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Hybrid Rocket Motors
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Advantages

➢ Safety
➢ Low costs
➢ Simplicity
➢ Green propellants
➢ Oxidizer flow control
→Mission abort and throttlability

Disadvantages

➢ Low regression rates
→ Low volumetric efficiency
➢ Combustion efficiency
➢ High oxygen content

Passive cooling systems



Thermal protection systems

MASSIMO FRANCO - INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS 2

General concepts
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Materials choice
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POLYCRISTALLINE GRAPHITE COTTON PHENOLIC



Experimental set-up
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Configuration 1 Configuration 2

GRAPHITE

COTTON
PHENOLIC

C40



Test matrix

MASSIMO FRANCO - INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS 5

Test 

number
configuration burning time [s]

1 1 7

2 1 15

3 1 15

4 2 20

5 2 24.5

➢ Chamber pressure ≅ 20 bar
➢ Oxidizer mass flow rate = 2 kg/s
➢ O/F ≅ 6

Thermocouples 

position

NOZZLE UP

NOZZLE MIDDLE

NOZZLE DOWN



Test bench
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Thermocouples



Experimental set-up
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Configuration 2

Burning time = 20s



MASSIMO FRANCO – INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS

Outline
❑Introduction

➢ Hybrid rocket motors

➢ Thermal protection systems

❑Experimental analysis
➢ Materials choice

➢ Experimental set-up

➢ Test matrix

➢ Test bench

❑Experimental results
➢ Graphite erosion

➢ Cotton-phenolic erosion

➢ Materials interaction

➢ Temperature data

❑1D ablation model

❑Future work



Experimental results
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BEFORE AFTER
PHENOLIC GRAPHITE



Graphite erosion
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𝑇𝐸𝑆𝑇 #1, 𝑡𝑏 = 7𝑠 𝑇𝐸𝑆𝑇 #2, 𝑡𝑏 = 15𝑠



Graphite erosion
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𝑇𝐸𝑆𝑇 #4, 𝑡𝑏 = 20𝑠𝑇𝐸𝑆𝑇 #3, 𝑡𝑏 = 15𝑠



Graphite erosion
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𝑇𝐸𝑆𝑇 #5, 𝑡𝑏 = 24.5𝑠 𝑇𝐸𝑆𝑇 #5, 𝑡𝑏 = 24.5𝑠
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Graphite erosion
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Test 

number
configuration

burning 

time [s]

Erosion 

rate [mm/s]

Pressure 

drop [bar]

1 1 7 0 0

2 1 15 0.0138 0.35

3 1 15 0.0516 0.81

4 2 20 0.0552 1.68 

5 2 24.5 0.0612 2.25 

O/F = 4.83

O/F = 5.68
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Cotton phenolic erosion
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General considerations

CHAR
VIRGIN
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟏, 𝒕𝒃 = 𝟕𝒔

𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟏
0.19 mm/s

0.34 mm/s

0.32 mm/s
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟐, 𝒕𝒃 = 𝟏𝟓𝒔
𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟏

0.29 mm/s

0.62 mm/s

0.25 mm/s
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟑, 𝒕𝒃 = 𝟏𝟓𝒔
𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟏

0.63 mm/s

0.38 mm/s

0.18 mm/s
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Cotton phenolic erosion
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Configuration 1 Configuration 2
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟒, 𝒕𝒃 = 𝟐𝟎𝒔

𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟐

0.36 mm/s

0.31 mm/s
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Materials interaction
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟒, 𝒕𝒃 = 𝟐𝟎𝒔

𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟐 0.24 mm/s

0.13 mm/s
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟒, 𝒕𝒃 = 𝟐𝟒. 𝟓𝒔
𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟐

0.39 mm/s

0.30 mm/s
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Cotton phenolic erosion
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𝑻𝑬𝑺𝑻 𝟓, 𝒕𝒃 = 𝟐𝟒. 𝟓𝒔
𝑪𝑶𝑵𝑭𝑰𝑮𝑼𝑹𝑨𝑻𝑰𝑶𝑵 𝟐 0.23 mm/s

0.20 mm/s
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Temperature data
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Temperature data
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1D ablation model

MASSIMO FRANCO - INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS

x

𝑸𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒗𝒆 𝑸𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒐𝒏

𝟏𝒔𝒕 𝒍𝒂𝒚𝒆𝒓 𝟐𝒏𝒅 𝒍𝒂𝒚𝒆𝒓

𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏

y

ሶ𝑺

𝜌𝑐𝑝 ቇ
𝜕𝑇

𝜕𝑡
𝑥

=
1

𝐴

𝜕

𝜕𝑥
𝑘𝐴

𝜕𝑇

𝜕𝑥
𝑡

+ ℎ𝑔 − തℎ ቇ
𝜕𝜌

𝜕𝑡
𝑦

+ ሶ𝑆𝜌𝑐𝑝 ቇ
𝜕𝑇

𝜕𝑥
𝑡

+
ሶ𝑚𝑔

𝐴
ቇ

𝜕ℎ𝑔

𝜕𝑥
𝑡

25



MASSIMO FRANCO - INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS 26



MASSIMO FRANCO – INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS

Outline
❑Introduction

➢ Hybrid rocket motors

➢ Thermal protection systems

❑Experimental analysis
➢ Materials choice

➢ Experimental set-up

➢ Test matrix

➢ Test bench

❑Experimental results
➢ Graphite erosion

➢ Cotton-phenolic erosion

➢ Materials interaction

➢ Temperature data

❑1D ablation model
➢ Numerical results

❑Future work



Future work
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𝑸𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒗𝒆 𝑸𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒐𝒏

𝟏𝒔𝒕 𝒍𝒂𝒚𝒆𝒓 𝟐𝒏𝒅 𝒍𝒂𝒚𝒆𝒓

𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏
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SURFACE ENERGY BALACE →thermochemical code (CEA)
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Decomposition process & material properties
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Future work
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CARBON-PHENOLIC & SILICA PHENOLIC Porous material Analysis Toolbox (PATO)

EXPERIMENTAL ANALYSIS NUMERICAL ANALYSIS
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Thank you for your time! Any questions?



Extra



Materials interaction

MASSIMO FRANCO - INVESTIGATION OF THERMAL PROTECTION SYSTEMS FOR HYBRID ROCKET MOTORS



Cotton phenolic erosion
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Configuration 1 Configuration 2

𝑡𝑏 = 7𝑠 𝑡𝑏 = 15𝑠 𝑡𝑏 = 15𝑠 𝑡𝑏 = 20𝑠 𝑡𝑏 = 24.5𝑠

Cotton phenolic erosion
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Configuration 2

𝑡𝑏 = 20𝑠 𝑡𝑏 = 24.5𝑠

Cotton phenolic erosion


