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Round trip mission duration:

> 900 :; < 600
days days

Chemical propulsion Nuclear thermal propulsion

NTP spacecraft are high thrust, high specific
impulse (Isp) systems

* Thrust directly related to thermal power of
reactor

* 100,000 N = 450 MW, at 900 sec Isp
* |Isp directly related to exhaust temperature:
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Hydrogen
propellant

Reflector Bl
Nuclear | = y
reactor ; : 7 :

&= H, flow
3 Coating
@ Tube

Nozzle =3 Nuclear fuel

U-235
Nuclear fission produces heat @

bd

n&S2 o
Neutron \\\ / Neutrons
o —» @ »190MeV\—>.

Control
Moderator drum




Nozzle

. “ .
'l' - -..: .
_ i
-
-

Hydrogen
propellant

.l - Lod "

o

- .
&t

A - .

ot -y .

. - 'I-.'
e SR

EASRIE S

Nuclear
reactor 3

Moderator

Reflector [

wa: 3 Qtypiéa'l NTP 'syst'em WO rks |

Control
drum

e

S—
———

Heat exchange tubes
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L|m|ted materlal options in 2900 K

t-emperature range -

H He
3 4 5 6 B 9 10
Li | Be BI.CIN|O|F Ne|C/C
Refractory Metals " |2 s a5 |8 |7 [® |e Typically usedin
e Historically used in || Na Mg Al fSi| P S| ClIAr hypersonics
nudear 19 20 21 22 ' 23 24 25 26 27 28 ‘ 29 30 31 32 33 34 a5 36 . H h—
K|Ca|Sc|Ti|V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr igh-temperature

applications
* High-temperature

av 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 Capable

Rb|Sr| Y |Zr{Nb Mol Tc|Ru|Rh|Pd|Ag|Cd|In |Sn|Sb|Te| | |Xe|* Low coefficient of

Ca pable 2740 K| 2890 K _
. Manufacturability 55 |56 72 |73 |74 |75 |76 |77 f8 |79 [0 |81 |82 |83 |84 [85 |86 thermal expansion
issues CS Ba Hf 3;[;[]3!( 3695 K 3@3%“ 39?“ EJ{U K Pt | Au Hg Tl Pb Bi | Po | At | Rn (CTE)
. 87 88 104 TTOS oG 07 oo oT 110 111 112 113 114 115 116 17 18 o H Corrosion WIthOUt
* H, embrittlement Fr | Ra Rf [Db|Sg|Bh|Hs |Mt|Ds|Rg|Cn|Nh| Fl [Mc|Lv|Ts|Og 2 . )
issues protective coating

|5? |53 \59 |e.o \51 |52 |53 |a4 \55 66 |67 |88 69 [70 |71

For NTP specific applications, we also must consider:
* Neutron absorption cross-section (desire low) 98 Jo9 [100 [101 [102 [103

e Hydrogen reactivity (desire low) | Cf | Es [Fm|Md|No | Lr
* Manufacturing complex geometry (small diameter tube)
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Carbldes prowde another option for Immg flow

channels in NTP fuel element o

Melting Temperature (°C)

4000 |
3800 :
3600 :
3400 :
3200 :
3000 :
2800 |
2600 :

2400 L

Fahrenholtz - UHTC

Oxidés

Carbides| Nitrides

Borides

Material Family

Brittleness of carbides on
their own may influence
performance as a flow
channel liner on their
own due to damage
caused by temperature
cycling and high
pressures

\J

Carbide coated

C/C heat
exchange tube
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e e oo heat exchange tubes must meet
£ speuflc requirements to be successful

t=0.254 mm to 0.381 mm

L=1.016 m

== H, flow

d=3.175mm
— Coatmg

v == Tube
= Nuclear fuel
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C/C heat exchange tubes must meet

3 ) speuflc requirements to be successful

t=0.254 mm to 0.381 mm

2900 K of flowing H, _

L=1.016 m

== H, flow

d=3.175mm
— Coatmg

v == Tube
= Nuclear fuel
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C/C heat exchange tubes must meet

| .' . _,speuflc requirements to be successful

L=1.016 m

2900 K of flowing H,

t=0.254 mm to 0.381 mm

d=3.175mm

6.9 MPa working pressure

== H, flow

— Coatmg
== Tube

= Nuclear fuel
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C/C heat exchange tubes must meet

~...speC|f|c requirements to be successful

" » ..'.

t=0.254 mm to 0.381 mm

Hermetic surface

coating to protect
L=1.016 m the C/C from hot

hydrogen

A
\4

== H, flow

d=3.175mm
— Coatmg

- == Tube
= Nuclear fuel
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C/C heat exchange tubes must meet

.._..; speuflc requirements to be successful

L=1.016 m

t=0.254 mm to 0.381 mm

Hermetic surface

coating to protect

the C/C from hot
hydrogen

A
\4

d=3.175mm

100 K/sec thermal cycling
loading to 2900 K for 10 cycles

== H, flow

— Coatmg
== Tube

= Nuclear fuel
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C/C heat exchange tubes must meet G%
Vs

...-speuflc requwements to be successful . <

t=0.254 mm to 0.381 mm

Hermetic surface

coating to protect
L=1.016 m the C/C from hot

hydrogen

6.9 MPa working pressure

Design life of 5 hours with
multiple start/stop capability
d=3.175mm
== H, flow

100 K/sec thermal cycling — Coatlng

[
loading to 2900 K for 10 cycles = Lﬂté?ear fuel

444
S

17



Challenge: Develop a hermetic C/C tube with
sufficient high-temperature strength and
structural integrity for the NTP fuel element

Hermetic coating on

Manufacturing C/C ) :
g ¢/ the tube interior
heat exchange
surface to prevent
tubes :
H, corrosion
—
A

/ Ames Research Center

Experimental
testing to
understand
structural behavior

Computational

modeling of
thermal and
structural behavior
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Iteratlve “build-test-repeat” tube ' @/
| develomentc cle’ S
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1.016-m heat exchange tubes manufactured
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Estabhshed a method to characterize tube @,%
: iy

. permeability and axial tension =~ .

Permeability Test Fixture Axial Tension Test Fixture

Gasin

Gasin
O-Ring |_—""
Sedl Specimen
glued to Tube specimen Support
hardware
Permeation / plug
measured through T
tube wall To gas flow
meter or PUII rOd
helium

Specimen
bonded to
hardware

detector

20



o Identlfled carbldes as the candldate @/

- scoating materials

e (Carbides selected as best candidate materials

 Demonstrated preferential carbon volatilization in carbides

H,+ C=C,H, Hydrogen Neutron

Cracks Composition
Protec-:tive é/) CTE Stable goéo% V M-righ or

coating @ - _ C-rich
interface Porosity
~
C/C tube @
| Experimental Y Y Future Future Y Y Y N
Modeling Y Y Future Y Y

Metal-rich (M-rich); Carbon-rich (C-rich)

For more information, attend the lightning talk by William “BJ” Tucker on “Refractory Carbides for Hydrogen Erosion

Resistance in Carbon Tubes for Nuclear Thermal Propulsion” on Tuesday May 9, 2023 @ 4:05 pm MDT
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% . Usmg hot hydrogen testmg to understand

carblde behawor in relevant environment

Compact Fuel Environment
Element Test (CFEET)

Current
in coil **

[
T

Side view
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Tungsten
susceptor

Issues with previous setup

Symmetry for
heating

Parallel to
flow

Well developed
boundary layer
on sample

off

59.2

X

April 2023 CFEET test of
TaC using new fixture
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Finite element modeling (FEM) used for
preliminary understanding of stress states

CerCer
C/C tube ~0.025 mm
Coating gap

Mud crack

(1 /

One cyclel

| 4
Stresses due to coefficient of thermal expansion
(CTE) mismatch are very large

Challenge: Can we overcome CTE mismatch

with a different design configuration?

Problem greatly reduced if CerCer and coating
are pseudo-ductile

Normalized Applied temperature distributions
through- ZrC CerCer: 2900 K
: : C/C tube 200 K linear gradient
thickness R

rC coating: 67 K gradient
stress (MPa) PR
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For more information, please attend “The Challenges
with Material Interfaces in a Nuclear Thermal Propulsion
Engine Heat Exchanger” by Sarah Langston at 10:30 am
MDT on May 8, 2023
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Concluding remarks

« Desired geometry is achievable using C/C

« Coating C/C remains a tall pole

« Developed an experimental assessment method for C/C tubes

« FEM used to investigate tube integration with CerCer to form fuel assembly

Future work

« Chemical vapor deposition to coat inner diameter of C/C

« Coated C/C samples for CFEET testing to characterize behavior
« Manufacture mixed carbide samples for CFEET testing

« Continued experimental characterization of the coated C/C tubes at Kratos SRE
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