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e 8 Europa Clipper (EC)

Science objectives:
» Perform flyby’'s to explore this icy moon of Jupiter; 9 instruments

B Determine ice thickness, search for subsurface lakes/oceans,
determine the depth and salinity of these bodies of water

» Assess whether Jupiter's icy moon, Europa, may have conditions
suitable for life

Propulsion Module, Propulsion Subsystem,
APL Goddard

/) \

RF Module,
APL

Propulsion
Module,
APL

Solar Array
Wing (x2),
APL
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* Liquid propellants:

* Ensure outlet of liquid propellant remains “wetted” (avoid “slosh”) =
backfill the tank using a gas pressurant = Helium (He) in this case

« Components mounted to plates: valves, filters, etc., (somewhat
analogous to a SCUBA regulator system)

— Adjust gas pressurant (He) flow = PCA plate = Pressurant
Control Assembly

— Fuel = MMH = Monomethylhydrazine
— Oxidizer (Ox) = MON-3 (Mixed Oxides of Nitrogen)

Avoid combusting too soon (before it reaches the engine)
= separate the paths of Oxidizer (Ox) & Fuel

Fuel + Ox = Combustion (Thrust)

— Adjust liquid propellant (fuel and oxidizer) flow = PIA plate =

Backfill with
pressurant
(gaseous He)

Oxidizer (Ox)

(He) Gas
g Pressurant

N, L
CAD Images, Credit: Kurt Wolko *** g

[details of images have been redacted]
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Thruster Photo Credit: MOOG.
https://www.moog.com/content/dai®/moog/lit

erature/Space_Defense/spaceliterature/propul
sion/bipropellant_thrusters rev_0418.pdf
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ANALYSIS WORKSHOP

Typical

Europa Clipper (Not Typical)

Approach: » |Isolate components from structure, » Jupiter is far from sun, minimal solar power available, minimize
and use heater power to maintain their heater power needed, thermally couple components to
temperature. structure.

Thermal » Heaters, controlled by thermostats or * Pumped fluid loop (HRS) draws heat from the warm “Vault” of

Control: flight software (FSW), located on: prop electronics, and transports it to prop module structure, PCA/PIA
lines (to prevent liquid from freezing), plates, and engine REM brackets. Goal is to avoid using heaters
engine valves, other components as on prop lines or components.
needed.

Prop Lines: * Install thermostats, heaters, « Bare Ti prop lines and components, radiating to structure.
aluminum over-tape, sensors, and
MLI.

Engine * |solate from structure » Heat-sink to structure.

Valves:  Install heater, sensor and/or * No heater. Rely on heat sink to HRS to cool valve during soak-

thermostat
No blanket, and no over-tape (need
high-e to radiate during soak-back).

back, and to heat valve during cold cruise.
« Bare (no blanket or tape).

Heat Redistribution
System (HRS):

HRS delivers heat to
propulsion module,

keeping structure
___warm

Warm
Electronics
“Vault”

—

o




Typical Europa Clipper (Not Typical)

Propellant » Heaters, thermostats, sensors, aluminum tape, blanket « Bare Ti tanks, no heaters.
Tanks (liquid): Or » Radiate to warm cylinder (prop module
« Heaters on structure that surrounds/holds tanks, high-e cylinder is irridite aluminum, heated by
surfaces inside “toasty cavity”, radiative coupling. HRS).

Note: Prop system is internal to spacecraft, access is
blocked at later stages, so it is one of the few subsystems
that is critical to define Tvac Thermocouple locations and
install them EARLY during fabrication (not during testing

phase).
Pressurant « Bare. No heaters, no blankets. Tank located internal to » Heaters, thermostats, sensors, and
Tanks (gas): spacecraft. blanket.
* Need to maintain tank above cold limits and
to pre-heat tanks before long burn.
Engine + Heater. * No heater. Rely on conduction through
Injector: valve to HRS to maintain above cold limit.
Engine Nozzle: | « High-emissivity outer coating, to radiate heat away * Same.

when firing, to prevent engine from overheating

High- + High-temperature blankets near thrusters * Same.

Temperature

blankets:

Contamination | « Goal is to bake off volatiles, and avoid having them » Planetary Protection bake-out: much

Bake-out: condense on optics or sensitive hardware; meet the hotter temperatures, and longer
outgassing criteria. durations. Affects material selections.
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» Goal:
— Maintain components within temperature
limits.

* Pressurant Tanks (gas):

— Most burns are short, a few minutes long,
small delta-P, negligible temperature change

— Jupiter Orbit Insertion (JOI) burn:
* |asts for several hours
* large pressure drop

* large temperature drop in pressurant
gas

— Use heater, to pre-heat gas before long burn

— Analyze components: can they withstand
cold transient profile?

PCA Plate

Component 1:
O-rings inside:
if cold, brittle,
seal leaks
pressurant to
space

Component 2:
Electronics
inside: if too
cold or hot,
may not
perform

40
20 +30C during JOI Burn
0 - W
ith
-20 With re.p,
.40 Out h \?at
-60 [
o 1 2 3 4 5
Time [h]

Gas Pressurant Temperature

-38C

6

7

—ldeal gas law
7\
P*V =n*R7T!
v v dl
P = Pressure ~
V = Volume (s)
n = number of moles of gas patrticles <
T = Temperature [K] ®
R = Gas Constant ;i
T " e . 0\ v ﬁ
® _~ l @ B> “
o \0 . —‘ X
$ /

High P&T Low P&T

Data Credit: MSFC, Kim Holt
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CAD Images, Credit:
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been redacted]



* Clamp is spot-welded to
cylindrical housing (poor
thermal contact)

Inner shell » Added a clamp in
L Board | middle, with excellent
[ Board | thermal contact to
Q diss, 0 to 0.7W housing

<= Spot-welded
(poor thermal
contact)

<+ Bolted Interface

* Removed spot-welded
clamps entirely

* Increased contact area
of the high thermally
coupling clamp

» Clamps bolted to plate, but spot-welded to housing (not
well coupled).

«Coldcase: . TTTTmmmmmmmTT >
» OW dissipation
« -38C cold gas L ]
« Heat from OC plate, unable to reach boards, L |
electronics became cold Bolted clamp with
* Hot case: interface material, —ou i

* 0.7W dissipation (excellent thermal ™ Clamp |
* No gas flowing contact) I
* Unable to dissipate enough heat to 35C plate,

electronics became hot

TFAWS 2018 — August 20-24, 2018 7




* Thermal Analyses
— Valve & Injector: Cold cruise
— Valve & Nozzle: Hot fire
— Valve: Soak-back

* Minimize Heaters

— HRS (pumped fluid) system
maintains temperature

— Avoid heaters (weak sun at
Jupiter, less energy from solar
panels, little power available)

Typical Design

EC Design

Heater

HRS

 Hardware Considerations

— High Temperature Blankets,
near engines

— Planetary protection (PP)
bake-out, (hotter than typical
bake-out)

Typical Engine Design

EC Engine Design

Valve loses heat to
nozzle

Replenished by
Heater

Isolators minimize heat
pulled from SC

Valve loses heat to
nozzle

Replenished by

HRS

Heat is pulled from

(ICESAT-2)

Clipper (EC)

Tens Instrument bake-out

Hundreds PP bake-out

(depending on component)

Thousands Nozzle temperature (need

high-temp blankets)

Incandescence
(“glowing” temperature regime):

1000
1100
1200

Sample photos for context. Temperature
Photo Credits: MOOG & [C]

Scale Image Credit:
https://en.wikipedia

Rich Driscoll.

Mission Temperature Scale [C] Description Orbit org/wiki/Incandesce
nce

35 C (M55J bonded Ti inserts)
(other missions ~ 55 or 60C)

120to 150 C

Interplanetary

n/a 8


https://en.wikipedia.org/wiki/Incandescence

Engine Temperature Maps

Nodle 1306

[+][Custom View][THERMAL_PP]

Node 5 () [+][Custom View][THERMAL_PP]
0 Cold Cruise 1306 Hot Fire
-7. 057 1178
-14. 11 1051
-21. 17 9p3. 1
-28. 23 795, 4
-35. 28 667. 8
. -42. 34 . 540. P
—49. 4 412. 6
-56. 45 595
-63. 51
o s ﬁ(( Cold Case, SS L
Temggfdizre [C], Time = 0 sec T e%.8 , B
emperoture [C], Time = 0 sec
Cold:

« Liquid propellants, would freeze at:

Hot:

Ox, MON3: -10Cto -14 C
Fuel, MMH: -52 C

Result: Valves, injector, and propellant lines stay above this
(Some missions need heaters on valves and/or injector)

« Valve hot limit: 101 C

. Nozzl

e hot limit: 1371 C

* Result: Valves and nozzles stay within this
TFAWS 2018 — August 20-24, 2018
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Before Firing:

* Nozzle radiates to cold
space
» Valve warmed by HRS

AN .- r‘r-';':ii"
& Conceptual Sketch of Heat Flows N,.CSTA

During SS Firing:

| |
v 1'Liquit:i propellant

* Nozzle heated by
combustion gases

« Valve cooled by flowing
propellant

Soak-back (Transient,
right after firing):

» Just after firing:
* Propellant stops flowing
* Nozzle has not fully cooled off

yet

* large dT between nozzle and

valve

* Q transferred to valve = “soak-

back heat” 10



Other conclusions we can draw (specific to EC):

Summary: Firing vs. Non-Firing Engines . . .
10000 ¥ 8 8 Eng 2 engines fire, in close proximity
. to 2 non-firing engines
The Firing nozzle J en9
Is warmest item | Bracket
(as expected) - Nozzle, Firing
- Q . i Nozzle, Non-Firing
g Tg 1000 i i —njector, Firing
QW i i I Injector, Non-Firing
5.9 ! ! Injector & Valve iy
= = | : . ) -V alve, Firing
© ! ! spike during .
- ; —_— e— Y e Valve, Non-Firing
o ¥ [R— T S | soak-back
= ! !
S @ 100 f .
= 3 j L
e A A T
......... // N SRR
Non-Firing Valve at Steady State,
is warmer than Firingivalve’s transient'soak-back spike
10 Y
0.5 1 l 1.5 2 3 3.5 4
Non-Firing Firing
d 4
\ - T@C asc ' .
If performing a short burn, L 1sosc If single engine, then soak-

back will be hotter than SS

then the firing valve soak-back |- '
o firing temperature

Is hotter than non-firing valve

11
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Videos: Soak-back

Firing Engine: Non-Firing Engine (Nearby):

Nede %65 Node 65
6 65
59 59
56 56
=i Summary: Firing vs. Non-Firing Engines 23
50 50
47 10000 o
o Bracket
44 44
——Noazzle, Firing
41 41
. &\-—/‘Y o Nt‘)zzle,NCfn‘-Flrmg 5
- I g 73 1000 —Inj.ector, Flrlng. . -
o o P St S R A Injector, Non-Firing &5
Temperature [C1, Time = 7100 sec s .2 ——Valve, Firing Temperature [C], Time = 7100 sec
. -
M = N e Valve, Non-Firing
Valve warms up (soak-back), gs — Valve cools (no soak-back,
then cools 3 & nozzle not hot enough)
o o 100 3
[ =
Node 51310 —— Node 51310
1 210
1183 1183
1055 10 1055
927.5 7000 7500 8000 8500 927.35
800 ’ . 800
672.5 : : Time (sec) 672.5
545 545
417.5 417.5
250 290
162. 5 N 162. 5 x Y
35 ‘ 35 \L
<35 <35
Temperature [C], Time = 7100 sec Temperature [C]l, Time = 7100 sec
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\

High Temperature Blankets N,F\A

* High temperature blankets require different materials than

normal blankets, to avoid melting during thruster burn

Mylar 250 150
maneuvers.
LEEEr 256 - For context:
Stamet 400 » EC predicted nozzle temperature = 1,306 C
Kapton 400 » EC predicted temperature of outermost (hottest) blanket
Stainless Steel Foil >1000 layer = 447 C

(e_IR =0.15) » Kapton’s maximum service temperature = 400 C
« Examples of materials and their melting and/or service

High Temp Fabric* >1000 )
temperature range are provided here for reference.

*High temperature fabric can be
Astroquartz, E-glass, Nextel, etc.

Outer Layer Temperature:

L N
lode .,

-_..ﬁllu‘ H i g h
‘= Temperature
=  Blanket

Credit: High temperature blanket analysis and recommendation
performed by Dan Powers.

TFAWS 2018 — August 20-24, 2018




Key equations used in engine model, and work that went into determining G, m, e, k, & h:

Valve: Converted Format:
*Q_transient = m*cp*dT * From sinda-based text logic, to
*Q_conduction = G*dT = k*A/L -rb GUI-based TD control and
manipulation of firing, as well
Used MOOG Valve Model: as nodes and conductors. .
* Thermal model from MOOQOG, for geometry, 0.8
and conductance values (G, m) 2o

Valves —

Nozzle:
* Q_radiation = e*A*sigma*VF*(T"4 — T_space”4)

Coated for
high-emissivity

Measured Nozzle Emissivity (e) Values in Tvac:
* Coated emissivity =0.72
* Bare emissivity = 0.08

Bare

c o o o o o o O O
I

Nozzle:
* Q_convection = h*A*dT

o

) o IR Emissivity <0
Correlated Nozzle Convection Coefficients (h) to Nozzle sections. convect to hot

Combustion Gas Boundaries combustion gases (not shown)
* Used previous Hot Fire Test Data 14




ANALYSIS WORKSHOP

Test Design & Approach:

noz_zle heaters
to shroud nozzle
~ interior
Shroud
* Qin = Qout

Y vl

Q heaters = A*e_noz*sigma*(T noz™ —T_shroud”™4)

» Varied Q heater for multiple thermal balance points.
» Performed test for bare nozzle, and coated nozzle.
» Correlated model, derived emissivity.

A./ Nozzle

+— Shroud

- s

Coated Nozzle: 7W,
Thermal balance case prediction (sample)

15




ANALYSIS WORKSHOP

Results: Coated Nozzle

Balance Points Measured:

e =0.73, RMS error 2.9C

TFAWS 2018 — August 20-24, 2018

1w 2w 3w 4w W = Coated Nozzle, 4W and 7W cases, 11-10-2016
Tvac Tvac Diff. 50 8.0
Data Model Model Model a Model Data Model (M-T) w
TC.1 [°C] -72.0 | -74.0 -39.4 -15.7 2.8 43.8| 42.9 -0.9 50 i i el 7.0
2o TC.2  |[°C] -72.5 | -74.2 -39.7 -16.1 2.3 40.5| 42.3 1.8 :' ” .
g g TC.3 |[°C] -74.5 | -74.8 -40.9 -17.7 0.3 32.9| 39.2 6.3 ! : e
znltca [ra f -69.7 | -72.2 -35.8 -10.2 10.2 53.6| 558 | 22|| ! sog —usertes
2 2 [1cs5  |c) || 726 | -745 -40.3 -16.9 1.4 417 410 | -07|f % ! S Usertes
§ (L TC.6 [°C] -71.6 | -73.7 -38.7 -14.5 4.6 47.1| 46.7 -0.4 % B 4.0 § — USERTCS
v TC.7 [°C] -75.0 | -75.0 -41.3 -18.4 -0.6 29.9| 37.7 7.8 2 g —— USERTC6
TC.8 [°C] -75.0 | -75.0 -41.3 -18.4 -0.6 29.5| 37.6 8.2 & 30 £ ——USERTCT
Average, [C] -72.9 | -74.2 -39.7 -16.0 2.5 39.9| 42.9 3.0 —— USERTC8
RMS of TC 1-8 errors, per case: 4.7 20 USERTCY
Overall RMS (across all cases): 2.9 I o ?_::rztz:;ge
e=0.71, RMS error 2.9C y
4.4 4.9 5.4 5.9 6.4 6.9 }
Time Elapsed, in Hours; Let t = 0 represent the start of testing that day
R TC.1 [:C] 720 | 747 -40.2 -16.6 31 18 418 | 20 Coated Nozzle, 1W, 2W, and 3W cases, 11-14-2016 ——USER TC1
g TC.2 [°C] -72.5| -74.9 -40.6 -17.1 0.9 1.3 41.1 0.6 10
§ ~ TC.3 [°C] -74.5 | -75.5 -41.7 -18.6 -4.5| -0.7 38.0 5.2 aw —USERTC2
S5 (ca g §-69.7 | -729 -36.6 111 9.6 | 9.1 546 | 1.0 35— useRTca
& :1', TC.5 [°C] -72.6 | -75.2 -41.1 -17.8 15| 0.4 39.8 -1.9
g TC.6 [°C] -71.6 | -74.4 -39.5 -15.4 42 | 3.6 45.5 -1.6 Z 3.0 ——USERTC4
8 TC.7 |[°C] -75.0 | -75.7 -42.2 -19.3 -6.5| -1.6 36.5 6.6 f T —userTes
1c8 |r°c) || -75.0 | 757 422 -19.4 69| -17 365 | 70| = ! 25 2
Average, [C] || -72.9 | -74.9 -40.5 -16.9 02| 15 417 | 19|| 2 k 0 $ ——USERTCS
RMS of TC 1-8 errors, per case: 2.2 4.0 g ' % — USERTCT
Overall RMS (across all cases): 2.7 ,5 E 15 E
' —— USER TC8
e =0.72, RMS error 2.7C = lowest error = sweet spot 1 LRE
E 0.5
\ USER TC10
i
o - 00 -=-=-Q_nozzle
TC1 |rdl 41.0 17.4 3.1] 0.9 407 30| & ’ 8 9 10 1
= TC2 I°cl 413 179 0.9 0.4 20.0 05 Time Elapsed, in Hours; Let t = O represent the start of testing that day Q_cartridge
é g TC.3 [°C] -42.4 -19.5 -4.5| -1.6 37.0 4.1
z ‘: TC.4 [°C] -37.4 -12.0 9.6 | 82 53.5 -0.1
2 2cs [rq -41.9 -18.7 15| -0.6 38.7 .
g ; TC.6 [°C] -40.3 -16.2 4.2 | 2.7 44.5
v TC.7 [°C] -42.9 -20.2 -6.5| -2.5 35.5 5.6
TC.8 [°C] -42.9 -20.2 -6.9| -2.5 35.4 6.0
Average, [C] -41.3 -17.8 0.2 | 0.6 40.7 0.8
RMS of TC 1-8 errors, per case: 2.8 3.7
Overall RMS (across all cases): 2.9

16




Balance Points Measured:

0.2W 0.33W 0.4W 044 W 0.53W
;::: Model Model [:2} TVaC | rodel rt: Model Model [::_f:;}
TCT TP B 8.0 550 =55 oW =5 —T 3 5= 5 Uncoated Nozzle, 0.2W, 0.33W, and 0.53W cases, on 11-22-2016
Bl [tcz |ra [ <47.8] 488 206 | L3 8.6 28| 24 101 | 3.1 20 0.53W 060  —USERTCL
F| [c3_Jrcl [l 484 -45.1 -21.0 1.7 9.1 5.8 -3.0 9.4 | 3.6 0.55 T USERTC2
g w(tca |rc] | 47.5 ] -486 -20.2 1.0 8.2 39| -2.0 10.6 | 2.6 ——USERTC3
o|2ltcs |ra || 47.0] 482 -19.6 0.9 7.4 3.0 -1a 11.6 | 25 0.50 ——USERTCA4
‘:: .6 |[°c] B 47.8] -45.0 -20.8 1.0 -8.9 47| -2.8 9.6 | 25 0.45 —_USERTCS
S| [tc7 |l | 507 -49.3 213 4.4 9.5 93| 34 8.9 6.9) o T UserTcs
"-é_ Tcs P || 470 483 19.7 0.9 7.6 31| 1.3 11.4 | 25 ‘s 0.40 o — useRTer
Z(otca2 | | 59.9 | -56.5 -29.5 5.6 -18.0 -19.0] -12.1 0.0 | 8.0 H 0.35 E
2|2 [rcaz [ra || 505 | 1003 809 725 65.3] 681 52| 48| | 2 : s T USERTG
2 [armhromu|Pc [ 205 | 437 51.4 9.5 54.5 50.3| 56.1 59.2 | 3.4 5 ! 030 USERTC3
Avg Nozzle [] || 48.0 | -48.8 -20.5 1.6] -8.5 -5.0] -2.3 10.2 | 3.4 - 120 ! 025 - USERTC10
RMS of TC 1-8 emors, per case: 1.9 3.6 I' USERTC11
Overall RMS (across all cases): i 0.20 USER TC12
—_— -160 0.15 ——USER TC13
e =0.075, RMS error 2.5C e
-180 0.10
0 5 10 15 20 25 Q_cartridge
TC1 [°c -48.0 | -52.0 -12.6 -2.01§ -5.2 6.6 5.7 0.8 Time Elapsed, in Hours; Let t = 0 represent the start of testing that day
ol [Tc2 |r°c] M -47.8 | -51.9 -12.3 48| -6.2 61 | 08
8| [rc3 ra N 484 521 -128 | 1.7/ 58| -6.8 54 | 0.4
< 4; TC.4 |[°C] -47.5| -51.6 -11.9 -3.9 -5.8 6.6 -1.4 Uncoated Nozzle, 0.53W cont'd, 0.40W, and 0.44W cases, on 11-23-2016
2l8les |rrq N -47.0] 513 -11.1 3.0 -49 76 | -15 20 0.6 ——USERTC1
§ 1c.6  |I°c] M -47.8 | -52.0 -12.6 47| -66 57 | -15 10 0.53W 0.55 —USERTC2
= TC.7 _|[°C] || -50.7 | -52.3 -13.2 120 -93| -7.2 4.9 2.9 i 0.44W ’ —_ USERTC3
8| lrce [ra || 470 513 -11.3 31| -51 74 | -15 o i 0.5 —_USERTCA
< |slc12 g [ -59.9 | -59.1 211 2.9)]-19.0] -15.2 3.4 | 47 10 '\ 045 — —_USERTCS
5|2 [rca3 |ra | -90.5 | -102.0 74.7 69.3] -70.5 61.7| 21 = ' 2
o v -20 ' 0.4 ~ ——USERTCé
dT Thru Mu|[°C] || 30.5 | 43.0 53.7 6.1050.3| 55.2 583 | 2.6 E ' S smTer
Avg Nozzle [C]|i| -48.0 | -51.8 -12.2 -1.8f -5.0| -6.1 6.2 -0.6 £ -30 ] 0.35 g  UserTes
RMS of TC 1-8 errors, per case: 2.2 1.5 E’ .40 0.3 %
Overall RMS (across all cases): 2.4 ] 2 USERTCY
-50 0.25 USER TC10
e =0.080, RMS error 2.4C = lowest error = sweet spot | . 02 useR T
70 0.15 USER TC12
W] e Jra W -aso] 548 275 -10.6] -16.0 5.2 2.0 80 o1 T USERTCIS
8 TC.2 |[°C] -47.8 | -54.6 -27.3 -10.3| -15.7 -4.8 2.4 2 4 6 8 10 12 14 16 18 T Q‘—HDZZIIE
i ° TC.3 [°c -48.4 | -54.9 -27.7 -11.1] -16.2 -5.8 1.8 Time Elapsed, in Hours; Let t = 0 represent the start of testing that day Q_carbridge
S|§[Tca Jrcl | -475 | 544 -26.9 9.4| -153 -3.9 3.0
¢ |2(tcs el | -47.0 | -54.0 -26.3 -8.6| -14.5 -3.0 4.0
2| [rce Jra ] 478 -54.8 -27.5 -10.1] -16.0 -4.7 2.0
S| [1c7 |°c] M -50.7 | -55.1 -28.0 -14.4| -16.6 9.3 1.2
‘g TC.8 |[°’c] || -47.0| -54.1 -26.4 87| -147 3.1 3.8
S|z(tc12 el | -59.9 | -61.4 -35.1 -24.0] -23.9 -19.0 6.4
G 2 [tca3 |rrcy || 905 | -103.7 -85.0 -71.5| -76.8 -69.3 -64.0
& ldr thru muflec] | 30.5 | 423 499 | 80f|475] 529 50.3 57.5
Avg Nozzle [C] [ -48.0 | -54.6 -27.2 -10.4| -15.6 -5.0 2.5
RMS of TC 1-8 errors, per case:
Overall RMS (across all cases): 5.4 17

e =0.085, RM

S érror 5.4C
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Hot firing test data consisted of:
— Discretized gas temperatures

—  Corresponding convection coefficients along the length of the nozzle.
— Nozzle temperatures along the length
— Nozzle dimensions and thicknesses

Detailed:
(111 nodes)

Reduced:
(8 nodes)

Created detailed and reduced thermal models

from this data, and modified convection

coefficients (h,) to match nozzle temperature

data, especially the peak temperature

Correlations matched well, within 17C (out of

thousands of degrees C)

Baseline, Detailed Modified h,,,
Correlated

Axial Mozzle Distance (ir A 4 er,‘.’l: [)u,tdug:- {in '

Baseline, Reduced Modified h, ,

/‘
IR

{-Q\"-\_ -

—g———————
{, ——

Correlated
/" \\ Correlated

¢ “\‘_
"'-‘:-\:_.\_\‘---“-‘-
———
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Conclusions

Lessons Learned & Thermal Considerations for Propulsion Systems

*  Propellants

— Will the liquid propellants freeze in
the prop lines, or anywhere else along
the system?

«  Components

— Will the components used to regulate
flow, whether on the pressurant gas or
liquid propellant side, stay within their
hot and cold limits, in all cases?

«  Engines (thrusters), 3 cases:

— Will valves or injector freeze during
cold case?

— Will valves overheat during SS firing,
and/or transient soak-back?

— Wil nozzle overheat when firing?
«  Environmental Hot/Cold cases:
— Hot case: close to sun (Venus flyby)

— Cold case: deep space, near Jupiter
(weak sun), and/or eclipse (no sun)

Evaluate the coldest gas case:

What is the longest burn during the
mission?

How cold will the pressurant gas
become?

Will exposure to this cold gas cause
components, or the pressurant tank, or
gas lines, to exceed limits? (if so, may
need to add heaters)

Caveat:

This is not a complete list of propulsion
thermal considerations.

It contains highlights related to EC and
what I've learned so far.
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Temperature [C], Time = 7200 sec

Bracket is held at constant boundary

temperature (HRS).

MLI inner layer sees a slight spike due

to valve soak-back as well.

TFAWS 2018 — August 20-24, 2018

22



Abstract

This presentation describes the thermal analysis and model development that occurred
for selected components on the propulsion module subsystem of the Europa Clipper
mission, which will fly to Jupiter’s icy moon Europa and collect science data from orbit. An
overview of a bipropellant system is given, as well as a description of a typical thermal
propulsion design. A comparison is also provided, describing the unique Europa Clipper
thermal design, which is atypical in many respects. The engine thermal model
development is also discussed, including hot-firing tests with nozzle convection
correlation, as well as thermal vacuum tests to measure and correlate the emissivity of
critical nozzle surfaces. A description of engine firing, as well as valve soak-back, is also
provided, including temperature maps and results of engine cases. A summary is also
provided, of lessons learned regarding thermal propulsion considerations.
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