 tend to be colder than spin motors 2 and 7, unless spin motors 4 and 5 receive
direct sunlight. Spin motors 1, 3, 6, and 8 tend to have more uniform temperatures because they are on the interior of
the vehicle and are “shaded” from the extremes that spin motors 2, 4, 5, and 7 experience. Third, the interior spin
motors (2, 4, 5 and 7) are predicted to be slightly colder on average than the other spin motors because they are
partially covered by the plume shields. The plume shields are painted white and have a lower solar abosorptivity
than the fibrous insulation encapsulant. All these trends are evident in Figure 12, a-d.

Other trends were less obvious. These are best explained by close examination of Figure 12, ¢ and d. It is
interesting that for WCH, the worst direction for the vehicle aeroshell to point is to the SE (Figure 12, c), while for
WCC, the worst direction for the vehicle aeroshell to point is to the NW (Figure 12, d). When the vehicle aeroshell
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Figure 12. Spin motor temperature predictions: a) WCH environment with a 24 degree hang angle and a fast
spin b) WCC environment with a 24 degree hang angle and a fast spin ¢c) WCH environment with 30 degree
hang angle and no spin, aeroshell pointing SE d) WCC environment with a 30 degree hang angle and no spin,
aeroshell pointing NW.

points to the SE in WCH, the albedo is high and the spin motors are totally shielded from direct sunlight. As a result,
spin motors 2 and 7 are much warmer than spin motors 4 and 5. When the vehicle aeroshell points to the NW in
WCC, spin motors 2 and 7 receive very little albedo and spin motors 4 and 5 receive a significant amount of direct
sunlight. As a result, spin motors 4 and 5 get significantly warmer than motors 2 and 7. The only reason this is
possible in WCC is because the sun is at the lowest elevation angle possible within the launch window. For the
WCH environment with no vehicle spin and the aeroshell pointed to the NW (not shown), the sun angle is higher
and the heating of spin motors 4 and 5 by direct sunlight is partially blocked by the aeroshell.

Ultimately, the spin motor sub-system is predicted to meet the 8 °C temperature difference requirement for the
spin motor pairs, but without much margin. On flight day, the spin motor temperatures can be monitored and some
adjustments could be made if necessary. If the vehicle is not spinning freely, then it is possible that it could be
intermittently rotated “rotisserie” style, using the vehicle’s rotator mechanism. Alternatively, if spin motors 4 and 5
need to be heated up relative to motors 2 and 7, the test vehicle can be pointed with the aeroshell to the NW so that
sunlight heats up motors 4 and 5. In the opposite case where spin motors 4 and 5 need to be cooled down relative to
motors 2 and 7, the vehicle can be pointed with the aeroshell to the SE to block the sunlight that may heat up motors
4 and 5.

VIII. Top Deck Temperature Predictions

The final major thermal concern centered around keeping the top deck below its AFTs after spin motor firing.
The top deck AFT is set at 64 °C operational, 88 °C nonoperational on the hot side in order to maintain the structural
integrity of the test vehicle. Operational is defined as before the end of the parachute test period, when the loads are
high, and nonoperational is defined as after the test period, during descent, when the structural loads are low. The
spin motors presented numerous threats to the top deck. After the spin motors fire, they are expected to significantly
increase in temperature due to internal heat generation, as discussed previously in Section IV. However, the spin
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motors are conductively coupled with the top deck through the spin motor brackets. As a result, the brackets were
made from a titanium alloy with a low thermal conductivity. The predicted temperature of the brackets and top deck
is shown in Figure 13. Although the predicted temperatures are very close to the AFTs, there is a 20 °C margin
between the hot side AFT and qualification temperature, which is standad practice at JPL [13].

A separate detailed model was made to consider localized heating of the top deck underneath the titaniuim stand-
offs which support the plume shields. The worst case heating environment for top deck heating is the spin up plume
heating followed by main motor heating. This is because the spin up plume heating is more severe than the spin
down plume heating since the spin up takes place at a higher atmospheric pressure than spin down, confining the
rocket plume and increasing the heat rate. In addition, the spin up plumes heat up the plume shields at the earliest
possible moment so that the heat has more time to propagate to the top deck. High temperature ceramic washers and
low thermal conductivity titanium stand-offs are used to thermally isolate the spin motor plume shields from the top
deck. The maximum temperature of the top deck occurs directly underneath the titanium stand-offs. The maximum
predicted top deck temperature is illustrated in Figure 14.
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Figure 13. The WCH predicted temperature of the  Figure 14. The WCH predicted temperature of the
top deck and spin motor brackets. top deck underneath the titanium stand-offs.

IX. Conclusion

The spin motor sub-system is predicted to meet all of its requirements with margin, using only passive thermal
control. A careful and rigorous analysis shows that the spin motors are predicted to stay well within their AFT
limits, and that spin motors in a single pair will be within 8 °C of each other prior to spin motor fire. This will help
ensure the correct vehicle trajectory. The top deck also will stay within its operational and nonoperational AFT
limits using titanium alloy spin motor brackets and thermal isolation of the spin motor plume shields. Keeping the
top deck within its AFT is necessary to maintain the structural integrity of the test vehicle during parachute
deployment. Finally, the TPS consisting of high temperature insulation and steel plume shields is predicted to
remain within its capabilities during both the ultra-high heat flux loads from the spin motor plume heating, as well
as the longer but less intense main motor plume heating.
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