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Abstract

Implementation of hybrid rocket engines in launch systems is hampered by the slow fuel regression rate, in turn
implying reduced thrust levels. The most promising solutions for achieving fast regression rates with simple fuel grain
geometries are (¢) the use of liquefying formulations and (i¢) non-conventional oxidizer injection methods. However,
the ballistic performance advantages of liquefying fuels are limited by their low mechanical strength. Recently, new
reinforcing strategies for liquefying fuels have emerged thanks to 3D printing technology. These innovations include the
armored grain a heterogeneous fuel. In the armored grain, a 3D-printed cellular structure is embedded in a liquefying
fuel matrix. The cellular structure is a reinforcing element, while the liquefying fuel (typically, a wax) provides fast
burning behavior. This paper discusses lab-scale testing of wax-based armored grains through pre-burning analysis and
combustion testing. It also explores the use of liquefying fuels from sustainable sources and presents the scale-up of
the armored grain technology. With standard flow injection, armored grains achieve significantly faster regression rates
than pure paraffin wax, with up to a 90% increase under reference conditions. This increased burning performance is
paired with enhanced mechanical properties. Under the tested conditions, at lab-scale, grains with embedded cellular
structures maintain fast regression rates regardless of the injection method used (standard/swirl). The scalability of
the armored grain solution is demonstrated using a test bench developed by Skyward Experimental Rocketry, a student
association at the Politecnico di Milano.

Nomenclature ry = Solid fuel regression rate, mm/s
Symbols T = Temperature, K
At, = Burning time (from pressure trace), s L.
€ —  Strain at Yield, % Acronyms/Abbreviations
A = Gyroid unit cell length, mm
Dot = Percent relative density of a structure, % ABS = Acrylonitrile Butadiene Styrene
Py = Solid fuel density, kg/m> DTA = Differential Thermal Analysis (DTA)
oy = Stress at yield, M Pa GY = Gyroid
ar = Pre-exponential factor, (mm/s)/ [kg/(m?s)]" HRE = Hybrid Rocket Engine
D(t) = Central port diameter (at a given time), mm  MB = Mass-Based regression rate data
D, = External grain diameter, mm mWP = Micro-crystalline paraffin wax
E = Compressive elastic modulus, M Pa SPLab = Space Propulsion Laboratory
Gor = Oxidizer mass flux, kg/(m?s) sWB = Sustainable Wax (type B)
T = Exponent sWC = Sustainable Wax (type C)
De = Combustion chamber pressure, M Pa TG = Thermogravimetry
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1. Introduction

More sustainable, greener and low-recurring cost
propulsion is renewing the interest in HREs for launch ap-
plications. Worldwide, startups are pursuing projects on
HRE:s for small and medium scale launchers [[I-7]. The
use of HREs in launch applications requires the identifi-
cation of fuel formulations and methods providing suffi-
ciently fast 7 to get high-enough thrust with relatively
simple grain geometries [§, 9]. Early HREs conceived
for launch applications were based on fuels as hydroxyl-
terminated polybutadiene and standard injection methods
[I10, 11]. These engine configurations required large burn-
ing surfaces to provide high thrust levels [|11]], thus featur-
ing low volumetric efficiency, and high inert masses [|L0,
11]. Liquefying fuels [[12, [13] and non-conventional injec-
tion methods (swirl/vortex flow) [[14—16] tackle the slow
7 of conventional HRE configurations, while offering the
opportunity to work with single, central port grains. This
opens new opportunities for the use of the safe and green
solid fuels in launch systems. Thanks to the entrainment
mass transfer [[12, 17-20], liquefying fuels provide 7 re-
sulting 3 to 4 times that achieved by hydroxyl-terminated
polybutadiene burning under similar operating conditions
[[12, 13]. Paraffin-waxes are the most common liquefying
fuel and are widely studied. However, paraffin-waxes (and
liquefying fuels in general) feature low mechanical and
thermal properties. The conventional strategy to enhance
the mechanical response of paraffin waxes is their blend-
ing with reinforcing polymers [[13, [1§]. On the other hand,
blending has negative effects on the liquefying fuel prop-
erties, limiting entrainment mass transfer and, thus, the r ¢
[20]. Blending with special additives [21] is reported as
effective in mitigating wax mechanical properties without
compromising entrainment, though thermal behavior of
the wax remains a criticality. Non-standard oxidizer injec-
tion methods provide augmented 7 for conventional and
liquefying formulations, thanks to the enhanced convec-
tive heat transfer and mixing promoted by the swirl/vortex
flow [[15, [16, 22-25]. However, these methods can cause
uneven fuel grain consumption due to viscous damping
of the oxidizer swirl/vortex flow, particularly in relatively
long fuel grains.

Reinforcing strategies other than the blending of wax
with polymers are discussed in the literature and reviewed
in [26, 27]. In this field, innovative solutions can be
achieved thanks to additive manufacturing. The SPLab of
Politecnico di Milano has developed an original wax rein-
forcement strategy based on the use of 3D-printed cellular
structures [26, 27]. The armored grain is a heterogeneous
fuel in which wax reinforcement is achieved by a cellu-
lar structure embedded in the solid grain. The reinforcing
element is an open-cell structure, and its purpose is the
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provision of mechanical response to the grain.

This study builds on previous advancements by extending
lab-scale testing of armored grains and evaluating their
performance in terms of r¢. Investigation includes the ef-
fects of () oxidizer type, (i¢) swirl intensity, and (z¢7) wax
composition. The scale-up analysis targets the evaluation
of the armored grain in a small-scale test bench. A 400 N
HRE designed and implemented by Skyward Experimen-
tal Rocketry [28], a student association of Politecnico di
Milano.

The presented results are part of the ongoing activities pur-
sued by SPLab toward fuel formulations combining fast
regression rates and a general set of suitable properties (in
particular, from the mechanical point of view).

2. Methodology

The work targets the evaluation of (7) sustainable
waxes, and (i¢) scale-up of the armored grain. The work
considers different waxes first. Following this preliminary
assessment, scaling-up is analysed. Analysis of the scale-
up of the armored grain requires considerations on the cel-
lular structure printing at different scales. The topic is
fully discussed in Ref. [29], and is briefly revised here.

2.1 Sustainable Waxes

In the analysis, a reference wax is considered. This ma-
terial serves as baseline for the relative grading of the other
waxes. The baseline is a conventional paraffin-wax. The
other fuels being derived from sustainable sources. Ther-
mal, and mechanical properties of the waxes are investi-
gated in a pre-burning phase. Following this early step, the
reference paraffin wax is used as the main component of
fuels that are extensively tested in an armored grain config-
uration. The reinforcing structure considered in this work
is the gyroid [26, 27]. The gyroid is a triply periodical
minimum surface, open-cell structure.

2.2 Scaling-up of the Armored Grain

Targeting the testing at different scales, different as-
pects should be considered. Some of these are related to
the HRE testing, and include (but are not limited to) op-
erating parameters as oxidizer to fuel ratio, oxidizer injec-
tion conditions, p. and port size [30]. Other aspects to be
considered are related to the gyroid structure, and its prop-
erties (in particular, pq,). For a given relative density, gy-
roid size (say, cellular structure diameter) and 3D-printer
parameter (nozzle orifice diameter) influences the gyroid
cell size. Testing at different scales an armored grain re-
quires knowledge of these parameters and of their depen-
dencies. While a strict similarity analysis of the hybrid
combustion at different scales is out of the scopes of this
work, the evaluation of the ballistic response of different
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formulations requires the understanding of the effects of
oxidizer composition and injection conditions. The small
scale testing of SPLab is typically performed in gaseous
oxygen, and with swirled injection [20, 27, 31]. On the
other hand the engine designed and implemented by Sky-
ward Experimental Rocketry works with N2O, and stan-
dard injection. Thus, the scale-up analysis requires a pre-
liminary testing in which oxidizer type and injection con-
ditions are clarified at small scale. Additionally, the scale-
up analysis requires the identification of printing condi-
tions providing a similarity between the grain diameters
and the gyroid cell size.

3. Materials and Methods

In this Section, materials and methods are presented.
Base ingredients of the fuels are introduced first, be-
fore clarifying formulation nomenclature and classifica-
tion into Group 1 and Group 2. Finally, for the Group
2, additional details concerning the scale-up are detailed.

3.1 Tested materials

Tested materials are hereby presented, together with
relevant details on the tested hardware and the imple-
mented data reduction procedures. Based on the method-
ology presented in , clarification on the materials
and tested formulations is given first. Then, focus moves
to the experimental activities.

3.1.1 Paraffin and Bio-derived Waxes

In the analysis, a microcrystalline wax (SasolWax
0907) is used as reference material. The selection of the
SasolWax 0907 is related to its wide use in propulsion
studies [[17, 18, 20, 27, B32]. In addition to this, two waxes
from sustainable sources are considered: beeswax (SWB)
and carnauba (sWC). While some preliminary work is
available on beeswax [33, B4], carnauba is less known as
fuel in the HRE community. The wax is produced start-
ing from he leaves of palms belonging to the Copernicia
species. In the the wax-based fuels are identified
in the Group I. As reported in the , this part of
the analysis aims at identifying suitable sustainable candi-
dates for paraffin-wax replacement.

3.1.2 Wax Reinforcement

The armored grain concept is based on the use of a gy-
roid structure for grain reinforcement. Clarifications on
the structure selection, with discussion of detailed refer-
ences are available in [26, 27]. Basically, the gyroid is
selected in the light of its open-cell structure (enabling
melted wax to adhere to the printed element), good over-
all mechanical properties, and fast printing (being a struc-
ture commonly implemented in commercial printers). The
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technique gyroid are printed in is fuse deposition melting.
While a variety of materials can be selected for the gy-
roid printing [26], in this analysis only ABS is considered.
This choice is based on (7) high heat deflection tempera-
ture of ABS, (i7) strong mechanical properties [26], (ii%)
good ballistic response of ABS-based armored grains [27],
(iv) a single material should be considered to limit the
small-/intermediate-scale test number and strategy. Addi-
tionally, the formulations featuring a gyroid reinforcement
are based on mWP, reinforced by a styrene-based copoly-
mer (SEBS-MA) [[18, 20, 26]. These fuel formulations are
gathered in the Group 2 in the . Such a choice is
bounded to the use of the armored grain in the EUROC
2024 Competition [B5] by Skyward Experimental Rock-
etry. Targeting the scale-up of the solution, the Group 2
includes formulations mWP is blended in. This choice is
made to favor the scale-up of the solution, in term of solid
fuel manufacturing and handling. Since the small scale
testing is based on fuel grains with external diameter of 30
mm, while the grain of the HRE by Skyward Experimen-
tal Rocketry features an outer diameter of 75 mm. Under
these conditions, considering (i) details of the printing pro-
cess, (it) available commercial nozzles for the 3D printer
extruder (with orifices ranging from 0.4 to 1.0 mm), an
analysis was made measuring the unit cell length of gy-
roids with outer diameters of 30 and 75 mm. The result-
ing non-dimensional parameter considered in the analysis
is the unit cell length over the external diameter (A/D,).
summarizes the achieved results.

Thus, in the testing at small scale, the effect of A/ D,
is investigated, in a first phase: extruder nozzle diameters
of 0.4 mm and 0.8 mm are considered for p of 10% and
15%. The upper limit for the extruder nozzle size is deter-
mined considering that Skyward Experimental Rocketry
implements a gyroid printed with an extruding orifice di-
ameter of 0.8 mm, and p = 10%. shows details of
the tested fuel formulations.

Relative ballistic grading between reference paraffin-
wax and sustainable waxes is the main output of tests of
Group 1. SPLab activities on Group 2 targets evaluation
of the effects, under the investigated conditions, of oxi-
dizer composition and swirl, thus yielding to scale-up of
the armored grain with the Skyward testing. Infill and ex-
truding nozzle diameter are chosen so that (¢) an evalua-
tion of A/ D, effects is made at SPLab, (i¢) Skyward ER
armored grain features a A\ /D, in the range tested at small
scale (see [Table 2‘, and ITable 3|).

3.2 Experimental Methods

The work investigates the pre-burning characteristics
of the fuels and of their ingredients, and the burning be-
havior of the fuels listed in the Group I and Group 2.
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Table 1. Tested fuel formulations and their composition. In Group 2, armored grains are identified by -i/0 and -il5
suffixes, these indicate the infill of the gyroid structure (10 and 15 vol.%, respectively). Gyroid mass fraction is not
reported, being the complement for 100 wt.% in the armored formulations.

Group Fuel ID Composition Density, p ¢, kgim?
W1 mWP (99 wt.%), C (1 wt.%) 929
| B100 sWB (99 wt.%), C (1 wt.%) 905
C100 sWC (99 wt.%), C (1 wt.%) 996
B50C50 SWB/sWC (49.5wt.%/49.5wt.%), C(1 wt.%) 947
W1S05 mWP (94 wt.%), SEBS-MA (5 wt.%), C (1 wt.%) 929
WI1S10 mWP (94 wt.%), SEBS-MA (5 wt.%), C (1 wt.%) 929
2 W1S05-i10 mWP (83.2 wt.%), SEBS-MA (4.4 wt.%), C (0.9 wt.%) 944
W1S05-i15 mWP (78.0 wt.%), SEBS-MA (4.1 wt.%), C (0.8 wt.%) 951
W1S10-i10  mWP (78.8 wt.%), SEBS-MA (8.7 wt.%), C (0.9 wt.%) 943

Extruder SPLab (D, =30 mm) Skyward ER (D, =75 mm)

Nozzle [=10% [=15% p=10% 5 =15%
0.4 0.369 0.245 0.147 0.098
0.6 0.557 0.373 0.224 0.149
0.8 0.755 0.502 0.301 0.201
1.0 0.931 0.631 0.378 0.252

Table 2. Gyroid unit cell length over grain external diameter (A/D.) as a function of the 3D-printer extruding nozzle
orifice size, for relevant 5. In the armored grain scale-up, A/ D, is considered as a parameter for experimental matrix
definition.

TAC-24-TAC-24,C4,4,8,x86883 Page 4 of



75" International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.

Copyright © 2024 by the International Astronautical Federation (IAF). All rights reserved.
. Fuel SPLab Skyward ER
roup ID Oy N>O N>O
Swirl Axial Axial Axial
Wi 21615
1 B100 21615
C100 21615
B50C50 31615
WI1S05 21615 316]5 3615
WI1S10 21615 3]6|5 3|6]5
W1S05-i10n04 2]6.5]5 316|5 3[6]5
2 WI1S05-i10n08  3|5|5 3[5]5 3]|5]5 2111125
WI1S05-i15n04 3165 3[6]5 3]6]5
WI1S10-i10n04  2]6]5 3]6]5
WI1S10-i10n08  3]6]5 3]6]5

Table 3. Test matrix. Data shows (7) number of tested samples, (iz) the nominal burning time in s, and (iii) the initial
port diameter (in mm). All SPLab tests are performed with oxidizer mass flow rate of 5 ¢g/s, while in Skyward

Experimental Rocketry tests 150 g/s of NoO are used.

3.2.1 Pre-burning Analyses

Thermal behavior of the tested materials is investi-
gated by simultaneous thermal analyses (DTA-TG). Tests
are performed in inert environment (Ar, 75 ml/min) at
the heating rate of 10 K /min using a Netzsch STA 449
F5 Jupiter with a vertical weighting system at a pressure
of 0.1 M Pa. Tested samples have a mass of 15 £ 0.5 mg.
The analysis targets the onset/end temperatures for melt-
ing and thermal degradation.
Mechanical properties of the tested materials are inves-
tigated by compression tests performed on a MTS 810
equipped with a 250 kN load cell, following the ISO 604
standard [36]. At least four samples for each formulation
are tested and at least three are used for the analysis of
the mechanical properties. The tested samples shape is
cylindrical, with a height of 50 mm and a diameter of 30
mm. A key point in the analysis is to avoid buckling of
the sample during the compression test (e < 14.4%). The
compression rate is set to 1 mm/min. The E and the
yield point data (o, and €,) are the main observables of
the analysis.

3.2.2 Burning Analyses

Combustion tests are performed on the SPLab HRE
extensively described in Refs. [20, 27]. The test engine
implement a swirl injection, with geometrical swirl num-
ber of 3.3 [[15, 20, 37, B8]. In this work, the effects of swirl
are investigated, and this is done considering a different in-
jector plate enabling standard flow. The main observable
of interest is the (time-and space-averaged) r ¢. This latter

[AC-24-1AC-24,C4,4,8,x86883

parameter is determined by a thickness over time method
based on mass balance. Details on the evaluation of the
Aty, evaluation, and on the r¢ determination are given in
[20, 27]. Burning time of the different formulations is de-
termined based on the expected 7, with the aim of grant-
ing similar values for the time- and space-averaged G,
characterizing the runs.

4. Results and Discussion
4.1 Pre-burning Analyses
4.1.1 Thermal Behavior

Outputs from the simultaneous thermal analyses on
the materials are reported in , where data focus
on Group 1 fuels. The W1 and the C100 show similar
TPeak, Melting- The TDegrudation, Onset Of Wlis the hlgh'
est, with C100 showing a good thermal resistance. In gen-
eral, the thermal response of B100 is weaker, with lower
melting and degradation onset points than the counter-
parts. The fuel BSOC50 has intermediate characteristics
between the pure components blended into it. This latter
formulation is investigated based on evidences from the
mechanical testing of waxes to balance the stiff and rigid
behavior of C100 with B100 (see Bubsection 4.1.3). As
reported in Refs. [20, 26, 27], the contrasting W1 and
W1S05 and W1S10 shows no marked effect on the melt-
ing onset and peak temperatures of the SEBS-MA-loaded
fuels. On the other hand, for Group 2 fuels, an effect is
noted on the degradation onset temperature, that is drifted
toward the styrene-copolymer value, with a temperature
increase of ~ 10 K with respect to the non-blended for-
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mulation (W1).

4.1.2 Compression Behavior

Compression behavior of the formulations is analysed
considering W1 as reference for a normalization, and lim-
iting the printed gyroid analyses to an extruding nozzle of
0.4 mm. Focusing on the Group 1, C100 is the fuel with
the highest values of all the observable parameters of in-
terest (see ). On the other hand, sWB behaves sim-
ilarly to macrocrystalline waxes, exhibiting the lowest val-
ues for the normalized E and the yield stress, though the
yield strain is relatively high. All the waxes feature break
at the yield point. The armored grains feature a (desirable)
FE reduction with respect to the reference wax, and, as de-
tailed in Ref. [26, 27, 39] the absence of an identifiable
breakage of the specimen during testing till the ISO 604
limiting values (for the given strand geometry) of 14.4%.

4.2 Burning Behavior

An overview of the results from the burning tests is
reported in . Analysis of Group I results show
the close performances of the W1 with the sustainable
counterparts. The fastest 7 is the one of B100. C100
and B50C50 exhibit similar performances with respect to
W1. This is in particular true for the blended formulation,
whose 7 performance, under the investigated conditions,
is overlapped to the one of the paraffin-wax. Under the in-
vestigated conditions, Group 2 results for tests in Oy show
a limited impact of the switl injection, while a significant
¢ impact is due to the use of the armored grain. In partic-
ular, independently from the gyroid infill, armored grains
based on W1S5 feature faster r; than the non-armored
counterpart. The result is even more relevant when con-
sidering that, for example, W1S05-i110n04 exhibits a per-
cent 7y increase over W1SO05 of nearly 30%, in spite of
a lower G, (29 kg/m?s vs. 48 kg/m?s). Considering
swirl effects, the non-armored formulations show faint (if
any) ry increases over the axial injection case. A small dif-
ference is noted for the W1S05-i110n08, the fastest fuel in
the dataset. For this fuel, the relatively high A\/D, seems
to provide higher performance in the axial injection case.
While this result requires further investigations, it could be
promising in the light of a fuel grain configuration grant-
ing fast regression rates with conventional standard meth-
ods. Contrasting the combustion tests with axial injection,
the variation of the oxidizer from Oy to NoO shows minor
effects on the relative grading of the fuels. Such a result
is likely due to the relatively low G, range considered in

the analysis [4(Q].
, and [Fig. 2 show the data recorded in one of the

two Skyward Experimental Rocketry firings, and a picture
of the engine plume, respectively. Data in are NoO

[AC-24-1AC-24,C4,4,8,x86883

= Injector
Post-CC
Pre-CC

Pressure [MPa)
[}

0 5 10 15 20
Time [s]
Fig. 1. Data acquired during one of the armored grain tests

in Skyward ER HRE: pressure traces on the injector
housing, pre- and post-combustion chambers.

injector pressure, pre- and post-combustion chamber pres-
sures. Overall the collected data show a relatively stable
behavior of the engine during the firing. A direct compari-
son between the small scale testing and the firing with the
Skyward Experimental Rocketry HRE is complicated also
due to the differences in the operating conditions imply-
ing liquid oxidizer injection in the scale-up tests. In spite
of this, from the 7 = a,-G7; presented in Ref. [27] for
W1S05, and extrapolating the data from tests in Oy with
swirl injection to the condition tested in Skyward Experi-
mental Rocketry HRE (see ), the achieved regres-
sion rate of the armored grain scale-up feature a percent
increase over expectations in the range 10 to 15%. The re-
sult deserves further analyses and shows the applicability
of the armored grain to relatively large systems.

5. Conclusions

The presented work is a snapshot of the current activ-
ities ongoing at SPLab in the frame of the development
of solid fuel formulations for hybrid propulsion. The ac-
tivities target the development of more sustainable, green
and safe propulsion systems. The presented analysis fo-
cuses on the armored grain concept, and present some
pre-burning and combustion analyses of waxes from sus-
tainable sources. The armored grain is here scaled-up in
a 400 N-class HRE property of Skyward Experimental
Rocketry, a student association of Politecnico di Milano.
Experimental testing is performed at small scale, to pro-
vide a relative ballistic grading of different fuels to pro-
vide also a better insights of the armored grain features.
In this phase, tackled effects are (z) the wax type (paraffin-
vs. sustainable waxes), (i) the injection implementation
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Table 4. Thermal analysis results of paraffin and natural axes of Group 1 (300 K < T < 873 K).

SpeCimen TMelting, Onset TMelting, Peak TDegradation, Onset Am @873 K
Wi 326 359 689 -99.9
B100 331 340 584 -99.9
C100 353 361 669 ~-100
B50C50 341 357 622 -97.0

Table 5. Mechanical properties at compression of the investigated waxes (compression rate 1 mm/min, testing tem-
perature 293 + 3 K). Data are normalized with W1 as reference.

Group Specimen Normalized Young Modulus, Normalized Yield Stress, Normalized Yield Strain,
Eruer/Ew1 OFuel,y/OW1,y €Fuel,y/ €W,y
Wi 1.0 1.0 1.0
1 B100 0.2 0.3 2.4
C100 2.8 4.3 1.2
B50C50 1.6 2.1 1.1
WI1S05 1.3 1.3 0.9
WI1S10 1.2 14 1.3
2 W1S05-i10 0.8 0.9 1.1
W1S05-i15 0.6 0.9 2.5
W1S10-i10 N.Av. N.Av. N.Av.

Fig. 2. Exhaust plume picture captured by Skyward Exper-
imental Rocketry Team.

effects (swirl vs. axial) and (ii7) the effects of the oxi-
dizer (O2 vs. N2O). Under the investigated conditions,
waxes from sustainable sources, and in particular sWC
and its blend with sW B yielded fuel formulations whose
ballistic performance is similar to the one of the baseline
paraffin-wax. This opens new opportunities for the analy-
sis of innovative fuels. Focusing on the relative ballistic
grading targeting the armored grain scale-up, under the in-
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vestigated conditions swirl exhibited only minor effects on
the . Thisis likely due to the relatively low swirl number,
and swirl decay. The passage from O3 to N2O, at small
scale yielded minor effects too. This is due to the rela-
tively low G, characterizing the SPLab test bench, and
the gaseous injection condition met for both the oxidizers.
The armored grain W1S05-i10n08, when tested at small
scale showed the best performances in terms of 77, and a
ballistic response showing better results in axial injection
than in swirl flow. This point requires future investiga-
tions to extend the testing conditions and to understand the
(possible) role of the gyroid in the regression rate enhance-
ment. On the other hand, W1S05-i110n08 when scaled-up
showed a relatively stable combustion, showing the possi-
ble implementation of the armored grain concept at larger
scales.
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Group Fuel ID Average oxidizer mass flux  Regression rate
Gox» kg/m?s T, mm/s
Wi 363+ 14 1.21 £ 0.04
| B100 338+ 1.5 1.41 £ 0.04
C100 432 +25 1.18 £ 0.09
B50C50 374+ 1.1 1.26 + 0.04
SPLab, Swirl, O,
WI1S05 48.35 £ 0.42 1.25 £ 0.05
WI1S10 58.56 £0.76 1.04 £ 0.03
W1S05-i10n04 28.85 £ 0.99 1.64 +0.14
2 W1S05-115n04 32.98 £2.05 1.60 £ 0.06
W1S05-i10n08 28.95 £ 0.81 2.01 £ 0.08
WI1S10-i10n04 34.18 £ 0.44 1.56 £ 0.09
WI1S10-i10n08 3291 +£1.84 1.61 £ 0.07
SPLab, Axial, O,
WI1S05 50.74 +£ 1.84 1.24 +£0.02
WIS10 57.21 £2.26 1.01 £ 0.02
W1S05-i10n04 26.73 £ 0.20 1.83 £0.07
2 W1S05-i15n04 29.52 £ 1.75 1.81 £0.11
W1S05-110n08 31.64 £0.52 1.96 £ 0.09
W1S10-i10n04 3440 £2.22 1.54 £ 0.04
WI1S10-i10n08 30.82 £ 0.52 1.59 £ 0.06
SPLab, Axial, NoO
W1S05 53.13 £ 1.94 1.22 £0.11
WIS10 65.57 £ 0.04 1.00 £+ 0.00
2 W1S05-i10n04 31.82 +£1.62 1.82 £ 0.10
W1S05-i15n04 35.12 £3.17 1.57 £ 0.05
W1S05-i10n08 32.08 £ 1.61 2.10 + 0.08
Skyward ER, Axial, N,O
2 W1S05-i10n08 91.38+2.75 1.64+0.13

Table 6. Regression rate data for the tested formulations.
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