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Abstract
The use of the Hybrid Rocket Engines (HRE) overcoseveral disadvantages typical of the solid or
liquid rocket engines, especially since the pamaftased fuels have solved the drawback of their low
burning rates. Nevertheless, there is still aaaitpoint to be solved regarding the manufactuohg
the paraffin fuel grain, such as the formation afities, cracks and internal rips due to the slagek
which strongly invalidates the mechanical properiad structural integrity of the fuel grain. The
present study aims to widely characterize the fiarafax in order to acquire knowledge useful foe th
manufacturing of the fuel grain.

1. Introduction

Hybrid rockets are said to combine the advantageslad and liquid rockets engines. In fact complate a solid

rocket the hybrid is much less sensitive to craks de-bonds in the propellant, has a higher spenipulse (Isp)

and can be throttled including shutdown and restartdemand. Compared to liquid systems, the hybnibys

several advantages, such as the reduced exploamanchdue to the absence of an intimate mixturexifizer and

fuel, and the absence of regenerative cooling sysfer both the combustion chamber and nozzlely,astlikely a

comparable hydrocarbon fueled liquid system, tipedSHRE (Hybrid Rocket Engines) can be improvedulsing

suitable additives. Additionally, the last geneyatof fuel for HRE, i.e., the paraffin wax, overcesnmone of the few
disadvantages of HRE concerning their low burniatgs, since it forms a thin, hydro-dynamically ab# liquid

layer on the melting surface of the fuel, enhan¢heregression rate with entrainment of dropleasfthe liquid-

gas interface. Among the paraffin wax, the micrstaifine formulation, being composed of a predoméagaof non-
linear hydrocarbons, has the advantage to formauigstals, which guarantee a higher tenacity aed t better
workability in comparison to the linear paraffin xes.

This paper reports a wide characterization of tASGL 0907 paraffin wax with the aim to acquire thdtable
know-how to build-up a paraffin grain without ccil defects. In fact, as known [1], the worst casehe
manufacturing of paraffin grains is to start frome tpure paraffin rather than paraffin with addisivdue to the high
volumetric shrinkage (about 20-25%) during the oapbf the melted paraffin. This shrinkage causesformation
of cavities, cracks and internal rips, even thotigh outside grain seems good after unmolding, wisicbngly
invalidate the mechanical properties and structimtaigrity of the fuel grain, leading to catastrapfailure due to
the strong thermal (temperature of about 3300 K mechanical (pressure of about 40 bar) loads guhia firing
tests. For this reason, it is vital to carry oygraliminary wide characterization of the parafiii@voted to highlight
the thermal, physical and mechanical behaviourswkedge useful to manufacture the paraffin graiheréfore,
Differential Scanning Calorimetry (DSC) was perfeahwith the aim to find out the phase transitiohthe selected
SASOL 0907 paraffin wax, such as fusion and crijstalon behaviours, in order to support the atyivievoted to
the manufacturing of the paraffin grain. Aimed tghiight the decomposition behaviour and thermabdity of the
selected SASOL 0907 paraffin wax, Thermo-Gravinsetknalysis (TGA) was performed, in air and nitrogen
atmospheres. Measures of surface tensiand viscosityuof the liquid SASOL 0907 paraffin fuel were carriedt

a
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in order to assess the entrainment contributionth®® mass flow ratem,,s, < #3}7;” where, according to
1

Karabeyouglu [2], [3]pgn is the dynamic pressurk the thickness of the melt layer the surface tension apglthe
melt layer viscosity. Exponents valuesg, y, = can be found in literature from Gater and L’Eculdr Nigmatulin
et al. [5], and Karabeyouglu [2]. Rheological measuwents were carried out using a rotational pdraglate
rheometer configuration with the aim to study tliecoelastic properties of paraffin wax in the sdidte. This wide
characterization was useful to identify the suitabiethod for the manufacturing of the paraffin grdn detail,
several approaches have been considered, e.glotieand controlled solidification under vacuum diion of the
molten paraffin wax, or the use of a metallic bbeated through electrical resistance and pressuridéh oleo-
dynamic piston, which melt the paraffin pelletshwibhe combined actions of temperature and presStueies have
demonstrated that the casting method is not sefficio guarantee the absence of critical voidsdefdcts. Firing
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tests are foreseen on cylindrical grains havingylierof 25 cm and diameter of 7 cm in order to \ate the
manufacturing process and to assbhesegression rate for the selected fuel par:

2. Solid Fuel formulations

Four different waxes are considered as potentielsfdor hybrid rockets, i.e., H1, C80, 3006 a0907, all
manufactured by the SASBL They are composed of linear (n), and branched (iso) doatbons, indifferent
percentages, as sketched in Figuréh&distribution of molecular weights being centmaunc different values, as
shown in Figure 2, where percentaggyher than the 10wt% of the maximum abundancepsnted as a function
the carbon number, for botimear and branched fractic. Table lreportdhe wax properties declared by |
manufacturer SASCLin terms of melting and congealing points, penitraand viscositylt appears that the H1
formulation consists predominantly of linear alkarteaving a large distribution of the molecular viegy .e.,
ranging between £ and G; centredon Cgs. SASOL® 6003 has an abundance of linetkane’: chains with respect
to the branched alkanes, but both ewnilar weight distributiol, i.e., linear and branched alkanare centred on the
same values.Unlike the othearaffins, the formulation SASOY. 0907 is predominanthcomposed of branched
alkanes, whose content is also thighet. Additionally, themolecular weight distributioiof the SASO[® 0907
branched alkanes is centred on tighes value. For all these reasons, the SAS©®RO07was selected as fuel for
hybrid rockets.

Table T Wax properties declared by the manufacturer SA

Kinematic

Melting or Conaealin Oil content Penetration viscosity @ Brookfiled
Wax droppling oingt [oc]g [%] @ 25°C 100% viscosity @
point [°C] P ° [1/10mm] ——ch 135°C [cP]
H1 112 96-100 1 6-8
C80 88 78-83 - 6 94
6003 60-62 0-0.5 17-20 -
0907 88-102 83-94 0-1.5 4-10 14-18
—
|
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Figure t Content of linear (n) and brched (iso) alkanes.
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Figure 2 Molecular weight distributioi(higher than the 10wt% vs the maximum abundaas Carbon number in
linear (n) and branched (iso) fractions.

The high fraction of branched isdkane might confer he advantage to form microcrystals, which guarahigher
fracture toughnesand then a better workability in compariswith the linear paraffin waxe:dn fact, according to
the Griffith theory [6],more elevated fracture toughness allows the apion of higher criticalstress on the solid
grain, provided thathe critical size ointernal micro-cracks and ather microstructural defe, voids, and rips are
kept constant.

3. Experiments

3.1 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorintgt(DSC) measurementsere performed with a DSQ20 of TA Instruments,
following the test matrix summarized Table2 In order to have a suitable baseline for thegirgtgon, each test we
performed first of altooling the paraffin wadown to 0°C, and then heating it up to 12@ft different heating rates,
i.e., 2, 10 and 40°C/min.ifed to stud the effect of the cooling rate on the formatiortted paraffin crystals, th
SASOL® 0907 paraffin wax wakeated at 10°C/min, then cooled different cooling rates, namely 2, 10 a
40°C/min, and then rheated at 10°C/m.

In Figure 3results related to the different heating ratesagfiin pellets are shownt highlights thaithe slower is
the heating rate the more defined and shiat lower temperatures are the melting pe&levertheless, in spite
the heating rates, the thermograaverall profile shapes do not change, wherdas ghift in temperature d the
sharpness of peaks could be largely ascribed tthermal inertia of the paraffin wax occurring whers heated a
high heating rates. Figuresthows the thermograncorresponding to the different coolinates of paraffin melted
10°C/min. It is worth noting that no relevant diffaces can bobserved. FinallyFigure 5 highlights that the
thermograms related to the heating at 10°n after different cooling rates, are qudeerlapped upon the over:
temperature range, except at abot-100°C, which could be due the melting process of tralkanes at highest
molecular weights.

The three melting peaksee values iiTable 3) correspond to the maximfthe molecular weight distributis of
linear and branched alkanes (data not shown faitye These melting peaks differ slightly from those need in
literature [6], since at a heatingte of 10°C/min a value ofy, ; equal to 67°C instead of 59.7°C,, , equal to 81°C
instead of 82.1°C, and,k equal to 97°C instead of 98.97] were obtained. Slighdifferences appear also duri
the cooling ramp, therefore a value54°C instead of 47.1°C for the T a value of 74nstead of 70.0°C for the ,,
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and a value of 83 instead of 83.8°C for thg,Were assessed. The wide melting and solidificationges are due to
the high percentage of branched alkanes which gisdundergoes the phase transition [7]. In summbgson
learned from these analyses is that at atmosplpeeissure the paraffin pellets are completely meéted10°C,
independently from the heating rate, and that leenbal treatment used to manufacture the fuel gyage melted
slightly affect the crystals structure.

Table2: DSC test matrix.

Heating rate  Cooling rate  Heating rate

Test [°C/min] [°C/min] [°C/min]
1 10 2 10
2 10 10 10
3 10 40 10
4 2 - -
5 40 - -

Table 3: Parameters obtained from DSC measurements.

Heating/Cooling

rate [°C/min] Tm,l [OC] Tm,2 [OC] Tm,3 [OC] Tc,l [OC] Tc,2 [OC] Tc,3 [OC]
2 60 78 102.5 54 74 85
10 67 81 97 54 74 83
40 87 95.5 - 51 67 77

—— Heating rate = 40°C/min (AH = 163.7 I/g)
0.0+ —=— Heating rate = 2°C/min (AH = 149.7 J/g)

+— Heating rate = 10°C/min (AH = 159.8 J/g)
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Figure 3: DSC thermograms at different heatingsrate
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Figure 4: DSC thermograms at different coolingsate
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Figure 5: DSC thermograms at 10°C/min of sampledecbat different cooling rates.
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3.2 Thermo-Gravimetric Analysis (TGA)

Thermo-Gravimetric Analyses (TGA) was performedngsia Discovery TGA by TA Instruments, heating the
paraffin wax from 40°C to 700°C at a 10°C/min, iotho nitrogen and air controlled atmospheres. Reg#ligure 6
and Figure 7) show that weight losses at temperatiéss than 120°C are negligible, speaking indawebthe safety
workability of this paraffin wax, since volatile ezhents are almost absent. The thermo-gravimetradysis
performed in nitrogen atmosphere (Figure 6) showsraow and well-defined thermal event, which is boiling
point of the paraffin wax. From the analysis pearfed in air atmosphere (Figure 7) it highlights tleter the main
oxidative degradation at about 300°C, there igaiftant residual ascribed to the formation ofesshard to further
oxidize before 550°C, which could affects the reiign of the fuel grain.
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Figure 6: TGA in Nitrogen atmosphere.
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Figure 7: TGA in air atmosphere.
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3.3 Rheological and viscosimetric measurements

It has been supposed [2] that the melt layer viscatould have a greater influence on the regoessite than the
surface tension. For this reason, the fuel visgdsiis been evaluated in detail. The viscosity nteasents were
performed using a HR-2 Hybrid Rheometer by TA lmstents. The sample was placed between two papddits,
with 40mm diameter and 506 gap distance, one of which was forced to oseilthiring heating. The response of
the torsion bar and the degree of twist gave tearshtress, while the rotational speed and platesions gave the
shear rate. To evaluate the frequency range whezeSIASOI® 0907 highlights a Newtonian behaviour, a
preliminary oscillatory shear test was carried diiis test consisted of a sweep frequency betwekmitd 100 Hz
[8] at a fixed temperature of 150°C, temperaturefsith the SASOP 0907 is completely melted. Results showed a
Newtonian behaviour of the paraffin wax over th&rerfrequency range (data not shown for brevitije complex
viscosity is, then, frequency independent and etuahe Newtonian shear viscosity determined byatinuous
flow test. Therefore the melt layer viscosity oé tluel grain is independent of any flow conditioside the rocket
combustion chamber. A conventional frequency of I then selected for the temperature ramp meaasuis,
with the aim to characterize the viscoelastic prigg of paraffin in the solid state before meltifig this end, the
paraffin wax was heated from 30°C to 80°C at aihgatate of 2°C/min (Table 4). Results were comgaséh the
calorimetric curve in Figure 8, highlighting thaks expected, the storage modulus falls down inespomdence of
the first melting peak at about 70°C, where the imarn value of the loss moduli occurs, meaning th@SASOL®
0907 paraffin wax has not capability to preserseslastic response once softened. In the solid #tatparaffin wax
has a storage modulus of 1.7 Fa.

In order to characterize the viscosity of the pamafvax in the liquid state and provide a basis farther
extrapolation at high temperatures, an oscillairgar test was performed setting the frequencgulwalue of 1
Hz and quickly heating the paraffin wax from 10Q%C200°C at a rate of 20°C/min (see Figure 9). Atermined
previously, the measured complex viscosity is feagy independent and therefore equal to the Newamoshear
viscosity determined by a continuous flow test. Watue of viscosity to introduce in the,,, formula should be

evaluated at an average temperature ranging betiveenelting and boiling (about 450°C) temperatucatculated
using equation from Marano and Holder[9],[10]. ®init is not possible to perform the measure at igh h
temperature, the value of viscosity has to be prieded starting from values of complex viscosibtained in the
range 100-200°C, using the asymptotic behaviouretations (ABC) attributed to Kreglewski and Zwalki [9],
[10]. This is a method which predicts PVT, thermaid transport properties of n-paraffins and n-okfi
nevertheless, it has been demonstrated that iddo@lsuccessfully applied to branched alkaneseflémgth of
branched chains are limited [9]. The Newtonian b&ha of the liquid SASOE 0907 paraffin suggests that the
branched length chains are short enough to nattafie rheological outputs. Indeed, it has beenatestnated that in
this case the viscosity errors are limited to 8%)].[JAccording to the ABC method, the viscosity dam assessed
using the following equations:

Y =Y, 0 +AY, (N=1g) ~AYgexpEA(n-1g)’) - (1)

AY = A+B/T+CInT+DT2+E/T? (2)

where Y is the property value, namely viscositya @arbon number, Y, is the property pseudo-valueratO, Y,, is

the limiting property value am becomes very highand y are adjustable parameters, A, B, C, D, and E, are
temperature dependent ABC parameters, listed ih [e viscosity was assessed at the temperatu@80fC,
assumed as initial combustion chamber temperatigh is the average temperature between the medtimd the
boiling (i.e., about 450°C) points. In this regardsmelting point equal to 110°C (see Figure 3)teen considered

to be sure that all crystals were molten. As rafeeetemperature the highest available experimesithle, i.e.,
200°Chas been used. The value of viscosity at 28€8Eulated using the ABC method, is equal to 97370° Pa s.

Table 4: Rheological test matrix.

: Heating
H U .
Test y[ Z] Tmmal [ C] Tfmal[ C] rate[°C/min]
1 1 30 80 2
2 1 100 200 20
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Figure 8: Comparison between rheological and aaletiic behaviour as a function of the temperature.
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Figure 9: Rheological behaviour of the liquid SAST1907 paraffin wax.
3.4 Surface tension

The surface free energy was calculated accorditge@®wens-Wendt method [11]. The Owens-Wendt agatras
one of the most commonly used methods to calculaesurface free energy of materials [12]. The gipal

assumption of this method is that the surface émergy is the sum of the two components: the disperand the
polar components [13]. The Owens-Wendt model isaggnted by the geometric mean relationship:
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1 1
S +cosO)y, = (8- )7 + (B @

where 0 is the contact angle between the liquid dropled anrface,y,the liquid total surface tensigfithe
dispersion component of liquid surface tension, gfttie polar component of liquid surface tension. Thknown

terms in the equation arg, which is the dispersion component of the solidase free energy, and, namely the
polar component of the solid surface free enerdye Value of total surface free energy of the sigidbtained as

Ys =YY +yE. Dividing by (yf )z the equation (1) can be re-written as:

—(1+cosG)yL

(Y{’)2

= (% ) OR)F + (B @)

The left-hand side of equation (4) contains questitvhich are measured experimentally ¢r which are available
1
.
in the literaturef,y;), so that a plot of the left-hand side of equatiéversus quantit@—{,)2 gives a straight line
1

1 1
with slope(y?)? and intercef{tt )2.

Table 5: Surface tension measurements.

Wettability [°] 87.06+7.4
Surface Free Energy [mJ/ni] 34.77
Dispersion component [mJ/m] 33.49
Polar component [mJ/nf] 1.27
Work of Adhesion paraffin-water [mJ/m?] 76.58

The surface free energy was measured on solid fiyeaple, realized starting from pellets of SAS00907,
putting them in a silicone mold and then melted@°C. The paraffin sample was solidified very dioim order to
avoid possible macro and micro cracks due to ttiansiThrough this procedure it is possible to imah paraffin
sample with a very smooth surface, therefore thasmed surface free energy will depend only onctiemical
state of the paraffin, and not on its morphologyfdct, during the melting process, it is eviddrdtta very smooth
layer of melted pellets paraffin is obtained dueht® surface tension of the liquid paraffin. ltighlighted that the
surface tension is related to the liquid paraffineneas surface free energy is referred to the galidffin. In both
cases the two performance indexes are the samthepdan be compared. The surface free energypieessed in
[J/mf] which is equal to [Nm/f} whereas the surface tension is measured in [Nimefefore the two performance
indexes can be compared. In order to obtain thiaceitension value at high temperature, i.e., spoading to the
liquid state of SASOP 0907 paraffin wax, a measure at 20°C of the sartaasion of the solid paraffin wax has
been carried out, giving in output a value of 34n718/m. This value is in a good agreement with theesponding
value, i.e., 33.8 mN/m, obtained extrapolating imaar way (see Figure 10) the surface tensionesasmeasured by
Kobald et al. [8], meaning that the value of 27.5mNat 110°C can be used.
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Figure1C: Surface tension as a function of the temperature.

Aimed to asess the surface free energy of SA® 0907 paraffin wax, measurements of contact ausing liquid
having different polarities, i.ewater,formamide and diiodomethane, have been perforiRedults, shown in Figure
11 and summarized in Table lighlight the shape oliquid droplets on the paraffin wax surface. Iterth noting
that water droplet on the SAS®I0907 paraffin warsurfacedescribes a partially hydrophobichaviour. This was
confirmed also analyisg the contact angle measurements on formamid#éalha polar liquid with respect to th
water, whereas the diiod@thane has a hydrophilic behaviour dueits apolar nature. The angle values
averaged on ten measuremesagied oufor each liquid.

Water Formamide Diiodomethan
Figure 11:The three different shapes of the liquid dropldistilled water, formamide andiodomethane) in contact
with the paraffin sample.

3.5 Grain manufacturing

The fabrication of the fuel grain is a critical pobof the overall manufacturing process becaus@dssible presenc
of internal or surface flaws and/or cracks can lemathe catastrophic failure of the motor as a eqnence of th
strong pressure and temperature loading during condouBaraffin wax is particularly sensitive to thid of
problem for three fundamentadason:

» the intrinsic brittle nature of this thermoplastiateria;

» liquefied paraffin wa tends to form intern voids;

» volumetricshrinking of about 1~ 25%, depending on the grade of wax, when trangitgpfrom liquid to
solid as reported in literatu[14].

10
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Moreover for a grain of large size, possible sezffect can appear mainly due to the increasedénfia of the
thermal gradients inside the grain. To overcomesdhehallenging difficulties, three main solutionsuld be
proposed based on the use of:

« central piston, slipping inside the mould, for kiegpthe liquid paraffin wax into compression [15];

» suitable insulating mould with only one thermal doative surface for slowing the cooling and theutrsg
re-solidification process|[1].

» special spin casting machine with a variable rotatl speed also useful for the creation of thereént
port[16].

The best method might be the application of botlthmaeical and thermal energy, i.e., pressure andl fheq

through a special designed equipment aimed to @pplos effect due to the spontaneous volumetricnkimg

occurring during cooling and transition from liquid solid state. In fact, the use of insulating tdobas
experimentally demonstrated to be not sufficiemjtarantee a homogeneous and dimensionally acaotidegrain
without macro-voids, cracks, rips and other surfand internal flaws even detectable by naked eggshown in
Figure 12. On the other hand, the centrifugal ngsfirocess requires an expensive machine and atst @ivial

optimization of the manufacturing process paramnsetg., spinning rate. Therefore, its use is mustfied only in
the industry sector for high volume production.

Centro taliano Ricerche Aeraspariali

Ph

Figure 12: Internal surfaces after sectioning afffan wax solid grains manufactured without apation of
external pressure.

Therefore, the best method developed in the pragerk consists in the application of both pressamd thermal
flux, following the main steps:

e the starting point is the raw material in the foaihcommercially available pellets of SASOL® 0907
paraffin wax;

» inserting the pellets inside a cylindrical mouldiggped with embedded electrical resistance heatystem
and temperature measurements though a K type tlceupte;

* heating the raw material up to a temperature ofC2bat, as demonstrated by means of DSC analgsis,
sufficient to complete the melting of the solidlptd;

» holding the temperature of 120°C for the time regglifor liquefying all the paraffin wax pellets;

o stirring the melt;

» switching off of the electrical resistance heatiygtem;

» application of a pressure of about 10 bar by me&eglindrical piston fitted with a load cell for anitoring
the applied compression force;

e slow cooling up to room temperature.

This manufacturing method has been accomplishethdywse of special designed equipment illustrateHigure
12based on the application on a weight lifter oudtable device for transforming the tensile fommmponent
exerted by the crane hook during the lifting phade a compression force of two opposing plain acek. The
counter-posed faces of the weight lifter have badjusted for placing the heated mould and the spmeding
piston equipped with the load cell.A load of 300 kas been set. This value, considering the suidaea of the
melted paraffin wax, is equivalent to a pressuralmjut 10 bar, kept constant by means of suitabiking of the

11
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hydraulic systenT.he tight coupling tolerances among the mould campts have allowed the outgassing of
entrapped inside the paraffin wax durihe heating and stirring steps.

Figure 12:Metallic box, heated through electrical reance and pressurized with oldgnamic piston used |
manufacture the paraffin grain.

Satisfactory results have been achieved throu¢s manufacturing method i.e. fabrication of homogaise fully
densified solid grains without appreciable surfand internal micr-cracks and other geometrical defects as st

in Figure 13.

)

Figure 13 Picture of the paraffin grain manufactured wik theated and pressurized metallic

3.6 Optical microscopy

In order to evaluate the compactness and porogitshe paraffingrain, obtained using the hea-pressurized
method, it was brokeand the two surfaces of fracture were analyzedrt-fractography wagperformed using a
stereo microscope LEICA MZ2X, whereas the mic-fractography wasrealized using an optical microsc
LEICA DM-RXE in bright field and using an optical magnificer of 550X.

12
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Figure 14: (a) Surface fracture of thken concave [raffin sample, magnification 20X. (bjurface fracture of the
broken convex paraffisample, magnification 20X. (curface fracture ofhe broken concave affin sample,
magnification 550X. (d) @face racture of the broken convex paiaféample, magnification 550

Analyzing the surface fracture of the two half paof paraffingrain (see Figure 14) and (b), the absence of
porosity is evident, since thegem compact and uniform. A further confirmatiortos last statement could be dc
analyzing the images at highest magnifice in Figure 14 €) and (d). In fact no defects, inclusion or shaigé
phenomena are present within the material of thehalf parts. This confirs the high qualityobtained during the
manufacturing of the paraffin grain.

4. Conclusions

Among the available paraffin waxése SASOI® 0907 was selected due to its capacity to form r-crystals which
guarantee higffracture toughness and then a better workabTo achieve a better comprehension of the sele
paraffin wax a wide thermal and rheological racterization was carried out. In detaitlsermal analyses, i.e., DS
and TGA, gave information about the phase trans and thermal and thernmxidative stabilitie. Results show
thatat atmospheric pressure the paraffin pellets angpbetely melted at 110°C, indendently from the heating rai
and that the thermal treatment used to manufatharduel grain once melteslightly affect the crystals structur
This information has beamsed to manufacture the fuel greAmong the explorednethod, that which combinesthe
effect of temperature and pressure allows to atlwédformation of voids and crac Surface tension and viscos
measurements have been carried out with the a@mgess thr,,,.,-contribution to the overall regression rate of
paraffin fuel grain.
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