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> BINR (IRH)
- A ERIGARIR (TIL b= L)
-BFF (95=9L)

> HEHESRT L
- EEMNE  (neutron decelerator)
Nuclear Thermal Propulsion

- FE
Nuclear Electric Propulsion, NEP (cf. SEP)
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Propellant Tank

Turbo pump
| Radiation Shield

Nuclear Reactor

Laval nozzle
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1) &7\ —% & (thrust-to-weight ratio)
-BHEE: 0.5 MW/kg
cf. XI5EM 0.05kW/kg
-NERVA 7B T4k (USA): HH4 GW, #5 4 ton.
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2) BHESEE v
- H,, NH,, H,0

No chemical reactions. Propellant molecules (H, He, C)
work as decelerator of neutrons.

- I PR E 3,000K > V. of 9,000 m/s with H,
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;TEIT# (Av=10 km/s)
- 4-6 times more payload than CP because of its double V..
BB X (AV=4-5km/s)
- 2 times more payload
NE2HEE (AV=3.5 km/s for 200 days with CP)
- Shorten travel time to 40 days by AV=85 km/s.
1) REEDRE
- FF R TORERIRE
- Bi=E7IZVLOFER
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Heat resistance of structure
ESRY. N Ry 2,300~3,500 K materials
BIKa7 3,000~9,000 K Propellant droplet loss

SAa7

9,000~15,000 K

Plasma contamination
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Sustainable for 3 MPa to 8 MPa. Aluminum or
composite materials.

R 5tH&

To cause a chain reaction in a small volume, fuel is
surrounded by a reflective material, typically
Beryllium. It is cooled by a coolant/propellant
typically liguid hydrogen through fine channels.

X ES R

- Axial stress is caused by the pressure
difference between plenum chamber and the
nozzle section. For example 3.96 MPa on the
upper side. 3.10 MPa on the lower side at 3,000 K.

- A metallic supporting rod is used with cooling.
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Rotary control drums

w2, - /N0 > B is a neutron
g e absorber called as a poison for
fission reaction.

- One side B absorber and the
other side Be reflector.

- The number of neutron is
controlled by its rotation




/ /;’JEZEH (Moderator)

ZIF (Thermal reactor)

- Neutrons are slowed down to the energy less than 1 eV.
Low atomic mass materials such as Be, plastics, LiH,, ZrH,
Graphite etc.

- Mix moderating materials to fuel materials.

BERYE (Fast reactor)

- No moderator. Utilize fission reactions at 100 KeV to 15
MeV. CERMET Reactor with metal composite fuel (UO,-W,
UO,-Mo) graphite.

- Stable, Repeatable, continuous operation for more than
40 hours has been demonstrated.
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Hexagonal UC-ZrC-Graphite composite type

HEEEAEE

UC—zZC-CBig# — ULzrC

NERVA fuel elements

- Hexagonal UC-ZrC-Graphite composite
fuel with coolant flow channels. (370
K->2700 K)

- Coolant channel and external surfaces
are coated by ZrC to avoid erosion by
hydrogen.

- Maximum thrust/weight of 5 was
attained so far.
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: PARE  (2)
Particle Bed type

-High heat exchange rate resulting in
® uC, high power density and high thrust-
(BB R T 77 A to-weight of around 40.
RIS 777 A

- Surrounded by a porous hexagonal
- cylinder.

- Hydrogen propellant directly cools
) = small (200-500 um diameter) coated,
z particulate fuel spheres.

T REbR T

Particle-Bed type fuel elements. (a) Fuel

particle, (b) cross section of channel flow.
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BEXIBAIKRICE] EROBESEE
A=|Z(m,+m)+(4=2Z)m, |-m,q, (1)

COBEREDEIHEIILF—ELT
BABNTULE

E =Ac’ (2)
when a nucleus with A=240 is split
into two fragments of A=120, binding

energy of 0.9 MeV is released per
nucleon.

E=0.9x240~200MeV (3

-
=

I

BEFsNnisexzin ’E'—!:\r[t.‘,‘v]

S = W T =) 0 W

=

40 80 120 160
T it ¥ A

200

240

Binding energy per unit nucleon (E/A)

as a function of mass number A4.
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25U+n — 2F.P.Ayray+2.4n  (4)

Two fission products with A=97 and
A=139 are most likely.
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80 100 120 140 160 180
Mass Number (A)

Mass Yield Curve for Fission of 235U
by thermal neutrons.
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Neutron 16s 3258 2.7 min 29y 64 h Stable
Neutron strikes
235 atom
@-b‘ —_— Fission
Fragments

- ¥ B v B 7

g‘*‘

096s 1.7s 12s 14 min 33h 13.6d Stable

Subsequent decay
B AAEE. PB#R :e : v:anti-neutrino

v AL, vy ray :photon, *:excited

BRIGEIRILEX—DHE

Energy sources MeV
fission fragments 168
neutrons >
prompt y ray 7
Delayed 3 ray 8

Y ray 7
Total 200

1 gy
ol = | pT_&t,V

2 Co — 5 Coty
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Cross section for thermal neutrons 0.25¢V

barns (10~ 2*cm?)
235U (fission) 577
235U (absorption) 106
0B (absober) 3840
'H (coolant) 0.332

235U has a large fission cross section at 0.25 ¢V and 1.0 MeV.

Thermal reactors: utilize 0.25 eV thermal neutron
Fast reactors: utilize 1.0 MeV fast neutron.
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Reactor power density Py is given as 1,570 MW/m?3 (typical value for
NERVA reactors). Then Vgge is designed for given output power Pore

Veore = Frore /PD (5)

|, 6.0x10 (mol ")

Pooraty = 3.2 %107 (J) Ny =3-2%10 0.235(kg/mol) = )

Uranium density is 19,100 kg/m3

Veons = Meons /19,100 = 6.4x 107 P 1, (7)
Then required core volume is
Veore = Prore (/P +6.4x107°¢, ) (8)
If Po=1G W/m3, there would be no fuel-consumption effect for a several-

year flight (108 sec).
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[No. of fast neutrons, 17}

No. of fission reactions

k=neLpLf
Correction for fast Four-factor formula
fission & Absorption
escape except k=L rLine of (9)
Non-leakage L; [EZ g
Resonance escape p Non-leakage L, k:  multiplication ~factor of

neutron during its life-cycle.

Slowine Process (No. of thermal neutrons} Diffusion
neLp Process

Life-cycle of neutrons
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n: BEZE. =v(c/c, ) Number of
neutrons produced in a one fission
event. v=2.4, n =2.07.

¢: fast fission factor. 1.00 for fast
reactor and 1.05 for thermal reactor.

Ly BRZENNSHMER during the

slow-down process of fast neutron.

p: HIBRURE RN HREE

Resulting thermal neutrons = neLp

BHRHERO—YA49)L

[No. of fast neutrons, #

No. of fission reactions

k=neLpL.f
Correction for fast
fission ¢ Absorption
escape except
Non-leakage L; B

Resonance escape p Non-leakage L,

Diffusion
Process

Slsmins Droeess No. of thermal neutrons
neLp

Life-cycle of neutrons
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k=L Lnepf
. HL AN ;—l—( .
LY : H&.ﬂéﬁhéﬁﬁ4 during the HAZID—H15)L
diffusion process of thermal neutrons.
[No S E A rentons ”} No. of fission reactions
e : k=neLpL.f
f: thermal utilization efficiency . the
I'atiO Of the rate at Wthh thermal Correction for fast
neutrons are absorbed in fuel to the fission ¢ Absorption
total rate at which they are absorbed in SSCAngeXCED
; Non-leakage L; Wsef
the entire core.
Resonance escape p Non-leakage L,
Resulting neutrons which cause fission
reaction =f L, ( ne pr) P No. of thermal neutrons Diffusion
! neLp Process

Life-cycle of neutrons

Design L; and L, to achieve k=1.1. Then control the criticality by adjusting the
rotary control drums.
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Elements’ reaction cross sections in a reactor

Iso- 5

tope N Oqa a Og N ot I af 2'7' A 5
235 |9.74E-04 | 106 [1.032E-01 | 0.00|0.000E+00 | 683 |6.652E-01 [577 |0.562 | 235 |0.008
238\) |7.33E-05 | 7.6 |5.571E-04 | 8.30|6.084E-04 | 16 [1.173E-03 | - -- | 238 |0.008
C |0.057 0.004 |2.280E-04 | 4.80|2.736E-01 | 4.8 |2.736E-01 | -- - 12 |0.158
H |3.74E-06 | 0.33 |1234E-06 | 38.00|1.421E-04 | 38 |1.421E-04 | -- - 1 [1.008
Be [0.099 0.01 {9.900E-04 | 7.00(6.930E-01 |7.01 |6.940E-01 | -- - |9.01 |0.20%

o, = microscopic absorption cross section (cm?)

X, = macroscopic absorption cross section (cm™')

o, = microscopic scattering cross section (cm?)

Z, = macroscopic scattering cross section (em™1)

o; = microscopic total neutron removal cross section (cmz)
Z; = macroscopic total neutron removal cross section (em™)
oy = microscopic fission cross section (cm?)

X; = macroscopic fission cross section (cm™)

& = lethargy = (2/(atomic weight + 2/3)

23
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Veors = T Réore Heore (10)
L. and L, are the functions of Hggp and Roogg-

Material buckling coefficient B, is

B2 2 I_Lth (11)
& ralgnie g

Where, 7 is the neutron’s average lifetime in a core of the magnitude of 100cm?.
Geometrical buckling coefficient By is

9 5)
Bgzz( pis j+(2.405j 12)
HCORE RCORE

B, must be 1dentical to B;. Then we have a following cubic equation,

2 2
(Roe )3 = [BVCORE j . (2.4051/CORE j - (13)

2 2
T T
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Roots of the cubic equation
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The engine releases 10’ rem/year.

We need to attenuate the radiation to 10 rem/year (100 mSv/year) to
protect the crew. (0.25 rem/year on the ground)
Radiation (y ray and neutron ray) level decreases by a factor of 1/distance?.
For attenuation, a shadow shield composed of Be, W and LiH, is usually
used.

Be : neutron reflector

W: neutron absorption and y ray attenuation

LiH2: light weight. Neutron slowing by H and absorption by Li.

Radiation attenuation capabilities

(distance necessary for 50% attenuation, cm)

Be W LiH,

Specific mass 1.85 19.3 0.5
Neutron ray 622 0.571 0.205
Y ray 6.67 0.564 15.6

26
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Example design of a shadow shield

Be W LiH,
thickness/cm 18 2 5

y 18 BEE 0.1538 0.0854 0.8011
TR BB 0.9802 0.0882 4.7E-8
3ETD vy iR MR 0.1538 0.00131 | 1.05E-3
B TOFMETHR HEE 0.9802 0.0864 4.0E-9

27



4. NASA/NERVAETH



4.1 ¥ERover

1942-1947: <T/\wARL 7O THk
1952 :

1955-1972: Project Rover by Los Alamos, U.S. Atomic Energy Commission, U.S. Air
Force, NASA

Los Alamos Scientific Laboratory began researching nuclear rockets

NERVA/Rover Reactors

Developed Power | thrust
year GW ton
KIWI A ’55-65 0.1 Research
KIWI B ’55-65 1 Research
Phoebus1/NRX ‘67 1.5 Research % E
Phoebus 2 ‘68 4 100 Research
Pewee-1 ‘68 0.5 Life test % %%L
NF-1 72 0.044 Life test e Ul o
NRX "64-'67 Demo. Bn o S ime
XE -‘69 D IO A st i s b ol e s M
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- Kiwi, named after the flightless bird. Eight reactors tested
between 1955 and 1964.

KIWI A
-First test successfully demonstrated the principle of nuclear
rockets
-uncoated UO, plates as fuel elements that were not
representative of later tests.
-reached a maximum temperature of 2,683 K and a power level
of 70 MW1.
-vibrations during operations produced significant structural
damage in the reactor core.

30



IIKIWIII

A flightless bird native to New Zealand.

It is approximately the size of a domestic
chicken.

: PEWEE

An exclusively small bird.

31
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Phoebus tested twice between 1964 and 1969.
Both Kiwi and Phoebus became part of the NERVA program.

Phoebus 2A
-most powerful nuclear reactor with a design power level
of 5,000 MWH1.
-Niobium Carbide coating UO, fuel
-Operations in 1968 were limited to 4,000 MWt due to
premature overheating of aluminum segments of pressure
vessel clamps.
-Total of 12.5 minutes of operations at 2,310 K included
intermediate power level operations and reactor restart.

32
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Pewee tested between 1969 and 1972. Pewee 1 and
Pewee 2 were much smaller and they conformed to the
smaller budget available after 1968.

PEWEE
-Small reactor test bed
-Zirconium Carbide coating UO, fuel
-With a peak operating power of 503 MWt at 2,550 K,
-core power density of 2,340 MWt/m3 average and
5,200 MWt/m?3 peak)
-demonstrating a specific impulse of 845 seconds

33



~——NERVA (Nuclear Engine for Rocket Vehicle
Application) project

1958: NASA was founded. Space Nuclear Propulsion Office was
responsible for all the rocket technologies except for reactor design
and fabrication.

1961: NERVA project began.

1966: NRX(Nuclear Rocket Experimental) Engine System Test with

KIWI-A reactor.

NDZZLE SKIRT EXTENSION

INTERMAL
= SHIELD
T

CONTROL NOZILE
DRUM

| S REACT
TURBOPUMPS PUTOR RARE \
PROPELLANT LINE
EXTERMAL REFLECTOR
DISC SHIELD
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. NERVA (Nuclear Engine for Rocket Vehicle

Application) project

Objectives
1. Demonstrate the feasibility of engine start and restart without
an external power source.
2. Evaluate the stability and control mode during startup,
shutdown, cool down and restart for a variety of initial conditions
and over a broad operating range.

3. Investigate the endurance capability with multiple restarts.

NOZZLE SKIRT EXTENSION

IMTERHAL

NOZZLE
. SHIELD CORTROL
"

DRUM

REACTOR CORE

TURBOPUMPS

PROPELLANT LINE

EXTERMAL REFLECTOR
DISC SHIELD
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This 1100 MWt engine was a prototype
engine, the first to operated in a downward
firing position. It accumulated a total of 28
start cycles in March 1968 for a total of 115
minutes of operations. Test stand coolant
water storage capacity limited each full power
test to about 10 minutes.

“”H H'!'I"" "1" 4 i!"il
|||I”| ﬂ' EI

NRX/XE engine
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https://www.youtube.com/watch?v=GmxPRCyR-Co
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1968:. Second engine NRX/XE designed as close as possible to a
complete flight system, using a flight-design turbo pump. The engine
was reoriented to fire downward in reduced-pressure.

Obijectives
1. Demonstrating engine system operational feasibility

2. Showing that no technology issues remained as a barrier to
flight engine development.

3. Demonstrating completely automatic engine startup.

1972: With the NASA budget cut after Apollo project (1961-1972),
Rover/NERVA projects were suspended.

diameter 10.55m

length 43.69 m

weight 178,321 kg (full)
thrust 867,000 N
specific impulse 825 s (vacuum)
burn time 1,200 s

37
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1. Nuclear thermal rocket development begun as an application of
atomic energy technology to aerospace propulsion in U.S. after
World War Il.

2. High power density of 0.5 MW/kg is available.
3. Double V, of 9,000 m/s is expected with H, propellant.
4. Criticality for the fission reactions are controlled by a rotary drum.

5. NERVA project demonstrated its technical feasibility as a rocket
system.

6. The project was suspended with NASA budget cut in 1972.

38



	「先端宇宙推進工学」��２限　原子力ロケット
	1.　原子力熱ロケットの概念
	�放射性同位体熱源と原子炉
	原子力熱ロケットの概念
	原子力熱ロケットの特徴　(1)
	原子力熱ロケットの特徴　(2)
	コア構造
	固体コア原子炉の構造 (1)
	固体コア原子炉の構造 (2)
	減速材（Moderator）
	燃料棒　(1)� Hexagonal UC-ZrC-Graphite composite type 
	燃料棒　(2)� Particle Bed type 
	2.　核分裂反応理論
	結合エネルギー
	核反応の生成物
	放射性崩壊
	核反応の反応断面積
	3.宇宙用原子炉と放射線シールドの設計法
	炉体積設計
	臨界条件と連鎖反応
	減速過程
	拡散過程
	反応断面積
	炉のアスペクト比決定
	４次関数の根
	放射線シールドの設計
	放射線シールドの設計例
	4. NASA/NERVA計画
	4.1 米国Roverプロジェクト
	フェーズ 1: “KIWI”リアクター
	“KIWI”
	フェーズ 2: “Phoebus”リアクター
	フェーズ 3: “PEWEE”リアクター
	NERVA (Nuclear Engine for Rocket Vehicle Application) project
	NERVA (Nuclear Engine for Rocket Vehicle Application) project
	XE エンジン
	スライド番号 37
	NASA/NERVA計画まとめ

