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Ballistic characterization of an extended group of innovative HTPB-based solid fuel formulations for hybrid rocket propulsion
was performed in a lab-scale burner. An optical time-resolved technique was used to assess the quasisteady regression history
of single perforation, cylindrical samples. The effects of metalized additives and radiant heat transfer on the regression rate of
such formulations were assessed. Under the investigated operating conditions and based on phenomenological models from the
literature, analyses of the collected experimental data show an appreciable influence of the radiant heat flux from burnt gases
and soot for both unloaded and loaded fuel formulations. Pure HTPB regression rate data are satisfactorily reproduced, while the
impressive initial regression rates of metalized formulations require further assessment.

1. Introduction

HREs are propulsive systems combining chemical reactants
in both a solid and a fluid (liquid or gaseous) state. In partic-
ular, the direct hybrid configuration studied in this work is
characterized by a solid fuel reacting with a gaseous oxidizer.
The main points of interest of this architecture include high
specific impulse, relative construction simplicity, intrinsic
handling safety, operational flexibility, minimal environment
impact, and possible cost effectiveness compared to other
systems, notably solid and liquid rocket engines [1, 2]. On the
other hand, a serious drawback of HREs is the low regression
rate of the gasifying solid fuel surface that yields low thrust
levels if simple grain geometries are implemented. The main
reason of such behavior is the complex diffusive nature of the
flame, as described by several investigators [3–6].

The development of novel energetic additives renewed
the interest for hybrid rocket propulsion and brought a new
generation of hybrid solid fuels, aiming at improving the
relatively low regression rates of conventional HTPB-based
formulations [7–9]. The main target for research activities on
hybrid systems should be to improve the fuel regression rate
and, subsequently, enhancing combustion efficiencies, while

granting adequate mechanical properties, and commercial
availability of the ingredients.

SPLab of Politecnico di Milano has developed a variety
of experimental techniques and diagnostics in order to
investigate ballistics of hybrid fuels and to achieve a relative
grading of different fuel formulations in terms of regression
rate. The present study is focused on a time-resolved
technique for regression rate measurements. Collected data
were considered to investigate the effects of radiant heat
transfer on regression rate of loaded and nonloaded HTPB-
based fuel formulations.

2. Literature Survey

In a direct HRE, the oxidizer flow over the solid fuel grain
generates a boundary layer. After the ignition, the vaporized
fuel diffuses into the oxidizer flow. Thus a flame is established
in the boundary layer, where the mixture O/F reaches the
flammability limits of the reactants. Heat transfer from
the flame to the solid fuel grain gasifies new fuel thus
sustaining the process. Fundamentals of hybrid combustion
were investigated by Marxman et al. [3, 4], who identified
convective heat transfer as the driving phenomenon for solid
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fuel regression. The r f of solid grains was evaluated as a
strong function of the total mass flux G = Gf + Gox, and,
more precisely, r f ∝ G0.8. Similar results were achieved by
Smoot and Price [10]. In most experimental studies, r f was
evaluated by TOT techniques. In recent research activities
conducted at Pennsylvania State University, instantaneous
regression rate measurements were performed and r f ∝
G0.61 was found for tests on HTPB burning in GOX
[7].

The presence of soot and solid fuel fragments leads to
a contribution of radiant heat transfer on r f [1, 7]. The
purely convective model was extended by Marxman et al. in
order to take into account the radiant heat transfer [3]: the
total heat flux to the solid grain was considered as the sum
of convective and radiant heat fluxes. Radiation effects on
regression rate were investigated also by Strand et al. [11],
Estey et al. [12], and the research team of Pennsylvania State
University [13]. The work by Strand et al., in particular,
suggested that radiant heat flux due to combustion gaseous
products such as CO, CO2, H2O, and soot particles could
significantly influence hybrid combustion process. According
to their results, radiant heat transfer accounts for nearly
50% of the total heat flux and is reduced by increasing O/F.
The Pennsylvania State University research team observed
a regression rate dependence on pc, under the investigated
conditions, leading to semiempirical correlations for com-
bustion data interpolation. The contribution of radiant heat
flux was found to mainly depend on the presence of soot, the
radiation of combusted gases being quite low; hence, under
the investigated conditions, convection has a high relative
weight in the initial part of the combustion process, while
radiation is more effective at lower values of the oxidizer mass
flux.

One of the most promising ways to obtain r f enhance-
ment in hybrid systems is to increase the heat feedback from
the flame to the solid fuel, by including highly energetic
additives in the fuel matrix. Various ingredients have been
tested in the recent past. Significant r f enhancements were
observed by adding nAl or boron-based composite metals
[9]. This can be explained by the fact that these metalized
ingredients combine high energy release and high reactivity,
as shown by their large specific energy (∼30 kJ/g for Al and
∼59 kJ/g for B, the highest among nonhazardous metals or
metalloids) with large specific surface values (∼10 m2/g for
nAl versus∼1 m2/g for conventional micron-sized additives).
These characteristics favor short ignition delays and intense
heat release near the regressing surface. Adding high-energy
metal powders to the polymeric binder also increases the fuel
density and therefore the engine volumetric specific impulse
[9, 14, 15].

Among the undesirable characteristics of metal additives,
one can recognize the tendency of both aluminum and
boron to create an oxide layer during storage and fuel
manufacturing. This implies a marked decrease of the
particle reactivity (at least until the oxide is removed during
the combustion phase) and a lower active metal content
in the powders. An additional shortcoming of nanosized
additives is their tendency to create clusters [9]. This requires
proper manufacturing procedures in order to disperse the

nano-sized additives down to the nanoscale. Micron-sized
additives do not require any dedicated dispersion technique.

3. Experimental Setup and Data Handling

3.1. Experimental Rig. The SPLab 2D radial burner utilized
in this work enables a relative ballistic grading of different
fuel formulations under controlled operating conditions (see
Figure 1). The tested strands have a cylindrical shape and
a single central port perforation. Each solid fuel grain is
accommodated in a stainless steel case with 30 mm length.
The strand outer diameter is 18 mm, while its nominal
initial port diameter is 4 mm, thus yielding a solid fuel web
thickness of 7 mm. Different cases enable testing of samples
with different outer diameters (thus reducing the solid grain
web thickness for a given D0). Use of different mandrels
enables the testing of strands with different D0.

The implemented experimental rig provides a contin-
uous visualization of the head-end of the tested strand,
thus it is possible to track the central port diameter during
combustion. Video recording of the combustion processes
enables r f measurement by an optical, nonintrusive tech-
nique. Independent regulations of ṁox and pc are possible
by a variable area flowmeter and by a pressure regulator
driving a set of electric valves. The maximum values of
the operating parameters are 6 g/s for ṁox and 20 bar for
pressure. Sample burning is initiated by a pyrotechnic primer
charge. The latter is in turn ignited by a CO2 laser. Video
acquisition was operated with a dedicated analog camera
(burning visualization at 25 fps, video resolution 640 × 480
pixels).

3.2. Time-Resolved Regression Rate. The main observable
of interest for solid fuel ballistics is r f . Thanks to the
original design of the 2D radial burner, the latter parameter
can be measured sampling the central port diameter of
the visible head-end section of the cylindrical strand [16].
The diameter measurement starts when the central port
perforation becomes visible following the primer charge
ignition. For each sampling time, the space-average central
port diameter is defined starting from local diameters
measured along different radial directions, as shown in
Figure 2. For a given sampling time, the so measured single
diameters are averaged as in (1). Average diameters are
obtained from the recorded combustion visualization with a
sampling frequency of some Hz depending on the r f . The
resulting set of sampled Di(t) is a discrete information in
time. The latter becomes a continuous information in time
by a proper data interpolation of the discrete Di(t) thanks to
(2), [17, 18]:

Di(ti) = D1,i + D2,i + D3,i + D4,i

4
, (1)

D(t)−D0 = aD · (t − t0)nD , t ≥ tign > t0. (2)

The latter (2) is valid starting from tign. This parameter
is defined adhoc as the one maximizing the data fitting of
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Figure 1: Experimental setup scheme highlighting the axial oxidizer inlet, the laser ignition apparatus, and the data acquisition hardware
[16]. Note the 45◦ mirror enabling sample head-end visualization.

Figure 2: Single diameters measured along different radial direc-
tions.

(2) when associated with the discrete sampling of space-
average port diameters. A straightforward time derivative of
(2) allows defining r f (t) as

r f
(
t ≥ tign

)
= d

dt

(
D(t)−D0

2

)

= 1
2
aDnD(t − t0)nD−1, r f

(
t < tign

)
= 0.

(3)

The above expressions make it possible to determine
all of the ballistic parameters of interest. The definitions of

the time-resolved Gox(t), ṁ f (t), and O/F(t) are respectively
obtained as

Gox

(
t ≥ tign

)
= ṁox(t)

πD
2
(t)/4

= ṁox(t)

π
[
D0 + aD(t − t0)nD

]2
/4

,

(4)

ṁ f

(
t ≥ tign

)
= ρ f A f (t) r f (t) = ρ f π D Ls r f (t), (5)

O

F
(
t ≥ tign

) = ṁox(t)
ṁ f (t)

= ṁox(t)
ρ f π D(t) Ls r f (t)

. (6)

In order to check the consistency of the time-resolved
data reduction technique, all collected results are verified by
the conventional TOT technique often used in the literature.
The main advantage of the TOT technique is its formal
independency from the ignition transient, as shown by (7)
and (8). On the other hand, TOT results are intrinsically
affected by relatively large errors especially when evaluated
over small time intervals [17], being

r f , i+1/2 = 1
2
Di+1 −Di

ti+1 − ti
, (7)

Gox, i+1/2 = ṁox

π ·
(
Di+1 + Di

)2
/16

. (8)

In particular, a consistency test on the time-average
regression rate is easily achieved by comparing the overall
TOT regression rate (9) with the time-average analytical
regression rate (10). The corresponding expressions for
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the consistency check on Gox are reported in (11) and (12)
as follows:

〈
r f
〉

TOT
= 1

2

Dend −Dign

tend − tign
, (9)

〈
r f
〉

an
= 1

tend − tign

∫ tend

tign

r fi(t)dt, (10)

〈Gox〉TOT = ṁox(t)

π ·
[(

Dend + Dign

)2
]
/16

, (11)

〈Gox〉an
1

tend − tign

∫ tend

tign

Gox(t)dt. (12)

A consistency test on the measured initial regression rate
is achieved comparing the time-resolved experimental initial
regression rate (reported in (13)) with the corresponding
value calculated as shown in the following (14):

r f
(
tign

)
= 1

2
aDnD

(
tign − t0

)nD−1
, (13)

r fi =
1
2
nD

Dign −D0

tign − t0
. (14)

The consistency of the adhoc defined ignition delay (tign−
t0) is checked comparing its value with the corresponding
time based on a purely convective regime as suggested by
Ohlemiller and Summerfield [19]:

tign, convective = π

4
α

[
ρ f · Cs · ΔTs

h∗ · ΔTg

]2

. (15)

In this expression, the term ΔTs represents the difference
between final and initial solid fuel surface temperatures,
while ΔTg represents the difference between the flame
temperature and the solid fuel temperature throughout the
ignition transient (defined as the average value between
ambient temperature and Ts = 820 K). The flame tempera-
ture was determined by thermochemical equilibrium calcu-
lations carried out with the NASA CEA code. The required
convective heat exchange coefficient h∗ was determined by
the Gnielinski empirical correlation [20]:

NuD =
(
f /8
)
(ReD − 1000)Pr

1 + 12.7
(
f /8
)1/2(Pr2/3 − 1)

. (16)

In the frame of the implemented time-resolved tech-
nique, each burning test yields an instantaneous r f curve,
and this is subjected to several consistency checks (9)–(14)
before acceptance. The different D(t) of the single tests
performed for a given formulation, under the same set of
operating conditions (strand geometry, ṁox and pc), are
then used to extract the corresponding ensemble average
by a single power law interpolation of the kind of (2).
The data reduction technique is finalized by constructing
the cumulative time-average trends for both instantaneous
and ensemble average curves. In order to evaluate the error
bars for a given ensemble, a proper time (or Gox) range is

identified considering the limits where the curves of all the
performed single tests are defined. Over this latter interval,
the error bars are evaluated by confidence intervals centered
on the average value resulting from single test diameters at
a given time (for (2)) or regression rates at a given Gox.
Confidence intervals are evaluated with 95% accuracy.

3.3. Tested Formulations and Ingredients. After testing the
pure HTPB baseline, an extensive set of metallized HTPB-
based formulations, including a variety of high-energy
ingredients (e.g., aluminum, magnesium, boron, and mag-
nesium hydride), was examined with the intent of evaluating
the resulting increase in regression rate. Composition and
properties of the HTPB baseline solid fuel are reported in
Table 1. This inert polymeric binder is extensively used
in full-scale engines and lab-scale testing because of its
good mechanical properties, resistance to ageing, ease of
production, and relative cost effectiveness.

Most loaded formulations concern nAl particles: both
ALEX and L-ALEX powders were tested. While having
identical nominal diameter (100 nm), the two powders differ
because ALEX is uncoated (passivation in air), while L-
ALEX is coated with a palmitic acid layer [21–23]. The ALEX
powder was also combined with carbon or titanium oxide,
in order to assess possible effects on powder dispersion.
Likewise, a formulation containing ALEX, carbon, and
magnesium (mass mean diameter of 44 μm) was tested, in
order to exploit the magnesium flammability to ignite the
aluminum particles.

Boron-based composite metals were also tested (Sec-
tion 2). Since boron ignition is rather difficult to achieve
because of the high temperatures needed for a sustained
combustion process, a compound of magnesium and boron
(MgB) was used. Mass composition of tested MgB composite
is 20% Mg and 80% B, the latter component has a purity of
90%; therefore, the composite can be referenced as MgB90
(20% Mg). Particle size of MgB composite results submi-
crometric (mass mean diameter of 5.2 μm). Magnesium
hydride (mass mean diameter of 47 μm) was also tested.
Unfortunately this ingredient turns out to be particularly
reactive with the HTPB polymeric binder, quickly oxidizing
and reacting with the OH chemical groups. This way, macro-
molecules of polymeric binder are free to form a disorderedly
reticulated compound with greatly increased viscosity. These
unwanted effects limit the addition of magnesium hydrides
powder to low mass percentages [24].

4. Ballistic Characterization:
Results and Discussion

All results reported in this section were obtained under GOX
at the same operating conditions: pc = 10 bar and mox =
1.67 g/s (corresponding to an initial Gox = 140 kg/(m2s)).
For a matter of space, other results are not reported since they
do not affect the general trends emerging at 10 bar.

4.1. HTPB Baseline. The ignition delay data are presented
first and are reported in Figure 3. The numerically optimized
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Table 1: Baseline (HTPB) solid fuel formulation and ingredients density.

Component (shorthand notation) Mass fraction, % wrt fuel mass Density (kg/m3) Supplier

HTPB-R45 79.0 901 Avio

DOA 13.1 920 Carlo Erba

IPDI 7.67 1061 Carlo Erba

TIN 0.23 1321 Carlo Erba

HTPB binder 100 915 —
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Figure 3: HTPB baseline: ignition delay. Experimental data and
purely convective model by Ohlemiller and Summerfield [19], for
two different final surface temperatures [25, 26].

ignition delays (see (2)) exhibit a general agreement with
(tign, convective − t0) defined by (15).

After this step, the data-reduction procedure presented
in Section 3.2 was carried out and produced the results
presented in Figures 4 and 5. The instantaneous diameter
change in time (2) is first determined, then the instantaneous
regression rate is evaluated. This plot underlines the strong
dependence of the hybrid combustion on the process fluid-
dynamic properties, showing the highest regression rate in
the initial combustion instants, when the oxidizer mass flux
reaches its highest value. Notice that the oxidizer mass flux
is maximum at ignition and then decreases in time, implying
that, for all figures with oxidizer mass flux in the x-axis, time
increases from right to left.

Figure 5 points out, with some data scattering, a similar
ballistic response for all the HTPB tests: most of the curves
show a steep initial slope and then a monotonic decrease in
the final part of the combustion process.

In Figure 6, the instantaneous ensemble data are com-
pared to the corresponding power law approximation,
showing that a constant power does not provide a satisfactory
estimate of the regression rate response in the initial part of
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the combustion process (say, 90 ≤ Gox ≤ 110 kg/(m2s)). In
fact, while the TOT analysis and its power law approximation
show a comparable pattern, the experimental data reduction
brings to light a curve concavity opposite to the convexity of
the power law approximation curve. The lack of agreement
in the initial combustion instants is due to transient effects
in the earlier phases of the combustion process, related to
the establishment of the reacting turbulent boundary layer
(see discussion in Section 6). A comparison between time-
resolved and TOT data is reported in Figure 7. Discrete
TOT values of r f are in agreement with corresponding time-
resolved data. The consistency check results for the HTPB
baseline tests are shown in Tables 2 and 3. The percent
variation between the different regression rate definitions
are well below 5% for all presented tests, thus justifying
the overall data handling procedure implemented in this
work. In addition, the low variations in terms of mean
regression rates show that the initial differences between the
experimental data and their power law approximations do
not lead to marked discrepancies in the mean values.

Finally, Figure 8 shows the actual trends of Re and O/F
in Gox. The parameters needed for Re evaluation are defined
by the experimental O/F history during test. Note that the
turbulent regime is lost for the low and final values of Gox

(say, Gox < 25).

4.2. Effects of Metallized Additives. Once the HTPB baseline
is fully characterized, it is possible to proceed with the
evaluation of the ballistic characteristics of the innovative
metallized formulations listed in Table 4. The same data han-
dling procedure previously illustrated for HTPB was imple-
mented yielding the experimental results shown in Figure 9
(nAl-containing formulations) and 10 (magnesium/boron-
containing formulations), and compared to HTPB baseline.

As one can see also from Table 5, most of the tested
metallized formulations show an increase in regression rate,
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ensemble average.

with respect to pure HTPB, especially in the initial com-
bustion instants, when the oxidizer mass flux is maximum;
in the final part of the combustion process the metallized
formulations exhibit regression rates closer—and sometimes
even lower—than the HTPB baseline. This trend is probably
explained by the fact that metal combustion is favored
by the high oxidizer mass flux and turbulence level at
the beginning of the test. Table 6 presents the regression
coefficients for the constant power law approximation of
the loaded formulations, while the corresponding data for
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Table 2: HTPB baseline: optimization procedure comparing the initial regression rates r f (tign) (13) and r fi (14).

Test number
Regression rate at ignition (13), Regression rate at ignition (14), Percent variation

r f (tign), (mm/s) r fi , (mm/s) r fi − r f (tign)r fi
1 1.424 1.436 0.8

2 2.389 2.390 0.1

3 2.334 2.337 0.1

4 1.319 1.323 0.3

5 2.092 2.102 0.5

6 1.506 1.509 0.2

Table 3: HTPB baseline: optimization procedure. Comparison between the two different techniques implemented to obtain the experimental
mean regression rate.

Test number
Overall TOT regression rate (9), Integral time-average regression rate (10), Percent variation r f TOT − r f

r f TOT, (mm/s) r f , (mm/s) %r f TOT

1 0.715 0.747 4.4

2 0.659 0.656 0.4

3 0.682 0.690 −1.0

4 0.616 0.632 −2.6

5 0.662 0.676 −2.1

6 0.737 0.760 −3.0

HTPB baseline are presented in Figure 6: the metal-loaded
formulations show a great sensibility to the oxidizer mass
flux variation, due to the occurrence of more complex
phenomena than convection, as proven by the presence of
exponent values greater than 1.

Contrary to expectations, coated L-ALEX showed lower
regression than the uncoated ALEX, matching the baseline
results. This behavior may be due to the fact that the
coating process took place after the formation of cohesion
clusters, thus involving groups of particles and subsequently
deteriorating the powder characteristics. Literature sources
also suggest that nonreactive coating layers do not radically
modify the powder ignition temperature. Among the nAl
augmented formulations, the one loaded with uncoated
ALEX and carbon showed the highest increase in regression
rate compared to the baseline, probably due to the great reac-
tivity of ALEX and the simultaneous contribution of carbon
to good powder dispersion in the matrix. In addition, carbon
tends to reduce the thermal radiation penetration, hence
avoiding decrease in regression rate results. Addition of TiO2

to ALEX-loaded formulations shows a lower regression rate
under low oxidizer mass flux, with a marked increase in
regression rate under higher fluxes.

Addition of Mg or MgH2 to ALEX-loaded formula-
tions produced comparable results in increasing the regres-
sion rate, but without reaching the same results as the
ALEX/carbon formulation. Results obtained for the formu-
lations containing Mg or Boron, are shown in Figure 10.
The first visible difference from the ALEX-containing ones
is that, in this case, regression rates are faster than those
of the baseline even under low levels of the oxidizer mass
flux. Furthermore, one can see that the MgB compound is
able to effectively overcome the well-known boron ignition
problems. Indeed, the formulation containing only MgB

shows the best ballistic response, with a remarkable increase
in regression rate, particularly under high oxidizer mass flux.
As expected, magnesium hydride does not show impressive
ballistic properties, thus supporting the experimental evi-
dence regarding its reactivity with HTPB and the subsequent
rheological properties change of the polymeric matrix. In
particular, the addition of MgH2 tends to worsen the
characteristics of MgB-loaded formulations, enhancing its
ignition problems and therefore decreasing its regression rate
under high oxidizer mass flux. The simple addition of MgH2

(in different percents) and the addition of Mg and MgB lead
to comparable intermediate results: anyway, it seems to be
preferable to add low percents of MgH2, in order to lessen
the binder properties decline.

A comprehensive summary of the metallized formula-
tions percent differences (both in terms of regression rate and
fuel mass flow rate) compared to the baseline is presented in
Table 5. One can verify that the formulations that show the
highest improvement in regression rate under high values of
the oxidizer mass flux are those loaded with ALEX/carbon
and those loaded with Mg and/or MgB. But while Mg-
and MgB-loaded formulations exhibit a regression rate
improvement also under low flux levels, the one containing
ALEX and carbon shows good properties only under the
highest oxidizer mass flux levels, with rapidly decreasing
regression rate and fuel mass flow rate in the final portion
of the combustion run.

Figures 9 and 10 also show how the Mg- and MgB-
containing formulations combustions start earlier and there-
fore at greater oxidizer mass flux levels than ALEX. The
initial regression rate is particularly high, thus explaining
why those formulations are particularly interesting, but it
does not appear in Table 5 for lack of comparable baseline
and ALEX-containing formulations data.
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Table 4: Overview of the tested metal-loaded formulations.

Formulation Number of samples Port diameter (mm) External sample diameter (mm)

HTPB + 10% ALEX + 2% C 4 4 18
HTPB + 10% ALEX + 2% TiO2 6 4 18
HTPB + 10% ALEX + 2% C + 2% Mg 3 4 18
HTPB + 10% L-ALEX 4 4 18
HTPB + 2.5% MgH2 + 1.4% MgB 4 4 18
HTPB + 2.5% MgH2 4 4 18
HTPB + 7.5% MgH2 8 4 18
HTPB + 5% MgH2 + 5% ALEX + 1% C 4 4 18
HTPB + 2.27% Mg + 1.4% MgB 4 4 18
HTPB + 2.8% MgB 2 4 18

Table 5: Metal-loaded formulations: regression rate and fuel mass flow rate percent differences at discrete values of oxidizer mass flux,
compared to baseline.

Regression rate percent difference (%)

Oxidizer mass flux (kg/(m2s))

Formulation 40 60 80 100

HTPB + 2.5% MgH2 8.25 16.47 25.39 37.19

HTPB + 7.5% MgH2 2.19 8.13 14.48 22.72

HTPB + 2.8% MgB 31.90 37.00 42.33 49.10

HTPB + 2.27% Mg + 1.4% MgB 28.63 33.53 38.67 45.19

HTPB + 2.5% MgH2 + 1.4% MgB 19.70 20.55 21.42 22.48

HTPB + 10% ALEX + 2% C −22.57 3.58 38.87 —

HTPB + 10% ALEX + 2% TiO2 −32.49 −23.31 −12.80 1.96

HTPB + 10% L-ALEX −11.82 −5.12 2.14 —

HTPB + 10% ALEX + 2% C + 2% Mg −0.15 15.90 34.67 61.67

HTPB + 5% MgH2 + 5% ALEX + 1% C −7.06 9.44 29.03 —

Fuel mass flow rate percent difference (%)

Oxidizer mass flux (kg/(m2s))

Formulation 40 60 80 100

HTPB + 2.5% MgH2 9.31 17.62 26.63 38.54

HTPB + 7.5% MgH2 5.09 11.21 17.73 26.21

HTPB + 2.8% MgB 34.20 39.39 44.82 51.70

HTPB + 2.27% Mg + 1.4% MgB 31.16 36.16 41.40 48.05

HTPB + 2.5% MgH2 + 1.4% MgB 21.79 22.66 23.54 24.63

HTPB + 10% ALEX + 2% C −16.51 11.69 49.74 —

HTPB + 10% ALEX + 2% TiO2 −26.51 −16.52 −5.08 10.99

HTPB + 10% L-ALEX −5.65 1.52 9.28 —

HTPB + 10% ALEX + 2% C + 2% Mg 9.35 26.91 47.47 77.04

HTPB + 5% MgH2 + 5% ALEX + 1% C −1.67 15.78 36.51 —

Finally, the effects of the ignition delay optimization
procedure are shown in Figures 11 and 12: it is possible to
see the consistent behavior of the various tested formulations
and how almost all the data are comprised in a narrow range
of times and oxidizer mass fluxes.

5. Effects of Radiant Heat Transfer

As recalled in Section 2, the recognized reference for
hybrid rocket combustion is the diffusion-limited, purely
convective ballistic model proposed by Marxman et al. [3,
4]. Data collected during this experimental investigation

show that the power law relationship for r f (Gox) identified
by Marxman and coworkers is not fully consistent with
the trend of instantaneous time-resolved data. The latter
exhibits a different concavity with respect to its power law
approximation, yielding a markedly larger r f for high Gox

values (see Figure 6). This effect was reported also by Evans
et al. during similar investigation on HREs combustion [27–
29]. On the other hand, approximation of time-resolved data
reported in Figure 6 shows r f ∝ G0.7

ox .
Next, how important might be radiation in reproducing

the obtained experimental results and explaining the previ-
ously mentioned differences was investigated. The original
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Table 6: Additivated formulations: coefficients and uncertainties for constant power law approximation of the regression rate. For baseline
data, see Figure 6.

Formulation ar nr R2

HTPB + 2.5% MgH2 0.031 ± 0.001 0.901 ± 0.005 0.956
HTPB + 7.5% MgH2 0.028 ± 0.001 0.918 ± 0.006 0.940
HTPB + 2.8% MgB 0.002 ± 0.001 0.981 ± 0.013 0.897
HTPB + 2.27% Mg + 1.4% MgB 0.032 ± 0.001 0.930 ± 0.006 0.935
HTPB + 2.5% MgH2 + 1.4% MgB 0.043 ± 0.001 0.825 ± 0.005 0.946

HTPB + 10% ALEX + 2% C 0.001 ± 0.001 1.687 ± 0.008 0.976
HTPB + 10% ALEX + 2% TiO2 0.001 ± 0.001 1.639 ± 0.009 0.952
HTPB + 10% L-ALEX 0.026 ± 0.001 0.883 ± 0.004 0.972
HTPB + 10% ALEX + 2% C + 2% Mg 0.006 ± 0.001 1.272 ± 0.006 0.970
HTPB + 5% MgH2 + 5% ALEX + 1% C 0.013 ± 0.001 1.088 ± 0.005 0.971

0 20 40 60 80 100 120
0

0.5

1

1.5

2

2.5

3

3.5

Oxidizer mass flux, Gox (kg/m2s)

R
eg

re
ss

io
n

 r
at

e,
r f

(m
m

/s
)

Baseline

HTPB + 10% ALEX + 2% C
HTPB + 10% ALEX + 2% TiO2

HTPB + 10% L-ALEX
HTPB + 10% ALEX + 2% C + 2% Mg
HTPB + 5% ALEX + 5% MgH2 + 1% C

Figure 9: ALEX-loaded formulations: ensemble average, exper-
imental data r f (Gox) compared to baseline. Error bars are not
reported to improve readability.

convective model requires modifications in order to include
radiant heat flux contributions. To this purpose, the model
proposed by Greatrix [30] was considered due to its simpli-
fied treatment of the reacting boundary layer with respect to
the original work by Marxman and coworkers.

5.1. The Regression Rate Model by Greatrix. The model
proposed by Greatrix aims at predicting the fuel regression
rate, provided that the fundamental thermodynamic and
fluid-dynamic properties are given. Starting point of the
model is an energy balance at the gasifying fuel surface where
only convective heat transfer is considered:

ρ f r f [Cs(Ts − Ti)− ΔHs] = h
(
Tf − Ts

)
. (17)
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Figure 10: Magnesium-loaded formulations: ensemble average,
experimental data r f (Gox) compared to baseline. Error bars are not
reported to improve readability.

In (17), the overall r f can be considered as the flux-
depending regression, while the pressure-depending part can
be neglected for hybrid systems; the convective fuel regres-
sion rate can thus be estimated as:

r f =
h
(
Tf − Ts

)

ρ f [Cs(Ts − Ti)− ΔHs]
. (18)

Changes of the thermodynamic and fluid-dynamic quan-
tities are incorporated in the definition of the convective
heat exchange coefficient, whereas all other parameters can
be considered constant throughout the combustion process.
The occurrence of gasified fuel blowing towards the reaction
zone [3, 4] is taken into account thanks to

h = ρ f r f Cp

exp
(
ρsr f Cp/h∗

)
− 1

. (19)
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Figure 11: Ignition delay for aluminum-containing formulations.
Comparison with the purely convective model by Ohlemiller and
Summerfield [19], for two different final surface temperatures [25,
26].
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Figure 12: Ignition delay for magnesium-containing formulations.
Comparison with the purely convective model by Ohlemiller and
Summerfield [19], for two different final surface temperatures [25,
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From the Reynolds analogy, coupled with the definition
of the Darcy-Weisbach friction factor (calculated with the
Colebrook semiempirical correlation as reported in [20]),
one obtains

(
f ∗
)−1/2 = −2 log10

[
2.51

Red
(
f ∗
)1/2 +

ε/d
3.7

]
. (20)

Therefore, the convective heat exchange coefficient without
blowing can be evaluated as

h∗ = k2/3C1/3
p G · f ∗

μ2/3 · 8
. (21)

The implicit (20), depending on the instantaneous values
of the fluid-dynamic properties, can be resolved with the
Newton numerical method; for HTPB-based fuels, the duct
roughness ε is defined equal to 5 μm [30]. The regression rate
can thus be defined as

r f = h∗

ρsCp
ln

⎡
⎣1 +

(
Tf − Ts

)

(Ts − Ti − ΔHs/Cs)

⎤
⎦. (22)

5.2. Extending the Regression Rate Model by Greatrix. In this
section the work done to extend the original Greatrix model
is discussed.

5.2.1. Effective Values of Thermodynamic and Transport
Properties. The thermodynamic and transport properties of
(22) require a proper evaluation. In particular, in the original
Greatrix model, Tf , k, Cp, and μ are defined by values
close to the ones characterizing the stoichiometric condition
for the considered propellants. In the present study, a phe-
nomenological approach is chosen for the r f determination.
Experimental, time-resolved data are considered as input
for evaluating the effective values of thermodynamic and
transport properties. In particular, experimental D(t) and
O/F(t) are considered. For each time-step of the combustion
process, the associated O/F is used to determine the effective
values of Tf , k, Cp, and μ, by thermochemical calculations
by the NASA CEA code. As shown in Figure 8, the overall
O/F exhibits values in the range from 1 to 4.5 under
the investigated conditions. For the determination of the
parameters defining h∗ (21), knowing the histories of D(t)
and O/F(t) enables evaluating the histories of ReD, and f ∗

(20) and (21).
The term ΔHs appearing in (22) is defined according to

literature data. As suggested by Lengellé et al., the net surface
enthalpy is defined equal to −430 cal/g, [25]. This datum
refers to the degradation process of reference HTPB. Surface
temperature is considered equal to 820 K, from a previous
work of Risha et al. on HTPB burning under pure oxygen
[31]. In this first effort, the same values of ΔHs and Ts were
used for modeling of loaded formulations, in spite of the
possible changes induced by energetic additives.

5.2.2. Radiant Heat Transfer Contributions. The experimen-
tal correlations available in the literature were reviewed.
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In particular, Chiaverini et al. [13, 32] and Risha et al.
[9, 31] reported detailed analyses comparing theoretical and
experimental results. These approaches, while very promis-
ing and sufficiently accurate, in general are not valid for
every formulation under every operating condition. Within
this framework, the radiant heat transfer contribution was
estimated for a variety of sources spanning from the gaseous
combustion products to soot formation from the polymeric
binder and to metal particulate dispersed in the gaseous
phase. Indepth conduction in the solid fuel grain was not
considered in this study.

The flame zone can be considered a source of thermal
radiation, while the adjoining areas are not taken into
account, as proposed by [13]: indeed, the flame zone
represents the highest temperature zone in the gaseous flow
and in the diffusion zone, where the highest concentration
of gaseous combustion products (CO2, CO, and H2O) can be
detected. The emissivity of burnt gases can be determined
according to (23), where Δε is the negative contribution due
to the possible overlapping of emissivity bands of CO2 and
H2 [13]:

εgas = εH2O + εCO2 + εCO − Δε. (23)

A first correlation taking into account the radiant heat
transfer due to combusted gases can thus be identified, as
originally proposed by Marxman and coworkers to correct
their purely convective model [3]:

q′′r, g = σεs
(
εgT4

f − αgT
4
s

)
, (24)

where according to [13, 33]:

(i) εs = 0.95;

(ii) εg = 1 · 10−2 − 4 · 10−2;

(iii) αg ∼= εg .

Gas emissivity, according to [13], can be approximated as
linearly varying from 1 · 10−2 to 4 · 10−2 in the range of
1.5 ≤ O/F ≤ 2.5, while maintaining the highest value for
O/F > 2.5.

Due to the large difference between surface temperature
and flame temperature, it is plausible to suppose that radiant
heat transfer towards the flame is negligible.

An alternative model for the gas-phase radiation was
proposed by Strand et al. [11]. In this latter work, an explicit
contribution from pressure was included as

q′′r, g = σT4
g

(
1− ekg ·pc·D

)
. (25)

In (25), the gas absorption coefficient is defined as
reported in (26)

kg = 9.33 · 10−4 − 6.19 · 10−6 · pc + 1.79 · 10−8 · p2
c .
(26)

Since, under the investigated conditions, pc exerts a
limited influence on r f , in spite of the explicit pressure
dependence, (25) is not considered very relevant.

It is important to point out that the main radiant
heat source, about 80% of the total value, is due to soot
(partially unburned solid fuel particles in the gas phase).
An approximation of this contribution [7, 13], considering
experimental data, is given as

q′′r, soot = σT4
g

(
1− eks

)
. (27)

In the latter (27), the soot absorption coefficient can be
defined as

ks = 0.51− 0.113
O

F
,

(
1.5 ≤ O

F
≤ 3.5

)
, (28)

where the absence of pressure dependences and the appear-
ance of an explicit dependence on O/F can be noted.

For Al-containing formulations, an additional radiant
heat flux emission is defined taking into account the
radiation effects due to the presence of Al/Al2O3 particles
[28]:

q′′r, Al = σεAl/Al2O3

(
T4
b − T4

s

)
. (29)

In (29), Tb is the boiling temperature of aluminum
(2792 K) and the emissivity of Al/Al2O3 is taken equal to 0.1,
[34].

5.3. Extended Greatrix Regression Rate Model. The original
purely convective Greatrix model was extended to include
radiation effects by writing the surface energy balance of (17)
as

ρsr f [Cs(Ts − Ti)− ΔHs] = h
(
Tf − Ts

)
+ q′′r . (30)

The radiant heat flux term q
′′
r refers to the sum of

several single contributions defined in Section 5.2.2. As for
thermodynamic and thermal properties, also the radiant heat
transfer terms for combustion gases and soot are evaluated
for each time step of the burning process, considering the
experimental O/F history as input. Under the considered
circumstances, the extended phenomenological model of the
regression rate gives

r f =
h
(
Tf − Ts

)
+ q′′r

ρs[Cs(Ts − Ti)− ΔHs]
. (31)

This latter form was implemented for the time-resolved
ballistic analysis as shown in the next section.

6. Results

Three different fuel formulations are considered in this part
of the study: HTPB baseline, HTPB loaded with 2% C and
10% ALEX, and HTPB loaded with 2.8% MgB90 (20% Mg).
The three fuel formulations are characterized by different
contributions to the radiant heat flux. In particular, for all
of the tested formulations the combustion gases and soot
contributions given by (24) and (27) are present. Under the
investigated conditions, the latter (27) is considered valid
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Figure 13: HTPB baseline: ensemble average of experimental data
for r f (Gox) with its power law approximation and extended Greatrix
model.

over the tested O/F range. When dealing with HTPB loaded
with ALEX, the additional term accounting for emissivity of
Al/Al2O3 particles (29) is considered.

Overall, the results obtained show a quite different
behavior from the original purely convective model.

In Figure 13, the results achieved for HTPB baseline
considering a pure convection regime and the extended
model (31) are reported in terms of r f (Gox). Time-resolved
instantaneous, ensemble average r f and its power law
approximation are reported in the same Figure 13. Resorting
to the effective values of thermal and transport properties
yields r f (Gox) curves with a similar concavity with respect
to the experimental data for both convective and extended
models. This result is unlikely by a conventional approach
based on fixed values of thermal and transport properties.
Considering the radiant heat transfer term, the r f (Gox)
behavior provides a better representation of the experimental
data, in spite of a marked difference for Gox ≥ 100 kg/(m2s).
In this region one can speculate about possible transient
effects due to the development of the reacting boundary
layer, determining a marked regression rate increase, such as
high oxidizer mass flux, high turbulence level, and probably
other reasons as well.

The results concerning the r f (Gox) response including
radiant heat transfer for HTPB loaded with ALEX and
MgB90 (20% Mg) are reported in Figures 14 and 15
respectively. For these formulations, the extended Greatrix
model shows a good agreement in r f (Gox) with experimental
data but limited to the low Gox region.

Differences between experimental and model results for
metallized formulations are mainly related to the assumption
of the same ΔHs value used for HTPB baseline. Loading the
solid fuel grain with metals enhance solid fuel reactivity. An
evidence of this is the reduced ignition delay of metallized
fuel formulations with respect to HTPB baseline (see Figures
3, 11, and 12). As a consequence of the enhanced reactivity,
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Figure 14: HTPB, loaded with ALEX and Carbon: ensemble
average of experimental data for r f (Gox) with its power law
approximation and extended Greatrix model.
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Figure 15: HTPB, loaded with MgB90 (20% Mg): ensemble average
of experimental data for r f (Gox) with its power law approximation
and extended Greatrix model. Note model r f results for Gox ≥ 100
kg/(m2s) exhibiting a non-monotonic trend.

particular attention should be given to ΔHs. This parameter
should exhibit a less endothermic behavior for metal-loaded
fuel formulations than inert binder, thus providing a r f
increase with respect to the currently achieved behavior.

Model data for metallized fuel formulations, and notably
MgB-loaded HTPB, exhibit nonmonotonic behavior of r f
for decreasing Gox in the earlier phases of the combustion.
This result is mainly related to the marked nonmonotonic
and nonlinear behavior of thermodynamic and transport
properties for the relatively low O/F values characterizing the
initial phases of burning.
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In spite of the discussed effects, the proposed approach
enable to define in all cases a r f (Gox) curve characterized by a
similar trend with respect to the experimental time-resolved
data.

7. Conclusions and Future Developments

A systematic ballistic characterization of innovative HRE
solid fuels was performed, by implementing an optical
time-resolved technique able to provide the instantaneous
regression rates and other relevant ballistic parameters. All
experiments were conducted for HTPB-based solid fuels
under GOX, with pc = 10 bar and ṁox = 1.67 g/s
(corresponding to an initial Gox = 130 kg/(m2s)), but
extension to a wider set of operating conditions is already
in progress. The performed measurements clearly point out
that r f (Gox) exhibits a peculiar monotonic growth with Gox

(e.g., see Figure 5), whose power law approximation however
features an exponent close to the 0.8 value predicted by
Marxman [3, 4]. The performed measurements also show
that adding ALEX or MgB to HTPB speeds up the regression
rate of solid fuels especially under the highest oxidizer mass
fluxes and turbulence levels.

The Greatrix convective regression rate model was
revised and extended to include the actual O/F history in
time with the corresponding thermophysical properties of
the burned mixture. Moreover, radiant flux contributions
from both the hot gases and soot particles were accounted
for HTPB-based formulations resorting to optical properties
from the literature [7, 13]. Considering radiant heat transfer,
a better agreement between model results and experimental
data is achieved in terms of r f for HTPB baseline, while
metallized formulations still show discrepancies that will be
addressed in future works.

Recommended developments are to determine exper-
imentally radiant heat fluxes for high-energy ingredients
under a wider set of operating conditions (e.g., extending
the Gox and pc ranges). Moreover, specific attention will be
given to the value of ΔHs needed to implement the extended
model.

Nomenclature

Abbreviations

2D: Two-dimensional
ALEX: Aluminum exploded (100 nm, uncoated)
an: Analytical
B90: Boron with 90% purity
CEA: Chemical equilibrium with application
DOA: Dioctyl adipate
GOX: Gaseous oxygen
HRE: Hybrid rocket engine
HTPB: Hydroxyl-terminated polybutadiene
IPDI: Isophorone diisocyanate
L-ALEX: Aluminum exploded (100 nm, coated with

palmitic acid)
MgB: Magnesium-boron composite
nAl: Nanosized aluminum

NASA: National Aeronautics and Space
Administration

OD: Outer diameter, mm
ReD: Reynolds number (based on diameter)
TIN: Dibutyltin diacetate
TOT: Thickness over time
wrt: With reference to.

Chemical Symbols

Al: Aluminum
B: Boron
C: Carbon
Mg: Magnesium
MgH2: Magnesium hydride
TiO2: Titanium oxide.

Latin Symbols

aD: Multiplier factor in(2)
Af : Port regressing surface area, mm2

Cp: Constant pressure specific heat (gas phase),
J/kg·K

Cs: Solid phase specific heat, J/kg·K
D: Diameter, mm
D0: Nominal initial port diameter, mm
D: Space-average mean diameter, mm
Dend: Space-average diameter at measurement

completion, mm
Dign: Space-average diameter at ignition, mm
Di: Sampled space-average diameter (ith value), mm
f ∗: Friction factor without blowing
G: Total mass flux, kg/(m2 · s)
Gf : Fuel mass flux, kg/(m2s)
Gox: Oxidizer mass flux, kg/(m2s)
h: Convective heat transfer coefficient with blowing,

W/(m2 · K)
h∗: Convective heat transfer coefficient without

blowing, W/(m2 · K)
k: Conductive heat transfer coefficient (of the gas

phase), W/(m·K)
kg : Gas absorption coefficient
ks: Soot absorption coefficient
Ls: Fuel sample length, mm
ṁ f : Fuel mass flow rate, g/s
ṁox: Oxidizer mass flow rate, g/s
nD: Time exponent in (2)
O/F: Oxidizer-to-fuel ratio
pc: Chamber pressure, bar
q′′r, Al: Radiant heat flux due to Al/Al2O3, W/m2

q′′r, g : Radiant heat flux due to burnt gases, W/m2

q′′r, soot: Radiant heat flux due to soot, W/m2

r f : Regression rate, mm/s
〈r f 〉: Time-average regression rate, mm/s
r fi : Measurement initial regression rate, mm/s
ru: Mass flux-depending regression rate, mm/s
R2: Correlation index
t: Time, s
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ti: Sampling time (ith value), s
t0: Reference time in (2), s
tend: Measurement completion time, s
tign: Ignition time, s
Tb: Boiling temperature, K
Ti: Initial fuel temperature, K
Tf : Flame temperature, K
Tg : Gas temperature, K
Ts: Fuel surface temperature, K.

Greek Symbols

α: Thermal diffusivity m2/s
αg : Gas phase adsorption coefficient
ΔHs: Solid-phase vaporization enthalpy balance,

cal/g
ε: Regressing surface roughness, μm
εAl/Al2O3 : Al/Al2O3 emissivity, W/m2

εs: Solid-phase emissivity
εg : Gas-phase emissivity
μ: Gas-phase viscosity, kg/(m·s)
ρ f : Solid fuel density, kg/cm3

σ : Stefan-Boltzmann constant, W/(m2 · K4).
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