
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 24, 2023

Experiments and modeling of single plastic particle conversion in suspension

Nakhaei, Mohammadhadi; Wu, Hao; Grévain, Damien; Jensen, Lars Skaarup; Glarborg, Peter; Clausen, Sønnik;
Dam–Johansen, Kim

Published in:
Fuel Processing Technology

Link to article, DOI:
10.1016/j.fuproc.2018.05.003

Publication date:
2018

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Nakhaei, M., Wu, H., Grévain, D., Jensen, L. S., Glarborg, P., Clausen, S., & Dam–Johansen, K. (2018).
Experiments and modeling of single plastic particle conversion in suspension. Fuel Processing Technology, 178,
213-225. https://doi.org/10.1016/j.fuproc.2018.05.003

https://doi.org/10.1016/j.fuproc.2018.05.003
https://orbit.dtu.dk/en/publications/5cbbf0b9-76bb-4113-9868-59165e3e72aa
https://doi.org/10.1016/j.fuproc.2018.05.003


Supplementary material1

1. Thermochemical properties of PE2

In this section, a short description of available thermochemical data related to PE is3

provided. The thermal conductivity of polyethylene reported in the literature lies in the range4

of 0.18–0.4 W.m−1.K−1 for temperatures below 220◦C. In some studies, it is assumed that5

the thermal conductivity decreases as the temperature increases or the thermal conductivity6

of the solid state material is higher than the liquid state [1–4]. However, for some cases, the7

thermal conductivity is considered to be constant [5–7] or increase with the temperature [8].8

The specific heat capacity of polyethylene is mostly considered to be higher when the9

material is in the liquid state than in the solid state. The reported values are in the range10

of 1.6–2.6 kJ.kg−1.K−1 for the solid state and 2.2–3.8 kJ.kg−1.K−1 for the liquid state PE11

up to 400◦C [5–7, 9–12].12

The reported values for heat of melting of polyethylene material lie in the ranges of 54–13

218 kJ/kg [10, 11, 13]. In the present study, the average measured heat of melting is equal to14

207 kJ/kg (see section 2 in supplementary material) which is close to the upper limit of the15

literature values. Some of the reported heats of melting and decomposition of PE material16

are presented in Table 1. The values used for heat of decomposition of PE are scattered17

widely in the range of 365–975 kJ/kg.18

The decomposition kinetics that have been reported in the literature for polyethylene,19

based on the power law model, are summarized in Table 2. Most of the reported kinetics20

are of first order and are derived based on low heating rate experiments. According to21

Westerhout et al. [14], the first–order model is only applicable for a narrow conversion22

range, i.e. 70–90%. Nevertheless, the first order model has been frequently used in the23
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literature over wider conversion ranges.24

The absorption of radiative energy of partly transparent particles depends on several pa-25

rameters such as the incoming radiative wavelength, the thickness, etc. Tsilingiris [15] made26

calculations of the total transmissivity, τ , (for all ranges of wavelengths) of thermoplastic27

materials with different thickness. According to the calculations and measurements carried28

out by Tsilingiris [15], for PE sheets with thicknesses of 0.1 and 0.5 mm, around 75 and29

43 percent, respectively, of the incoming radiative light is transmitted through the material.30

There are different values in the literature reported for the absorption coefficient. Caridi et31

al. [16] have studied the transmission of light through different pure and impure polyethylene32

samples at various wavelengths. For the pure polyethylene material, they reported absorp-33

tion coefficient values in the range of 271–3290 m−1 for incoming light wavelength in the34

range of 313–1064 nm (the dependency is inverse).35

2. DSC measurements of high density polyethylene samples36

The melting behaviour of high density polyethylene samples is studied using discovery37

DSC apparatus. The experiments are conducted for three heating rates of 5, 10, and 2038

K/min. For each experiment, the sample is initially heated to 250◦C; afterwards it is cooled39

down to the environment temperature, and finally it is heated again to 250◦C with the40

specified heating rate. The reported results in this section are based on the third cycle41

of the experiments. Depicted in Fig. 1 are the heat flows to the sample as a function of42

temperature for different heating rates. It can be observed that the peak of the heat flow43

reduces as the heating rate increases and instead, the peak would have a wider shoulder.44

The peak temperature is almost the same and around 127◦C for all of the experiments. In45

order to calculate the heat of melting for each curve, a line connecting the corresponding46

heat flows at 35 and 150◦C is drawn and the area enclosed between the curve and the line47

is calculated. For the heating rates of 5, 10, and 20 K/min, the calculated values of heat48
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of melting are 209, 207, and 200 kJ/kg, respectively. A tendency of slight decrease in the49

heat of melting by increasing the heating rate can be observed. In the current study, the50

results from the DSC experiment with the heating rate of 10 K/min is used, i.e. the heat51

of melting, the peak temperature as the melting point, and the kinetics of the first order52

melting reaction presented in Table 3 of the main manuscript.53

3. Particle dropping from the holding wire/thermocouple54

In this section, an overview of the observations and reasoning for particle droppage from55

the holding wire/thermocouple is provided. The molten thermoplastic materials are consid-56

ered as non–Newtonian fluids and their viscosity is reduced by increasing the temperature57

or the applied shear rate [17]. The shear stress applied to a particle hanging from a holding58

wire depends on the particle mass. Furthermore, when the contact area of the particle with59

the hanging wire/thermocouple is larger, the overall maximum shear stress decreases (which60

leads to a more viscous plastic melt); also regardless of the viscosity, the thermoplastic par-61

ticle has a less tendency for dropping from the holding wire/thermocouple. Accordingly, it62

can be stated that the point at which the particle starts to drop depends on both the particle63

temperature, the particle mass, and the particle holder.64

When the particle is suspended using the thermocouple, the contact area between the65

particle and the thermocouple is higher compared to the holding wire. As a result, when66

the same particle is tested in similar reactor condition, the dropping of particle happens67

at an earlier time when the wire holder is used. This can be observed in Fig. 8 of the68

main manuscript which shows the temporal evolution of the particle center and surface69

temperatures suspended by the thermocouple and the wire, respectively. The delay in the70

particle droppage when it is suspended using the thermocouple in turn, postpones the start71

of decomposition. Another point to consider in the mentioned figure is that as a bigger hole72

is drilled in the particles for the measurement of the center temperature, the mass of these73
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particles is around 1.3–3.0 mg smaller than the ones studied for the surface temperature74

measurement. This also affects the particle droppage to some extent.75

In Fig. 8 of the main manuscript, considering the case when HDPE–1 and HDPE–76

4 particles are suspended using the thermocouple, the center temperature at which the77

particles start to drop are different. For HDPE–1 particles, the dropping starts at around78

300◦C while for HDPE–4 particles, it starts at around 200◦C; which indicates that heavier79

particles have a higher tendency to drop earlier than the lighter particles. It is interesting80

to mention that for both reactor temperatures, the ratio of the time at which the particle81

starts to drop from the thermocouple to the recorded melting time is nearly the same for the82

HDPE particles of the same size, i.e. around 2.3 and 1.8 for HDPE–1 and HDPE–4 particles,83

respectively. The mentioned behaviour shows that the particle dropping time depends on the84

particle size; but is weakly dependent on the furnace temperature. It should be noted that85

there is some degrees of uncertainty for the point at which the particle starts to drop from86

the wire/thermocouple. This process is captured qualitatively by human eye after analysis87

of the video images taken with a frequency of around 25 frames per second.88

4. The effects of particle holder on conversion of thermoplastic particles89

During each experiment of thermoplastic conversion in SPC, some moments after the90

particle center temperature reaches to the melting temperature, the particle starts to drop91

from the holding wire/thermocouple; and afterwards, it touches the hot particle holder. The92

time that is considered for particle droppage on the particle holder is equal to 1.7×melting93

time. This time is chosen based on the average dropping time according to the observations94

during the experiments.95

In order to consider the effect of the particle holder on the decomposition process, it is96

assumed that when the particle is dropped down from the wire holder on the hot particle97

holder, the particle holder is at the same temperature as that of the gas. The maximum98
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possible energy transfer between the particle and the particle holder is calculated assuming99

thermal equilibrium. Based on the remaining mass of the particle, the calculated value of100

energy transfer is reduced from the heat of decomposition. At the start of each experiment,101

the particle holder and the particle enter the reactor having an initial temperature reported in102

Table 3 of the main manuscript. During the process of initial heating, the cold particle holder103

most likely cools down the downstream gas and attenuates the convective heat transfer to104

the particle. Furthermore, as the particle holder has a low temperature, the particle receives105

less heat from radiation. The effect of transient heating of particle holder at the beginning of106

the experiment is taken into account by considering an exponential gas and wall temperature107

increase with the time constants of 1.55 and 1.4 seconds for EC–900C and EC–1100C reactor108

conditions, respectively. The mentioned time constants are based on averaged times that109

the holder starts to glow from the visual observations.110

According to the visual observations during some of the experiments, a complicated gas111

flow field exists downstream of the particle holder. Shown in Fig. 2 are some examples of112

this complex flow. In all of the examples presented, at least one vortex is observed at the113

top of the particle holder with its axis parallel to the wire holder. When a particle is held114

on the wire (Fig. 2, bottom), the vortex is elongated over the particle.115

In order to quantify the gas velocity downstream of the particle holder, simple CFD116

calculations of the reactor are carried out with and without the particle holder using ANSYS117

FLUENT 18.1. It is assumed that the fluid properties, e.g. density, viscosity, specific heat,118

etc., are constant and corresponding to the reactor condition EC–900C. The particle holder119

geometry in the CFD simulations is assumed to be a thin plate of 9 mm diameter composed120

of holes with a diameter of 0.1 mm. The open area ratio of the plate, the ratio of open area121

to the total area, is approximately 0.35. A spherical particle with a diameter of 3.87 mm,122

the volume–equivalent diameter of HDPE–1 particle, is placed at around 3 mm downstream123

of the perforated plate.124
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The simulated flow patterns downstream of the particle holder as well as around the125

particle are depicted in Fig. 3. As the particle holder is added upstream of the particle, the126

flow velocity magnitude in the vicinity of the particle is significantly reduced and a vortex127

ring is formed around the particle.128

In order to quantify the reduction of convective heat transfer to the particle due to the129

presence of the particle holder, the flow energy equation, decoupled from the momentum130

equations, is also solved. The gas flow temperature and the particle surface temperature131

are assumed to be fixed and equal to 900◦C and 27◦C, respectively. The convective heat132

transfer to the particle is reduced around 38% after addition of the particle holder to the133

flow. By carrying out simple calculations using Eq. 8 of the main manuscript, it can be134

stated that the equivalent particle Reynolds number is reduced around 90%. Accordingly,135

in the calculations of thermoplastic conversion in SPC using the detailed 1D model, it is136

assumed that the flow velocity that the particle senses is only 10% of the gas velocity at the137

center of the reactor.138

5. The numerical method for particle shrinking139

As mentioned before, the numerical cells move as the particle starts to decompose. In this

section, the numerical method for particle shrinking is provided. In the numerical scheme,

the calculation variables, e.g. temperature, specific heat, etc., are stored in the center of

the numerical cells and the numerical cells are spaced with equal distance from each other.

After the start of decomposition, in each time step, the updated diameter of the particle

is calculated based on the new particle mass and the new positions of the cell centres are

recalculated. An example of the movement of a numerical cell due to particle shrinkage in

a time step is depicted in Fig. 4. The loss of mass usually happens in the outer layer of

the particle where the temperature is higher; so as the shrinking happens, the inner cells

should move toward the particle center. Due to this process, compared to the old time step,
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the cell may receive/lose some mass from/to the neighbouring cells shown as dm−/dm+ in

the figure. An energy equilibrium equation is solved to conserve the energy balance for the

particle after shrinking. The new cell temperatures after applying this energy equilibrium

can be calculated as,

T new
i =

(
mold

i − dm+
)
CpiT

old
i + dm−Cpi−1T

old
i−1(

mold
i − dm+

)
Cpi + dm−Cpi−1

(1)

where superscripts ”new” and ”old” correspond to the values after and before the calculation140

of shrinking effect in a time step. The subscripts ”i-1”, ”i”, and ”i+1” correspond to variables141

belonging to cells numbers ”i-1”, ”i”, and ”i+1”, respectively. The energy balance of the142

whole thermoplastic particle during conversion is checked to make sure that the solution of143

energy equation is conserved.144
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Tables223

Table 1: The literature reported values for heats of melting and decomposition of PE from DSC experiments.

Reference
thermoplastic

type

heating

rate

(K/min)

heat of

melting

(kJ/kg)

heat of de-

composition

(kJ/kg)

Stoliarov et al. [10] PE 5 218±18 920±120

Frederick JR and Mentzer

[18]

PE 10 – 665±54

Cozzani et al. [19] PE 10 – 650

Cafiero et al. [11] PE 10 97±2 975±8

Agarwal and Lattimer [13] HDPE 20 135 365–556

Agarwal and Lattimer [13] LDPE 20 54 428–575
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Table 2: The decomposition kinetics of polyethylene reported in the literature.

Reference material
temperature

range (◦C)
order

pre–exponential

factor (s−1)

activation

energy (J/mol)

experimental

condition

Madorsky (1952) [20] PE 385–405 1 5.20 × 1011 2.01 × 105
high heating rate

pyrolysis

Urzendowski and

Guenther (1971) [21]

HDPE 410–495 1 1.19 × 1020 3.20 × 105
TGA with 5–10

K/min

LDPE 380–480 1 9.63 × 1019 3.03 × 105
TGA with 5–10

K/min

Ciutacu et al. (1988)

[22]

PE 230–380 1 1.80 × 103 6.65 × 104
TGA with 2.5–10

K/min

PE 380–550 1 2.60 × 106 1.22 × 105
TGA with 2.5–10

K/min

Darivakis et al. (1990)

[23]

PE 450–775 1 1.00 × 1013 2.08 × 105

flash pyrolysis at high

heating rate of 1000

K/s

Wu et al. (1993) [24] HDPE 325–500 0.74 9.30 × 1013 2.34 × 105
TGA with 1–5.5

K/min

LDPE 300–525 0.63 1.20 × 1012 2.06 × 105
TGA with 1–5.5

K/min

Bockhorn and

Knümann (1993)

[25]

PE 200–600 0.81 7.20 × 1013 2.59 × 105

Westerhout et al.

(1997) [14]

HDPE 400–450 1 1.90 × 1013 2.20 × 105
TGA at isothermal

condition◦C

LDPE 400–450 1 1.00 × 1015 2.41 × 105
TGA at isothermal

condition◦C

LDPE 400–450 1 9.80 × 1011 2.01 × 105
TGA at isothermal

condition◦C

Bockhorn et al.

(1999) [26]

PE 410–460 1 1.00 × 1016 2.68 × 105
isothermal using a

gradient free reactor

Stoliarov et al. (2009)

[8]

HDPE 420–525 1 4.80 × 1022 3.49 × 105
TGA with 1–30

K/min

Grammelis et al.

(2009) [27]

HDPE 200–650 1 4.50 × 1028 4.45 × 105 TGA with 20 K/min

LDPE 200–650 1 1.40 × 1028 4.37 × 105 TGA with 20 K/min

12



Figure Captions224

Figure 1. The heat flow required for melting (and heating) of HDPE samples as a function225

of temperature based on heating rates of 5, 10, and 20 K/min from DSC experiments.226

Figure 2. Examples of moments showing the complex gas flow downstream of the particle227

holder. Top pictures: last moments of HDPE particles conversion with the particle holder228

used in the current study. Bottom pictures: devolatilization of spherical pine wood parti-229

cles with a diameter of approximately 6.2 mm using a bigger particle holder. The reactor230

temperature is the same as that of the EC–1100C but with a higher oxygen concentration231

(approximately 10% vol. dry).232

Figure 3. The flow stream lines as well as the velocity contours from the CFD simulations233

of SPC with (left) and without (right) the particle holder. The flow properties are similar234

to the reactor condition of EC–900C.235

Figure 4. The movement of a numerical cell during particle shrinking due to decomposition236

in a time step.237
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Figure 1: The heat flow required for melting (and heating) of HDPE samples as a function of temperature
based on heating rates of 5, 10, and 20 K/min from DSC experiments.
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Figure 2: Examples of moments showing the complex gas flow downstream of the particle holder. Top
pictures: last moments of HDPE particles conversion with the particle holder used in the current study.
Bottom pictures: devolatilization of spherical pine wood particles with a diameter of approximately 6.2 mm
using a bigger particle holder. The reactor temperature is the same as that of the EC–1100C but with a
higher oxygen concentration (approximately 10% vol. dry).

Figure 3: The flow stream lines as well as the velocity contours from the CFD simulations of SPC with (left)
and without (right) the particle holder. The flow properties are similar to the reactor condition of EC–900C.
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Figure 4: The movement of a numerical cell during particle shrinking due to decomposition in a time step.
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