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ybrid Rocket Motors
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Ceramics

Metals with high melting
point

Polycristalline graphite
Pyrolitic graphite
Carbon/carbon
composites
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» Cotton/
phenolic

» Glass/phenolic

> Silica/phenolic

» Carbon/
phenolic
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2. Experimental tests
> Experimental set-up
» Combustion chamber
» Nozzle zone

» Materials selection
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Combustion chamber
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Nozzle zone
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laterials selection

2 types of
arbon/phenol
ic

Silica/phenolic
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aterials selection

3 types of
carbon-
carbon

Glassy-
carbon

Tungsten
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3. Post-processing tools
> X-ray tomographies
» SEM analyses
» 1D ablation code
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-ray tomographies
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EM analyses
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EM analyses

HV mag WD det pressure | spot g = 2 : o T 8, . ! HV mag| WD det pressure |spot
20.00 kV 300 x/10.0 mm| DualBSD | 0.524 Torr| 5.0 . - : . | 20.00 kV| 50 x|11.8 mm| DualBSD |0.526 Torr| 5.0

¥
3

'Y

HV mag | WD det press‘;re spot ——— 500 ym HV  |mag, WD det pressure | spot
20.00 kV|150 x| 7.8 mm | DualBSD |0.526 Torr| 5.0 20.00 kV| 70x|11.8 mm| DualBSD |0.529 Torr| 5.0
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D ablation model
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D ablation model
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1. Experimental results
» Test matrix
> Graphite screening tests
> Best graphites in-depth study
> Throat inserts
> Carbon & silica/phenolic
» Backup liners

» Convergent inserts
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est matrix

Screen | ng testS :lr:::ing E:Lalyst Pre-flange Inj-insert :EErr;ain Post-flange | Conv-insert Nozzle insert | Throat insert Nozzle
) gth backup
on graphite liner
radeS 001 | =155 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-1 - -
. 002 | =305 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-1 - -
. P enOI IC- - =30s 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - carbon/ph-1 | - -
ba Sed 004 | =30s 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-2 - -
. 005 | =305 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-3 - -
m ate Na |S 006 | =30s 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-4 - -
Fu rth er tests on 007 | =305 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-4 - -
the best 008 | =305 1 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-5 - -
=305 2 2: cotton/ph | 2: graphite-1 | 110 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 - -
g ra ph ites =305 2 1: cottoniph - 110 mm | 2: cottonj{’ph 2: carbonﬁph—l graphite-4 CZ;C—Z -
; =30 s 2 1: cotton/ph | - 110 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 c/c-3 -
. Screen | ng teStS =305 2 1: cotton/ph | - 110 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 c/c1 -
on 013 | =305 2 1: cotton/ph | - 100 mm | 1: cotton/ph | - graphite-6 - -
014 | =305 2 1: cotton/ph | - 110 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 glassy carbon | -
ca rbo n/(:a rbo ns =305 2 1: cotton/ph | - 93 mm 2: cotton/ph | 2: carbon/ph-1 | graphite-4 - -
_ =305 2 1: cotton/ph | - 93 mm 2: cotton/ph | 2: carbon/ph-1 | graphite-4 - -
G l assy ca rbon =305 2 1: cotton/ph | - 140 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 - -
=305 2 1: cotton/ph | - 140 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 - -
019 | =305 2 3: cotton/ph | 3: graphite-1 | 105 mm | 2: cotton/ph | 2: carbon/ph-2 | graphite-7 - -
020 | =305 2 3: cotton/ph | - 140 mm | 3: cotton/ph | 3: carbon/ph-1 | graphite-4 - cotton/ph
Ba Cku p nOZZIe 021 | =305 2 3: cotton/ph | - 140 mm | 3: cotton/ph | 3: carbon/ph-1 | graphite-4 - glass/ph
| | ners . =155 2 2: cotton/ph | 2: graphite-1 | 110 mm | 4: cotton/ph | 4: Silica/ph Silica/ph - -
=155 2 1: cotton/ph | - 100 mm | cotton/ph - carbon/ph-2 | - -
024 | =30s 2 4: cotton/ph | 4: graphite-1 | 105 mm | 3: cotton/ph | 3: carbon/ph-1 | graphite-4 - Silica/ph
TU 8] g Ste 025 | =305 2 4: cotton/ph | 4: graphite-1 | 105 mm | 2: cotton/ph | 2: carbon/ph-1 | graphite-4 Tungsten -
n - =30s 2 1: cotton/ph | - 93 mm 2: cotton/ph | 2: carbon/ph-1 | graphite-7 - -
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est results
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aphite screening tests

Test ID from the test matrix

o Test results

‘ Graphite type
P,. objective [bar] ~ 20 | ~ 20 ~ 20
O/F average 6.63 | 6.80 | 6.55 | 7.00
throat erosion onset time [s] | 12.84 | 12.78 42 10.00
F4p, average [mm/s| 0.1099| 0.1015| 0.0827| 0.423
+p, Mmax [mm/s| - 0.124 | 0.1165] 0.830

~ 20
6.24
13.30
0.0212
0.0363

~ 20

6.21 6.70

9.19 10.23

0.1422| 0.0584
0.0745
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aphites in-depth study

25 1 |—gr-4 #009

—qr-4 + glass/ph #021

Test ID from the test matrix

Test results 009 020 021 024
Graphite type 4 4 4 4
Backup material - cotton/ph| glass/ph. | silica/ph.
P.. objective |bar| ~ 20 ~ 20 ~ 20 ~ 20
O/F average 6.02 6.27 6.54 6.63
throat erosion onset time | 13.83 8.71 11.82 10.56

: T4, average [mm/s| 0.0248 0.0471 0.0300 0.0409

' _ 7tp, Max [mm/s| 0.0488 - - -

O J | | | | | |
0 3) 10 15 20 25 30 35

time [s]
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aphites in-depth study

—qr-4 ox-rich #015
30| wn\lw'hl R ——qr-4 ox-rich #016
' ——qr-4 fuel-rich #017
—qr-4 fuel-rich #018
25 J
h . ] M“'n]lﬁ ity
MM\M&'HI-ur ph A e l"'“ At akmnll by ol L
_ 20
g gy t.‘..-p\.f-. u“n‘g.{.lr‘,"
3
o 15 Test ID from the test matrix
Test results 009 015 016 017 018 019 026
Graphite type 4 4 4 4 4 7 7
10 P.. objective [bar] ~20 | =20 |~30 | ~20 |~30 |~20 | =30
O/F average 6.02 6.92 7.25 5.77 5.80 6.40 7.11
throat erosion onset time |[s] 13.83 | 10.50 | 6.00 - 9.00 22.19 | 6.61
5 P+, average [mm/s| 0.0248 | 0.0844 | 0.0872 | 0 0.0335 | 0.0036 | 0.1233
Tt ax [mm/s| 0.0488 | 0.1242 | 0.1064 | 0 0.0497 | 0.0420 | 0.2006
) LT
0 | | | | | |
0 5 10 15 20 25 30 35
time [s]
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-aphites in-depth study

Graphite-4
20 bar ; fuel ric

Graphite-4
20 bar ; OX ric

Graphite-4
par ; O/F =stoichiome:
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hroat Inserts

25| H{|—CC-2 #010
—glassy carbon #014
—Tungsten #025
201 -
ST A
*‘; Vi Fy nfbayi
= 15f AL Ll -
<,
Q
a° Test ID from the test matrix
10}F Test results 010 011 012 014 025
Material CC-2 | CC-3 | CC-1 | glassy carbon Tungsten
P.. objective |[bar] ~20 | ~20 | ~20 | ~20 ~ 20
O/F average 6.44 6.37 6.42 6.48 6.99
5k throat erosion onset time [s| 1.78 4.10 4.45 4.49 5.63
7, average [mm/s| 0.1218 | 0.1627 | 0.1779 | 0.0366 0.0599
7, Max [mm/s] - - 0.0779 | - -
) L —
0 | | | | | |
0 5 10 15 20 25 30
time [s]
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roat Inserts - carbon/carbon
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25 -
—silica/ph #022
—carbon/ph-2 #023
20 | .
Test ID from the test matrix
Test results 003 023 022
= 151 Material Carbon/ph-1 Carbon/ph-2 Silica/ph
g P.. objective |bar] ~ 20 ~ 20 ~ 20
9 O/F average 7.17 8.08 7.95
o ol throat erosion onset time [ 1.87 0.73 3.91
4, average [mm;/s| 0.2010 0.3377 0.1576
7, Max [mm/s| 0.2326 0.4488 0.2407
S| i
\
0 | | | | | | | |
0 2 - 6 8 10 12 14 16

time [s]
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| —initial profile ' —
—silica/ph #022
—carbon/ph-2 #023
. ,

—initial profile 520
—silica/ph #022 | =
—carbon/ph #023 —15

10 = 0 ° 10 -20 -10 0 10 20
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Silica/
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ackup liners

700 ——cotton/ph: T_conv_bu_1 (2.3 mm)
——cotton/ph: T_th_bu (2.3 mm)
600 —glass/ph: T_conv_bu_1 (2.5 mm)
glass/ph: T_th_bu (2.3 mm)
500 —silica/ph: T_conv_bu_1 (2.0 mm)
silica/ph: T_th_bu (2.5 mm)
400 oY 7
300 @
. ~
200 N
)
100 u
A
O | | | | | | @
0 20 40 60 80 100 120

time [s]
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onvergent inserts

Cotton/
phenolic

Carbon/
phenolic-1/2

Silica/

phenolic
Test ID from the test matrix
Test results - - 019 024
Material type Cotton/ph Carbon/ph-1 | Carbon/ph-2 | Silica/ph
P.. objective [bar] ~ 20 ~ 20 ~ 20 ~ 20
O/F average - - 6.40 7.95
'y, average [mm/s| 0.34 0.12 0.079 0.075
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onvergent inserts

[N
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Outline

2. Conclusions
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onclusions

» There could be large differences between the erosion performances of
different graphite grades. The most important parameters that should be
compared are the density, grain size, pore size, flexural strength, and
thermal conductivity.

» Graphite has good performances considering also its low cost but are very
sensitive to the mixture ratio of the engine. It could be more convenient
to work with fuel rich mixtures because of the benefits on the erosion
behavior of graphite.

» Commercial carbon/carbon materials exhibit low erosion performances so
their use in the throat region should be avoided.

» Glassy-carbon and Tungsten have booth an acceptable erosion rate but
have a much higher cost compared to graphite.

> Silica/phenolic is the best phenolic-based composite for the hybrid rocket
motor environment. Its main cause of erosion are the shear stresses of
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Thank you for your time! Any questions?
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