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Abstract 

Due to a willingness to decrease greenhouse gas emissions, alternative ways to produce 

secondary energy has increased. One method of interest, still not commercially available, is 

gasification of powdered biomass using a pressurized entrained flow gasifier (PEFG). One of 

its advantages is that it produces a clean syngas with limited amount of tar formation and 

methane production. 

The process of producing biomass powder small enough for a PEFG is energy consuming 

which means that to optimize the overall plant operation in the future, particle sizes may 

increase. An increased particle diameter also increases the impact of intra-particle heat and 

mass transfer on fuel conversion. Computational Fluid Dynamics (CFD) is a useful tool for 

the optimization of reactor design and operation. The most commonly used model for 

particle-laden flow today (discrete element model) does not consider intra-particle heat and 

mass transfer. Efficient way of simulating gasification with the consideration of intra-particle 

heat and mass transfer is therefore desirable. 

This thesis has investigated the impact of intra-particle mass and heat transfer on particle 

conversion. Simulations were carried out on a PEFG where the shape of the flame using 

isothermal particles were compared to simulations where the pyrolysis had been altered using 

a sub-model that accounted for intra-particle mass and heat transfer. The sub-model was 

created by comparing the difference in conversion time between an isothermal particle and a 

non-isothermal particle and considers both particle size and surrounding gas temperature. 

The results from the simulations showed that for the particles larger than 1000 μm in diameter 

the intra-particle mass and heat transfer had an impact of the shape of the flame. It means that 

CFD simulation needs to account for intra-particle model in the future if the particle diameter 

is increasing significantly.  

 

Keywords: intra-particle, non-isothermal, isothermal, conversion, pyrolysis, sub-model, 

CFD. 
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Sammanfattning 

Intresset för alternativa metoder för produktion av sekundärenergi har ökat de senaste åren på 

grund av en önskan att minska på utsläppen av växthusgaser. Att förgasa biomassapulver med 

hjälp av en trycksatt suspensionsförgasare (PEFG) är en möjlig metod men som i dagsläget 

inte används i kommersiellt syfte. En fördel med denna metod är att den producerar en 

syntesgas som är ren och har låg andel metan. 

Att mala biomassa till ett pulver som är fint nog att användas i en PEFG är väldigt 

energikrävande. För att optimera anläggningsdriften kan det därför bli aktuellt att i framtiden 

använda grövre partiklar, men större partiklar gör att av mass- och värmeöverföring inuti 

partikeln får en ökad påverkan vid bränslekonverteringen. Ett verktyg som används idag för 

optimering av reaktorutformning och drift är Computational Fluid Dynamics (CFD). Den 

vanligast använda CFD-modellen (diskritiserade element) tar inte hänsyn till mass- och 

värmetransport inuti partikeln, det är därför önskvärt att ta fram en effektiv metod som tar 

hänsyn till dessa. 

Den här avhandlingen undersöker mass- och värmetransportens påverkan vid 

partikelkonvertering genom att jämföra formen på flammor från simuleringar av isoterma 

partiklar med isoterma partiklar där pyrolyshastigheten förändrats med hjälp av en submodell 

som tar hänsyn till mass-och värmetransporten inuti partikeln. Förgasningen simuleras i en 

PEFG och submodellen tar hänsyn till partikelns storlek och temperaturen på gaserna som 

omger den. Modellen skapades genom att konverteringen av en isoterm partikel jämfördes 

med konverteringen av en partikel där beräkningarna tog hänsyn till mass-och 

värmetransporten inuti partikeln. 

Simuleringarna visade att när partiklar är större än 1000 μm i diameter påverkas formen av 

reaktorflamman. Det betyder att om partikelstorlekarna ökar kraftigt i framtiden bör CFD 

simuleringar ta hänsyn till mass- och värmetransporten inuti partiklar. 

 

Nyckelord: intra-particle, non-isothermal, isothermal, conversion, pyrolysis, sub-model, 

CFD.  
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1. Introduction 

CO2 emissions, due to increased energy demand of fossil fuels, are increasing. These account 

for the world’s largest share of greenhouse gas emissions. This result is an increased global 

temperature and it is therefore important to find ways to decarbonize the supply. The 

dominating pollutant is CO2 emissions from oxidation of carbon during combustion and it is 

therefore one of the parts that should be focused on (International Energy Agency, 2015). 

One way of reducing emissions is to exchange combustion of fossil fuels for biomass 

products where raw wood chips, raw saw dust, bark, briquettes and pellets are commercially 

available today. An advantage with biomass powder (saw dust) is that oil fired boilers easily 

can be converted to burn it instead (Kjellström, Lindberg, & Keikkala, 2003). 

Gasification is a thermochemical conversion process that converts biomass into syngas mainly 

consisting of carbon monoxide, hydrogen and carbon dioxide. Applications for syngas are 

heat generation, electric generation or it can be refined into liquid fuel. 

One type of coal gasifier which is commercially used today, due to its cost efficiency, is an 

entrained flow gasifier (EFG). Pulverized fuel is injected at the top of the reactor where it is 

gasified at high temperature which results in low tar yield. This process is still under 

development for gasification of biomass, entrained flow biomass gasification (EFBG), but it 

has the potential of becoming the most promising technology for large-scale biomass 

conversion to higher-value energy carriers due to its clean syngas. Gasification of biomass 

instead of coal may lead to increased tar formation and methane production due to lower 

flame temperature (Weiland, Nordwaeger, Olofsson, Wiinikka, & Nordin, 2014) but it is 

reduced in an EFBG because it high temperatures, normally around 1000 – 1400 °C (Göktepe, 

Umeki, & Gebart, 2015). 

Finer particle sizes result in a more efficient particle conversion; some labs therefor use a 

milling screen of 80 μm in their conversion research. This however may lead to larger energy 

consumption due to milling compared to the heating value of the fuel. Increased screening 

size leads to reduced energy consumption due to milling, Figure 1, therefor more research is 

needed to determine the optimal particle size for optimal overall energy efficiency in the 

process (Miao, Grift, Hansen, & Ting, 2011). 
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Figure 1. Energy consumption for different biomass products depending on size of milling screen, (Miao et al., 2011). 

In the optimizing processes, modeling is an important tool. The most advanced modeling tool, 

with a wide acceptance, for combustion within a furnace used today is computational fluid 

dynamics (CFD). Some of its applications are; temperature mapping, flame shaping and 

evaluation of emissions. The models rely on reaction kinetics to derive the results and do not 

only analyze the phenomena inside the furnace but it also analyzes the flow of combustion 

products through post-combustion systems (Miller & Tillman, 2008). The algorithm used 

today in CFD simulations which consider intra-particle heat transfer slows down the 

simulation and give large data outputs. A more rapid algorithm is therefore desired if intra-

particle heat transfer should be accounted for in commercially performed simulations in the 

future (Papadikis, Gu, Bridgwater, & Gerhauser, 2009). 

When modelling biomass conversion, three areas are important to take into consideration; 

heat transfer, mass transfer and chemical reactions within the particle. But during CFD 

simulations, particles are often simplified to be isothermal, meaning no temperature gradient 

inside the particle. It is however important to account for the temperature gradient inside a 

biomass particle when simulating rapid high-temperature pyrolysis since it plays an important 

role in the degradation rate of the particle , according to Papadikis et al. (2009). One reason 

for this is that the temperature distribution along the radius gave a very accurate conversion 

rate. 
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1.1.  Thesis objectives 

The aim of this project was to assess the importance of including the effect of internal heat 

and mass transfer when simulating fuel conversion in CFD. By doing this, following research 

questions was answered: 

 At which particle size is intra-particle heat and mass transfer necessary for the 

accuracy of burner simulations? 

 Can simulations that account for intra particle heat transfer through a PEFG be 

performed without substantially slowing down computation time? 

The project was carried out by making a sensitivity analysis of a detailed particle simulation. 

From that, a simplified sub-model for intra-particle mass and heat transfer was derived and 

implemented as a sub-model in CFD-code. The impact of intra-particle mass and heat transfer 

was investigated by comparing the shape of the flame inside a PEFG. 

To simplify calculations following delimitations were applied: 

 Simulations were performed on spheres since it is the most simplified version of a 

cylinder. 

 During simulations, the only thing that changes was the temperature and composition. 

Particle size and shape stayed the same. 

 Chemical reactions were calculated manually and added as constants to reduce 

computation time for the CFD simulations. 
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2. Background – Gasification 

Biomass gasification at high temperature (1200 - 1400°C) creates a syngas containing CO, 

H2, CO2 and H2O while lower temperature gasification (bellow 1 000 °C) produces a product 

gas which in addition contain CH4, aliphatic hydrocarbons, benzene, toluene and tars, Figure 

2. Product gas, however, can be upgrades to syngas by thermal cracking or reforming 

(Boerrigter & Rauch, 2006).  

 

Figure 2. Gas formation from gasified biomass, (Boerrigter & Rauch, 2006). 

Chemical reactions from gasification of biomass are complex and undergo primary and 

secondary chemical reactions. The products of primary reactions are simplified as (1). 

However, during the secondary reactions, tars crack into combustible gases (CO, CH4, CO2 

and water (C. Mandl, I. Obrenberger, 2009). These occur homogeneously in the gas phase or 

heterogeneously at the surface of the biomass.  

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝐶𝑂 + 𝐶𝑂2 + 𝐻2𝑜 + 𝐶𝐻4 + 𝐻2 + 𝑇𝑎𝑟 + 𝐶ℎ𝑎𝑟𝑠 (1)  

 

Homogeneous gas-phase reactions (2) - (6) occur when biomass devolatilization and cracking 

gas species react with the supplied oxidizer, air or oxygen.  A majority of these are 

exothermic reactions and the generated heat is essential for the ignition of char and release of 

volatiles. 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 + 242 𝑘𝐽/𝑚𝑜𝑙 

 

(2)  

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 + 283 𝑘𝐽/𝑚𝑜𝑙 

 

(3)  

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 + 35.7 𝑘𝐽/𝑚𝑜𝑙 
 

(4)  

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 − 206 𝑘𝐽/𝑚𝑜𝑙 
 

(5)  

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 + 41.1 𝑘𝐽/𝑚𝑜𝑙 (6)  
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The rates of surface reactions are dependent on gas composition and temperature as well as 

the particle size, porosity and temperature. Simplified heterogeneous reactions are presented 

in (7) - (9). 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂 − 172 𝑘𝐽/𝑚𝑜𝑙 
 

(7)  

𝐶 +
1

2
𝑂2 → 𝐶𝑂 + 122.9 𝑘𝐽/𝑚𝑜𝑙 

 

(8)  

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 − 131 𝑘𝐽/𝑚𝑜𝑙 (9)  

 

Modern CFD programs consider chemical reactions from gasification but each program have 

different strengths. To model the mass fraction distribution, temperature contours and swirl 

velocity distribution in an EFG, a 3D model simulated using CFX code with turbulence model 

k-ε is accepted among experts. Such program can be ANSYS CFX (Wang & Yan, 2008). k-ε 

is the most commonly used model for handling Reynolds stress tensor for practical 

applications (Angantyr, 2006). 
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3. Methodologies 

Particle simulations were carried out to estimate the mass loss from the fuel due to pyrolysis 

over time. Conventional calculation methods ignore temperature gradients (so called 

isothermal particles). However, this will introduce errors when large particle are converted. 

Methods which consider temperature gradients (so-called non-isothermal particles) can give 

more accurate prediction, but the computational costs will be increased when implemented to 

CFD models. Therefore, a simple way to consider heat and mass transfer was developed in the 

following procedure. 

1. Calculate particle conversion based on pyrolysis rate by Arrhenius equation and heat 

transfer for a non-isothermal particle. 

2. Calculate particle conversion based on pyrolysis rate by Arrhenius equation and heat 

transfer for an isothermal particle. 

3. Form a sub-model based on how the isothermal conversion differed compared to a 

non-isothermal. 

4. Implement sub-model into CFD simulations. 

3.1. Particle fuel conversion 

Particle conversion, both for isothermal and non-isothermal particles, was simulated for 

different particle diameter and surrounding gas temperature. The temperature was changed 

between 800 and 1600 °C with steps of 100 °C while the particle diameter was stationary at 

100, 500 and 1000 μm. For simulations with varying particle diameter, the temperature was 

stationary at 1200 °C while the diameter variated between 100 and 1000 μm with steps of 100 

μm. It was assumed that the particle diameter did not change during the simulation. 

Simulations were carried out using MATLAB R2015b. Initial values for the particles were: Tp 

= 300 K, ρb = 440 kg/m
2
 and ρc = 0 (Umeki, Kirtania, Chen, & Bhattacharya, 2012). 

3.1.1.  Non-isothermal particle conversion 

The temperature development, based on heat and mass transfer, inside a non-isothermal 

particle was calculated using (10) – (13) (Umeki et al., 2012). 

𝜕(𝜌𝐶𝑝𝑇𝑝)

𝜕𝑡
= 𝜆 ∙

𝜕2𝑇𝑝

𝜕𝑟2
+

(𝑏 − 1)

𝑟
∙

𝜆 ∙ 𝜕𝑇𝑝

𝜕𝑟
+ 𝑞𝑝𝑦𝑟𝑜 ∙ (−

𝑑𝜌

𝑑𝑡
) 

 

(10)  

𝜌 = 𝜌𝑏 + 𝜌𝑐 
 

(11)  

𝐶𝑝 =
𝜌𝑏 ∙ 𝐶𝑝,𝑏 + 𝜌𝑐 ∙ 𝐶𝑝,𝑐

𝜌
 

 

(12)  

𝜆 =
𝜌𝑏 ∙ 𝜆𝑏 + 𝜌𝑐 ∙ 𝜆𝑐

𝜌
 

(13)  

 

The heat of reaction, qpyro, was assumed to be 0 to simplify calculations. Boundary condition 

at the particle center was set to (14) (Umeki et al., 2012). 

𝜆 ∙ 𝜕𝑇𝑝

𝜕𝑟
= 0 

(14)  
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And boundary condition at the surface was set to (15) (Umeki et al., 2012). Where the 

convective heat and mass transfer was that of a free falling sphere and calculated using (16) - 

(18) (Incropera, DeWitt, Bergman, & Lavine, 2007). 

𝜆 ∙ 𝜕𝑇𝑠

𝜕𝑟
= ℎ𝑐𝑜𝑛𝑣(𝑇𝑔 − 𝑇𝑠) + ε ∙ σ ∙ (𝑇𝑔

4 − 𝑇𝑠
4) 

 

(15)  

ℎ𝑐𝑜𝑛𝑣 =
𝜆𝑔

𝑑
∙ (2 + 0.6 ∙ 𝑅𝑒

1
2 ∙ 𝑃𝑟

1
3) 

 

(16)  

𝑅𝑒 =
𝑢 ∙ 𝑑

𝜈
 

 

(17)  

𝑃𝑟 =
𝜈

𝛼
 

(18)  

 

The thermal diffusivity (19) and conductivity (20) was calculated from the mean temperature 

between the surface of the particle and the surrounding gas. The equations are based on 

polynomial fitting of data presented in Table A.4 in Fundamentals of Heat and Mass Transfer 

(Incropera et al., 2007). 

𝜈 = 6.0159 ∙ 10−11 ∙ (𝑇𝑔 − 𝑇𝑠)
2

+ 6.9048 ∙ 10−8 ∙ (𝑇𝑔 − 𝑇𝑠) − 1.0948 ∙ 10−5 

 

(19)  

𝛼 = 9.1970 ∙ 10−11 ∙ (𝑇𝑔 − 𝑇𝑠)
2

+ 8.5571 ∙ 10−8(𝑇𝑔 − 𝑇𝑠) − 1.1499 ∙ 10−5 (20)  

 

Since density, heat capacity, thermal conductivity and temperature are changing with time, the 

temperature development inside the particle was calculated iteratively for different time steps. 

During these time steps, density, thermal conductivity and heat capacity was assumed to be 

constant while the temperature changed. When a new temperature had been calculated, the 

density was altered using the Arrhenius equation. The change of mass was expressed by a 

single first-order reaction model where all biomass was converted to char (21) - (23) (Umeki 

et al., 2012). 

−
𝑑𝜌𝑏

𝑑𝑡
= 𝑘 ∙ 𝜌𝑏 

 

(21)  

𝑑𝜌𝑐

𝑑𝑡
= 𝑘 ∙ 𝜌𝑏 ∙ 𝜈𝑐 

 

(22)  

𝑘 = 𝐴 ∙ 𝑒
−

𝐸𝑎
𝑅∙𝑇𝑝 

(23)  

 

Earlier research (Umeki et al., 2012) has predicted that the local heating rate of this type of 

particle will vary between 800 – 10 000 K/s. Kinetic data according to  

Table 1 was therefore used in the simulations. 
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Table 1. Properties of kinetic data for particle conversion. 

Properties Value Reference 

A (-) 11 000 (Stubington & Aiman, 1994) 

Cp,b (J kg
-1

 

K
-1

) 

1 500+T (Bellais, Davidsson, Liliedahl, 

Sjöström, & Pettersson, 2003) 

Cp,c (J kg
-1

 

K
-1

) 

420 + 2.09T + 6.85 × 10
-

4
T

2
 

(Bellais et al., 2003) 

E (kJ mol
-1

) 59.5 (Stubington & Aiman, 1994) 

λb (W m
-1

 K
-

1
) 

0.1256 (Pyle & Zaror, 1984) 

λc (W m
-1

 K
-

1
) 

0.0837 (Pyle & Zaror, 1984) 

νc (-) 0.084 (Stubington & Aiman, 1994) 

ρb (kg m
-1

) 440 (Singh, Setalo Jr., Guan, Warren, & 

Toran-Allerand, 2008) 

 

Because the temperature is not the same through the entire particle, the particle was divided 

into small volumetric elements small enough to assume the change of temperature to be 

constant (Umeki et al., 2012). The elements were ordered in a staggered grid for one-

dimensional convection and diffusion, Figure 3, where P, W and E are scalars with known 

data existing at the center of the control volume, while w and e are vectors at its boundary and 

data is unknown. The change in temperature and conversion in P is the difference between w 

and e. Since the data are unknown in these points, w is calculated as an average between W 

and P and e is calculated as the average between P and E (Nakayama, 1995). 

 

Figure 3. Staggered grid for one-dimensional convection and diffusion (H.K: Versteeg & Malalasekera, 1995). 
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The temperature in a certain point, P, at the distance r from the particle center was thereafter 

calculated using tridiagonal matrix algorithm (TDMA), Figure 4, (H K Versteeg & 

Malalaskekera, 2007).  

 

Figure 4. Tridiagonal matrix. 

In TDMA; a1 is the temperature change between P and W, a3 is the change between P and E 

and a2 is the difference between a1 and a3. T1 is the temperature in the center of the particle 

and Tn is the temperature at the particle surface. The TDMA was solved using back 

substitution on (24) (H K Versteeg & Malalaskekera, 2007). 

−𝑎1 ∙ 𝑇𝑟−𝑑𝑟 + 𝑎2 ∙ 𝑇𝑟 − 𝑎3 ∙ 𝑇𝑟+𝑑𝑟 = 𝑎4 (24)  

 

The particle conversion, based on the temperature development inside the particle, was 

calculated iteratively until the particle was fully converted. E.g. when there was no longer a 

change in mass. The time was discretized using Crank-Nicolson method (Thomas algorithm) 

which is a special case of implicit discretization where the weighting factor is 0.5 (Nakayama, 

1995). 

3.1.2.  Isothermal particle conversion 

The temperature development inside an isothermal particle was calculated using (25) and  

(26) (Incropera et al., 2007).  

𝑑𝑇𝑝

𝑑𝑡
=

1

𝑚𝑝 ∙ 𝐶𝑝
(ℎ𝑒𝑓𝑓 + 𝑞𝑝𝑦𝑟𝑜 ∙ [−

𝑑𝜌

𝑑𝑡
]) 

 

(25)  

ℎ𝑒𝑓𝑓 = ℎ𝑐𝑜𝑛𝑣(𝑇𝑔 − 𝑇𝑝) + ε ∙ σ ∙ (𝑇𝑔
4 − 𝑇𝑝

4) (26)  

 

Same as for the non-isothermal particle conversion, the heat of reaction was assumed to be 0 

but since the temperature was uniform inside the particle, TDMA was not necessary. The 

particle conversion (27) was instead calculated based on the temperature development for 

each time step based on the conversion rate (23). 

𝑑𝜌𝑏 = 𝜌𝑏 − 𝜌𝑏 ∙ 𝐴 ∙ 𝑒
−

𝐸𝑎
𝑅∙𝑇𝑝 ∙ 𝑑𝑡 

(27)  

 

The particle was fully converted when the mass fraction of char reached 1. 
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3.1.3.  Sub-model development 

The isothermal conversion was altered using a constant, C. Each temperature and particle 

diameter input gave a different C, which was optimized using least square method. 

Optimization was made using two different evaluation methods; one where only the 

conversion was optimized and one where both the conversion and the heat flux was 

optimized. For each evaluation method, three different approaches were used. One was to 

apply the constant, C, to the pre exponential factor (28), a second approach was to apply C to 

the heat transfer coefficient (29) and a third was to apply one constant to the pre-exponential 

factor and another to the heat flux at the time.  

𝑑𝜌𝑏 = 𝜌𝑏 − 𝐶 ∙ 𝜌𝑏 ∙ 𝐴 ∙ 𝑒
−

𝐸𝑎
𝑅∙𝑇𝑝 ∙ 𝑑𝑡 

 

(28)  

ℎ𝑒𝑓𝑓 = 𝐶 ∙ (ℎ𝑐𝑜𝑛𝑣[𝑇𝑔 − 𝑇𝑝] + ε ∙ σ ∙ [𝑇𝑔
4 − 𝑇𝑝

4]) (29)  

 

The conversion of a non-isothermal particle, isothermal particle and an isothermal conversion 

altered with the constant, C, are plotted in Figure 5. 

 

Figure 5. Mass fraction of char for biomass conversion. 

The sensitivity of Constant C was examined against two parameters one with variating 

temperature and one with variating particle diameter. Two equations were formed based on 

the shape of the curves. The equations were then combined to create a sub-model to 

implement in CFD code. The sub-model slows down the conversion rate, making the 

conversion of an isothermal particle behave like the conversion of a non-isothermal particle. 
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3.1.4. Evaluation of discretization errors 

Both for the isothermal and non-isothermal particle, the particle conversion were calculated 

for a time-step. Small time-steps result in more accurate results but it also increase the 

simulation time. To optimize the time-step, simulations were therefor carried out where all 

parameters except the time step were kept constant. These simulations were carried out for 

when the inverse of time-step was 2000, 6000, 10 000, 20 000 and 100 000 and the time-step 

was chosen when the result was good enough. E.g. when the difference in conversion time 

was small enough to be ignored. These simulations were carried out on a 100 μm particle at 

1600 °C since the conversion is more rapid for smaller particles and higher temperatures. 

The optimal number of particle divisions, for the non-isothermal particle, was found using the 

same method as to find the time-step but this time all variables were kept constant except the 

spatial and temporal discretization. These simulations were carried out on a 1000 μm particle 

at 1600 °C since larger particles need more elements to receive accurate results.  

3.2.  Reactor simulation with CFD 

CFD simulations were performed, using ANSYS CFX 16.1, for particles with diameters of 

100, 500 and 1000 μm as well as on particles with Rosin- Rammler size distribution of 

d50 100 and 750 μm. Simulations were made on isothermal particles with and without the 

equation produced according to 3.1.3 to see the impact of intra-particle heat and mass transfer. 

The simulations were customized to reflect experiments made by Fredrik Weiland et al. 12 

January 2012, Table 2, (Weiland et al., 2013; Wiinikka et al., 2014). However, the CFX 

model did not account for N, Cl and S in the fuel and the composition was therefore 

recalculated to correspond to 100 % of fuel, Table 3. The reactor was assumed to be 

symmetric and both fuel and air, containing nitrogen and oxygen, was fed through the same 

inlet at the top of the reactor. To reduce the simulation time, the model only simulated 5 

degrees of the volume of the reactor. The emissivity from the wall of the reactor was set to 

0.750 which fire brick has at 1000 °C (Mikron Instrument Company, n.d.). 

Table 2. Fuel properties, (Weiland et al., 2013; Wiinikka et al., 2014). 

Moisture content wt % 4.7 

Fixed C wt % 14.4 

Ash content wt % 0.4 

Fuel feeding rate kg/h 40 

Total N2 inlet kg/h 14.4 

Total O2 inlet kg/h 24.6 

Oxygen equivalence 

ratio, λ 

- 0.44 

System pressure bar  1.94 

Mean temperature C 1170 
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Table 3. Fuel composition before and after removal of N2, Cl and S, (Weiland et al., 2013). 

 Experiment (wt % 

Dry) 

Recalculated (wt % 

Dry) 

C 50.9 51.0 

H 6.3 6.3 

O 42.4 42.5 

N 0.1 0 

Cl 0.02 0 

S 0.006 0 

Sum 99.726 99.8 

 

The rates of chemical reactions (drying, pyrolysis rate and water shift reactions) were 

implemented as sub-models. For simulations that accounted for intra-particle heat transfer, the 

pre-exponential factor in the pyrolysis sub-model was altered using the equation produced 

according to 3.1.3. 

The composition of pyrolysis gases was manually calculated using MS Excel 2013 with 

methodology developed by Daniel Neves et al. (2011) and added as constants to the CFX 

expressions. This methodology is only valid between 350-1000 °C otherwise there will be 

negative conversion of pyrolysis gases.  Since the temperature in a PEFG is known to be high, 

and there was no known temperature for the pyrolysis gases from experiments, pyrolysis gas 

yields were calculated at 1000 °C 

For the simulations with particle distribution where the mass median diameter was 100 µm, 

Rosin-Rammler was used based on size distribution from experiment made by Fredrik 

Weiland et al. (2013) with sieve size 100 μm. n and δ were found using least square method 

by minimizing the difference between the cumulative mass fraction from experiment 

compared to mass fractions calculated using (30) (Crowe, Sommerfeld, & Tsuji, 1998). 

𝐹𝑚(𝐷) = 1 − exp [− (
𝑑50

𝛿
)

𝑛

] 
(30)  

 

There was no known data for particle distribution where d50 was 750 μm. n and δ were 

therefor changed until desired curvature was reached. 

3.2.1.  Validating CFX results 

To see if the CFD results were valid, the pyrolysis gases at the reactor outlet were compared 

to those known from earlier experiments (Weiland et al., 2013). To be able to compare the 

pyrolysis gas composition from simulations to the experimental results, both nitrogen and 

moisture was removed according to (31) (Kjellström et al., 2003). This validation was only 

done for excess air ratio of 0.44 since it was the same excess air ratio as in the experiments. 

𝑤𝑖 𝑎𝑓𝑡𝑒𝑟 =
𝑤𝑖 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑

1 − 𝑤𝑖 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 − 𝑤𝑖 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
 

(31)  

Where wi is the mass fraction of a specific substance in the pyrolysis gas.  
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4. Results and discussion 

4.1.  Particle conversion 

To decide what approach to use, the error between the conversion (32) of an isothermal 

particle and a non-isothermal particle was compared to the error when both the conversion 

and heat flux was optimized (34).  

𝐸𝑟𝑟𝑜𝑟𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = ∑(𝑋𝑛𝑜𝑛−𝑖𝑠𝑜 − 𝑋𝑖𝑠𝑜)2 

 

(32)  

𝐸𝑟𝑟𝑜𝑟ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 = ∑(𝑞𝑛𝑜𝑛−𝑖𝑠𝑜
′′ − 𝑞𝑖𝑠𝑜

′′ )2 

 

(33)  

𝐸𝑟𝑟𝑜𝑟𝑏𝑜𝑡ℎ = ∑ 𝐸𝑟𝑟𝑜𝑟𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + 𝐸𝑟𝑟𝑜𝑟ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 (34)  

 

Where q’’ is the heat flux of the article and X is the mass fraction of char. When X is 1, the 

particle is fully converted. Table 4 presents the normalized error between non-isothermal 

particle conversion and the altered isothermal conversion. The number is a mean value of all 

the cases in a specific approach. 

Table 4. Mean normalized error between altered isothermal conversion and non-isothermal conversion. 

 Pre-exponential 

coefficient  

Heat-transfer 

coefficient 

Both 

Optimize 

conversion and 

heat flux 

136.6805 137.5742 135.5749 

Optimize 

conversion 

1.1455 1.9867 0.1187 

 

Since both the conversion rate and the heat flux represent the mass and heat exchanges 

between solid and gas phases in CFD simulation, optimal results would have been achieved 

by optimizing both. According to Table 4, the error is much larger when both conversion and 

heat flux was optimized. However, this was due to the fact that that the heat flux is 10
6
 times 

larger than the conversion. Only optimizing the conversion gave a small enough error, and 

was therefore chosen to reduce calculation time. 

To decide if the pre-exponential coefficient, heat transfer coefficient or both should be 

altered; the results from the overall conversion and heat flux was plotted and visually 

compared, both for various particle diameter, Figure 6 - Figure 11, and variating temperature, 

Error! Reference source not found. - Error! Reference source not found.. 
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Figure 6. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 100 μm and surrounding gas temperature 

was 1200 °C. 

 
Figure 7. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 100 μm 

and surrounding gas temperature was 1200 °C. 

 
Figure 8. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 500 μm and surrounding gas temperature 

was 1200 °C. 

 
Figure 9. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 500 μm 

and surrounding gas temperature was 1200 °C. 

 
Figure 10. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 1000 μm and surrounding gas temperature 

was 1200 °C. 

 
Figure 11. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 1000 μm 

and surrounding gas temperature was 1200 °C. 

 

When the particle diameter was increased, the difference between a non-isothermal and an 

isothermal particle was increased as well, motivating that increased particle sizes may need to 

consider the temperature gradient inside. 

The best fitting was achieved with respect to conversion when both the pre-exponential factor 

and the heat-transfer coefficient were changed. However, this also resulted in a heat flux with 
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the largest error compared to non-isothermal particles. This was more noticeable for large 

particles. 

Best fitting was achieved with respect to heat flux when only the heat transfer coefficient was 

altered. Second best result came from altering the pre-exponential coefficient which gave a 

higher heat flux compared to a non-isothermal particle. Altering the pre-exponential 

coefficient also gave the second closes result for the particle conversion. 

 
Figure 12. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 500 μm and surrounding gas temperature 

was 800 °C. 

 
Figure 13. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 500 μm 

and surrounding gas temperature was 800 °C. 

 
Figure 14. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 500 μm and surrounding gas temperature 

was 1200 °C. 

 
Figure 15. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 500 μm 

and surrounding gas temperature was 1200 °C. 

 
Figure 16. Particle conversion for non-isothermal, 

isothermal and altered isothermal particle. Particle 

diameter was 500 μm and surrounding gas temperature 

was 1600 °C. 

 
Figure 17. Heat flux for non-isothermal, isothermal and 

altered isothermal particle. Particle diameter was 500 μm 

and surrounding gas temperature was 1600 °C. 
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The result was similar when the temperature was altered instead of the particle diameter. 

Changing both the pre-exponential coefficient and the heat transfer coefficient resulted in the 

most accurate particle conversion but the least accurate heat flux while only altering the heat 

transfer coefficient resulted in the best heat flux. Only altering the pre-exponential coefficient 

gave the second best result both for the particle conversion and the heat flux. 

According to Table 4, there were only small differences in error between the three 

approaches. Even though changing both pre exponential factor and heat transfer coefficient 

resulted in the most accurate conversion, the approach chosen was to change only the pre 

exponential factor. By doing this, only one variable was altered which improved the 

conversion without increase the difference in heat flux. 

4.1.1. Relaxation factor 

Relaxation factors for the pre-exponential factor are shown in Figure 18 when the particle 

diameter was altered and in Figure 19 when gas temperature was altered. When the relaxation 

factor is equal to 1, it means that the particle is completely isothermal. 

 
Figure 18. Relaxation factor for different particle 

diameters when surrounding gas temperature was 1200 °C. 

 
Figure 19. Relaxation factor for different temperatures for 

100, 500 and 1000 μm particles. 

 

The plots showed that small particles at low temperatures  was close to isothermal while the 

larger the particle and the higher the gas temperature was, the more the intra particle heat 

transfer affected the conversion. 

Equations based on the change of relaxations factor were created both for change of particle 

diameter, Csize (35), and temperature, Ctemperature (36). 

𝐶𝑠𝑖𝑧𝑒 =
1

ln(𝑒1 + 𝑐1 ∙ 𝑑)
 

(35)  

 

Where c1 is an empirical constant and d is the particle diameter. 

𝐶𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 𝑒−𝑐2∙(𝑇𝑝−𝑇0) (36)  

 

Where c2 is an empirical constant, Tp is the particle temperature for the isothermal particle 

and T0 is a reference temperature at 1000 K to prevent Ctemperature from becoming higher than 

1.  
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When the two equations were combined and c1 and c2 were optimized using least square 

method, following equation was obtained (37). 

𝐶 =
𝑒−0.000139∙(𝑇𝑝−1000)

ln(𝑒1 + 0.003697 ∙ 𝑑)
 

(37)  

 

4.2.  Reactor simulations 

When comparing computation time between simulations with isothermal particles to 

simulations using the simplified intra-particle sub-model, there was only a slight increase in 

computation time. This makes this a more efficient approach than the algorithm that account 

for intra-particle heat and mass transfer used today.  

4.2.1.  Model validation 

When the pyrolysis gases at the reactor outlet, both with and without simplified intra-particle 

sub-model, were compared to experimental data from the reference case, the result was 

according to Figure 20. The particle sizes were distributed with a mean particle diameter of 

100 μm. 

 

Figure 20. Pyrolysis gas composition at reactor exhaust from eaperiments made by Weiland et al (Weiland et al., 2013) and 

simulations in CFX. 

Only small variations were found in the pyrolysis gases in dry, nitrogen free basis between the 

experimental data (Weiland et al., 2013) and simulations and the difference between with and without 

altered pyrolysis sub-model were negligible. Probably because the pyrolysis gases was added as 

constants and not calculated based on the temperature inside the reactor. Another reason may be 

because the gas composition reaches equilibrium rather quickly, so the release rate of the pyrolysis gas 

does not affect the major gas composition so much. 
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A sensitivity analysis for the major pyrolysis gas composition using the sub-model were also 

made, for an excess air ratio of 0.44, Figure 21, to see if the particle size would affect the 

composition. These compositions were also compared to the experimental data of the 

reference case with mean particle diameter of 100 μm and excess air ratio 0.44. 

 

Figure 21. Sensitivity analysis of pyrolysis gases for excess air ratio of 0.44. 

There were only small changes in pyrolysis gas compositions in the simulations, both for 

excess air ratio 0.44 and 0.3, for the three tested particle diameters. The results were also 

close to input data from the reference case. Therefore, the particle diameter did not affect the 

pyrolysis gas composition in any significant way. 
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4.2.2.  Effect of particle sub-models 

To see how the intra-particle heat transfer affected the appearance of the flame, CFD 

simulations with simplified intra-particle sub-model were compared to simulations without 

the sub-model for 100, 500 and 1000 μm particles. These simulations were both carried out 

for excess air ratio of 0.44, Figure 22 - Figure 24, and 0.3, Figure 25 - Figure 27. 

 
Figure 22. Flame shape with 1000 μm 

particles and excess air ratio of 0.44. 

Left side without altered sub-model 

and right side with altered sub model. 

 
Figure 23. Flame shape with 500 μm 

particles and excess air ratio of 0.44. 

Left side without altered sub-model 

and right side with altered sub model. 

 
Figure 24. Flame shape with 100 μm 

particles and excess air ratio of 0.44. 

Left side without altered sub-model 

and right side with altered sub model. 

 
Figure 25. Flame shape with 1000 μm 

particles and excess air ratio of 0.3. 

Left side without altered sub-model 

and right side with altered sub model. 

 
Figure 26. Flame shape with 500 μm 

particles and excess air ratio of 0.3. 

Left side without altered sub-model 

and right side with altered sub model. 

 
 

Figure 27. Flame shape with 100 μm 

particles and excess air ratio of 0.3. 

Left side without altered sub-model 

and right side with altered sub model. 

 

When the particle size was increased, the flame became both longer and thinner but it was not 

until the particle diameter was larger than 500 μm that there was a noticeable difference 

between simulations with and without the sub-model. This was the case both for excess air 

ratio of 0.44 and 0.3. However, the flame became slimmer and the overall temperature was 

lower when the excess air was reduced. 
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Since there was a noticeable difference between in the shape of the flame when intra particle 

heat transfer was accounted for in 1000 μm particles, the conversion was examined further. 

Both at which temperatures the conversion occurred, Figure 28, and the particle conversion 

time, Figure 29. 

 
Figure 28. Amount of raw combustible in particles at 

increased temperature. Red for particles with altered 

isothermal conversion and blue for isothermal particle 

conversion. The excess air ratio was 0.44 and particle 

diameter 1000 μm. 

 
Figure 29. Amount of raw combustible in particle over time. 

The excess air ratio was 0.44 and particle diameter 1000 

μm. 

 

The final temperature in particles with and without the sub-model was basically the same but 

in the beginning of the combustion, the temperature in particles with the sub-model was offset 

to higher temperatures. The shorter flame length for simulations that accounted for intra-

particle heat and mass transfer may be because a majority of the particles combusted at higher 

temperatures which made the combustion more rapid. 

There was a larger difference with respect to conversion time between the fastest and the 

slowest combusted particles in the simulations without the sub-model compared to the 

simulations with the sub-model. The graph also confirmed that the conversion from 80 to 0 % 

raw combustible was more rapid for particles with the sub-model than for particles without it. 

4.2.3.  Application of sub-model 

The figures below, Figure 30 and Figure 31, present the Rosin- Rammler particle distribution 

used in CFX simulations with input presented in Table 5. The input for mass median particle 

diameter of 100 μm was calculated using least square method from data retrieved during 

experiments (Weiland et al., 2013) while the other is a fictional particle distribution designed 

to have a mass median particle distribution of 750 μm. 
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Figure 30. Particle distribution with mass median diameter 

of 100 μm from experiments (Weiland et al., 2013) and in 

simulations. 

 
Figure 31. Particle distribution in simulations with mass 

median diameter of 750 μm. 

 

Table 5. Calculated inputs for particle distribution in CFX simulations. 

 d50=100 d50=750 

Rosin Rammler size, 

δ 

157 800 

Rosin Rammler 

power, n 

1.4 5.5 

 

When simulations were made on particles with mass median diameter of 100 μm, Figure 32, 

and 750 μm, Figure 33, the shape of the flame was similar to the simulations with particle 

diameter of 100 and 500 μm. There was also no visible difference between taking intra 

particle heat transfer into account and not doing so. 

 
 

Figure 32. Flame shape with mass median diameter of 100 

μm and excess air ratio of 0.44. Left side without altered 

sub-model and right side with altered sub model. 

 

 
Figure 33. Flame shape with mass median diameter of 750 

μm and excess air ratio of 0.44. Left side without altered 

sub-model and right side with altered sub model. 
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5. Conclusion 

The aim of this project was to assess the importance of including the effect of internal heat 

and mass transfer when simulating fuel conversion in CFD and if so, at what particle diameter 

the importance was noticeable. Is should also answer if the simulations could be performed 

without substantially slow down the computation time. 

The particle size being used today is small enough to be considered isothermal, which still 

would be the case with a mean particle diameter of 750 μm. However, if a majority of the 

particles would be 1000 μm or larger, intra particle heat transfer would be necessary to 

account for when doing reactor simulations with CFD. This is the case independently of the 

excess air ratio. 

Since particle sizes are likely to increase in the future in order to optimize the overall 

efficiency of the whole bio-refinery system, intra particle heat transfer may play an important 

part in gasification simulations in the future. 

It is possible to simulate biomass gasification through a PEFG using CFD without rapidly 

increasing computation time if sub-models accounting for the intra-particle heat transfer are 

being used. How the sub-models should look like however needs to be investigated further 

more based on the physical interpretation of the phenomena. 
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