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ABSTRACT

attention for special aerospace missions due to the capability of the structural

and density tuning to achieve a balance between ablation and insulation
performance under thermal-aerodynamic conditions. Phenolic resin-impregnated
carbon aerogels with a three-dimensional, interconnected nanoporous network
structure, very low density, and special insulation properties are a novel type of
lightweight carbon-phenolic ablators. Also, the development of mathematical models
and simulation of thermal response of ablative insulators, appropriate to their structure
is carried out with the aim of predicting the temperature and density distribution in
the ablator depth. The theoretical results ultimately lead to the determination of the
optimal insulation thickness for the application conditions.
Methods: Novel types of ultralight carbon-phenolic composites based on carbon
acrogels with low density in the range of 0.36 to 0.76 g/mL were fabricated. After
defining a mathematical model to predict the temperature distribution and depth

l Iypothesis: In recent years, porous carbon-phenolic ablators have attracted

density of the ablators, the model input data such as thermal degradation kinetic
parameters and thermophysical properties were estimated using TGA and recession
porous composite ablator, rate analysis. Also, the microstructure of the ablator material was investigated using

scanning electron microscopy during the ablation process. Then, the ablation process

carbon aerogel, of the prepared thermal insulators was simulated using the commercial software

ablation, Comsol Multiphysics based on the 1-D mathematical model.
- Findings: The results showed that increasing the density of the ablator from 0.36 to
phenolic resins, 0.76 g/mL helped to decrease the surface and the depth temperatures of the ablator.

The depth temperature of the ablators with a density of 0.36 g/cm?® at the depth of 25
and 35 mm was 100°C and 65°C, respectively. The in-depth temperatures decreased
(80°C at 25 mm and 58°C at 35 mm) for the ablator with the density of 0.76 g/mL.
The surface recession rate also decreased from 0.091 to 0.055 mm/s with the density
increase. Lightening of the ablators caused the occurrence of the in-depth ablation
phenomenon, while for the ablators with higher density, pyrolysis and ablation
occurred in the surface region. Comparison of simulation and experimental results
indicated that the thermal behavior of phenolic impregnated carbon aerogel ablators
was predicted favorably using the developed computer program. Using the developed
computer program, the ablator density and the required thickness of thermal insulator
could be estimated for each application condition.

insulation properties
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Fig. 3. TGA and DTG results of sample CA0.142-0.36 (a) under argon atmosphere and (b) under air atmosphere.
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Table 1. Model input data (physical and thermal properties) of the evaluated samples.

Properties/Sample Parameter SI unit CA0.142-0.36 CA0.142-0.76
Density (virgin) P, kg/m? 363 756
Density (char) Pu, kg/m? 246 330
Thermal conductivity (virgin) k, W/m.K 0.14 0.33
Thermal conductivity (char) k, W/m.K 0.12 0.25
Permeability (virgin) K, m’ 3.9x10M 4.6x10°"
Permeability (char) K, m? 2.6x107 7.7x1012
Thermal capacity (virgin) c, J/kg.K 1260 1407
Thermal capacity (char) Coch J/kg K 820 970
Recession rate $ m/s 0.091x1073 0.055x107
Surface temperature T, K 1723 1709
Heat of polymer degradation AT, J/kg 1.82x10° 1.82x10°
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b) Pyrolysis - CA0.142-0.36
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Fig. 4. SEM images of CA0.142-0.36 (scale: 50 um) of (a) virgin, (b) pyrolysis, and (c) char zones after ablation test under

oxyacetylene flame.
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Line graph: Dependent varibale T (K)

Line graph: Dependent varibale T (K)
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Fig. 6. Unsteady temperature distribution at the depth of the
CA0.142-0.36 ablator.

@ﬁL,:)La,-raJv\jjsaks_z.xp&c)uaﬂj\&uﬁ
58l e Bl (s alend Sladki sy eSS 5l Lol glasE
Sgh e odalie &5 Hbolea Wl o Jlj el Cubis 4
G s S Ll L e Olg e Sldalie pl 4 a5 L
o= 5l 4 s o 8 SIS 55l g (o S 50

Al g Rl

E L ETO N LN N ]
Wl e dos slod
Glos FO s Cdew okl SaSw oS e was LT L

)‘ QMC)b)‘wJob; ﬁbﬁ‘é\;tjﬁ M}ao.o)bﬁ&w

Line graph: Dependent varibale rho (kg/m?)

1800 === -
g %388: / Recession 5 |
= 1500 o 10
© 14004 Increasing time — 155
< 1300 20
‘= 12004 —25s
g 1100+ 30s
— 10001 —35s
S 900- —40s
'g 800+ —45s
o 7001
: 4
Q -

4004

300- T T T T T T

0 0.01 0.02 0.03 0.04 0.05
X (m)

CAO0.142-0.76 6. 52115 & 505 Gas 55 HILU glos zoF =0 Jse
Fig. 5. Unsteady temperature distribution at the depth of the
CA0.142-0.76 ablator.

LS JUE L kel mlaw ol L Jlesl 65,0 L

e 3008 0555 LS Il 5 asly ol e glos (pulas
b o 4l 3 355 o 0i 5105 Gl s glos 50 sl
oo bl s opis 2l S wps gors sles 4 led Ok
S A s e 0500 5 S SbAS sl
Gl s 56 o e b ks JBs 5 58 4 5 uS
Slae = 0355 50 5 oS Sl lS (55, by s slile
S o S 1 CHSCE ab 4 b S JU 5 555 e sbl U35,
5 s i o S S el @Y (sl S sl
2 S Gl el LSt 4 pod S gladdsls
Sl g O s Sl )l ol bl il 4l

Line graph: Dependent varibale rtho (kg/m®)

T 36011 .

& 350 v — 5

4 \ S

< 340 i — 10s

2 3301 | - _— — 155

; 320 ncreasing time — 20

% 310A 25s

‘£ 3004 30

S 290 s

s 280 45

Q

LR

5 ]

gro~—
0 0.01 0.02 0.03 0.04 0.05

CA0.142-0.36 0.5 55115 & 503 Gos 3 LA JE coF A I
Fig. 8. Transient density distribution at the depth of the

x-coordinate (m)

CAO0.142-0.36 ablator.

\7\

VE-E 53135 ¥ 0 )losh aiiad 9w Jw roaky (SI9J9iS5 9 pole (sole alzo

e 7501 —
700 — 55
~ —10s
g 6501 — 155
5 600 — 205
=
g 500 —35s
5 450 e
% —45s
£ 4001

2 350-

Q : T T T T T T

0 001 002 003 004 005

x-coordinate (m)

(CAO.142-0.76 o 53105 & o s 53 LIS M w55V IS0

Fig. 7. Transient density distribution at the depth of the

CAO0.142-0.76 ablator.



GRS Sl dsls s ki Sauslpd 0 Jigabld Sl Bale lo S Fomly (s bwasuds

140 { —— 35 mm-experimental
— 25 mm-experimental

) 120 4 =+ = 25 mm-model .
o 1004 =-- 35 mm-model P
[}
I
<
o
[oN
S
(]
=
0 . . T .
0 10 20 30 40 50
time (s)
(a)

100

— 35 mm-experimental CA0.142-0.76

804 - 35 mm-model

—— 25 mm-experimental
=+ = 25 mm-model

Temperature (°C)

10 20 30 40 50
time (s)

(b)

wupﬂ)JckwﬂvomijaMWJéwL;Lhaxﬁ‘M&‘fd.deﬁJLQ.GLSLAJ—‘\Jg.&

Fig. 9. Experimental and model depth temperatures for selected sacrificial materials at 25 mm and 35 mm thickness from the

flame-exposed surface.
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