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Low regression rates limit application of hybrid rocket engines (HREs).
In this paper, combustion of HTPB- and solid para©n wax-based fuels
is investigated in a lab-scale burner by a time-resolved optical technique.
The e¨ects of pressure are explored over the range 7 to 16 bar. Nano-
sized (ALEXTM, 100 nm, uncoated) and micronsized (MgB composite,
5 µm) metal additives are tested. For all runs, the instantaneous regres-
sion rate is not constant but higher at the beginning of tests. Overall,
MgB performance and relatively ease of manufacturing enable to con-
sider this additive as an interesting novel candidate to enhance hybrid
rocket engines performance.

NOMENCLATURE

A space-averaged value (of parameter A)
〈A〉 time-averaged value (of parameter A)
2D two-dimensional
a multiplicative factor [Eqs. (1) and (5)]
as mean surface particle diameter, nm
ALEXTM ALuminum EXploded
AP Ammonium Perchlorate
BET Brunauer�Emmet�Teller
CCP Condensed Combustion Product
D port diameter, mm
Di ith sampled port diameter, mm
DMA Dynamic Mechanical Analysis
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PROGRESS IN PROPULSION PHYSICS

DOA DiOctyl-Adipate
DSC Di¨erential Scanning Calorimetry
EEW Electrical Explosion of Wire
fps frames per second
G mass §ux, kg/(m2·s)
GOx Gaseous Oxygen
H speci¦c enthalpy, J/g
HRE Hybrid Rocket Engine
HTPB Hydroxyl-Terminated PolyButadiene
IPDI IsoPhorone DiIsocyanate
‘m mass §ow rate, kg/s
n power law exponent [Eqs. (1) and (5)]
nAl nanosized Aluminum
nlpm normal-liter per minute
O/F Oxidizer-to-Fuel ratio
pc chamber pressure, bar
R2 correlation index
rf solid fuel regression rate, mm/s
Ssp speci¦c surface, m2/g
SW Solid para©n Wax
t time, s
tign ignition time, s
T Temperature, ◦C
TG ThermoGravimetry Analysis
TOT Thickness Over Time

Greek Symbols

α transformation degree, %
– di¨erence
–tign ignition delay, s
ρ solid fuel density, g/cm3

σ standard deviation

Subscripts

0 reference condition
APS Air PaSsivated
conv convective
D diameter [Eq. (1)]
f fuel
¦n ¦nal
h horizontal
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i ith sampled value
ign ignition
onset oxidation onset
Ox Oxidizer
r regression rate [Eq. (5)]
s surface
v vertical

Superscripts

0 pure material

1 INTRODUCTION

Thermochemical propulsion is the leading technology for access to space and in-
space propulsion. Solid rocket motors and liquid rocket engines are mature sys-
tems serving in several applications. Nevertheless, the former lacks operational
§exibility and, when using AP as oxidizer, produces highly pollutant exhausts,
whereas the latter, though highly performing, is characterized by complex design
and operations [1, 2]. Hybrid rocket engines o¨er high theoretical performance,
§exibility, and reliability while enabling possible costs savings due to safe grain
manufacturing/handling/transport with respect to solid propulsion and simpler
operations with respect to liquid propulsion [3]. Therefore, hybrid systems could
satisfy new requirements from access to space market (as improvement of the
present launch systems performance or private access to space needs), in-space
navigation, and de-orbiting of decommissioned spacecrafts. The main drawbacks
of HREs are the low regression rate of the solid fuel and the poor combustion
e©ciency. These drawbacks hinder the possible advantages coming from the ex-
ploitation of hybrid systems and are related to the di¨usive nature of the HRE
§ame [1, 2]. Focus of this paper is on the regression rate enhancement of HREs
by loading the solid fuel grain with energetic ¦llers; additional analyses will be
needed for combustion e©ciency.

Literature Survey

In HREs, the oxidizer and the fuel are stored in di¨erent states of matter. In
the most common con¦guration, the oxidizer is §uid (liquid or gaseous) while
the fuel is solid. The §uid oxidizer §ows toward the solid fuel grain generat-
ing a boundary layer. After ignition, the gasi¦ed fuel di¨uses into the oxidizer
§ow. Where the O/F reaches the §ammability limits of the considered mix-
ture, a §ame is established within the boundary layer. Fundamentals of this
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phenomenon were investigated by Marxman et al. [4�6]. In their model, the
regression rate of solid grain was identi¦ed as a strong function of the total mass
§ux resulting from the oxidizer stream GOx and the fuel Gf gasi¦ed from the
regressing surface: rf ∝ G0.8 [4]. Under the investigated conditions, a coupling
between convective and radiation heat transfer was identi¦ed but the proposed
model was not accurate enough to consider a pressure dependence of regression
rate for pc < 10 bar (reducing rf for decreasing pressure). Marxman and cowork-
ers addressed this e¨ect to chemical kinetics and possible radiation heat-transfer
in§uences on regression rate.
Further investigations on hybrid combustion were conducted by Smoot and

Price [7]. A dependence of the regression rate on GOx, as well as on pressure
for pc < 12 bar was identi¦ed in their work. The former resulted in a power-
law relationship re§ecting the one proposed by Marxman and coworkers, while
heterogeneous surface reactions were identi¦ed as possible source for the pressure
dependence. A recent comprehensive discussion about pressure in§uence on rf
in hybrid systems is reported in [8].
In past studies, regression rate was usually evaluated by spatially and tem-

porally averaging procedures based on TOT measurement techniques [8�10]. In
recent studies conducted at Pennsylvania State University, instantaneous regres-
sion rate measurement by X-rays radiography leads to rf ∝ G0.6 for tests on
HTPB burning in gaseous oxygen [10].
In order to overcome the intrinsic low regression rate limitations a¨ecting

HRE, several techniques have been proposed [2, 8, 11�15]. The use of para©n-
based formulations producing entrainment of melted fuel droplets was originally
proposed by Karabeyoglu et al. [16, 17]. Though high performing in terms of
regression rate enhancement, entrainment-producing fuels such as solid paraf-
¦ns exhibit poor mechanical properties that are incompatible with large-scale
applications [18].
Metal additives used for solid fuel loading include micronsized and nanosized

powders of metals or metal hydrides [15]. With micronsized particles, the re-
gression rate increase is mainly due to enhanced radiation heat- transfer from
the §ame zone to the fuel grain surface [14]. Nanosized powders provide lower
Tign (higher reactivity) than micronsized counterpart due to their high speci¦c
surface (∼ 10 m2/g vs. ∼ 0.1 m2/g of micronsized particles). The ignition delay
of nanosized particles is, therefore, shortened and this, in turn, yields energy re-
lease closer to the vaporization surface. Because of this, nanosized particles can
result highly e¨ective in enhancing rf [14]. Nanosized powders require a proper
dispersion technique during manufacturing in order to counteract the particles
tendency to cluster causing a reduction of their e¨ective Ssp [14]. Aluminum is
an attractive energetic additive for solid fuel loading. Under DTA/TG testing
conditions as well as rocket engine burning conditions, nAl exhibits high reac-
tivity related to the high Ssp due to its small particle size. The ignition of nAl
takes place at temperatures close to the melting temperature of aluminum while
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micronsized Al ignites at temperatures close to the melting point of alumina [19�
21]. Due to this high reactivity yielding higher combustion e©ciency, nAl could
result more e¨ective than micronsized additives in ballistic performance enhance-
ment.
SPLab of Politecnico di Milano has developed several test rigs and diagnostic

techniques to investigate hybrid combustion [22, 23]. In particular, a time-
resolved technique for regression rate measurement has been developed [23]. The
aim of SPLab experimental activity is to identify a solid-fuel formulation with
high enough regression rate as well as a suitable set of properties for industrial,
large-scale applications (performance, mechanical properties, safety, and costs).

2 TESTED FORMULATIONS AND INGREDIENTS

The baseline formulation is HTPB-R45 plasticized by DOA, cured with IPDI
(curing level -NCO/-OH = 1.04) with dibutyltin diacetate as curing catalyst.
The manufacturing is carried out in a controlled atmosphere vessel with a con-
stant temperature of 60 ◦C to improve miscibility and to reduce gaseous inclu-
sions by lessening HTPB viscosity. The detailed composition of HTPB binder
is indicated in Table 1. Data for the reference SW-based fuel formulation are
reported in Table 2.

Table 1 The HTPB fuel formulation and ingredients density

Component
(short hand notation)

Mass fraction,
% wrt. fuel mass

Density,
kg/m3

Hydroxyl-terminated polybutadiene (HTPB-R45) 79.0 901
Dioctyl adipate (DOA) 13.1 920
Isophorone diisocyanate (IPDI) 7.67 1061
Dibutyltin diacetate (TIN) 0.23 1321

HTPB binder∗ 100 ∼ 920
∗Pyrolysis of cured HTPB extensively discussed in [24, 25].

Table 2 The SW fuel formulation and ingredients density

Component
(short hand notation)

Mass fraction,
% wrt. fuel mass

Density,
kg/m3

Solid para©n wax (SW)∗ 88.0 890
Stearic acid 10.0 845
Carbon 2.0 2100
SW binder 100 ∼ 900
∗Melting temperature 57�59 ◦C.
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2.1 Characteristics of Energetic Additives

Two di¨erent metal additives are considered in this work. The ¦rst one is
ALEXTM, a nAl with nominal size of 100 nm produced by EEW, passivated
by slow, dry air stream after production (APS) and uncoated. The reactivity
parameters and physical characteristics of the ALEXTM powder, de¦ned accord-
ing to [26�28], are reported in Table 3 and in Fig. 1.
The second tested energetic additive is MgB90 (20%Mg). This innovative

micronsized additive is a composite metal powder binding boron with 90%�92%
purity (B90) to magnesium (Mg mass fraction of 20% with respect to particle
total mass). MgB powder is characterized by a mass-weighted mean diameter
of 5.2 µm and by Ssp of ∼ 3.5 m2/g (as evaluated by Malvern Mastersizer 2000,
see Fig. 2). Boron o¨ers a very high volumetric heat of oxidation, but it is
characterized by di©cult ignition and poor combustion e©ciency [14]. The MgB

Table 3 Ssp (evaluated by nitrogen absorption, BET)
and active Al content for investigated nAl powder

Additive Ssp, m
2/g as, nm

a Al0 content, %b

ALEXTM 11.8 202 89
aas = 6/(SspρAl).
bEvaluated by volumetric method after 1 hour hydrogen
evolution.

Figure 1 The TG (1) and DSC (2) of ALEXTM tested under air with heating
rate of 10 ◦C/min (reference sample α-Al2O3). Note ¦rst oxidation peak (603.5

◦C,
34.71 mW/mg) prior aluminummelting and second (793 ◦C, 7.668 mW/mg) less intense
phase of oxidation (2), both oxidation phases are related to a mass gain (1)
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Figure 2 Particle size distribution
of MgB90 (20%Mg) as evaluated by
Malvern Masetrsizer 2000

Table 4 Ignition temperature of
the examined metal additives as
measured under conductive heating
in quiescent air at 1 bar, heating rate
∼ 300 ◦C/s [29]; Tign of MgB de-
creases with respect to Boron (B90)
for increasing Mg content

Metal powder Tign,
◦C

ALEX 592 ± 15
B90 731 ± 31
MgB90 (15%Mg) 676 ± 40
MgB90 (20%Mg) 654 ± 57

powder is designed with the aim of lessening boron burning di©culties, thus
making possible to exploit its energetic potential. Table 4 reports data on the
Tign of the considered metal additives. ALEX

TM exhibits the lowest ignition
temperature of the tested additives. This is related to the small particle size
yielding to enhanced reactivity due to the high Ssp. In this respect, the ignition
data reported in Table 4 con¦rm for ALEXTM the thermal response informa-
tion from the DSC/TG testing reported in Fig. 1 (see the ¦rst oxidation peak).
Considering the MgB data, magnesium acts lessening the ignition temperature
of the additive when compared to the one of pure boron (B90).

2.2 Energetic Additive Dispersion

Exploiting the possible performance enhancements achievable by nanosized ad-
ditives requires a proper dispersion of the energetic ¦ller into the binder matrix
down to the nanoscale. Particle cohesion phenomena during storage/
manufacturing yield the formation of large particle clusters instead of the desired
nanosized powders. Moreover, nAl powders produced by EEW are subjected to
sintering due to wire explosion during the production phase [30]. Dedicated
studies are under progress at SPLab in order to lessen/avoid these phenomena
by implementing proper dispersion techniques.
In the present work, two sessions of sonication were performed during manu-

facturing to avoid particle clustering and enhance dispersion of nAl in the binder
matrix. An ultrasonic bath operating at a frequency of 37 kHz was used. In the
¦rst phase, the required amount of nAl powder was mixed with nanosized car-
bon and then sonicated for 15 min. After the addition of nAl and carbon to the
binder, the required amount of DOA was added to the compound. After mixing,
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Figure 3 ALEXTM-loaded fuels tested by DMA, storage (a) and loss (b) moduli.
Sonicated fuel exhibits reduced data scattering under the investigated conditions (fur-
nace temperature 40 ◦C, oscillation frequency 10 Hz, oscillation amplitude 15 µm):
1 ¡ HTPB; 2 ¡ HTPB + 2%C; 3 ¡ HTPB + 2%C + 10%ALEX (not sonicated);
and 4 ¡ HTPB + 2%C + 10%ALEX (sonicated)

the whole fuel formulation was sonicated for 15 min more. The e¨ects of sonica-
tion were evaluated by mechanical tests conducted on the manufactured fuel by
DMA. Cured HTPB (see Table 1) is taken as the reference formulation. HTPB
loaded with 2% C is considered to evaluate the C e¨ects on solid fuel mechanical
properties. Then two di¨erent nAl-loaded fuels were investigated. Both of them
contain 10% mass fraction of ALEXTM and 2% of C, but they di¨er from the
sonication phase. The ¦rst nAl-loaded fuel was treated in the ultrasonic bath
as previously stated, while in the second formulation, ¦llers were added without
any sonication treatment.

The results achieved by DMA tests are reported in Fig. 3. Under the in-
vestigated conditions, sonication of fuel formulation enables a reduction in the
data scattering of DMA measurements. The result is common for the storage
as well as for the loss modulus. The ¦rst one is associated with the elastic be-
havior of the ¦lled polymeric fuel, while the second one accounts for the viscous
component. This reduction in the measured properties scattering is attributed
to an improved additive dispersion, since clusters in the solid fuel grains are
responsible for nonhomogeneous mechanical properties [31].

3 EXPERIMENTAL SETUP AND REGRESSION
RATE MEASUREMENT

The experimental testing was conducted in a 2D radial microburner [22, 23].
This facility enables burning of cylindrical-shape samples with a single central
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port perforation (initial nominal diameter of 4 mm) under controlled chamber
pressure and oxidizer mass §ow. A digital §ow-meter placed on the oxidizer inlet
provides real-time control of the oxidizer mass §ow rate, while the servoactuators
placed on the gas exhaust dump line grant a quasi-steady chamber pressure. The
tested strand is connected to an injector delivering the oxidizer §ow. A secondary
(nitrogen) §ow cools and cleans the internal parts of the facility. Ignition of the
tested samples is achieved by a pyrotechnic primer charge. The latter is inserted
in the sample port, at the head-end side, and is ignited by a laser beam impinging
on it. Each combustion run is visualized and recorded by a digital camera,
working in the range from 25 to 1000 fps depending on the operating conditions.
An optical time-resolved technique is used to analyze the solid fuel regression
and is based on diameter sampling in time [23]. The sample head-end is visible
during the test allowing Di measurement along di¨erent radial directions from
each of the recorded combustion images (with a sampling frequency∼ 10 Hz). By
averaging these values, the instantaneous diameter characterizing the considered
frame, Di, is obtained. The sequence of the sampled space-averaged diameters
so collected constitutes a discrete information in time, which can be successively
interpolated to achieve a continuous evolution D(t), see Eq. (1).

To circumvent the di©culties of the ignition transient, the function describ-
ing the diameter evolution in time is valid only starting from tign [23]. This
parameter is de¦ned ad-hoc as the one maximizing the data ¦tting of Eq. (1),
when associated to the ¦rst sampled diameter of the considered sequence of
data. The ad-hoc de¦ned tign is compared to the corresponding ignition delay
(–tign) estimated under the hypothesis of ignition due to exclusive convective
heat transfer [32]. An overview of the results achieved with ad-hoc de¦ned tign
is reported in Table 5. According to the discussed procedure, the behavior of
the solid fuel central port during combustion can be de¦ned as

D(t)−D0 = aD(t− t0)nD , t ≥ tign > t0 . (1)

Table 5 Convective ignition delay (–tign,conv [32, 33]) and ad-hoc evalu-
ated –tign showing a general agreement for increasing pc. Fuel ¡ HTPB. The
relatively large di¨erence at 7 bar is likely due to irregular primer charge ignition

Pressure, bar
GOx(Dign),
kg/(m2·s)

–tign,conv = tign,conv − t0,
s

–tign = tign − t0,
s

7 357.3 0.023 0.070
10 381.2 0.021 0.021
13 357.4 0.020 0.059
16 384.0 0.019 0.023
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All results achieved by the time-resolved technique are checked by comparing
the corresponding TOT data to assess the consistency between di¨erent data
reduction techniques:

rf (tign) =
1

2
aDnD(tign − t0)nD−1 ?=

nD
2

D(tign)−D0
tign − t0

; (2)

〈rf (t¦n)〉 =
1

t¦n − tign

tfin∫

tign

rf (t) dt
?
=
1

2

D(t¦n)−D(tign)
t¦n − tign

; (3)

〈GOx(t¦n)〉 =
1

t¦n − tign

tfin∫

tign

GOx(t) dt

?
=

‘mOx

(π/4)
{[
D(tign) +D(t¦n)

]
/2
}2 . (4)

For each test, the relevant parameters of Eq. (1), aD and nD, are thus de-
¦ned. However, data scattering is often observed due to the essentially turbulent
di¨usion nature of the §ame. For a given formulation, the various D(t) so ob-
tained are collapsed into an ensemble-average curve, of the same kind of Eq. (1),
including all of the performed tests. In addition, to make easier comparisons
with literature data, a power-law approximation of rf vs. GOx is proposed, for
each test as well as for the ensemble curves, as

rf (GOx) = arGOx(t)
nr , t ≥ tign > t0 . (5)

The data achieved by application of Eqs. (1) and (5) to ensemble curves
enable de¦nition of proper error bars, de¦ned in t and GOx domains, respectively,
for Eqs. (1) and (5). In order to evaluate the error bars for a given ensemble, a
proper time (or GOx) range is evaluated considering the limits where the curves
of all the performed single tests are de¦ned. Over this latter interval, the error
bars are evaluated by con¦dence intervals centered on the average value resulting
from single test diameters at a given time [for Eq. (1)] or regression rates at a
given GOx [for Eq. (5)]. Con¦dence intervals are evaluated with 95 percent
accuracy.

4 RESULTS AND DISCUSSIONS

Burning of all tested formulations is investigated under GOx, with oxidizer
volumetric §ow rate of 210 nlpm [corresponding to an initial nominal GOx of
∼ 400 kg/(m2·s)], while the chamber pressure ranges from 7 to 16 bar.
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4.1 HTPB Fuel

In order to illustrate the time-resolved technique step-by-step, the results for
the ballistic characterization of HTPB tested at 10 bar are reported in Figs. 4
[diameter change in time, Eq. (1)] and 5 (rf vs. GOx). Table 6 shows the obtained
data for aD and nD as well as the power-law approximation rf vs. GOx for each
single test and also the deduced ensemble average; results for consistency checks
are reported in Table 7. Considering Fig. 4, the strand central port diameter
exhibits a monotonic increase in time during burning. In turn, this behavior
yields the monotonic decrease of rf for decreasing GOx illustrated in Fig. 5a.
Under the investigated conditions, HTPB regression rate for high oxidizer mass
§uxes is characterized by a marked di¨erence with respect to the power-law
approximation commonly accepted for convective heat transfer regimes [4] (see
Fig. 5b).
Table 8 and Fig. 6 show the data for HTPB burning under four values of pc.

The data reported in Fig. 6 exhibit no signi¦cant in§uence of pc on rf and
rather point out a substantial overlapping of the con¦dence intervals in the range
100 < GOx < 300 kg/(m

2·s).
Under the investigated operating conditions, the regression rate of the HTPB

baseline can be summarized by a power-law approximating function taking into
account both GOx and pc e¨ects as

rf (GOx, pc) = (0.035± 0.001)G0.566±0.001Ox p−0.005±0.002c ; R2 = 0.870 . (6)

In spite of the low quality of the data ¦tting, Eq. (6) underlines the sub-
stantial lack of dependency of pure HTPB regression rate on pressure under the
investigated conditions. On the other hand, the regression rate sensitivity to the

Figure 4 HTPB burning in GOx at 10 bar: diameter change in time for the single
tests and the ensemble average: 1�7 ¡ tests from No. 01 to No. 07; and 8 ¡ ensemble
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Figure 5 HTPB burning in GOx at 10 bar: (a) rf vs. GOx for the single tests (1�7)
and the ensemble average (8), and (b) the ensemble average with the power-law ap-
proximation of Eq. (5) (9 ¡ ensemble; and 10 ¡ ensemble, power-law approximation)

oxidizer mass §ux is below the 0.8 value identi¦ed by di¨usion-limited theories
in the convective regime. For HTPB/GOx, this holds true for all investigated
operating conditions as testi¦ed by the results presented in Table 8 and Eq. (6).
The observed low values of nr can be related to radiation heat transfer and
fragmentation e¨ects of the solid fuel grain [34]. In fact, toward the end of the
combustion process (low GOx), fuel fragments are seen to detach from the fuel
grain (Figs. 7 and 8). Fragmentation enhances regression rate with respect to
solid fuel gasi¦cation driven by the heat feedback from the §ame zone to the
regressing surface. Under the investigated conditions, solid fuel grain fragmen-
tation occurs more and more as pressure increases. Under these circumstances,
if the experimental data of diameter evolution in time for GOx < 120 kg/(m

2·s)
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Table 6 HTPB burning under GOx at 10 bar: ballistic parameters for Eqs. (1)
and (5). Low quality of the data ¦tting for rf vs. GOx approximation testi¦es the poor
agreement between the power-law approximation and the actual data (see Fig. 5)

Test No. aD, mm/s
nD nD

R2,
Eq. (1)

ar,
mm/s/[kg/(m2·s)]nr

nr
R2,
Eq. (5)

01 2.104 ± 0.027 0.848 ± 0.010 0.998 0.070 ± 0.001 0.483 ± 0.002 0.899
02 1.715 ± 0.008 0.757 ± 0.004 0.999 0.025 ± 0.001 0.633 ± 0.002 0.921
03 1.881 ± 0.022 0.759 ± 0.009 0.998 0.016 ± 0.001 0.735 ± 0.002 0.909
04 1.448 ± 0.010 0.751 ± 0.007 0.999 0.022 ± 0.001 0.609 ± 0.001 0.960
05 1.613 ± 0.015 0.691 ± 0.006 0.999 0.004 ± 0.001 0.971 ± 0.003 0.912
06 1.498 ± 0.009 0.862 ± 0.004 0.999 0.100 ± 0.001 0.358 ± 0.001 0.857
07 1.702 ± 0.016 0.722 ± 0.006 0.999 0.011 ± 0.001 0.774 ± 0.003 0.905

Ensemble 1.646 ± 0.003 0.740 ± 0.002 0.982 0.016 ± 0.001 0.704 ± 0.003 0.880

Table 7 HTPB burning under GOx at 10 bar: data
consistency checks according to Eqs. (2)�(4). Di¨erences
between data reduction techniques are due to solid fuel
grain fragmentation and other e¨ects of hybrid burning

Test No. Eq. (2), %a Eq. (3), %a Eq. (4), %a

01 0.1 0.2 −2.2
02 −0.1 1.8 −0.4
03 −0.2 −1.9 −8.1
04 0.1 0.3 −2.4
05 0.1 0.6 −0.4
06 0.5 −1.0 −3.0
07 1.0 −0.7 −1.1

aPercentage evaluated with respect to TOT values.

Table 8 HTPB burning under GOx at di¨erent pc: instantaneous en-
semble average curves for rf vs. GOx in the power-law approximation of
Eq. (5). Note low values of nr and poor values of the data ¦tting quality

Pressure, bar ar, mm/s/[kg/(m
2·s)]nr nr R2, Eq. (5)

7 0.046 ± 0.001 0.516 ± 0.002 0.914
10 0.016 ± 0.001 0.704 ± 0.003 0.880
13 0.025 ± 0.001 0.638 ± 0.002 0.919
16 0.052 ± 0.001 0.489 ± 0.002 0.866
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Figure 6 HTPB burning in GOx at di¨erent pc: instantaneous ensemble averages
curves for rf vs. GOx showing no signi¦cant pressure in§uence on rf : 1 ¡ 7 bar; 2 ¡
10; 3 ¡ 13; and 4 ¡ 16 bar

are removed, higher values of nr are achieved as shown in Table 9. This exclusion
does not otherwise modify the general trend of the experimental data reported
in Fig. 5, as testi¦ed by Eq. (7) now replacing Eq. (6).

rf (GOx, pc) = (0.011± 0.001)G0.786±0.001Ox p0.019±0.001c ; R2 = 0.885 . (7)

4.2 Wax Fuel

Pressure e¨ects were investigated also for the SW-based formulations burning in
GOx in the pressure range 7 to 16 bar (Fig. 9). In spite of the data scattering
observed especially at 7 bar, SW exhibits regression rates up to 5 times higher
than HTPB under similar operating conditions. The resulting rf vs. GOx of the
power-law approximation was found quite close to the available literature data,
as shown in Table 10 [16, 17]. Testing conducted at 13 bar is characterized by
high quality of the data ¦tting of the rf vs. GOx in the power-law approximation.
This is likely due to the low GOx induced by a relatively large diameter measured
at ignition. As a matter of fact, the poor mechanical properties of SW may
cause elevated diameter consumptions at ignition and, thus, combustion starts
from a relatively low oxidizer mass §ux with respect to the nominal value. As
a consequence, the experimental data do not exhibit a de¦nite shift from the
standard power-law approximation.
The following equation enables to evaluate the pressure e¨ect on rf for the

SW fuel and, under the tested operating conditions, this shows up to be slightly
negative:

rf (GOx, pc) = (0.056± 0.001)G0.889±0.002Ox p−0.393±0.002c ; R2 = 0.918 .
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Figure 7 HTPB burning in GOx at 16 bar: CCPs detaching from the regressing
surface as pointed out by the arrows: (a) tign + 2.638 s; (b) tign + 2.642 s; and (c) tign
+2.646 s

Even though more runs are required to properly investigate the phenomenon, it
is possible that changes in chamber pressure alter the solid fuel melting and the
entrainment phenomena.

4.3 Metallized HTPB and Solid Para©n Wax Fuels

The data collected on HTPB- and SW-based fuels enable a relative grading of
the regression rates achieved by the tested metallized formulations, under the
same oxidizer mass §ow rate of 210 nlpm, for a range of pc. Pure HTPB was
taken as a baseline. The metallized HTPB formulations di¨er because of di¨er-
ent additive particle sizes and mass fractions. HTPB loaded with 2% Carbon
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Figure 8 HTPB burning in GOx at 13 bar: close visualization of CCPs detaching from
the regressing surface as pointed out by the arrows: (a) tign+2.761 s; (b) tign+2.769 s;
(c) tign + 2.771 s; and (d) tign + 2.772 s

Table 9 HTPB burning under GOx: instantaneous ensemble average
curves of rf vs. GOx for GOx > 120 kg/(m2·s)

Pressure, bar ar, mm/s/[kg/(m
2·s)]nr nr R2, Eq. (5)

7 0.012 ± 0.001 0.762 ± 0.002 0.938
10 0.007 ± 0.001 0.856 ± 0.003 0.891
13 0.007 ± 0.001 0.857 ± 0.002 0.937
16 0.016 ± 0.001 0.705 ± 0.003 0.887

and 10% ALEXTM was tested at 10 bar while HTPB loaded with 2.8%MgB90
(20%Mg) was tested at 13 bar. The additive mass fractions were tailored so
that the MgB-loaded fuel contains half of the metal (Boron) moles than the
ALEXTM-loaded fuel.
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Figure 9 Solid para©n wax burning in GOx in the pressure range from 7 to 16 bar
(1 ¡ 7 bar; 2 ¡ 13; and 3 ¡ 16 bar): instantaneous ensemble averages curves for rf

vs. GOx. In spite of the data scattering, increasing pc, a decrease in rf is perceivable

Table 10 Solid para©n wax burning under GOx: instantaneous ensemble
average curves of rf vs. GOx. As for the HTPB-based formulation, the poor
data ¦tting is due to ballistic response at high GOx

Pressure, bar ar, mm/s/[kg/(m
2·s)]nr nr R2, Eq. (5)

7 0.010 ± 0.001 1.083 ± 0.003 0.936
13 0.042 ± 0.001 0.765 ± 0.001 0.966
16 0.029 ± 0.001 0.805 ± 0.002 0.939

The regression rate response of HTPB loaded with ALEXTM is illustrated
in Fig. 10. Four tests were performed, but only the resulting ensemble curve
is shown. The latter is characterized by –tign = 0.006 s, showing a reduced
ignition delay compared to the corresponding baseline under the same operat-
ing conditions (see Table 5). This ¦nding is in agreement with ALEXTM high
reactivity as shown in Table 4. HTPB loaded with ALEXTM features an impres-
sive initial regression rate increase, accompanied by a strong sensitivity to GOx.
As a consequence, the initial regression rate enhancement of 58% with respect
to baseline at 380 kg/(m2·s) reduces to 48% at 370 kg/(m2·s) and vanishes for
GOx < 150 kg/(m

2·s). Thus, the power law approximation of rf vs. GOx for
HTPB loaded ALEXTM exhibits nr higher than the one of the baseline formu-
lation (Table 11).

Under the investigated operating conditions, HTPB loaded with MgB90
(20%Mg) exhibits a regression rate increase with respect to baseline of 48%
over the entire GOx interval of testing as shown in Fig. 11. The dependence
of rf from the oxidizer mass §ux is weaker for MgB loading with respect to
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Figure 10 HTPB loaded with 2% C and 10% ALEXTM burning in GOx: instanta-
neous ensemble average curves for rf vs. GOx. Note the marked initial rf increase (time
runs from right to left, maximum GOx is achieved at the beginning of the test) and
high sensitivity to GOx: 1 ¡ baseline (HTPB); 2 ¡ HTPB + 2%C + 10%ALEX

TM;
and 3 ¡ HTPB + 2%C + 10%ALEXTM, power-law approximation

Table 11 Power-law approximation (see Eq. (5)) of instantaneous rf vs. GOx for the
metallized fuels burning in GOx

Solid fuel formulation
ar,

mm/s/[kg/(m2·s)]nr
nr

R2,
Eq. (5)

HTPB + 2%C + 10%ALEXTMa 0.005 ± 0.001 0.956 ± 0.004 0.854

HTPB + 2.8%MgB90 (20%Mg)b 0.023 ± 0.001 0.724 ± 0.002 0.920
SW + 2.8%MgB90 (20%Mg)b 0.003 ± 0.001 1.310 ± 0.003 0.942
aTested at 10 bar.
bTested at 13 bar.

ALEXTM, as it can be seen by comparing Figs. 10 and 11. HTPB loaded with
MgB90 (20%Mg) is characterized by –tign = 0.038 s, a value larger than HTPB
loaded with ALEXTM but lower than the pure HTPB baseline (see Table 5).
This is in agreement with the ignition temperatures as reported in Table 4.

This performance is achieved by a fuel formulation where the metal content
is reduced in terms of both mass and molar fractions with respect to ALEXTM-
loaded HTPB. This means that further addition of MgB could enhance the bal-
listic response of the fuel. In addition, from the system performance viewpoint,
this could also enable lower speci¦c impulse losses due to the lower mass fraction
of CCPs originated by the metal combustion. The MgB90 (20%Mg) regres-
sion rate enhancement is likely due to the dual nature of the MgB powder: the
Magnesium present in this metal composite makes viable its ignition at reduced
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Figure 11 HTPB loaded with MgB90 (20%Mg) burning in GOx: instantaneous
ensemble average curve for rf vs. GOx with respect to HTPB baseline (1): 2 ¡
HTPB + 2.8%MgB90; and 3 ¡ HTPB + 2.8%MgB90, power-law approximation

temperature/heat §uxes and, thus, helps in releasing the large combustion en-
thalpy of Boron
Owing to the relative ease of manufacturing and the reduced dispersion prob-

lem of micronsized additives with respect to nanosized ones, MgB was tested as
an energetic additive also in SW-based fuels. Under high oxidizer mass §uxes,
the MgB-loaded SW exhibits a signi¦cant regression rate increase with respect to
both HTPB baseline and unloaded SW as shown in Fig. 12. Starting from an ox-

Figure 12 Instantaneous regression rates of SW-based fuels burning in GOx. With
respect to HTPB baseline (1), under GOx = 250 kg/(m

2·s), regression rate increase is
322% for MgB-loaded SW (2 ¡ SW + 2.8%MgB90 (20%Mg)) and 263% for unloaded
SW (3)
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Table 12 Metallized HTPB- and SW-based fuels percent overall variations of rf and
mf with respect to HTPB baseline, –, and their standard deviation σ–. Higher σ–
implies higher sensitivity of the tested formulation to GOX variation

Solid fuel formulation
rf mf

–, %a σ–, %
a –, %a σ–, %

a

HTPB + 2%C + 10%ALEXTMb 24 20 34 21
HTPB + 2.8%MgB90 (20%Mg)cc 48 10 51 11
SWd 335 160 325 157
SWc 231 43 224 42
SWe 216 62 209 60
SW + 2.8%MgB90 (20%Mg)c 320 135 318 135
aPercentage evaluated with respect to HTPB baseline.
bTested at 10 bar.
cTested at 13 bar.
dTested at 7 bar.
eTested at 16 bar.

idizer mass §ux of about 150 kg/(m2·s), regression rates of loaded and unloaded
SW are roughly equivalent, while at GOx = 100 kg/(m

2·s), pure SW formu-
lation exhibits an rf increase with respect to HTPB baseline of +176%, while
MgB-loaded SW reaches +144%. An overview of the achieved average regression
rate increases with respect to HTPB baseline for the tested fuel formulations is
reported in Table 12.

5 CONCLUDING REMARKS
AND FUTURE DEVELOPMENTS

HTPB- and SW-based solid fuels for hybrid propulsion were tested in a 2D-
radial lab-scale burner under GOx. The regression rate data were obtained
by an optical time-resolved technique and veri¦ed by the corresponding TOT
measurements. Pure HTPB was taken as the reference baseline for the relative
ballistic grading. Under the investigated operating conditions and over a pressure
range of 7 to 16 bar, while HTPB exhibited an essential independence of rf on
pc, SW burning brought up some pressure dependence. Independence of rf on pc
for HTPB is due to negligible changes in radiation heat transfer and chemical
kinetics. Pressure e¨ects on rf of SW are possibly related to entrainment e¨ects.
The considered metal-loaded formulations exhibit signi¦cant rf increases. With
respect to HTPB baseline, considering GOx = 300 kg/(m

2·s), the MgB-loaded
HTPB shows an rf enhancement of 56%, while ALEX

TM provides an rf increase
of 35%. Strong sensitivity to GOx reduces this performance enhancement as
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Figure 13 Instantaneous rf (solid curves) and ‘mf (dashed curves) percent vari-
ations with respect to HTPB baseline for HTPB metallized formulations over the
whole investigated GOx range: 1 ¡ HTPB + 2%C + 10%ALEXTM; and 2 ¡
HTPB + 2.8%MgB90 (20%Mg); MgB90 (20%Mg) tested at 13 bar

combustion proceeds; nevertheless, the MgB-loaded fuel provides a signi¦cant rf
enhancement of 33% at 100 kg/(m2·s) (Fig. 13). Solid para©n wax loaded with
MgB90 (20%Mg) enables further increase in rf with respect to both unloaded
SW and HTPB baseline formulations.

Based on the achieved results, the investigations about further regression
rate increases using suitable variants of coated ALEXTM nAl powders and MgB
composite metals are recommended. Combining ALEXTM high density and rf
enhancement at high GOx with MgB, good overall performance appears as a
promising direction in HRE development. While full exploitation of nanosized
additives requires a proper dispersion down to the nanoscale, micronsized MgB-
based additives do not require a dedicated manufacturing procedure.
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