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RTG mainly serves as an energy source operated for a specific purpose in
environment hardly accessible by human. Its design structures vary Korea Atomic Energy
according to its purpose of operation, thermal source of operation and [ KAERI" Research Institute

environment of operation.
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The key issue is “Night Survival” T

d First target of ISRU, Artemis
@ Nothing can survive without NPS at space
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U.S. space missions that have used RPS
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0 U-238 + n > 2n + U-237 (HAZ A DA5S A
0 U-237 > e + Np-237 (Np-2378 £4d))

0 Np-237 + n > Np-238 + gamma (Y1 Z)

a Np-238 > e + Pu-238 (2.117d)

Clean Pu Am for Space

N
35
I I 5%
Beta Decay '

HAm | (—

Separated plutonium

Chemical Separation

Pu 242

14 year half life

0.1% 23U Pu
1% 1.3%

Other

Pu

o =1
o el AR
ag b s AP AfA 2 Decay E | 7|&E &
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L . . ~ 0=,
Sr-90 MEEZHAZ - SIHFZBa/Zr £&) F= — Chromate ™ —
6CH| N L N 0.96 W/g | 2{Al0},
(SrTiO5) Carbonate®™ — SrCO3 2| - Ti0 28 & L&/5ta/AZ 53
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PU'238 Am_241 Power
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Sr-90 €& H=3™ 7' (KAERI)

Prototype of 10Wth heat source (SrTiO;)

1.X57| 8Z 8% 2. Ammonium chromate EHYHE 3. Ammonium carbonate E S a.Ha B8 X >
(St/Ba/Zr mixture) (Ba/zr ¥F £2|) (X7] srco, 44) (X H) 5

o il Bt ) URNNY ”un||‘m|||n||un||u|||||||||||||||||m ; N p

LT

5.HCI83 ) 6.HCI8H 7.Ammonium carbonate & 8

AEH) (3*PEH) (4 srco, 214 * B srco, 2148 xR0 #41 1':"3‘ 110 120 1=30 141
=» SrCO; purification 99.99%, retrieval 84.3%
Physical- Chemical characteristics
Sintering process of SrTiO,

Physical-chemical test High temperature test
<pressing> <forming & sintering> - 3 d \ |
N L..J"P...-"J"L.’-:\‘

1380°C5 h air
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O T B = B (OB, =Y R N i
Flexure strain (%)
1 3592 3750 850 383 748 1
2 3028 3964 688 357 69.79 1 (:i): e
‘—J I~ ::f““—"‘"' 3 2048 762 426 433 86t 12 2
e o,
2 m-neu STO2| 0|BLE 511 100
o cinteri . * Leaching characteristics test
Purified SrcO Calcination pelletizing intering Densified !
“_';',c'f s s STOs precursor—————> SITi0; pellet™ " = """ ¥ gTio, pellet - Normalized elemental mass release (by PCT-A method)
°C, rs E °C, . . o .
M > Sr: 0.15 + 0.03 g/m?, Ti: under detection limit




+ Pu-238 (A0 &H)
« Am-241 &8 (F3 &€H)
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Electrical energy

Heat Absorption

Metallic \ e Metallic
electrodes % electrodes

Metallic " 1 Metallic
electrodes electrodes

Seebeck effect

=2 AET
FA 44.2 kg 32 kg
HMI1EY 125 W, 140 ~150 W,
AMARISE 6.25 % (2000 W,,) Z|CH 23.2% (500 W,,)
UL 40 0| ¢ 109 ol Y
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SHLAK XtEs A4 =27 7HHE"(KAERI)m

@ €= E 27 Simulator _
-ANSYS &£ sjM A= [Equations]

-1 OO
A2 AXDES 523 MY 1. Hot junctiont|A| @B E0| FUEl= heat

flux 27 4
2. Cold junction0d EHBEN SEE|=

. ) ———— heat flux2’d 4|
ik S TS 3. rejection heat(dispatch)i} Tc2 = 2}2| A 4

B X gut 2o A Y
OUxXI2E (Y88 E=- 28 3 B + THEN

vk

AN 2 L7 o
Input Output x‘“ H_'II ﬁl _?__O_I %E -o;l'_?
< Thermo element properties % Hot junction temperature

Thermal Conductance0] Cist 2 =g
HE MY, LHEXE 2tAH 4
E £ heating term ZHA| 4

- Zeebeek coefficient data. 4 Cold junction temperature
- Thermal conductivity data & Electrical power
- Electrical conductivity data & Optimal Load resistance
< Ambient temperature + Conversion efficiency
< Insulation Heat conductance % System efficiency
< Radioisotope Heat generation
< Number of TEM couple

¢ TEM physical dimenson @ aes FE =24 (ANSYS)
<TE Design Simulator>

0 ooNO

1 1

0, =a(T)I,] = RI*+K(L,~T)~_ (1, ~T.)
|

0, =a(T)T1 +§Rf +K(T, =)+ AT, ~T)
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N N R +R,

QC‘
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@ EHAX XS YirEd 71E (H719)

o = 5 Hot Press/SPS - Cutting

8 p(Resistivity) ,
a7} k (Thermal conductivity),
r S (seebeck Coeff.) : ZT
Auto align system(®cHY)

9
High temp. Solder paste : (~350°C)

. e &
et Module p(Resistivity) - 1 T —
N

&
Module p(Resistivity) - 2
Q}Oﬂﬂ (Compare with theoretical Value)

=o7 Module P(Power) _
= t (Compare with theoretical Value) d ;

@ Cascade EHAX ds5H™7I (H7]|9H)

HEE O (BITe AR) 1S 25, PbTeAE) | 2T (M2F, BiTeAl®)
a2y 460K (186.85)
Hes 303.;:;:9.953» e 719.96K (446.96°C) 466.4K (193.40°C)
0025+
Plate B2 | 0.050m x0.050m)
Leq 20] 207 e 466.4K (193.40°C) 302.09K (29.09°C)
6.8E-61
Leg BX
— (2.95mm772.32mm) %EII. 253K (253°C) 164K (164°C)
s xig 050
SHML (V) 1.497 2.05
E2& ZE (PbTe Alg)
[ 2% | 620.15K (3477) EHMEA) 0.891 1.96
HE$ | 480K (206.85T)
0.0025x
e | OO 2SI EH Q) 1.68 1.04
Leg Z0| 3.05mm
| T =E W) 188 422
HE4 50
WS g 120 EI-AI_I-%E—:!(W) 6.1




RTG 7i'¥ <ig - KAERI

@ RTG #+ZXN| AA|/sHA @RTG (ETG) H7IAM4E 5

_A|AEI FEt Sl _ DL E{& A|AE o
ETE L0 ChE 57 8 - 3xe AU 75
\ < G
" Cold side 70.97°C
+ Applied design conditions E TEM

266.00°C

v Screen position (2mm)

¥ 2 Screens » -

v Non silver coating on the Hotside 336,97°C
neck and the support

¥ Using Titanlum

v height of support (86mm)

£» | L2293

f=| B gs Wi
isa%l

ritisl madel Improved moded

* Boundary conditions
v 2D axisymmatric

v State-state analysis

¥ Heat source (120W)

v Ambient temperature

. (-170°C)
,._.—-

Sys. Efficiency 5 4%

=X 2(Cryogenic) T3 15

Temperature vs. time

Max. 932 MPa

4hr -1 80°C E'“

Tl.ne(\ll ut )




=L RTG (120W,,) 7H'& O| = B

Power out (We) System effi. (%)
7 6.00%
6.1 6.07
6 5.00%
5
4.00%

4

- Double pressure vessel 3 .OD%
3 - TE1000

- Bellows at heat sink

- Lighten(surf. pattern

1.73

- Material mismatch
2 - Irregular power
- Fibrous insulation

- Cas!ade TE‘\/I

- Fabllication]process

@it 2.00%

sistance
Fl with Quartz

1.00%

0.902

0.00%

2016 2017 2018 2019 2020

I Power out (We) sssss  System effi. (%)
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(Vterminal: 57.6 m/S)



Wl Z2Qtof| o3t RTGS| =4k 6jf A

ZMH7{2| 500 mm

- Charge: TNT 10 kg

- Z2e™ profile: US Army

Boundary: Fixed

Standoff Distance: 500mm

W RP-1

Charge: 10kg TNT
At Mid-Height

S, Mises
(Avg: 75%)

+3.100e+02
+2.842e+02
+2.583e+02
+2.325e+02
+2,067e+02
+1.808e+02
+1.550e+02
+1.292e+02
+1.033e+02
+7.750e+01
+5.167¢+01
+2.583e+01
+0.000e+00

ODB: Fragmentation_Test2.0db Abaqus/Explicit 6,14-5

X Step: RTG Fragmentation
Increment. 0: Step Time = 0.0
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Fri Aug 02 18:48:47 GMT+09:00 2019
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at Jeonbook univ.

o High temperature air plasma test for the protection module
: Mach 2 (Air 95%, Ar 5%), Plasma heat flux: 1 MW/m?2, 2 MW/m?

-V

air

Tungsten block

Graphite plug
TC

Carbon composite

2 MW/m?

v = Mach 2
Q =2 MW/m?
m = Air(95%)+Ar(5%) 4.02g/s

Initial After test

- Aeroshell (t=4.0 mm) is penetrated after 55s
=» Mechanical recession + pyrolysis (oxidation environment & supersonic air particle)
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Launched KSLV-Il in June, 2022
PVSAT orbits SSO(inclination 98.2deg) at the altitude of 700 km

Dummy (1.5T)

Performance Verification
SATellite
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SITSHHEIALY MEAH=2IM2 ETG

ol Development of small ETG for low orbit test of KSLV (2018~2022)

[J System specification
O Mechanical spec.
» Use electric heater instead of Rl material

O Electrical spec.

» Electric input for heater and DAQ operation
:10W, 28V

» Electric output

- Voltage/ Watt/ T o/ Teoid/ Teur

- Communication using Analogue telemetry

d "

= [NINIIN

is

[] Heritage and reliability at space environment

[] Safety of heat source at accident status

1st prototype EM product

FM product

\4,,7




Performance test

Performance at steady state

Vibration test

Launch vibration of space shuttle
(19 Grms)

Shock test

Shock at pairing of space shuttle
(2000qg)

Thermal cycle at atmosphere
(-73°C~60°C)

Thermal cycle at space
(-73°C~60°C @10-torr)




Environment Test — Vibration (FM) B

@ 19.37 Grms of flow-induced vibration is delivered to the ETG

ETG vibration test facility — axial direction

| KSLV-Il | | | =

¥ Example: 6W ETG vibration test




Environment Test — Shock (EM) B

\\ Pairing
l I~ (composite)

*beach ball landing at moon: 3000g



Environment Test — Thermal vacuum (F

dISAd (@ KTL)

- Dwell time: 1A|Zt O] & (Survival 2= FZHIA 2A|ZH
- Unit Operation test time : 1A| 7t O] &
- Temperature rate Change (dT/dt) : 3~5°C/min

Component Thermal Vacuum Test

Phase A B C D E F H
Hot Survival Temp
Qualification Temp | 'Y= A [m] A [m]
==
Acceptance Temp
| FX ¥y / Hioa0 |
ambient
Qualification Temp [ IN [N
Acceptance Temp \
Cold
Survival Temp
Objective Ambient Test Survival Hot Survival Cold Hot Cold Hot Ambient Test
Turn O Turn O Turn O
Component o urtn 'jff " o urtn ’:.f/ " Turn On Operation Test/ Turn On/ Operation Test/ o u;n ; Y
Unit peration 1es peration Jes Operation Test Tum Off Operation Test Turn Off peration Jes
Turn Off Turn Off Turn Off
B TunOn * Temperature Limits : EQM (Qualification)
O TurnoOff FM (Acceptance)
& VacuumPump
¢ VentVacuum Chamber
A Operation Test
Temperature Stabilization
-I- e
[ AI S ML
T O o
= =
o 2R o SREAER|

45 8% QII Hol ==

P sapaty




A. Galactic ra‘dlatlon'  Outer radistion belt

, B 19,000 — 40,000 km

. . . ' G 2@ » . 5

. B. Trapped particle rag
(van allen belt)

GPS satellite
20,000 km - ¢

' Inner'fadiation belt
1600 - 12500 km

. LEO satellite

Dose 1yrs 7 yrs

250 - 800 km.
C. Sola; radiation 4 Calculated
Co-60

. .| irradiation




Power out: 60.9 mW Power out: 62.6 mW
(Voltage: 0.302V, load R:1.5Q)) (Voltage: 0.307V, load R:1.5Q))



Electrical interface and test procedure e

Use D-sub connector and communicate with analogue TLM
PVSAT supplies 10 W of electric power to the ETG

Connector
Spacecraft Bus - . S ETG
Power+ o] .
ym====mag Power_GND
1
RFDU LA OBC < - I
H ! Vo+
\ i i \ ° RL =1.5Q
= I s : = Va- B
2 =] : a : =] RS-422 o 04 * ‘
B g 1 £ 1 € M
I 2 Analogue .
Y : : A / TLM 1 < H
1 Video < *
e 1 : CMG Camera TZ b e
Antenna 1 1 System T <
: : 3 « o
! P i Ta .-
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ANAMHE 2SME - E714L=]E

30 days test in Sep : 121.33 mW
11 months (Nov. 2022 ~ current) : 120.98 ~122.41 mW (target: 120£50 mW)
No significant degradation, all components show normal operation
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ISRU #| =l Em

Phase 1 | Phase 2A | Phase 2B
Boots on the Moon ' Exploration and Mobility 'Mars Forward, Habitation,
and ISRU

Mission Sequence

Gateway i
Luna26@

l | Chang'E-7 ISRU Demo

Increasing habitationduration capabilities for Mars analogues

2035+:

Medium Class Additional
Cargo Lander ok Lunar elements for
Chang E-8 Lander Phase 2B

o
Fission
Lunaz? Luna2s = S S5 Ease ;
Unpressu ' Logistics Power §
2 Rover Small Element
&£ Pressurized —~ Habitation
5 Astronauts Rover @ »a Small Pressurized Leng Durdiom
0 & EVA Suits G Rotral . 24 Rover - Enhanced ) 4 Habitation
i1 Science ISRU
o i ‘ '(2-4) (4) (4) (4) (4) (4) Plant
= == - = -. = = -\
lSRU.Prosped!nngsnmuonlnwnat Environment Utility Rove d‘i y_‘lSRU Pilot 5 1 v
ISRU: Demonstrators/Small-scale Producti Plant N

Returnto theMoon: ¥ SPR delivery Y ISRU Pilot Plant Y Enhanced roversfor |
7 3 4 Two to Four crew, Power element
Two crew land - Two crew, 6.5 Two to Four crew, g s delivery 14 day eclipse 4 3 Four crew, 42 day
= 30 day surface Four crew, 30 day s S
6.5 day surface surface duration 30 day Four crew, 30 day Four crew, 42 day surface mission
duration surface mission surface mission surface mission

mission surface mission

uth Pole Region

South Pole
Aitken Basin

Interior

Schrodinger
Basin




Category Typical power Comments
(kWe ~ kWt/4)

Robotic night operations

Radioisotope Power

S <1kWe « Night survival for habitats/pr
ystems :
essurised rovers
- _ Habitation modules and Includes on-going
stell sl IRy gttt — o experiment / lab modules activities at NASA

100 kWe - 1000 k ISRU operational plant
We «  Moon/Mars surface base

Larger fission reactor

500 MWt (NTP) « Earth-to-Mars transportation
Nuclear propulsion « Reusable Moon surface to

2 MWe (NEP) NRHO shuttle

*Report of the Nuclear Power and Propulsion Gap Assessment Team (ISECG, 2022.Dec)
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@ RTGS| ¢tA|H
— Power level: less than 300 W (current technology)
— Low efficiency
. Less than 7% efficiency (about 120W electric generated from 2000W thermal)
— Thermal
: Thermal problem for dissipating a large amount of RTG waste heat
(Thousands of watt, about 1000~3000W depending on RTG)
: Using RTG waste heat as heat source for heating other parts in cold condition

d o= AXEHEX N T

GPHS-RTG MMRTG NextGenRTG |  DRPS |

291 118 245 300 to 400
58 44 56 100 to 200
1.14 69 1.14 TBD

4410 2000 4000 1500
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Korean Lunar Exploration Plan

1st : Verification of soft landing w/o payloads in 2031
2nd : Accommodate payloads and technology demonstration in 2032

Earth-Moon Transition orbit

Soft landin #
ver|f|catlon%‘31) >

Launch Soﬁléﬁding Lunar Lander’

S : unar lander(‘32) tester (31) (32)

- Aviation technology /M R e
- Powered descent A o A .. ‘i

-D S \| Next Gen Launch vehicle

MREP

@ Soft landing

Science
Missiol

(2 Tech. demonstration on lunar surface

Payloads

- Lunar surface movement
« Analysis of lunar dust

Volatile « Mining/heating/extraction

Rover

Extractor volatile

Mission Request, Payloads DaLa CMD/TLM, Payloads Data

- Generate power on lunar

RTG
surface

Payloads developer Ground station Foreign DSN



Mi

Ission of Payloads (Lunar lander)

— I

Demonstration of core technology for ISRU (Extraction of H, for fuel cell)

Mass budget

43 kg (TBD)
(2.4% of Wet Mas
s)

| EAEH fEE

B ﬁxl"§§§X

154
20iE 348y | |

s | % \ D
§if

TE2E

H3es

2%t F |

MMA A 7S

20 kg

M 450 x 450 x H300
mm(TBD)

> 250 m

Camera,

Dust measuremen
t

13 kg

M 300 x 200 x H300
mm(TBD)

sow

Mining &
Extraction

0.75 kg

d85xH127.5mm
(TBD)

150 mW

Temperature &
Radioactivity




RTG development Plan e

RTG for lunar lander will accommodate Rl heat source
Operate temperature and radiation measurement system

10w M 7|5

® Heat insulation using MFI structure
® Optimal design of TEM
® Protection of RHU and TEM from external vibration & shock

YEN BUEE

~20°C

ETG (Nuri-ho) RTG (Lunar lander) : | -_‘_ ‘-'f\, -
Qqos5=1.58 Wth ) » @
Environment 20°C Moon: -170 ~ 120°C To= 148°C S ‘; ‘ 1
~ T=47°C v v
Power 12050 mw 15050 mW Heat insulation Optimization of TEM
RHU
Heat source Electric heater Pu-238: 8.5 W,
Am-241:9.0 Wy,
Heat source safety o .
Accident - Aerodynamic heating/ ® Acci. sllmulatlon test
Tolerance No - Shock with terminal velocity - Explosion pressure
- Fragments Impact - Fragment
. . Operate T & radiation - Aerodynamic heating
Function Power generation measurement system r
: pa v -
PSA N Safety analysis for the PrOtI)al?"'St'C risk L
0 spacecraft's accident EIEIER ' NG A) 40208

Accident Aerodynamlc heating
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— Aeroshell Terrestrfal miNiRTG Deepsea
LEALEETG (EM) foglmv\llz eT ¢ CHEFAIRTG (FM)
J 120 Wth/ 6We | 120Wth/6We
\’
RI

Ni-63 battery
(4 1W)

Piezoelectric
RI battery

(0.1 W)

M-Battery

Sr-90 battery
1w)

QFX}Lb A A 7| LAt HotE &




@ AR S o

1M
Ll

HX| 44k =

22y

b= 0| A

-
o
| -

@ o=, 2{Aof, B=,

AHHEX]| = 7HE S

2

=2
)

CRik)

Ho
<0
il

.I

ETG X+ MH = A

-
o
cE

Sofl &

® 0I= GPHS-RTGZ =7, DRPS 7H20f| 3

ml

<+
o

ke
afl

X 7H

.I

R~
ml

1

21X

e 2

F

|

<4
Mfr
Kr

.l

F

md

® 2032




THIISHT QG ofiLAX|
AXIZ MIA}



