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The inert and oxidative flash pyrolysis of High Density Poly-Ethylene (HDPE) is studied 6 

up to 20 000 K.s-1, under pressure up to 3.0 MPa and at temperature ranging from 1000 K to 7 

1500 K. These conditions are considered to represent those waited onboard a hybrid rocket 8 

engine using HDPE as solid fuel. Recycling applications may also find some interest. The 9 

pyrolysis products are quantified by Gas Chromatograph, Flame Ionisation Detector and 10 

Mass Spectrometer to determine the effects of each physical parameter on the HDPE 11 

decomposition. The classical products distribution diene-alkene-alkane for each carbon 12 

atoms number is shown to be modified at such high temperature because of the pyrolysis of 13 

primary products. The pressure effect, which is generally neglected in HDPE pyrolysis 14 

studies found in open literature, is proved to be a major factor (up to one order of 15 

magnitude on the ethylene mass fraction). The heating rate presents noticeable consequences 16 

on the pyrolysis products distribution with a larger formation of light species while heavier 17 

ones are favoured under oxidative pyrolysis conditions. The experimental data should serve 18 

in the future to improve the accuracy of kinetic mechanisms for later use in numerical 19 

computing and to serve in related combustion studies for propulsive applications. 20 
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1. Introduction 23 

High Density Polyethylène (HDPE) is presently of high interest in numerous civil applications of daily life, 24 

which explains the number of works related to its recycling  [1]- [5]. In addition, this polymeric material may be of 25 

interest for hybrid rocket propulsion  [6] despite this solid fuel presents one major drawback. Indeed, its low 26 

regression rate makes the combustible generation to be too low to provide interesting thrust  [7]. Summarising the 27 

fundamentals of hybrid engine, it can be recap that the solid fuel constitutes the combustion chamber in which the 28 

oxidiser is injected. For this reason, the combustion generates the heat flux which serves to pyrolyse the fuel and to 29 

produce the gaseous combustible fuel  [7]. A complex phenomenology occurs at the solid surface with regression, 30 

diffusion flame and possible melting layer with spray generation when using liquefying fuel  [7]. 31 

It is hoped to cope the weak point of the low HDPE regression rate by the transient production of light 32 

compounds with low auto-ignition delay. Indeed, it was found in previous work that the nature of the chemical 33 

species produced by the fuel pyrolysis changes depending on the pyrolysis conditions  [8]. Hence, it may be possible 34 

to produce chemical compounds with low auto-ignition delay which would burn close to the solid regression 35 

surface [9]. This would reinforce the heat transfer and thus the fuel pyrolysis. As a consequence, this would increase 36 

the regression rate. Thus, it is required to conduct an adequate experimental study to determine in which 37 

conditions, such species would be favoured. 38 

Firstly, low heating rates are generally encountered in open experimental literature since Thermogravimetric 39 

analysis or other conventional experimental devices are used to ensure the thermal degradation  [4], [10], [11]. For this 40 

reason, a flash pyrolysis system should be preferred. Secondly, the operating pressures are often far from those 41 

encountered in real hybrid rocket engine conditions (over 3 MPa) but merely the atmospheric one  [12]. Last, the 42 

maximum temperature found in existing pyrolysis works is reported by Elordi et al. (988 K)  [13] while the one 43 

expected in hybrid combustor easily overpasses 1000 K  [14]. Some works considering combustion of HDPE also 44 

consider higher temperature but the two chemical regimes (pyrolysis/combustion) are not easily isolated  [7],  [9], 45 

 [15]. Consequently, a clear lack of data is found for the specific conditions to be found in hybrid engines. This 46 
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justifies the present work which should provide data for a later use in numerical computations and kinetic 47 

mechanisms conception. 48 

Numerically, a limited number of detailed kinetic schemes is found for HDPE  [12],  [16]. Mastral et al. reported 49 

the lack of appropriate pyrolysis data for HDPE  [10]. Most of the chemical mechanisms lump the gas species into a 50 

single one and similarly for the solid and liquid phases  [2],  [3],  [17]- [19]. Some work even consider a single 51 

degradation step for the polyethylene  [20],  [21]. This may be of interest for recycling purpose to find the optimum 52 

valuing conditions but this is not appropriate for aerospace applications. A gas species can be methane or acetylene, 53 

which is absolutely different from a combustion point of view (several orders of magnitude on the auto-ignition 54 

delay)  [22]. Thus, the identification of each compound requires a detailed kinetic mechanism. A reduction work has 55 

conducted to such a scheme with 1713 reactions and 472 species instead of 7541 reactions and 1014 species  [23]. 56 

This kinetic scheme is intended to be used in Computational Fluid Dynamics code  [14] but it requires being 57 

validated first under operating conditions in agreement with those expected on the hybrid rocket engine. In this 58 

perspective, the experimental data to be obtained in the present work should be determining. 59 

Finally, from a fundamental point of view, additional data related to the HDPE pyrolysis could be fruitful to 60 

analyse the main chemical pathway of reactions. The main ones are well-known and have been described by 61 

Wampler  [24]. Initiation reactions generate by random scission the primary radicals which then form alkenes by β-62 

scission and alkanes by H-abstraction when reacting with the polymeric molecule. Similar reactions conduct to 63 

diene formation. The typical products distribution profile shows triple peaks for each carbon atom number. Each of 64 

the primary products is then pyrolysed depending on the test conditions. The relative concentration of each chemical 65 

group then varies while it is initially linearly linked with the carbon atom number  [25]. Further details on HDPE 66 

pyrolysis and associated kinetic schemes can be found in Ref.  [23]. 67 

This work aims at furnishing reliable pyrolysis data for HDPE under unexplored conditions, which are 68 

those encountered onboard a hybrid engine. For this purpose, it relies on flash-pyrolysis experiments; 69 

coupled to additional ThermoGravimetry analysis to estimate the pyrolysis rate as a function of the 70 

temperature. The effects of the physical parameters on the HDPE pyrolysis and on the products formation 71 

are investigated through a design of the experiment. A deep quantification work is carried out on the product 72 

formation. 73 



4/25 

2. Materials and methods 74 

The HDPE is sourced from Politek (PE1000). On the basis of the data furnished by the manufacturer, the HDPE 75 

presents the following main characteristics: white colour, density of 940 kg.m-3 and thermal conductivity of 76 

0.38 W.m-1.K-1. In addition, a large characterisation work has been achieved prior to the present study in order to 77 

have all the properties which would be suitable for engineering and scientific uses of this HDPE. These data are 78 

given in section 3.1. 79 

2.1. Pyrolysis devices 80 

A high pressure flash pyrolysis system (CDS, 5200 HP) has been connected to a Gas Chromatograph (Varian, 81 

3800 with Varian MS Workstation 6.9 software) equipped with a Flame Ionisation Detector in parallel to a Mass 82 

Spectrometer (Varian, Saturn 4000 with ion trap). A Platinum coil is electrically heated to heat the sample placed 83 

within a quartz tube. The flash pyrolyser is used in trap-mode, which enables accumulating the pyrolysis products on 84 

a triple-bed trap (CDS, 90mg-60:80-Tenax-TA™/Carboxen 1000/Carbosieve™ SIII) before flushing the species to 85 

the GC through the split/splitless injector (Varian, 1177, internal volume: 0.95 ml). Helium is used as carrier gas 86 

with a constant flow rate of 30 ml.min-1 (independent from the operating conditions). This corresponds to a 87 

residence time for volatiles around 1 s in the system. Fused silica (Agilent, 0.32 mm, 10 m) with a split ratio 1/10 is 88 

used to equilibrate the flows between the two detectors. A GS-CARBONPLOT column (Agilent, 0.32 mm, 30 m, 89 

3.0) is connected on the FID to separate the light compounds (C1-C8). A VF-5ht column (Agilent, 0.32 mm, 30 m, 90 

0.10) is placed on the MS line to separate the heavy species (C8-C26). A quantification work (detailed in next 91 

section) allows determining the quantity of each pyrolysis product. 92 

Apart the above process-analysis coupled device, a ThermoGravimetry apparatus has been employed 93 

(SETARAM, Setsys 16/18). It enables weighting solid samples during thermal degradation up to 2000 K. Argon has 94 

been used has carrier gas and alumina crucible served to depose the HDPE sample. Initial and final weights of 95 

samples were controlled by a mass balance to confirm the TG data. The pyrolysis rate (consumed mass of sample 96 

divided by the initial one) is expressed so as to the regression rate (consumed mass of HDPE over the time of 97 

consumption). The regression rate is converted in mm.s-1 instead of mg.s-1 as measured by the TG by assuming 98 

cubic samples. 99 

2.2. Test conditions and Design of experiments 100 
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A two-level design of experiments  [26] is proposed to determine the effects and their quantitative importance on 101 

the HDPE pyrolysis with the flash pyrolysis device (Table 1). An additional temperature has been added (1250 K) 102 

between the two levels (1000 K and 1500 K) to provide temperature dependence profile of the species 103 

formation/consumption. The programming of the flash pyrolysis consists in a heating with a slope equal to the 104 

heating rate to reach the final temperature. After 15 s of thermal plateau at this maximum temperature (during which 105 

the pyrolysis species are trapped thanks to the flow of reactant gas), the trap is desorbed during 2 min with He. The 106 

transfer line to the GC is heated to 623 K (same desorption temperature as the trap). 107 

Table 1 should be placed here 108 
A calibration of the GC detectors has been achieved prior to the experiments to identify and quantify the 109 

products. For this purpose, standards have been injected with different successive dilution factors. To limit the 110 

quantification work, 44 species ranging from C1 to C26 are analysed (including the main possible chemical groups: 111 

diene, alkene, alkane). These species are the major one observed during the experiments. Tens to hundreds other 112 

species are found under negligible quantities (< 50 ppm). The MS parameters are the classical ones  [28] with a scan 113 

from 15 to 350 m/z ratio. The GC thermal programming is isothermal at 303 K during 3 min before a slope at 114 

20 K.min-1 up to 623 K and then a thermal plateau during about 30 min. 115 

Finally, the TG programming includes a thermal plateau at 303 K during 30 min, then a heating with a slope of 116 

20 K.min-1 and finally a last thermal plateau of 30 min at the maximum desired setup temperature (633 K to 773 K 117 

by step of 20 K). Two reactant gases (inert with Argon or oxidative with Air) are used to qualify the atmosphere 118 

effect. 119 

3. Results and Discussion 120 

3.1. Characterisation of the HDPE sample and tests repeatability 121 

A preliminary characterisation of the HDPE has been done despite it is not the aim of the present work. A 122 

coupled analysis has been achieved by Fourier Transform Infrared spectrometer (Diffuse reflection) and Electron 123 

Dispersive Scanning (with Scanning Electronic Microscope). Negligible presence of phenol additives is suspected. 124 

Differential Scanning Calorimeter (DSC) analysis confirmed a melting point around 138 °C, a fusion enthalpy of 125 

205 J.g-1 ±31 J.g-1 and the crystallinity of the polymer was estimated to reach 72 % ± 11 %. To get this last value, the 126 
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method consisting in dividing the fusion enthalpy by the HDPE theoretical one (285 J.g-1) was used. The main 127 

results are given in Ref.  [27]. 128 

Concerning the experiments, the test repeatability has been verified by three to four successive experiments in 129 

the same conditions with both apparatus (TG and flash pyrolyser). Regarding the TG results (Figure 1a), the final 130 

conversion rate is reproducible but the larger the sample, the slower the conversion. Here, mass from 0.85 mg to 131 

almost 6 mg have been tested. This observation is well-known and it is linked to the thermal heterogeneity when the 132 

sample is too large. Concerning the flash pyrolysis system (Figure 1b), a large repeatability study has been achieved 133 

systematically concerning the apparatus and concerning the size of the samples. Because of the numerous species 134 

and the difficulty to properly separate each peaks of the chromatogram and of the mass spectrogram, a disagreement 135 

up to 20 % can be found for some species while it is generally less than 5 %. For this reason, it has been preferred to 136 

determine the average value after three tests for each condition. This method is the one used in the present study and 137 

the results given later will be those of the mean value. The reason of the discrepancies has been investigated. It is 138 

first due to the ability of the authors to produce constant samples mass and shape. Regarding the size of the solid 139 

sample, it should be limited to few hundreds of microns, which is difficult experimentally. Thus, a large error could 140 

be observed without rigorous sample preparation method. Consequently, the samples were prepared by cutting them 141 

directly and manually from an initial homogeneous solid block of HDPE. Several tens of samples were prepared and 142 

then observed by microscope to quantify their size. Those with a similar size around 400 m were selected. The 143 

final dispersion is ± 20 m. The second main reason of the discrepancies is due to the fact that the pyrolysis products 144 

are trapped after being generated by the pyrolysis. Hydrogen is lost through this step. The products are then released 145 

by thermo-desorption to the GC/MS analytical device (at 350°C). The heavier species thus may remain in the trap. 146 

This impacts the mass balance which cannot be verified during the experiments. 147 

Figure 1 should be placed here 148 
In addition, an extended numerical work has been conducted with analytical laws and multiphysics code (Fluent, 149 

Comsol) to determine if the sample temperature within the flash pyrolysis probe dynamically follows the setup 150 

temperature, particularly for the high heating rates. It was notably found that even at 20000 K.s-1, the sample 151 

temperature reaches the one of the setup after 1 s. 152 

3.2. First pyrolysis data 153 
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Inert and oxidative TG experiments from 633 K to 773 K have been achieved (Table 2). The pyrolysis rate 154 

reaches 100 % for approximately the same temperature whatever the atmosphere. Nevertheless, the dynamics of the 155 

pyrolysis changes between the inert and the oxidative cases. Considering the pyrolysis rate enables estimating the 156 

amount of combustible gaseous species which can be produced during the use of hybrid rocket engine depending on 157 

the test conditions. The regression rate (either in mm.s-1 or in mg.s-1), in addition to the pyrolysis rate, gives 158 

additional information on the dynamic of the pyrolysis process. The regression rate in mg.s-1 is given directly by TG 159 

results while expressing it in mm.s-1 is of interest for technologic use in hybrid rocket engine because this allows 160 

estimating the combustion port diameter for example. This rate (in mm.s-1 for example) is higher for the oxidative 161 

pyrolysis and it increases much faster in this condition than in inert condition (Table 2). The ratio between these two 162 

tests ranges from 1.6 at 633 K to 6.7 at 773 K (in favour to the oxidative case). The temperature of self ignition for 163 

HDPE ranges in the literature from 603 K to 683 K  [29]. Thus, it could be assumed that a slow combustion, or 164 

oxidation process, occurs during the pyrolysis which enhances the heat transfer and promotes the HDPE 165 

consumption. Consequently, this confirms the need to consider the atmosphere in the design of experiments, as 166 

proposed in Table 1, to dissociate the thermal effect and the chemical one of the heterogeneous reactions. The 167 

oxidation reactions should be clearly seen in DSC through an exothermic peak. It can be noticed that the TG curves 168 

under oxidative atmosphere present different slopes with inflexion point around 673 K (3100 s), which tends to 169 

confirm the oxidation process and the existence of a HDPE oxidation induction delay (Figure 2). 170 

Table 2 should be placed here 171 
Figure 2 should be placed here 172 

The regression rate measured with the TG (Figure 4a) clearly differs between inert and oxidative cases as 173 

mentioned above. Using a classical Arrhenius law, the pre-exponential factor is found to be equal to 7.52.106 s (for 174 

108 in Ref.  [30]) and the activation energy is 124 kJ.mol-1 (for 130 kJ.mol-1 in Ref  [30]). In addition (Figure 4b), the 175 

estimated regression rate in mm.s-1 is about 20 times less than the one generally observed in real hybrid rocket 176 

conditions  [7], that is to say 0.2 mm.s-1. This is attributed to the heating rate and to the temperature of the sample. 177 

Indeed, the heating rate in hybrid combustor is estimated around 105 K.s-1, much higher than 20 K.min-1 in the TG. 178 

As a consequence, reaching 1000 K –at least- would demand 35 min with TG device. This time is far too important 179 

to be representative of real conditions and this explains why TG tests have been achieved up to 773 K maximum. 180 

Furthermore, the fact that the regression rate is higher for the oxidative atmosphere (which takes benefit of 181 

additional heat release due to oxidation reaction) demonstrates that a higher heating rate (or heat release rate) 182 
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promotes the regression rate. For this reason, additional experiments in flash pyrolysis system (up to 2.104 K.s-1) are 183 

proposed in the following section. 184 

 185 
Figure 3 should be placed here 186 

3.3. Parametric study of flash pyrolysis 187 

In conformity with the parameters and their respective levels given in the design of experiment (Table 1), the 188 

composition of each corresponding pyrolysis mixture is given in Table 3 (each data is the mean value determined 189 

after three replicate tests). An example of some mass spectrograms acquired during the analysis of the pyrolysis 190 

mixtures is furnished by Figure 5. The differences between the different test conditions are significant (Table 3) 191 

since they are higher the reproducibility which has been tested. The quantities of dienes, alkenes and alkanes are 192 

also given to quantify their relative importance at each test condition. Methane and acetylene are found in trace 193 

quantity and hydrogen is not quantified for trapping reason. As mentioned in introduction, the classical diene-194 

alkene-alkane triple peak is observed for some carbon atoms number (for example C9 to C13). For some others, for 195 

example C8 and C15 and over, it was not possible to isolate the three chemical groups due to co-elution. As a 196 

consequence, the three species are lumped into the alkene molecule for quantification purpose. The peak is referred 197 

to Cx to clearly mention this point. Since the alkenes are the major compounds, this decreases the error inherited 198 

from this correction. It can be noted that the ethylene content decreases when the temperature increases. This is 199 

related to its pyrolysis which is favoured at lower pressure. 200 

Table 3 should be placed here 201 
Figure 4 should be placed here 202 

On the basis of these results, the products formation is plotted versus the temperature to identify the separate 203 

effects of the atmosphere (Figure 6), of the pressure (Figure 7) and of the heating rate (Figure 8). Despite only three 204 

temperatures were tested, the variations are greater than the uncertainties (marked with error bars) and the discussion 205 

of the results justify considering them. The alkene formation is only slightly impacted by the temperature (in the 206 

range 60 mol.%-70 mol.%) and even less by the atmosphere (Figure 6). A balance is observed between alkanes and 207 

dienes depending on the tested temperature. The alkane formation decrease is compensated by the increase of the 208 

diene production. Considering the atmosphere effect, it mostly impacts the dienes and alkanes, with a minimum 209 

effect around 1250 K. This point is complex to explain since the chemistry of oxidative pyrolysis implies 210 

heterogeneous reactions between the HDPE and the air. The dienes/alkenes/alkanes present molecular weight from 211 
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low to high value. Some of them are produced and other consumed depending on the temperature and atmosphere. 212 

Thus, additional analysis will be provided in next section thanks to the design of experiments. 213 

Figure 5 should be placed here 214 
At higher pressure (3 MPa), the temperature effect is decreased since the dienes, alkenes and alkanes formation 215 

fluctuates in a lower extent between 1000 K and 1500 K (Figure 7). The bimolecular reactions do play a role at high 216 

pressure -due to the concentration effect of species-. At 3 MPa, the dienes quantity linearly increases with the 217 

temperature while the one of alkanes decreases. Similarly, decreasing the heating rate from 2.104 K.s-1 to 102 K.s-1 218 

results in a linear increase of the dienes quantity (Figure 8). For high temperature level (1500 K), the alkanes 219 

formation is lower than at lower temperature, which is balanced by the alkenes one. This fact will be discussed in 220 

next section by differentiating light and heavy alkenes whose formation and consumption is not necessarily linked. 221 

The application of these results to the hybrid engine technology and their fundamental analysis to improve the use of 222 

kinetic chemistry will be detailed. 223 

Figure 6 should be placed here 224 
Figure 7 should be placed here 225 

 226 

3.4. Quantification of parameters effects 227 

The data have been then post-processed according to the design of experiments (example for ethylene in Table 228 

4). The parameter levels are those defined in section 2.2 (Table 1). The ethylene content is the one measured 229 

experimentally (given in Table 3). The answer to each parameter (last line of each parameter column) is quantified 230 

by considering the sum of the eight scalar products (eight test lines in Table 4) between the parameter level (+1 or -231 

1) and the mole fraction of ethylene corresponding to the same test number (last column of Table 4). The main effect 232 

appears to be the atmosphere (68.3 % in absolute value), then the heating rate, the pressure and finally the 233 

temperature. All these parameters have major impact since they clearly overpass the mean ethylene mole fraction 234 

(9.0 % is computed as the mean value of the eight line results in the ethylene column). The fact that the temperature 235 

effect is negative demonstrates that at 1500 K, ethylene starts to be pyrolysed (as expressed when comparing tests 1 236 

and 7 or 2 and 8 for example). The same qualitative effect is found with the atmosphere (air instead of He) while the 237 

opposite is found for the pressure and the heating rate. Similar work has been achieved for the parameters 238 

interactions without clear trends, which would tend to demonstrate that these parameters are independent. 239 

Nevertheless, an extended work would be necessary to clearly state on this point since the quantification of 240 

interactions with a two-level or three-level design of experiments would require additional tests. 241 
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Table 4 should be placed here 242 
The results of the design of experiments are summarized for all the species in Table 5. The higher effects are 243 

found for ethylene and propylene, then for ethane and propane. The pressure effect is then the highest for the alkenes 244 

from C9 to C12 (in absolute value, negative sign), which implicates that related -scission reactions are penalised at 245 

high pressure. To the opposite, the higher heating rate generally favours the alkenes formation (mostly the light 246 

ones). The heavier species (C12 and over) are not impacted to the opposite by the heating rate. As a consequence, 247 

the overall effect of the heating rate is the one observed in Figure 8. This result is of major importance because this 248 

confirms previous results from numerical and experimental multiphysics studies  [22],  [31]. The light alkenes are 249 

formed preferably when the fuel is heated strongly and rapidly; that is to say when the heating rate is high. This 250 

point has a direct connection with hybrid rocket since producing light alkenes will result in the decrease of the auto-251 

ignition delay. Thus, the flame front will establish close to the reducer surface and this should enhance the heat 252 

transfers, so the regression rate of the fuel. 253 

Regarding the atmosphere, it mostly impacts the light species in the sense of consumption when considering air. 254 

This is directly due to their combustion due to lower auto-ignition delays compared to other and heavier compounds. 255 

Among the 42 species, the pressure effect is the major one for 34 compounds (mainly for those over C7) and the 256 

heating rate is the second important parameter for 25 species among these 42 ones. The atmosphere is the major 257 

parameter for the lighter species (from C2H4 to C7H14). Surprisingly, the temperature is not the major parameter in 258 

the range 1000 K – 1500 K for the studied species but this does not imply that temperature is not an important 259 

parameter. Indeed, the temperature presents a higher effect that the mean mole fraction value for 28 species among 260 

the 42, which means that it is, in majority, an important parameter. In addition, the pyrolysis appears at much lower 261 

temperature than 1000 K (as seen in section 3.1) and this contributed to explain the lower weight of the temperature 262 

in these specific conditions. 263 

Table 5 should be placed here 264 
 265 

4. Conclusion 266 

Among several applications, hybrid rocket propulsion can take benefice from HDPE pyrolysis studies to estimate 267 

the production of species and their nature for later use in combustion. The present study aims at proposing adequate 268 

results within this framework. The HDPE pyrolysis rate as been estimated under steady-state TG experiments. The 269 

regression rate has been determined as a function of the temperature under inert and oxidative conditions. The 270 
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oxidation of the products has been shown and it results in a discrepancy of several factors of magnitude between the 271 

two atmospheres results. The regression rate appears quite low in TG tests (one to two orders of magnitude 272 

compared to real hybrid tests). This is attributed to the low heating rate, temperature and pressure. Thus, using a GC-273 

MS-flash pyrolysis coupling, the conditions of a hybrid engine have been choose to estimate the parameters effects 274 

through a design of experiments from 1000 K to 1500 K, 0.1 MPa to 3 MPa, 102 K.s-1 to 2.104 K.s-1 and under inert 275 

and oxidative atmosphere. In addition to the clear thermal effect on the pyrolysis products formation, the pressure 276 

appears as the second important parameter while the heating rate and the atmosphere also play a noticeable role (in 277 

this order of importance). The fact that the heating rate plays a role while the final temperature is reached after one 278 

second clearly shows the highly transient behaviour of the pyrolysis. The light alkenes are favoured at high heating 279 

rate –contrary to the dienes-, which confirms the previous results. Thanks to a design of experiment, it is found that 280 

the pressure impacts negatively the -scission reactions. The alkanes are pyrolysed preferentially during a 281 

temperature increase, particularly for high pressure conditions. These results will now contribute to validate and to 282 

improve existing kinetic mechanisms of HDPE pyrolysis since they are unique to the authors' knowledge. Indeed, 283 

the data from literature are generally obtained and fitted for conditions up to 1000 K, at ambient atmosphere and low 284 

heating rate (less than 1 K.s-1), which need to be improved to match with the requirements of hybrid rocket. A future 285 

work could be to use these mechanisms to determine the rate of production of compounds adequate as fuel for the 286 

hybrid engine. 287 
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Table 1. List and levels of physical parameters of the design of experiments 348 

Level of parameter Heating rate (K.s-1) Pressure (MPa) Reactant Gas Setup Temperature (K) 

-1 100 0.1 Inert (He) 1000 

- - - - 1250 

+1 20000 3.0 Oxidative (air) 1500 

 349 
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Table 2. TG pyrolysis data of HDPE under inert and oxidative conditions. 350 

Inert (Argon) Oxidative (Air) 
Setup 

temperature 
(K) 

Pyrolysis 
rate (wt.%) 

Regression 
rate 

(mg.s-1) 

Regression 
rate 

(mm.s-1) 

Pyrolysis 
rate (wt.%) 

Regression 
rate 

(mg.s-1) 

Regression 
rate 

(mm.s-1) 

633 8 % 1.9.10-4 4.7.10-5 13 % 5.9.10-4 7.6.10-5 
653 39 % 3.0.10-4 6.6.10-5 41 % 7.9.10-4 1.6.10-4 
673 88 % 4.5.10-4 8.1.10-5 91 % 2.2.10-3 3.5.10-4 
693 91 % 3.3.10-3 1.7.10-4 91 % 3.2.10-3 5.5.10-4 
713 100 % 1.4.10-3 3.0.10-4 97 % 1.6.10-2 1.2.10-3 
733 100 % 2.9.10-3 4.6.10-4 100 % 4.0.10-2 2.9.10-3 
773 100 % 2.2.10-2 1.4.10-3 100 % 1.5.10-1 9.3.10-3 
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Table 3. Mole fractions (mol. %) of HDPE pyrolysis products under corresponding test conditions. 352 

Test number: 1 2 3 4 5 6 7 8 9 10 11 12 

Species 
Molecular 

weight 
(g.mol-1) 

1000K 
1 bar He 
2.104 K/s 

1000 K
30 barHe
2.104 K/s

1000 K 
1 bar air 
2.104 K/s 

1250K 
1 bar He
2.104 K/s

1250 K
30 barHe
2.104 K/s

1250 K
1 bar air
2.104 K/s

1500K 
1 bar He
2.104 K/s

1500 K
30 barHe
2.104 K/s

1500 K 
1 bar air 
2.104 K/s 

1000K 
1 bar He
100K/s 

1250 K
1 bar He
100K/s 

1500 K
1 bar He
100K/s 

CH4 16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C2H2 26 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C2H4 28 3.20 45.95 0.97 1.40 38.38 0.85 1.33 14.78 0.76 0.49 1.58 4.28 
C2H6 30 1.19 18.47 0.58 0.40 13.50 0.20 0.42 8.27 0.18 0.30 0.66 1.16 
C3H6 42 9.98 12.41 10.64 8.09 7.52 11.96 10.94 11.04 10.75 5.51 7.85 17.52 
C3H8 44 9.66 2.98 5.98 3.41 2.89 4.54 6.31 4.71 4.08 4.68 4.88 4.32 
C4H8 56 2.01 1.78 3.73 3.61 0.60 5.82 2.25 3.09 5.23 1.81 3.04 10.58 

C4H10 58 1.94 0.34 0.15 0.48 0.10 0.70 0.63 0.27 0.63 0.49 0.43 0.38 
C5H10 70 0.80 0.25 0.29 0.20 0.32 0.30 0.00 0.56 0.27 0.07 0.15 0.94 
C5H12 72 0.00 0.28 0.47 0.36 0.34 0.54 0.46 0.36 0.48 0.47 0.54 0.44 
C6H12 84 1.46 3.92 0.79 2.98 7.66 4.77 3.18 12.89 4.29 0.65 2.36 5.63 
C6H14 86 1.73 0.17 0.73 0.62 0.23 0.63 0.84 0.29 0.57 0.83 0.91 0.61 
C7H14 96 1.50 0.64 0.18 0.28 0.67 0.25 0.09 1.56 0.22 0.06 0.17 0.54 
C7H16 98 0.55 0.12 0.81 0.64 0.15 0.59 0.72 0.24 0.53 0.77 0.82 0.59 

C8 113 0.00 0.00 8.10 5.55 0.00 5.50 4.90 4.62 2.67 0.89 6.48 1.68 
C9H16 124 0.00 0.00 1.31 0.92 0.00 0.00 0.00 0.00 1.81 0.00 0.00 0.98 
C9H18 126 12.20 2.86 2.64 4.49 2.45 9.31 6.48 6.51 8.47 9.52 9.75 5.03 
C9H20 128 4.38 0.97 3.78 2.52 0.49 2.17 2.68 1.36 3.03 3.93 3.79 1.56 

C10H18 138 2.16 0.00 3.77 2.69 2.73 3.96 3.70 3.36 3.89 2.64 2.74 3.79 
C10H20 140 16.47 4.69 8.66 9.25 6.51 9.81 14.40 7.30 9.52 11.80 12.44 9.12 
C10H22 142 8.05 1.52 3.96 2.57 1.81 2.82 4.63 1.58 3.45 4.01 4.11 1.64 
C11H20 152 0.00 0.00 2.26 1.74 1.76 2.54 1.73 2.00 2.29 1.70 1.86 2.34 
C11H22 154 7.58 1.99 5.03 5.43 3.94 5.68 7.42 4.07 5.46 6.47 6.54 4.86 
C11H24 156 6.31 0.61 4.12 2.69 1.84 2.57 4.58 1.51 3.18 4.17 4.44 1.57 
C12H22 166 0.00 0.00 2.13 1.48 1.25 1.96 1.40 1.79 2.08 1.25 1.40 2.21 
C12H24 168 1.19 0.00 2.90 2.47 1.73 2.36 2.49 2.07 2.68 2.91 2.77 2.28 
C12H26 170 1.87 0.00 3.16 2.24 1.20 2.47 2.68 1.01 1.99 3.08 2.87 1.16 
C13H24 180 0.00 0.00 2.04 1.42 0.59 1.26 0.58 1.05 1.67 1.02 0.96 1.47 
C13H26 182 0.00 0.00 2.53 1.83 0.73 1.43 0.89 1.16 2.00 1.81 1.64 1.46 
C13H28 184 0.00 0.00 2.27 1.12 0.46 0.72 1.13 0.49 1.33 1.45 1.38 0.59 
C14H26 194 0.00 0.00 1.74 0.98 0.08 1.10 0.00 0.52 1.49 0.73 0.61 0.90 
C14H28 196 0.00 0.00 2.10 1.52 0.00 1.06 1.14 0.52 1.67 1.52 1.31 1.00 

C15 210 1.77 0.00 2.17 2.64 0.00 2.44 3.25 1.00 2.32 3.06 1.85 1.66 
C16 224 1.78 0.00 1.96 2.52 0.00 1.69 1.81 0.00 1.78 2.81 0.73 1.25 
C17 238 1.79 0.00 2.24 2.44 0.00 1.94 2.13 0.00 1.80 2.44 1.47 1.12 
C18 252 0.43 0.00 1.77 2.60 0.00 1.26 1.01 0.00 1.72 2.43 0.65 0.93 
C19 267 0.00 0.00 1.31 2.60 0.00 1.05 1.67 0.00 1.03 2.24 0.58 0.70 
C20 281 0.00 0.00 1.39 2.80 0.00 0.58 0.74 0.00 0.89 3.07 0.44 0.60 
C21 295 0.00 0.00 1.05 4.26 0.00 0.60 0.47 0.00 1.52 3.46 1.49 0.55 
C22 309 0.00 0.00 0.20 2.76 0.00 1.59 0.76 0.00 0.95 2.82 1.96 0.89 
C23 323 0.00 0.00 0.00 2.30 0.00 0.76 0.00 0.00 0.77 2.12 1.44 0.59 
C24 337 0.00 0.00 0.00 1.48 0.00 0.14 0.00 0.00 0.47 0.16 0.82 0.75 
C25 351 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.30 0.00 0.27 
C26 365 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 Alkanes 35.68 25.47 26.01 17.04 22.98 17.95 25.07 20.09 19.45 24.17 24.83 14.03 
 Alkenes 62.17 74.48 60.65 73.60 70.52 71.13 67.36 71.17 67.24 68.44 67.52 74.23 
 Dienes 2.16 0.00 13.26 9.23 6.48 10.82 7.41 8.72 13.23 7.35 7.58 11.69 
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 353 

Table 4. Example of data post-processing according to the design of experiments for ethylene formation. 354 

Test number 
(see Table 3) 

Pressure Temperature Heating rate Atmosphere 
C2H4 
mole 

fraction

1 -1 -1 +1 -1 3.2% 
2 +1 -1 +1 -1 45.9% 
3 -1 -1 +1 +1 1.0% 
7 -1 +1 +1 -1 1.3% 
8 +1 +1 +1 -1 14.8% 
9 -1 +1 +1 +1 0.8% 
10 -1 -1 -1 -1 0.5% 
12 -1 +1 -1 -1 4.3% 

Parameters 
effects : 

49.7% -29.5% 62.2% -68.3% 9.0 % 

 355 
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Table 5. Parameters effect on the formation of pyrolysis products (in mol. %). 356 

  Pressure Temperature Heating rate Atmosphere
Mean mole 

fraction 

C2H4 49.7% -29.5% 62.2% -68.3% 9.0% 
C2H6 22.9% -10.5% 27.6% -29.0% 3.8% 
C3H6 -41.9% 11.7% 42.7% -46.0% 11.1% 
C3H8 -27.3% -3.9% 24.7% -22.6% 5.3% 
C4H8 -20.75% 11.81% 5.70% -12.55% 3.81% 

C4H10 -3.6% -1.0% 3.1% -3.3% 0.6% 
C5H10 -1.5% 0.4% 1.2% -2.1% 0.4% 
C5H12 -1.7% 0.5% 1.2% -1.1% 0.4% 
C6H12 0.8% 19.2% 20.3% -22.7% 4.1% 
C6H14 -4.8% -1.1% 2.9% -3.2% 0.7% 
C7H14 -0.4% 0.0% 3.6% -4.0% 0.6% 
C7H16 -3.6% -0.2% 1.6% -1.6% 0.5% 

C8 -13.6% 4.9% 17.7% -1.3% 2.9% 
C9H16 -4.1% 1.5% 2.1% 2.1% 0.5% 
C9H18 -35.0% -0.7% 24.6% -31.5% 6.7% 
C9H20 -17.0% -4.4% 10.7% -8.1% 2.7% 
C10H18 -16.6% 6.2% 10.4% -8.0% 2.9% 
C10H20 -58.0% -1.3% 40.1% -45.6% 10.2% 
C10H22 -22.6% -6.2% 17.5% -14.0% 3.6% 
C11H20 -8.3% 4.4% 4.2% -3.2% 1.5% 
C11H22 -30.8% 0.7% 20.2% -21.9% 5.4% 
C11H24 -21.8% -4.4% 14.6% -11.4% 3.3% 
C12H22 -7.3% 4.1% 3.9% -2.4% 1.4% 
C12H24 -12.4% 2.5% 6.1% -5.4% 2.1% 
C12H26 -12.9% -1.3% 6.5% -4.7% 1.9% 
C13H24 -5.7% 1.7% 2.9% -0.4% 1.0% 
C13H26 -7.5% 1.2% 3.3% -0.8% 1.2% 
C13H28 -6.3% -0.2% 3.2% -0.1% 0.9% 
C14H26 -4.3% 0.4% 2.1% 1.1% 0.7% 
C14H28 -6.9% 0.7% 2.9% -0.4% 1.0% 

C15 -13.2% 1.2% 5.8% -6.3% 1.9% 
C16 -11.4% -1.7% 3.3% -3.9% 1.4% 
C17 -11.5% -1.4% 4.4% -3.5% 1.4% 
C18 -8.3% -1.0% 1.6% -1.3% 1.0% 
C19 -7.0% -0.1% 1.1% -2.3% 0.9% 
C20 -6.7% -2.2% -0.7% -2.1% 0.8% 
C21 -7.1% -2.0% -1.0% -1.9% 0.9% 
C22 -5.6% -0.4% -1.8% -3.3% 0.7% 
C23 -3.5% -0.8% -1.9% -1.9% 0.4% 
C24 -1.4% 1.1% -0.4% -0.4% 0.2% 
C25 -0.6% 0.0% -0.6% -0.6% 0.1% 
C26 0.0% 0.0% 0.0% 0.0% 0.0% 
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Figure 1. Reproducibility tests on TG analysis under inert atmosphere at 420 °C with different sample size (a) 360 

and on Flash Pyrolysis (b). 361 
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Figure 2. TGA mass loss divided by the sample mass under oxidative atmosphere. 363 
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Figure 3. Regression rate measured by TG (a) and converted in mm.s-1 for hybrid rocket application (b). 365 
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 366 

Figure 4. Mass spectrogram of HDPE pyrolysis mixtures obtained at 20000 K/s for some test conditions. 367 
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Figure 5. Formation of alkenes, alkanes and dienes under inert and oxidative atmosphere. 370 
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Figure 6. Formation of alkenes, alkanes and dienes at two pressure levels. 372 
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Figure 7. Formation of alkenes, alkanes and dienes at two heating rates. 374 
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