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ABSTRACT

Low-Erosion Nozzle Materials for Long-Duration Hybrid Rocket Burns

by

Russell S. Babb, Master of Science

Utah State University, 2023

Major Professor: Stephen A. Whitmore, Ph.D.
Department: Mechanical and Aerospace Engineering

Hybrid rocket systems have proven to be a low-cost, safe, practical, and green alter-

native to traditional propellant systems. One major hindrance to hybrid motor performance

relates to nozzle throat erosion. The typical operating environment of hybrid systems can

lead to nozzle throat erosion due to oxygen-rich exhaust. Additionally, since hybrid systems

tend to have a continuous shift in oxidizer-to-fuel ratio the rates of nozzle erosion are highly

dependent on motor conguration, ow rates, and burn times. High throat erosion aects

motor performance, reliability, and repeatability. To address this shortcoming low-erosion

nozzle materials and congurations were evaluated. Pyrolytic graphite was evaluated as

throat material for its high-temperature tolerance and thermal conductivity; boron nitride

and reinforced carbon-carbon were evaluated as structural and thermal support around the

pyrolytic graphite to be used as a heat sink and to allow the pyrolytic graphite to remain

cooler for longer, delaying the onset of pyrolization and throat erosion. Multiple generations

of nozzle designs were tested, and the results of long-duration burns show a ve-fold de-

crease in erosion rates under similar burn conditions when compared to isomolded graphite

nozzles.

(63 pages)
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PUBLIC ABSTRACT

Low-Erosion Nozzle Materials for Long-Duration Hybrid Rocket Burns

Russell S. Babb

Hybrid rocket systems, which employ a solid fuel grain and a liquid oxidizer, are a

low-cost and environmentally friendly alternative to traditional rocket systems. However,

hybrid rockets suer from an increased nozzle throat erosion rate, which impacts motor

performance and reliability. To address this issue several materials and low-erosion nozzle

congurations were tested. The results of the testing campaign produced a nozzle that

reduce the throat erosion rate ve-fold.
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CHAPTER 1

INTRODUCTION

Hybrid rocket systems have inherently safe characteristics and are environmentally

friendly especially when compared to traditional propellant systems, which employ ex-

tremely toxic or hazardous propellants [3]. The complexity of hybrid systems is compara-

ble to that of monopropellant systems as they both require only a single uid ow path,

but typically hybrid motors are able to achieve higher performance [4]. They are able to

be a low-cost replacement to the traditional propellant systems. Hybrid rocket systems

are being proposed and tested in multiple applications including launch vehicles, sounding

rockets [5, 6], orbital insertion for small-to-medium class satellites [7, 8], as upper stages

for Nano-launchers [9], and as a surface launch system for Lunar and Mars sample return

missions [10].

Hybrid systems occupy the middle ground between solid rocket motors and bipropellant

liquid motors. The hybrid has a lower mass fraction (wet mass/dry mass) than solid but

is able to do real-time throttling [11, 12], on-demand ignition, shut-down, and re-ignition

[13–16]. This allows for precise guidance, trajectory adjustments, and station keeping.

Hybrid systems have higher mass fractions compared to bipropellant due to using only a

single uid ow path allowing them to be simpler than bipropellant. Hybrid rocket systems

have the potential to signicantly out-perform solid propellant systems [17] while having

similar performance and less complexity than bipropellant liquid systems. Figure 1.1 shows

the dierence between liquid, solid and hybrid engines.

However, hybrid rocket systems have several challenges. Several researchers have in-

vestigated trajectory optimization with hybrid propulsion systems [9, 18–20]. The primary

conclusion showed that model uncertainties result in signicant performance deviations

from nominal prediction. In some cases there were such large deviations that the mission

objectives could not be achieved. Uncertainty in nozzle throat erosion of hybrid motors is
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Fig. 1.1: Rocket Engine Comparison

a primary contributor to these uncertainties in performance. Resolving nozzle erosion will

improve hybrid motor performance and increase reliability of hybrid motor models.

1.1 Eect of Nozzle Erosion Upon Motor Performance

Motor chamber pressure P0 is the primary measurement for real-time propulsion sys-

tem performance feedback and control since in-ight thrust and vehicle mass cannot be

measured in real time. Chamber pressure is linked through the thrust coecient CF to

performance parameters such as thrust F , massow m, and specic impulse Isp through

Eqs. (1.1) - (1.3). Typically prelaunch testing or previous ight data is analyzed to derive

CF . Instantaneous throat cross-section area A∗ is critical for accurate calculations. Un-

certainty in instantaneous throat area directly contributes to the uncertainty in calculating

motor thrust and nozzle exit m. Characterization and reduction of nozzle throat erosion

will improve the characterization and modeling of hybrid motors.

Cf =
F

P0A∗ (1.1)
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F = mVe + (Pe − Pa)Ae (1.2)

Isp =
F

mg0
(1.3)

The eects of nozzle erosion, and the direct inuence on throat area uncertainty, com-

promise the accurate simulation and design of further hybrid systems and have been under-

studied. Nozzle erosion uncertainty increases with longer burn duration. The continuous

throat erosion aects the thrust prole, consumed propellant and oxidizer mass, along with

other performance characteristics. To provide accurate hybrid motor system simulation,

design, and trajectory optimization, it is essential to address nozzle erosion [21].

1.2 Hybrid Rocket Nozzle Erosion Issues

It was assumed that nozzle throat erosion and ablative cooling for hybrid motors would

be similar to solid propellant rocket motors, using similar materials and getting similar

results. However, due to the dierences in the operating environments of hybrids and solids,

this assumption is not valid. Solid rocket motors operate in a slightly fuel-rich environment,

eliminating unburned oxygen, which is highly reactive with nozzle throat material. Due to

the nature of how hybrid rockets burn with solid fuel and liquid oxidizer, they have a

continual oxidizer-to-fuel (OF ) ratio shift throughout their burn prole. Typically, hybrid

motors shift to a lean condition [22], allowing high-temperature oxygen-rich exhaust to

form and react with nozzle materials. Hybrid motors are ultimately exposed to higher

temperatures and greater concentrations of oxygen in the exhaust compared to solid motors,

resulting in erosion rates that can be as much as two to three times higher than equivalently

sized solids [23, 24].

1.3 Reducing Nozzle Throat Erosion

One approach to reducing nozzle throat erosion for hybrid rockets is to use a material

that can survive the environment without reacting with oxygen. Hybrid rocket exhaust can
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be up to 3000 ◦C and contains high concentrations of oxygen. This operating environment

is extremely dicult to design for, leaving typical materials such as layered graphite-epoxy

(carbon/carbon, C/C)—which can survive temperatures up to 3000 ◦C but rapidly oxidizes

above 650 ◦C with oxygen present—inappropriate for the application with no viable oxida-

tive resistant coatings available at this temperature range. Low-erosion refractory materials

could possibly be used but due to the added mass, it would incur a considerable dry mass

penalty.

Another approach is to conduct or convect heat away from the throat thus delaying

the onset of pyrolysis. An active method for cooling the nozzle, one that is integrated into

many large liquid bipropellant systems, is to use propellant to convect heat away from the

nozzle structure by passing the propellant through tubes that surround, or are part of, the

nozzle before the propellant is injected into the combustion chamber [25]. A passive method

would be to increase the thermal conduction away from the nozzle throat through the nozzle

structure to dissipate it through radiation or into a thermal heat sink. Figure 1.2 shows

cross-sections for ablative cooling used in solid motors along with lm and channel cooling

used in liquid motors.

Fig. 1.2: Traditional Nozzle Cooling Systems
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1.4 Low-Erosion Composite Nozzle Test Bed Design

The approach pursued in this research is to design a low-erosion composite nozzle for

the high-oxidative environment of hybrid motors that takes advantage of multiple materials

whose diering properties complement each other in reducing nozzle throat erosion. The

throat material would conduct heat away from the inner surface of the throat, keeping that

surface at a lower temperature and reducing pyrolysis, and move the heat to a material

insulated from the high-oxidative ow that can act as a heat sink. Pyrolytic graphite (PG)

was studied for throat material with hexagonal boron nitride (HBN) or reinforced carbon-

carbon composite (RCC) as insulating layer materials. Figure 1.3 shows the conguration

for the PG throat and the HBN insulating layer. Stainless steel was used for ground testing

structural purposes. The HBN was replaced with RCC and the stainless steel shell was not

used.

Fig. 1.3: Low-Erosion Nozzle Cross-Section
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1.5 Thesis Statement

In order to eectively predict the performance of hybrid rocket systems, it is necessary

to develop accurate throat erosion models. Additionally, it is necessary to develop tech-

niques to improve material survivability and reduce erosion rates of the throat. This thesis

deals with the in situ material testing of PG, HBN, and RCC for the development of erosion

models and a low-erosion nozzle conguration.
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CHAPTER 2

LOW-EROSION NOZZLE

This chapter summarizes the material used for three low-erosion nozzle congurations.

Each nozzle conguration was tested as a part of this study. The throat of each low-erosion

nozzle conguration was manufactured from PG and was encased in a high heat capacity

absorbing layer. Two types of PG were used for throat material, PG substrate nucleated

(PG-SN) and PG high-conductivity substrate nucleated (PG-HT). HBN and RCC were

investigated as high heat capacity absorbing layer materials. Key material properties of

PG, HBN, and RCC will be presented in this chapter.

The low-erosion nozzle system tested in this research leverages the anisotropic thermal

conduction properties of two materials. Figure 1.3 shows a cutaway view of the nozzle, Fig.

2.1 shows the dimensions, and Fig. 2.2 shows an assembled nozzle. Using the anisotropic

material properties of PG, heat can ow rapidly away from the nozzle throat surface. HBN

or RCC, with their high heat capacities, conducts the heat from the PG, keeping the ame

surface of the PG at a lower temperature.

2.1 Properties of Pyrolytic Graphite [1]

Pyrolytic graphite is a unique form of synthetic graphite manufactured by decomposing

hydrocarbon gases, typically propane or methane, to very high temperatures in the absence

of oxygen. This process results in an ultra-pure form of carbon that crystallizes into a series

of layered graphene sheets. Graphene is an allotrope of carbon formed as a single layer of

atoms in a 2-D hexagonal lattice. Graphene sheets are then layered to produce a strong and

temperature-resistant material. Because the graphene sheets crystallize in a planar order,

pyrolytic graphite is extremely anisotropic. The anisotropy is caused by the tendency of

the individual crystallites to align perpendicular to the deposition surface.
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Fig. 2.1: Dimensioned Drawing

Pyrolytic graphite also has high thermal shock resistance and is well suited for the

absorption of instantaneous thermal uxes, as in this application. Most important for this

application is the anisotropic property that pyrolytic graphite exhibits a very high thermal

conductivity along the direction of the sheet layers, -radial (basal-plane) direction, and

a very low thermal conductivity in the direction perpendicular to the graphene sheets (-

plane). Thus, pyrolytic graphite conducts heat across its -planar surface like copper and

insulates like ceramics in the -axial (edge-plane) direction. Pyrolytic graphite is one of

the best planar conductors of heat currently available. Figure 2.3 shows the orientation of

the - and -planes in several of the graphene sheets making up pyrolytic graphite, and the

relative heat-transfer-rate magnitudes. An example of a nozzle throat stack made from PG

is in Fig. 2.4.
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Fig. 2.2: Low-Erosion Nozzle

Fig. 2.3: Orientation of Pyrolyic Graphite Graphene Sheets

Generally, PG comes in three dierent forms; continuously nucleated (CN), substrate

nucleated (SN), and high-conductivity substrate nucleated (HT). PG-SN is grown on a

substrate uninterrupted whereas PG-CN is continuously interrupted by additional growth

nuclei throughout the growth process [26]. The dierent growth of PG-CN increases thermal
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Fig. 2.4: Pyrolytic Graphite Nozzle Throat Stack

conductivity in the  plane and reduces it in the  plane. PG-HT is a thermally annealed

version of PG-SN that has increased thermal conductivity by about four times as compared

to PG-SN [27].

2.2 Properties of Hexagonal Boron Nitride [1]

Boron nitride (BN) is synthetically produced and exists in various crystalline poly-

morphs, including cubic and hexagonal. Cubic boron nitride (CBN) is exceptionally hard,

harder than diamond, and is commonly used as an abrasive and in cutting tool applications.

Hexagonal boron nitride (HBN) is the most stable of the polymorphs. HBN has a layered

structure where boron and nitrogen atoms are bound by strong covalent bonds in-plane and

each layer is held together by van der Waals forces. Thus HBN, like pyrolytic graphite,

exhibits anisotropic properties, with the longitudinal axis (-plane) value exhibiting a sig-

nicantly higher value when compared to the radial axis (-plane). This behavior is the

opposite of what is observed for pyrolytic graphite. Unlike CBN, HBN is also suciently
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soft to be easily machineable. Figure 2.5 shows the orientation of the - and -planes,

and the relative heat transfer rates in several layers of an HBN structure. An example of

a nozzle throat insulator made from HBN is in Fig. 2.6. Important properties associated

with HBN are as follows:

Fig. 2.5: Orientation of Hexagonal Boron Nitride

Fig. 2.6: Hexagonal Boron Nitride Insulator



12

1. Anisotropic with high thermal conductivity (κ) values along the -plane and low

κ-values along the -plane.

2. Low thermal expansion coecient.

3. Good thermal shock and heat resistance.

4. High electrical resistance and low dielectric constant.

5. Easily machined nonabrasive and lubricious.

6. Nontoxic and chemically inert.

2.3 Properties of Reinforced Carbon-Carbon Composite [2]

Reinforced carbon-carbon composite is fabricated by pulling continuous strands of car-

bon ber through a die as they are coated in epoxy resin and cured at high speed. Tubes,

rods, or bars made by this process align all of the carbon bers longitudinally along the rod

or bar. The resulting material is extremely strong along the longitudinal axis but does not

possess the layered structure typical of most RCC composites. Because of the very uniform

cross-section, the resulting coecient of thermal expansion is low and the resulting material

also should be signicantly more resistant to erosion at high temperatures. RCC also has

anisotropic properties that are aligned in the same direction as the PG. An example of a

nozzle throat insulator made from RCC is in Fig. 2.7.

2.4 Thermal Conduction Properties

The material properties of the dierent components tested in this study are in Table 2.1.

It must be noted that values of the thermodynamic and material properties as presented

in the technical literature show a wide range of variability, especially in regard to the

anisotropic materials, PG and HBN. The values presented in Table 2.1 are the result of a

selection based on engineering judgment and the quality of reference sources, where values

published in technical journals and reference publications are given preference compared to

the manufacturer’s specication sheets.



13

Fig. 2.7: Reinforced Carbon-Carbon Insulator



14

T
ab

le
2.
1:

T
h
er
m
al

an
d
M
ec
h
an

ic
al

P
ro
p
er
ti
es

M
at
er
ia
l

O
p
er
a
ti
n
g

T
em

p
er
a
tu
re

κ
,

W m
K

A
-B

P
la
n
e

ξ,
C
T
E
,
m
n

m
K

A
-B

P
la
n
e

C
p
,

J
k
g
K

ρ
,
k
g

m
3

E
,
E
la
st
ic

M
o
d
u
lu
s

G
P
a
A
-B

p
la
n
e

P
oi
ss
on

s
R
at
io
,
ν

U
lt
im

at
e
T
en
si
le

S
tr
en

g
th
,
M
P
a

T
o
x

◦ C
T
m
a
x

◦ C
H
B
N
-9
9%

[2
8–

3
0]

2
5◦
C

18
.4
5

0.
59

14
70

19
85

53
0.
2

98
8
50

25
0
0

16
5
0◦
C

16
.8

0.
51

36
40

13
5
9

R
C
C

[3
1,
3
2]

2
5◦
C

4
0.
3

2.
40

71
2

14
50

40
0.
14

21
0

6
50

30
0
0

16
5
0◦
C

32
3.
80

22
50

80
23

5
P
G
-S
N

[3
3–

39
]

2
5◦
C

40
0

0.
52

71
0

21
90

31
-0
.1
6

15
2

6
50

25
0
0

16
5
0◦
C

1
14

2.
50

22
00

24
21

9
P
G
-H

T
[3
4–

3
7,
4
0]

2
5◦
C

16
25

1.
15

70
4

22
10

80
-0
.1
6

13
0

8
45

30
0
0

16
5
0◦
C

3
10

4.
85

21
06

43
18

7
S
S
-3
16

[4
1
–4

3]
2
5◦
C

13
.9
6

18
.6
0

49
8.
3

7.
95

18
5

0.
27

58
0

9
25

17
0
0

10
0
0◦
C

2
9.
2
4

8.
50

62
8.
0

10
0

37
0



15

CHAPTER 3

EXPERIMENTAL APPARATUS, INSTRUMENTATION, AND TESTING

APPARATUS

A 100 N, 75 mm thruster system previously used by Whitmore et al. [44,45] for hydro-

gen peroxide (H2O2)/acrylonitrile butadiene styrene (ABS) testing was repurposed to use

gaseous oxygen (GOX) as the oxidizer. As long as identical equivalence ratios are main-

tained, hybrid fuel material has little inuence on the nozzle erosion rate [24]. Thus, as a

time and cost-saving measure, 3-D printed and extruded ABS plastic was used in lieu of

hydroxyl-terminated polybutadiene (HTPB) as the fuel for this study.

3.1 Low-Erosion Nozzle Test Assembly

Figure 1.3 shows the schematic of a lab-weight version of the proposed low-erosion

nozzle system. Figure 2.1 shows a dimensioned drawing. The layered conguration consists

of three major parts: 1) a series of PG-SN [46] disks making up the throat section; 2)

a surrounding insulator machined from 99.7% pure HBN [47]; and 3) a shell made from

316-grade stainless steel (SS-316), supporting the entire structure. The layered nozzle sys-

tem interfaces directly to the existing nozzle motor case adapter, allowing testing without

additional modications. To test a ight-weight version of the HBN nozzle we removed

the shell made from stainless steel. An additional conguration was tested by replacing

the PG-SN throat with PG-HT along with replacing the HBN insulator with RCC as a

drop-in alternative. RCC was an ideal test candidate because of its higher strength and

ight heritage. Two congurations were made using RCC. The rst is a monolithic RCC

nozzle that replaces both the HBN and PG. The second is the PG-HT throat with the RCC

being an HBN replacement.

As an experimental control, the three-layer nozzle conguration was replaced with

three alternate congurations: 1) a machined graphite plug that matches the PG-SN and
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HBN insert dimensions of Fig. 2.1; 2) a whole-nozzle conguration machined entirely from

graphite; and 3) a whole nozzle conguration machined entirely from RCC. The graphite

plug was inserted into the nozzle adapter of Fig. 1.3. The whole-nozzle graphite congura-

tion featured machined O-ring grooves, allowing the nozzle to be directly mounted into the

75 mm motor case. Figure 3.1 compares some of the dierent nozzle congurations tested.

Fig. 3.1: Comparing Alternative Nozzle Congurations

3.2 Thrust Chamber Assembly

Fig. 3.2: Cutaway View of Thrust Chamber Assembly Showing Low-Erosion Nozzle Inter-
face Details
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Fig. 3.3: Thrust Chamber Components

Figure 3.2 shows the composite nozzle conguration mounted to the 75 mm hybrid

thrust chamber, adapted from the previously described legacy testing campaign. Figure 3.3

shows the components before assembly. The head end of the fuel grain used a 3-D printed

ABS insert for compatibility with the low-energy arc ignition system of the motor [13].

Figure 3.2 shows the thrust chamber assembly as adapted for this test series. Major system

components are as follows: 1) nozzle assembly; 2) nozzle retention ring; 3) motor case; 4)

3-D printed ABS ignitor cap with embedded electrodes; 5) extruded ABS main fuel grain

section; 6) insulating phenolic liner; 7) chamber pressure tting; and 8) motor cap with a

single-port injector. The 75 mm diameter motor case, constructed from 6061-T6 aluminum,

is a commercial o-the-shelf (COTS) Cesaroni Pro75 two-grain motor case.

3.3 Motor Ignition System

The motor ignition system utilizes the Utah-State-University-developed low-wattage

arc ignition system. It utilizes the unique electrical properties of fused deposition modeling

(FDM) [48] 3-D printed ABS. These properties can be used to allow for rapid on-demand

ignition [49].

To use this ignition system and to reduce costs, only the igniter is printed ABS whereas

the rest of the fuel grain is machined from high-density extruded ABS. Figure 3.4 shows

the detailed schematic of the fuel grain. Figure 3.5 shows the electronic schematic for the
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ignition system. An UltraVolt high-voltage power supply is used to produce the voltages

necessary to cause the 3-D printed ABS to pyrolyze. Typically, the voltage varies between

100 and 400 volts.

Fig. 3.4: Test Motor Fuel Grain Conguration
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Fig. 3.5: Motor Ignition System for Testing Electronics Layout

3.4 Instrumentation and Test Assembly

Fig. 3.6: Test Systems Plumbing and Instrumentation Diagram (PID)

Figure 3.6 shows the plumbing and instrumentation diagram (PID) of the experimen-

tal apparatus used for this test series. Figure 3.7 shows the test stand. The test stand

measurements include: 1) Venturi-based oxidizer mass ow; 2) load-cell-based thrust mea-
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Fig. 3.7: Annotated Test Stand

surements; 3) chamber pressure; 4) GOX tank pressure; 5) injector feed pressure; and

6) multiple temperature readings at various points along the ow path. The motor was

mounted to a custom-built and calibrated thrust stand with exible mounts that allowed

thrust transmission in the axial direction. Thrust forces are sensed with a piezoresistive

load cell. Custom re control, data acquisition, and processing software were programmed

in National Instruments Labview to ensure run-to-run test consistency, shown in Fig. 3.8.

3.5 Blast Lab Test Stand

All tests were performed in the Battery and Survivability Limits Testing (BLAST) Lab

on the Utah State University (USU) campus. The BLAST Lab is a decommissioned Air

Force jet test stand that allows for safe observation of rocket test res from a control room.

The rocket test stand in the BLAST Lab is shown in Fig. 3.9. Electronic feedthrough

allowed for direct command, control, and data acquisition of all tests.
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Fig. 3.8: National Instruments Labview Virtual Instrument Front Panel

Fig. 3.9: Test Stand Setup in Blast Lab
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CHAPTER 4

ANALYTICAL MODEL

This section contains the analytical methods used to model and support the experimen-

tal testing of this thesis. Methods used to model the combustion chemistry and calculate the

thermodynamic properties of the combustion plume are presented. Additionally, methods

to calculate the key motor parameters derived from raw test data are presented. Finally, a

method to calculate nozzle erosion rates is presented.

4.1 Modeling of Combustion Chemistry [1, 2]

NASA’s Chemical Equilibrium with Applications (CEA) code [50] was used to model

the combustion plume properties. The generic chemical structure of ABS is shown in Fig.

4.1 where Na, Nb, and Ns are acrylonitrile, butadiene, and styrene respectively. For the

high-density extruded ABS fuel, a mole fraction ratio is assumed to be 28.4%, 30.5%, and

41.1% for acrylonitrile, butadiene, and styrene monomers respectively. The monomer ratio

was determined using Fourier Transform Infrared (FTIR) analysis performed on a typical

high-density extruded ABS sample [51].

Fig. 4.1: Generic ABS Chemical Structure

(C8H8)0.284 · (C4H6)0.305 · (C3H3N)0.411 (4.1)



23

The molecular formula is shown in Eq. (4.1). The corresponding molecular weight Mw

is 67.97 gmol. The enthalpy of formation for ABS fuel was calculated using the group

addition method [52]. Using this method the Gibbs free energy is estimated as the summed

contributions of the individual molecular group enthalpies of formation minus the associated

enthalpies of polymerization. The enthalpy contribution of each monomer ∆Hfmonomer,

enthalpies of polymerization due to each monomer ∆Qp, the enthalpy contribution to each

polymer of each monomer ∆Hfpolymer, the mole fraction of each monomer, and the total

enthalpy of formation ∆H0f (63.70 kJmol) is shown in Table 4.1. The total enthalpy of

formation in terms of kg is 910.4 kJkg.

Table 4.1: Enthalpy of Formation for ABS

Monomer
∆Hf

Monomer
kJmol

∆Qf

Polymerization
kJmol

∆Hf

Polymer
kJmol

Mole
Fraction

Enthalpy
Contribution
kJmol

Acrylonitrile 172.62 [53] 74.31 [54] 98.31 0.284 42.27
Butadiene 104.10 [55] 71.10 [56] 32.00 0.305 16.00
Styrene 146.91 [57] 84.60 [54] 63.31 0.411 4.36

ABS Total 63.70

Using ∆H0f from Table 4.1 and molecular formula Eq. (4.1) as inputs, the CEA

code calculated the thermodynamics properties for ABS/GOX combustion as a function

of combustion pressure and O/F ratio. The CEA-calculated output parameter includes

1) ratio of specic heats (); 2) plume exhaust gas constant of proportionality (Rg); 3)

combustor stagnation/ame temperature (T0); 4) molecular weight (Mw); 5) characteristic

velocity (c∗); 6) dynamic viscosity (µ); and 7) Prandtl number (Pr).

Figure 4.2 plots the results for T0 (Fig. 4.2a), Mw (Fig. 4.2b),  (Fig. 4.2c), and

c∗ (Fig. 4.2d) as a function of O/F ratio. Individual curves represent varying combustion

pressures from 276 kPa to 5515 kPa. The upper and lower combustion pressures are labeled

on the graphs.
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(a) Flame Temperature (b) Molecular Weight

(c) Ratio of Specic Heats (d) Characteristic Velocity

Fig. 4.2: Thermodynamic Properties of GOX/ABS Combustion Products Derived by CEA

4.2 Massow, O/F, and Equivalence Ratio Calculations [1, 2]

The test apparatus contains an inline Venturi shown in Fig. 3.6. This Venturi measures

the oxidizer m. There is no real-time measurement of fuel m; instead a total consumed mass

was calculated from before and after fuel grain weight measurements. The total mass ow

rate, shown in Eq. (4.2), was calculated assuming a constant nozzle throat area A∗ (erosion

to be included later in this thesis) and the combustion products properties from CEA at

each time point using the measured chamber pressure P0 in the 1-D chocking mass ow

equation [58].
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mtotal = A∗P0




RgT0

2

 + 1

γ+1
γ−1

(4.2)

For each data point in the burn time history, the 2-D tables of thermodynamic proper-

ties of GOX/ABS combustion were interpolated using chamber pressure P0 and mean OF

as lookup variables. The total consumed fuel mass anchors the thermodynamic calculations.

Combustion eciency is dened in Eq. (4.3).

η∗ =
c∗actual
c∗ideal

=


γ+1
2γ

γ+1
γ−1RgT0actual


γ+1
2γ

γ+1
γ−1RgT0ideal

≈


T0actual

T0ideal

(4.3)

T0actual = T0ideal(η
∗)2 (4.4)

∆Mfuel =

 T

0
( mtotal − mox)dt (4.5)

Where the theoretical ame temperature T0ideal was scaled by adjusting the combustion

eciency, using Eq. (4.4), such that the calculated fuel mass consumption, Eq. (4.5),

matches the measured pre- and posttest measurements. The values from Eqs. (4.3) -

(4.5) were iterated, adjusting η∗ each iteration, until the calculated fuel mass matched the

measured fuel mass within 0.5%.

For each iteration, the time average O/F ratio was calculated as integrated oxidizer

mass ow divided by consumed fuel mass, Eq. (4.6).

ŌF̄ =

 tburn
0 mox(t)dt

∆Mfuel
=

 tburn
0 mox(t)dt tburn

0 [ mtotal(t)− mox(t)]dt
(4.6)

The stoichiometric O/F ratio for a GOX/ABS propellant combination calculated by

CEA is approximately 2.917. To calculate the equivalence ratio the stoichiometric O/F

ratio is divided by the mean O/F ratio of the burn, shown in Eq. (4.7).
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Φ =
(OF )stoich

(ŌF̄ )
(4.7)

As discussed earlier the remaining oxygen in the combustion plume correlates directly

with nozzle erosion. Residual oxygen pressure in the plume at the combustor exit is esti-

mated by the mean chamber pressure during the burn divided by the equivalence ratio, Eq.

(4.8).

Ppox =
1

tburn

 tburn
0 P0(t)dt

Φ
=

1

tburn

(ŌF̄
 tburn
0 P0(t)dt

(OF )stoich
(4.8)

4.3 Calculating Nozzle Erosion Rate [1, 2]

Nozzle erosion does not start at the beginning of the burn. Erosion only starts after

the surface of the throat reaches a critical temperature for the onset of pyrolysis to begin.

The two major factors driving erosion onset timing are combustion O/F ratio and oxidizer

partial pressure Ppox at the throat, modeled by Eq. (4.8). The nozzle erosion model

presented assumes a linear throat area erosion rate a∗ after the onset of erosion, where

A∗(t) is the instantaneous nozzle throat area at time t, A∗
0 is the starting throat area, and

tpyrol is the pyrolysis onset time, shown in Eq. (4.9).

A∗(t) =





A∗
0 t < tpyrol

A∗
0 + A∗(t− tpyrol) t ≥ tpyrol

(4.9)

Thrust can be calculated using the 1-D de Laval ow equation [58] based on chamber

pressure P0 in Eq. (4.10). Where pexit is the nozzle exit pressure, p∞ is the ambient

pressure, and Aexit is the nozzle exit area.

FP0(t) = P0(t)A
∗(t)


2

 − 1

2

 + 1

γ+1
γ−1


1− pexit

P0

 γ−1
γ

+
Aexit

A∗(t)
(pexit − p∞)


(4.10)
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With the nozzle throat area remaining constant at A∗
0 until pyrolysis onset time the

total burn impulse calculated using chamber pressure is presented in Eq. (4.11).

IP0 =

 tburn

0
FP0(t)dt =

 tpyrol

0
FP0(t)dt+

 tburn

tpyrol

FP0(t)dt =

 tpyrol

0


P0A

∗
0


2

 − 1

2

 + 1

γ+1
γ−1


1− pexit

P0

 γ−1
γ

+Aexit(pexit − p∞)


dt+

 tburn

tpyrol


P0


A∗

0+ A∗(t− tpyrol)



2

 − 1

2

 + 1

γ+1
γ−1


1− pexit

P0

 γ−1
γ

+Aexit(pexit−p∞)


dt

(4.11)

The total impulse calculated for load cell thrust measurements is done using Eq. (4.12).

IF =

 tburn

0
F (t)dt =

 tpyrol

0
F (t)dt+

 tburn

tpyrol

F (t)dt (4.12)

The approximate dierence between the two impulse calculations is in Eq. (4.13). This

equation assumes that before erosion onset (tpyro) the impulse calculated based on chamber

pressure is approximately identical to the load-cell-based impulse.

∆IP εA∗ = IF − IP0 =

 tpyrol

0
F (t)dt+

 tburn

tpyrol

F (t)dt−
 tpyrol

0
FP0(t)dt−

 tburn

tpyrol

FP0(t)dt =

 tburn

tpyro


F (t)−


P0


A∗

0+A∗(t−tpyro)



2

 − 1

2

 + 1

γ+1
γ−1


1−pexit

P0

γ−1
γ


+Aexit(pexit−p∞)


dt

(4.13)

Assuming an approximately optimal expansion ratio the contribution due to pressure

thrust on total impulse calculated with Eq. (4.14) is only weakly dependent on throat

erosion and can be ignored.

∂

∂A∗


Aexit(pexit − P∞)


<< 1 (4.14)
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Thus, the sensitivity of total impulse to the erosion rate is Eq. (4.15).

∂IP εA∗

∂A∗
=

 tburn

tpyrol


P0(t− tpyrol


2

 − 1

2

 + 1

γ+1
γ−1


1− Pexit

P0

γ−1
γ


(4.15)

The partial derivative of A∗ across two successive estimates (j + 1) and (j) produce

Eq. (4.16).

∂A∗ = (A∗)(j+1) − (A∗)j (4.16)

Approximating the partial derivative of total impulse by the dierence between load-

cell-based impulse equation Eq. (4.12) and chamber-pressure-based impulse Eq. (4.11)

produces Eq. (4.17).

∂IP εA∗ = IF − IJP =

 tburn

tpyrol


F (t)−


P0


A∗

0+A∗(t−tpyro)



2

 − 1

2

 + 1

γ+1
γ−1


1−pexit

P0

γ−1
γ


+Aexit(pexit−p∞)


dt

(4.17)

Substituting Eqs. (4.16) and (4.17) into Eq. (4.15) and simplifying the step iteration

for A∗ produces Eq. (4.18).
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(A∗)(j+1) = (A∗)j +
IF − IjP
∂IPεA∗
∂εA∗ |j

=

(A∗)j+

 tburn
tpyrol


F (t)−


P0


A∗

0 + A∗(t− tpyro)



2
γ−1

2
γ+1

γ+1
γ−1


1− pexit

P0

γ−1
γ


+Aexit(pexit − p∞)


dt

 tburn
tpyrol


P0(t− tpyrol


2

γ−1
2

γ+1

γ+1
γ−1


1− Pexit

P0

γ−1
γ



(4.18)

Equation (4.18) is equivalent to Newton’s method used to nd zeros of nonlinear equa-

tions. Numerical convergence can be enhanced by including a relaxation parameter A∗ > 1,

shown in Eq. (4.19).

(A∗)(j+1) = (A∗)j +
IF − IjP

A∗
∂IPεA∗
∂εA∗ |j

(4.19)

Equation (4.19) is solved repeatedly with varying throat area erosion rates at each

time step, where the throat area is calculated using Eq. (4.9). The solution is reached when

the pressure-transducer-based impulse calculation converges on the force-based impulse cal-

culation. Once the throat area erosion rate is solved then the linear erosion rate can be

calculated by Eq. (4.20).

A∗
(t) −A∗

0 = A∗(t− tpyrol) = π(r2t−tpyrol
− r20) = π


(r0 + r(t− tpyrol))

2 − r20


(4.20)

Solving for r in Eq. (4.20) gives Eq. (4.21).

rtburn =


r20 +

1
π (tburn − tpyrol)A∗ − r0

tburn − tpyrol
(4.21)
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Equations (4.18) - (4.21) are used to estimate the instantaneous mean throat erosion

rate using the measured thrust from the load cell and chamber pressure from a pressure

transducer. Because the rate of throat erosion for these tests is fairly small and the burn

duration relatively short, this method is considered a more accurate calculation of erosion

rates than erosion measurements based on nozzle mass loss or by pretest and post-test

throat bore measurements.
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CHAPTER 5

TESTING SUMMARY

5.1 Hot Fire Testing Results

This section presents the results of the low-erosion nozzle testing campaign and dis-

cusses the importance and context of the testing results. Each nozzle conguration, includ-

ing the baseline control nozzles, is presented. Throat erosion results are presented for each

test conguration. A summary of the testing accomplished for this thesis is in Table 5.1.

5.1.1 Baseline Nozzle Results

In order to provide context and to baseline the test apparatus, two control nozzle

congurations were tested. One nozzle conguration was machined from isomolded graphite

and the other from RCC. As expected both baseline nozzles experienced signicant erosion

rates.

Isomolded Graphite Nozzle

The isomolded graphite nozzle, shown in Fig. 5.1a, experience failure after approxi-

mately 12 seconds of burn time for two of the three tests. Figure 5.1b shows the structural

failure of the graphite nozzle for the rst test. Figure 5.2a shows the second test nozzle

after the 12-second burn. The failure was due to overheating of the O-rings caused by heat

directly conducting conducted from the nozzle throat into the O-rings; the failed O-rings

are shown in Fig. 5.2b. The O-ring failure allowed combustion chamber gasses to pass

between the nozzle and the combustion chamber.
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(a) Machined Nozzle (b) Nozzle Structural Failure

Fig. 5.1: Isomolded Graphite Nozzle 1 Test

(a) Postburn Nozzle (b) Failed O-rings

Fig. 5.2: Isomolded Graphite Nozzle 2 Test

RCC Nozzle

The RCC nozzle had no structural failure in either of its two tests and was able to

survive a continuous burn time of 20 seconds, though the throat exhibited signicant erosion.

Figure 5.3 shows the eroded cross-section with a cumulative 32 seconds of burn time. Note

the asymmetric erosion of the throat and the erosion of the divergent section of the nozzle,

the lower part of the picture, which causes a non-axial thrust component.
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Fig. 5.3: Baseline RCC Nozzle with a Cumulative 32 Seconds of Burn Time

5.1.2 Low-Erosion Nozzles

Generation 1

The rst generation nozzle consists of a PG-SN throat and an HBN insulator encased

in an SS-316 shell. The full nozzle is shown in Fig. 2.2. This nozzle survived burns up to

15 seconds in duration. The postburn nozzle is shown in Fig. 5.4a. All tests that burned

beyond 15 seconds experienced thermally induced structural failure of the HBN section.

Figure 5.4b shows the failure pattern of the HBN, failing along radial lines. The PG-SN

throat segments did not experience any structural failure and survived with only a small

rate of erosion. The postburn PG-SN throat inserts are shown in Fig. 5.5.

Generation 2

The second generation nozzle consisted of a PG-HT throat along with an HBN insulator

with no SS-316 shell, shown in Fig. 5.6. The HBN had a structural failure for two of the

three 15-second tests. PG-HT had a signicant reduction in throat erosion rate over the PG-

SN. The added heat transfer to the HBN along with the absence of the SS-316 shell resulted
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(a) Postburn Nozzle (b) Fracture

Fig. 5.4: Generation 1 Nozzle

Fig. 5.5: PG-SN Throat Inserts

in multiple fracture points in the HBN. The larger coecient of thermal expansion (CTE)

and elastic modulus of the PG-HT inserts were also likely contributors to the high-stress

levels in the HBN layer of the second generation. Fracture patterns of the second generation

nozzle are shown in Fig. 5.7. No second generation nozzle survived burn durations beyond

15 seconds.

Generation 3

The third generation consisted of a PG-HT throat with an RCC insulator and no SS-

316 shell, shown in Fig. 5.8. This conguration survived burn times of up to 30 seconds.
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Fig. 5.6: Generation 2 Nozzle

(a) Burn 2 Fracture (b) Burn 3 Fracture

Fig. 5.7: Generation 2 Nozzle Failure

The erosion rate of the throat was slightly higher as compared to the second generation

nozzle but the RCC was signicantly more resistant to the thermal stresses as compared to

HBN. The RCC in the third conguration of the nozzle appears to be a good compromise

of material strength and erosion resistance of the throat.
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The PG-HT throat inserts showed signicantly reduced erosion rates when compared

to the PG-SN inserts. Figure 5.9 compares the PG-SN and PG-HT throat inserts following

a series of 20-second burns. The PG-HT cross-section is less eroded and exhibits better

circular symmetry when compared to the PG-SN inserts. The higher thermal conductivity

inserts reduce overall erosion and delay the onset of pyrolysis resulting in a more uniform

cross-section.

(a) Nozzle (b) Nozzle Side View

Fig. 5.8: Generation 3 Nozzle

5.2 Erosion Analysis and Discussion [2]

To observe the eects of nozzle erosion on in-ight real-time thrust estimation the load

cell thrust measurement time history was compared to the thrust derived from measured

chamber pressure time history and the 1-D de Laval ow equations [58], assuming constant

nozzle throat area. Equations (4.18), (4.21), and (5.1) were used to correct the measured

chamber pressure for nozzle erosion. Where D∗(t)ε is the eroded throat diameter, D∗
0 is

the initial throat diameter, and U(τε) is a unit step function that is zero if τε < tpyro and a

value of 1 if τε ≥ tpyro.

D∗(t)ε = D∗
0 + 2(t− τε) rεU(τε) (5.1)



38

Fig. 5.9: Postburn Comparisons of PG-SN and PG-HT Nozzle Throat Inserts

Figures 5.10 through 5.14 compare the dierent congurations. Figures 5.10a, 5.11a,

5.12a, 5.13a, and 5.14a show the dierence between the load cell measured thrust, the white

line, and the calculated thrust using the de Laval equations from the chamber pressure not

accounting for nozzle erosion, the red line. Figures 5.10b, 5.11b, 5.12b, 5.13b, and 5.14b

compare the load cell measured thrust, the white line, to the thrust calculated using the de

Laval equations from the chamber pressure but incorporating the calculate nozzle erosion

from Eqs. (4.18), (4.21), and (5.1), the red line.

The monolithic isomolded graphite nozzle and the monolithic RCC nozzle, Figs. 5.10

and 5.11, both show signicant nozzle erosion. This erosion can be seen in the deviation

between the white and red lines with erosion onset occurring between ve and seven seconds

after motor start in Figs. 5.10a and 5.11a.
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(a) Nozzle with Erosion (b) Erosion Compensated

Fig. 5.10: Eects of Nozzle Erosion on Calculated Thrust Proles for Monolithic Isomolded
Graphite Nozzle

(a) Nozzle with Erosion (b) Erosion Compensated

Fig. 5.11: Eects of Nozzle Erosion on Calculated Thrust Proles for Monolithic RCC
Nozzle

The rst generation nozzle, PG-SN/HBN/SS-316, shows a reduced erosion rate over the

15-second burn duration when compared to the monolithic nozzles, as can be seen in Fig.

5.12. The second generation nozzle, PG-HT/HBN, showed signicantly reduced erosion,

over the 15-second burn, where essentially no erosion occurred shown in Fig. 5.13. The

third generation nozzle, PG-HT/RCC, showed an increased rate of erosion as compared to

the second generation nozzle but had a reduced erosion rate when compared to the rst

generation nozzle, as seen in Fig. 5.14.
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(a) Nozzle with Erosion (b) Erosion Compensated

Fig. 5.12: Eects of Nozzle Erosion on Calculated Thrust Proles for Generation 1 Nozzle
Conguration

(a) Nozzle with Erosion (b) Erosion Compensated

Fig. 5.13: Eects of Nozzle Erosion on Calculated Thrust Proles for Generation 2 Nozzle
Conguration

Figure 5.15 compares the erosion onset time for dierent equivalence ratios for the ve

nozzle congurations tested. Figure 5.16 compares the erosion rates for dierent equivalence

ratios for the ve nozzle congurations tested. Additionally, points derived from data from

a series of tests performed by Karaman [59] are plotted. These tests show data for a GOX

and paran rocket motor with a graphite nozzle. Figure 5.16 additionally plots analytical

erosion rate predictions from Bianchi and Nasuti [24] for a GOX and HTPB propellant and

a graphite nozzle.
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(a) Nozzle with Erosion (b) Erosion Compensated

Fig. 5.14: Eects of Nozzle Erosion on Calculated Thrust Proles for Generation 3 Nozzle
Conguration

For lower equivalence ratios, and the corresponding lean burning conditions, the mono-

lithic isomolded graphite and monolithic RCC nozzles experience rapid erosion onset and

high erosion rates. At higher equivalence ratios, where there is a richer burn condition,

the onset time of erosion increases and the erosion rates drop. All three generations of the

low-erosion nozzle experienced a signicant reduction in erosion rate along with an increase

in erosion onset time. It is observed that the second generation nozzle, PG-HT/HBN, ex-

hibited the lowest overall erosion with the third generation, PG-HT/RCC, slightly higher

than it and the rst generation, PG-SN/HBN/SS-316, slightly higher than the third gen-

eration. Since the RCC of the third generation nozzle is much more robust to thermal

stresses, compared to the HBN, the third generation nozzle is a good compromise of low

throat erosion and material survivability for long-duration burns.
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Fig. 5.15: Erosion Onset Time for Various Nozzle Materials
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Fig. 5.16: Erosion Rate for Various Nozzle Materials
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CHAPTER 6

CONCLUSION

The eects of nozzle erosion have long been ignored for modeling hybrid rocket stage

trajectories. Neglecting this has the potential to compromise accurate calculations of hybrid

power systems for optimal trajectories. Since continuous nozzle throat enlargement during

a burn directly aects the engine thrust prole, consumed propellant mass, and overall

vehicle mass, it is essential to include the eects of nozzle throat erosion in overall hybrid

propulsion system modeling, design, simulation, and trajectory optimization. Nozzle throat

area uncertainty increases as burn length increases. The eects of this uncertainty produce

signicant variability in motor performance. A low-erosion nozzle system designed for

hybrid motor systems is needed.

This thesis presents results from proof of concept tests of low-erosion nozzle cong-

urations specically designed for hybrid motors. The designs utilized highly anisotropic

material properties of pyrolytic graphite, hexagonal boron nitride, and reinforced carbon-

carbon to reduce the temperature of nozzle throat material to increase the time for erosion

onset and to reduce overall nozzle erosion. Tests were three generations of nozzles. First

was a PG-SN nozzle throat with a HBN heat sink layer and a SS-316 supporting shell. The

second generation used PG-HT material for the throat along with an HBN heat sink layer.

Finally, the third generation used the PG-HT throat and replaced the HBN with RCC for

the heat sink.

Test results from multiple long-duration burns were compared against a monolithic

isomolded graphite nozzle and a monolithic RCC nozzle. The low-erosion nozzles showed

a ve-fold decrease in erosion rates. Due to large thermal gradients in the low-erosion

nozzles and mismatched thermal expansion, the HBN material would crack due to excessive

stresses. The rst generation nozzle experienced fewer failure rates when compared to the

second due to the SS-316 support shell and the lower thermal expansion rate of PG-SN
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compared to PG-HT. The HBN heat sink material did not survive burns longer than 15

seconds in length in the rst generation nozzle and could only survive up to 10 seconds of

burn time for the second generation nozzle.

To increase survivability RCC was used as a drop-in replacement for the HBN in the

second generation nozzle. RCC has signicantly higher material strength properties. In

addition, the thermal expansion rate was more closely matched to the PG-HT than the

HBN. The third generation nozzle using the RCC also utilized PG-HT, which has a higher

radial heat transfer coecient when compared to PG-SN and is thus able to transfer more

heat away from the nozzle throat surface delaying pyrolysis.

Test results verify that the third generation nozzle, PG-HT/RCC, design exhibits sig-

nicant long-duration burn survivability when compared to the rst two generations of

nozzle designs. The third generation nozzle did not experience structural failure during any

of the burns and survived burn times of up to 30 seconds. Due to the lower heat capacity

of the RCC heat sink the third generation nozzle did exhibit higher throat erosion than the

second generation nozzle. However, when structural serviceability is considered, there is a

reasonable trade-o concerning erosion reduction, thermal expansion strains, and material

strength for the third generation nozzle.

6.1 Future Work

Due to the COVID-19 pandemic, the USU propulsion lab was unable to perform all

planned tests. There lacks both a depth and breath of testing volume and conditions. To

continue improving the long-duration low-erosion hybrid nozzle the accompanying analytical

models additional testing should be performed. Specically, preventing fracturing of the

HBN insulator while keeping the nozzle light weight and increasing the burn time capability

of a low-erosion nozzle.
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