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Abstract 
 
 The thesis and attached papers deal with some aspects of numerical modeling of plasma 
jet generated by plasma torch and also with numerical modeling of processes in thermal plasma 
reactor. All flows are considered to be turbulent in all simulations except for special cases. First 
part of the thesis is dedicated to short introduction to the topic and to description of turbulent 
physical models that are used later in all next simulations. Second part is dedicated to description 
of physical experiment itself and to results that were obtained from numerical simulations. More 
details are given in following papers that concern 2D and 3D simulations of mixing of steam 
plasma jet with steam atmosphere, with nitrogen and simulation of gasification of wooden 
particles by steam plasma jet in thermal plasma reactor. Standard, RNG and realizable k-ε 
models, and standard k-ω model were used for most of the simulations. Steam plasma and 
nitrogen transport and thermodynamic coefficients used in the computations were determined 
under the assumption of existence of LTE. Results for temperature, velocity and density 
distributions are discussed in each modeling and presented as images obtained from the FLUENT 
code, for currently used reactor geometry setup and plasma jet characteristics. Centerline 
temperature of steam plasma jet at the reactor input was approximately 23 000 K and mean 
inflow plasma velocity was approximately 2600 m/s in all simulations. The modelling simulates 
conditions in experimental reactor for biomass gasification in preheating phase and also during 
full experiments of gasification. 
 

Abstrakt 
 
 Práce a přiložené články jsou věnovány některým aspektům numerického modelování 
proudu plazmatu vytvářeného plazmovým hořákem a také numerickému modelování procesů 
v termickém plazmovém reaktoru. Všechny proudy jsou považovány až na výjimky za 
turbulentní. První část práce je věnována krátkému úvodu do problematiky a popisu turbulentních 
fyzikálních modelů použitých v následujících simulacích. Druhá část je věnována popisu 
fyzikálního experimentu a výsledkům, které byly získány z numerických simulací. Ve zmíněných  
článcích jsou uvedeny podrobnější údaje, které se týkají dvourozměrných a třírozměrných 
numerických simulací směšování proudu vodního plazmatu s vodní atmosférou, s dusíkovou 
atmosférou a simulací zplyňování dřevěných částic prostřednictvím proudu plazmatu 
generovaného z vody. Pro uvedené simulace byly většinou použity standardní, RNG a 
realizovatelné k-ε modely a standardní k-ω model. Transportní a termodynamické vlastnosti 
vodního plazmatu a dusíku byly určeny na základě předpokladů platnosti lokální termodynamické 
rovnováhy. Zmíněné simulace pro současnou konfiguraci reaktoru a současně používané 
charakteristiky proudu plazmatu jsou v článku vyhodnoceny a výsledky z nich jsou prezentovány 
v grafické formě získané z programu FLUENT. Ve všech simulacích byla teplota na ose proudu 
vodního plazmatu na vstupu do reaktoru přibližně 23 000 K a střední rychlost přitékajícího 
plazmatu byla přibližně 2600 m/s. Numerické simulace popsané podrobněji v článcích 
napodobují podmínky v experimentálním reaktoru určeném pro gasifikaci biomasy v průběhu tzv. 
zahřívací fáze a taky v průběhu samotného zplyňování biomasy. 
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2. Introduction 

 

Numerical modelling of plasma behaviour represents an alternative to experiments for 

obtaining distributions of plasma physical properties. Sometimes it is even impossible to 

carry out an experiment because of technical or financial reasons and in such cases 

numerical model is the only possibility how to get reasonable results. Lower technical 

demandingness and lower financial expenditures are the most important advantages of  

the numerical modelling. From another point of view computer modelling has also some 

disadvantages. Even for 2-dimensional (2-D) simulations powerful PC is required. Only 

very simple 3-dimensional (3-D) simulations can be done by such computers and in all 

other cases an access to multiprocessor cluster is necessary.  

  

3. Characteristics of Modelling of Turbulent Flows 

 

Exact distribution calculation of physical properties is too computationally expensive 

for any flow. Moreover turbulent flows are most complicated flows from computational 

point of view because they are characterized by rapidly fluctuating velocity fields that 

cause mixing of transported quantities such as momentum, mass of species and energy. 

These fluctuations cause the transported quantities to fluctuate as well. Since these 

fluctuations can be of small scale and high frequency, they are practically unsolvable 

even by present supercomputers. Fortunately there is no need for such precise 

calculations in practical engineering applications and so exact governing equations are 

replaced by modified set of equations that are computationally less expensive to solve. 

These modifications are achieved by time-averaging, ensemble-averaging or other 

manipulating. On the other hand, these modified set of equations contains additional 

unknown variables, and turbulence models are needed to determine these variables in 

terms of known quantities. 

 

4. Choosing a Turbulence Model 

Nowadays, there are many available turbulence models but no single turbulence 

model is suitable for wide scale of physical and mechanical simulations. That is why one 
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has to choose the appropriate model that will depend on considerations such as the 

physics encompassed in the flow, the established practice for a specific class of problem, 

the level of accuracy required, the available computational resources, and the amount of 

time available for the simulation. Description of three turbulent models used in our 

simulations will be given in next chapters. 

 

5. k-ε Models 

 

In the case of the k-ε models, two transport equations (for the turbulence kinetic 

energy, k, and either the turbulence dissipation rate, ε) are solved. The first k-ε model 

was standard k-ε model and as the strengths and weaknesses of the standard k-ε model 

have become known, improvements have been made up to the model to improve its 

performance. We will mention two of these improved variants: the RNG k-ε [1] model 

and realizable k-ε model [2]. 

 

5.1 Standard k-ε Model 

 

The standard k-ε model has become the most often used model in practical 

engineering flow calculations in the time since it was proposed by Launder and Spalding 

[3]. Robustness, economy, and reasonable accuracy for a wide range of turbulent flows 

explain its popularity in industrial flow and heat transfer simulations. It is a semi-

empirical model, and the derivation of the model equations relies on phenomenological 

considerations and empiricism. 

In the derivation of the k-ε model, it was assumed that the flow is fully turbulent, and 

the effects of molecular viscosity are negligible. The standard k-ε model is therefore valid 

only for fully turbulent flows.  

 

5.1.1 Transport equations for the standard k-ε model  

 

The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from the 

following transport equations: 
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In these equations, Gk represents the generation of turbulence kinetic energy due to the 

mean velocity gradients. Gb is the generation of turbulence kinetic energy due to 

buoyancy. YM represents the contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate. C1ε, C2ε, and C3ε are constants. σk and σε are the 

turbulent Prandtl numbers for k  and ε, respectively. Sk and Sε are user-defined source 

terms. 

 

5.1.2 Modelling the Turbulent Viscosity and the Model Constants 

 

 The turbulent (or eddy) viscosity, µt, is computed by combining k and ε as 

follows: 

ε
ρµ µ

2kCt =          (eq.3) 

where Cµ is constant. 

 The model constants C1ε, C2ε, Cµ, σk, and σε have the following default values: 

C1ε=1.44, C2ε=1.92, Cµ=0.09, σk=1.0, σε=1.3 

 These default values have been determined from experiments with air and water 

for turbulent flows. They have been found to work fairly well for a wide range of wall-

bounded and free shear flows. The default values of the model constants are the standard 

ones that are most widely accepted. It is possible to change them but such changes 

require wide knowledge of behaviour of the standard k-ε model otherwise it is strictly 

recommended not to change them. 

 

5.2 RNG k-ε model  

The RNG-based k-ε turbulence model is derived from the instantaneous Navier-

Stokes equations, using a mathematical technique called “renormalization group” (RNG) 
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methods. The analytical derivation results in a model with constants different from those 

in the standard k-ε model, and additional terms and functions in the transport equations 

for k and ε. A more comprehensive description of RNG theory and its application to 

turbulence is given in [4.]. 

 

 5.2.1 Transport Equations for the RNG k-ε Model  

 

 The RNG k-ε model has a similar form to the standard k-ε model: 
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where Gk, Gb, Ym, Sk and Sε are defined identically as for standard k-ε model, αk and αε 

are the inverse effective Prandtl numbers for k and ε, respectively. µeff will be defined in 

paragraph 4.2.2. The model constants C1ε and C2ε in Equation 5 are defined according to 

the RNG theory, and their values are 

C1ε=1.42, C2ε=1.68 

 

 5.2.2 Modelling the Effective Viscosity 

 

The scale elimination procedure in RNG theory results in a differential equation 

for turbulent viscosity: 
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where  and . Equation 6 is integrated to obtain an accurate 

description of how the effective turbulent transport varies with the effective Reynolds 

number (or eddy scale), allowing the model to better handle low-Reynolds number and 

near-walls flows. 

µµυ /eff=
∧

100≈υC
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 5.2.3 Calculating the Inverse Effective Prandtl Numbers 

 

Equation 7, that follows from RNG theory, represents an analytically derived 

formula for calculating the inverse effective Prandtl numbers: 
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where α0=1.0. In the high-Reynolds-number limit (µmol/µeff «1), αk=αε≈1.393. 

 

 5.2.4 The Rε Term in the ε Equation 

 

 The main difference between the RNG and standard k-ε models lies in the 

additional term in the ε equation given by 

k
C

R
2

3
0

3

1
)/1( ε
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where η≡Sk/ε, η0=4.38, β=0.012. 

The RNG model is more responsive to the effects of rapid strain and streamline 

curvature than the standard k-ε model, which explains the superior performance of the 

RNG model for certain classes of flows. 

 

5.3 The Realizable k-ε Model 

 

The term “realizable“ means that the model satisfies certain mathematical 

constraints on the normal stresses, consistent with the physics of turbulent flows. To 

understand this, consider following expression for the normal Reynolds stress in an 

incompressible strained mean flow: 

x
Uvku t ∂
∂

−= 2
3
22      (eq. 9) 

Using Equation 3 for vt≡µt/ρ, one obtains the result that the normal stress, 2u , 

which by definition is a positive quantity, becomes negative, i.e., “non realizable”, when 

the strain is large enough to satisfy 
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Similarly, it can also be shown that the Schwartz inequality for shear stresses 

( 222
βαβα uuuu ≤ ; no summation over α and β) can be violated when the mean strain rate is 

large. The most straightforward way to ensure the “realizability” (positivity of normal 

stresses and Schwartz inequality for shear stresses) is to make Cµ variable by sensitizing 

it to the mean flow (mean deformation) and the turbulence (k, ε). The notion of variable 

Cµ is well substantiated by experimental evidence. Another weakness of traditional k-ε 

models lies with the modeled equation for the dissipation rate (ε), where the prediction of 

the spreading rate for axisymmetric jets is unexpectedly poor. 

The realizable k-ε model proposed by Shih et al. [2] was intended to enhance 

deficiencies mentioned above by considering the following: 

-a new eddy-viscosity formula involving a variable Cµ originally proposed   

by Reynolds [5], 

- a new model equation for dissipation (ε) based on the dynamic equation 

of the mean-square vorticity fluctuation. 

 

 5.3.1 Transport Equation for the Realizable k- ε Model 

 

Transport equation for k for the realizable k-ε model is the same as in the standard 

k-ε model.  

Transport equation for ε is 
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In these equations, Gk, Gb, YM, σk, σε, Sk, Sε, are defined exactly as in the standard k-ε 

model. C2 and C1ε are constants. The form of the ε equation is quite different from those 

in the standard and RNG-based k-ε models (Equations 2 and 5). One of the noteworthy 
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features of the realizable k-ε model is that the production term in the ε equation (the 

second term on the right-hand side of the Equation 11) does not involve the production of 

k; i.e., it does not contain the same Gk term as the other k-ε models. It is believed that the 

present form better represents the spectral energy transfer. Another desirable feature is 

that the destruction term (the next to last term on the right-hand side of Equation 11) does 

not have any singularity; i.e., its denominator never vanishes, even if k vanishes or 

becomes smaller than zero. This feature is contrasted with traditional k-ε models, which 

have a singularity due to k in the denominator. 

 This model has been extensively validated for a wide range of flows [2, 6], 

including rotating homogeneous shear flows, free flows including jets and mixing layers, 

channel and boundary layer flows, and separated flows.  

 

5.3.2 Modeling the Turbulent Viscosity 

 

 The eddy viscosity, µt, is defined by Equation 3. Cµ is defined as 

ε
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ijΩ  is the mean rate-of-rotation tensor viewed in a rotating reference frame with the 

angular velocity ωk. The model constants A0 and As are given by 

A0=4.04, As=61/2cos φ 

where  

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+
∂
∂

==== −

j

i

i

j
ijijij

kijkij

x
u

x
u

SSSS
S

SSS
WW

2
1,~,~,6cos

3
1

3
1φ . 

It can be seen that Cµ is a function of the mean strain and rotation rates, the angular 

velocity of the system rotation, and the turbulence fields (k and ε). The model constants 

C2, σk, and σε are  

C1ε=1.44, C2=1.9,  σk=1.0, σε=1.2 
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6. Modelling Turbulent Production in the k-ε Models  

 

The term Gk, representing the production of turbulence kinetic energy, is modeled 

identically for the standard, RNG, and realizable k-ε models. From the exact equation for 

the transport of k, this term may be defined as 

i

j
jik x

u
uuG

∂

∂
′′−= ρ  .    (eq. 13) 

It is possible to evaluate Gk in a manner consistent with the Boussinesq hypothesis, and 

then we get Gk=µtS2 where S is the modulus of the mean rate-of-strain tensor, defined as  

ijij SSS 2=    .  (eq. 14) 

 

7. Effects of Buoyancy on Turbulence in the k-ε Models 

 

When a non-zero gravity field and temperature gradient are present simultaneously, 

the k-ε models account for the generation of k due to buoyancy (Gb in Equations 1, and 

4), and the corresponding contribution to the production of ε in Equations 2, 5, and 11. 

 The generation of turbulence due to buoyancy is given by 

it

t
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where Prt is the turbulent Prandtl number for energy and gi is the component of the 

gravitational vector in the i-th direction. For standard and realizable k-ε models, the 

default value of Prt is 0.85. In case of the RNG k-ε model, Prt=1/α, where α is given by 

Equation 7, but with α0=1/Pr = k/µcp. The coefficient of thermal expansion, β, is defined 

as  
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8.Experimental and Present Results 

 

All of my theoretical work is characterized by numerical simulations of plasma 

flow generated by plasma torch with hybrid gas-liquid stabilized arc [7, 8], and its mixing 

effects in thermal plasma reactor. In our case the thermal plasma reactor is nearly 

cylindrical container with approximately 0.5 m in base diameter and 0.9 m in height. This 

concerns inner dimensions of the reactor. It can be used for gasification and vitrification 

of waste and biomass and also for hazardous waste destruction or for production of 

synthetic gas (syngas). 

In our real experiment the plasma flow is usually generated by plasma torch with 

hybrid argon-water stabilized arc. This type of arc stabilization has several advantages 

such as possibility of control of plasma physical properties in a wide range. The design of 

the reactor is given in Fig. 1, and it also represents usual experimental arrangement. The 

main idea of the experiment is that treated material (for example wood dust) is delivered 

to the  reactor  where  it  is  mixed  with  plasma flow. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Design of the Thermal Plasma Reactor 
 

 

The material is then immediately heated, dissociated, ionized. The gas products of 

decomposition of treated materials are transferred to the exhaust pipe which is located in 

the right side of the reactor chamber. In the quenching chamber these products are cooled 
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down rapidly in the water shower to prevent formation of complex molecules. Then they 

are combusted in the combustion chamber. More detailed description is given in [9]. 

Physical reality is usually very complicated and that is why it is practically 

impossible to model this reality exactly by numerical means. In our experiments the 

physical complexity is also very difficult to describe as a whole and so due to practical 

reasons it is very convenient to simplify the problem.  

I started with the simplest numerical simulation, namely modelling of mixing of 

steam plasma jet with steam atmosphere in thermal plasma reactor [10] where two-

dimensional (2-D) computational fluid dynamics (CFD) techniques were used for all 

simulations. Temperature of steam plasma was approximately 15 000 K, and temperature 

of cold steam gas was 400 K. Standard, RNG and Realizable k-ε models were used for 

these simulations. Steam plasma and cold steam properties were generated by the ADEP 

code. I carried out more than 50 successful simulations for the temperature range from 

1000 K to 16 000 K and for the velocity range from 10 m/s to 120 m/s. These values 

represent steam plasma inflow in a real experiment. The aim of these simulations was 

also to check the stability and realizability of the k-ε models for our specific geometry 

and conditions. As results I obtained temperature, velocity and density distributions in the 

form of images that were generated by the FLUENT code.  

This first attempt at modelling [10] of simplified physical processes in the reactor 

had several inaccuracies. It means that our 2-D geometry was not precise, the grid 

consisted of approximately 1200 nodes only and the temperature of the walls was only 

400 K. These inaccuracies were removed in the next paper [9], where 2-D modelling of 

mixing of steam plasma jet with steam atmosphere had been carried out. In this case as a 

2-D model I used exact 2-D cut of currently used reactor. This enhanced model consisted 

of approximately 22 000 nodes and it is also denser in high-speed regions and coarser in 

low gradient regions what makes our computations more effective and faster.  

As an example of the obtained results I can give the temperature distribution for this 

2-D model of the reactor which is given in Fig. 2. Other results are given in [9]. These 

distributions correspond to heating phase of the reactor chamber, which is performed by 

plasma torch. In this phase steam plasma only flows into the chamber. Velocity of 70 m/s 

serves us as rough estimation for distinguishing high and low speed regions. Temperature 
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of the wall was kept at 1300 K in all our simulations. Mean input velocity of steam 

plasma is 2635 m/s, its mean temperature is 14500 K and the diameter of input opening 

for plasma flow is 6 mm. For such values we can see in Fig. 2 that plasma jet is deflected 

towards anode space after entering the reactor and later it is deflected in the direction of 

left edge of the reactor chamber. Jet deflection is caused by simplification that is brought 

by 2D model itself and as well as by absence of axial symmetry which is represented here 

in upper parts of the reactor by presence of anode space and volume of inlet pipe. Despite 

this effect internal volume of the reactor chamber is sufficiently heated to the temperature 

of about 4000 K. On the other hand this deflection causes damage to one side of inlet 

pipe what was also observed in real experiment of gasification of wooden particles. 

We have also modeled effects of mixing in the reactor. For this simulations 2-D 

grid of the reactor is the same as in previous case. Mass flow rate of  steam  flow  was  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Temperature distribution of         Fig. 3. Temperature distribution of 

plasma flow in 2-D model of the reactor        mixing of plasma flow and steam 

chamber                                                                      atmosphere in 2-D model of the reactor 

 

 0.6 g/s and its temperature 400 K. All other parameters were unchanged. 

We can see in Fig. 3. and also in other figures in [9] that effect of deflection of the jet is 

still present and that distributions of temperature and velocity magnitude are not 
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significantly influenced by steam flow. It is caused by the fact that the amount of influent 

steam is relatively negligible.  

Next effect, that was also observed experimentally and that is present in both 

models is given in Figs. 4, 5. Relatively fast flow of steam plasma causes an undesired 

backflow of gas mixture from central and lower parts of the reactor chamber towards 

anode space (space located at upper right corner in Fig. 4). This backflow is unwanted 

because high concentration of products of material decomposition can be reached in the 

anode space. This could lead to creation of solid deposits and tar cover on the inner 

surface of anode space (because in real experiment the walls of anode space is kept at 

 

room temperature).  

Fig. 4. Detailed look at distribution of temperature in steam plasma inlet pipe in the 

All 2-D simulations were performed with double precision to prevent errors or 

inacc

upper part of the 2 D reactor model 
 
 

uracies that could had been created due to rounding of intermediate data during 

calculations. 
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According to achieved results and their experimental confirmations we can say now 

that the present simulation was successful within the restrictions put on 2-D modelling so 

I consider 2-D modelling to be closed for our class of problems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Magnified detailed look at velocity distribution in the middle part of steam 

plasma inlet pipe in the upper part of the 2-D reactor model 

 

 Next step in modelling of processes in the reactor was done in attachment [3]. 

Enhancements that were incorporated in attachment [3] represent complete and usable 

physical model that simulates preheating phase of experiment of gasification. These 

enhancements are as follows: introduction of 3 dimensional geometry into modelling; 

introduction of parabolic profile of influent steam plasma; thermodynamic and transport 

coefficients of steam plasma and nitrogen properties were now not calculated by the 

ADEP code (as they have been so far) but they were taken or calculated by methods 

described in [4] of this attachment; changeover in density of computational cells is now 

smoother; cells are now more similar to rectangular cells than it was in previous 

computations what helps the computation to be more stable Results given by this 

simulation are: graphical distributions of important physical properties, comparison of 
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results obtained by several turbulent and also by laminar models and another 

confirmation of presence of backflow in entrance pipe.  

 So far last step in modelling of processes in reactor chamber was done in 

attachment [4] where simplified physical model of gasification of wooden particles by 

steam plasma jet was introduced. Geometry and computational grid was used without any 

changes with regard to case of attachment [3]. Theory of gasification of wood is complex 

and not easy to attack and so model of gasification used in this simulation assumes that 

wooden particle is simply heated until it reaches predefined temperature of gasification 

after what it is transformed into “wooden volatile” what in fact represents ideal gas that 

has the same stoichiometric formula as original wooden particle (in our case it is 

C1.61H2.241O). Now with regard to facts that the particle is sufficiently heated and its state 

has been changed from solid state to gas state it can now react chemically with steam 

plasma to produce corresponding products (syngas). To reduce complexity of 

computation of gasification it was assumed that the reaction is only straightforward. 

Results are again given in graphical form in attachment [4]. Regarding that numerical 

modelling of gasification is computationally very expensive (especially when it is 

performed on grid that consists of 1.2 million nodes) only one simulation has been 

carried out. This simulation again confirmed backflow of gas mixture in entrance pipe.  

 While modelling of preheating phase of experiment was closed because it had 

reached necessary level of accuracy modelling of gasification must still be enhanced in 

several ways. Firstly used physical model of gasification must not be one-component 

model (as it has been so far) but three-component model (encompassing following 

gasification scheme: solid wood - “active matrix”- tar, char - gas (syngas)). Reason for 

usage of three-component gasification model lies not only within better approach to 

physical reality but also it is much easier to find appropriate and more precise data in 

currently existing databases. In case of gasification using “wood volatiles” model the data 

concerning chemical reaction (namely pre-exponential factor, activation energy, 

temperature exponent, mixing rate and rate exponent) were copied from well known 

chemical reaction of pure carbon combustion in oxygen atmosphere where CO2 is being 

produced).  
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9 . Conclusions 

 

The last task that should be solved is to build simple three or four level radiation-

collisional model of water-argon plasma. This model will help us to interpret measured 

data from region of the jet where the temperature is higher than 4000 K approximately. In 

case of our reactor chamber the radiation processes represent relatively significant effects 

only in the region close to the jet itself but in all other regions they do not play any 

crucial role. This radiation-collisional model will be implemented into the FLUENT code 

by user-defined function written in C language. 

 After successful implementation of: 1. three-component gasification model; 2. 

three or four level radiation-collisional model; the modelling of the gasification will be 

closed.  

Progress in modelling of gasification has been paused for sometime mainly because 

of shortcomings in computational resources in our department.  
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Abstract 
  

Two-dimensional CFD modelling of mixing of steam plasma jet with steam 
atmosphere in thermal plasma reactor has been carried out. Temperature of steam plasma 
is approximately 15 000 K and temperature of steam atmosphere is 400 K. Standard, 
RNG, and realizable k-ε models were used for all simulations. Steam plasma and steam 
atmospheric properties were generated by the ADEP code. Results for temperature, 
velocity and density distributions are discussed and presented as images obtained from the 
FLUENT code, for currently used reactor geometry setup and plasma flow. 
 
1. Introduction 
  
 Numerical modelling of flows and mixing effects in the thermal plasma reactor for 
gasification and vitrification of waste and biomass is important for better understanding of 
processes in the reactor. This is necessary for efficiency increase and also for lifetime 
extension of the reactor itself and all ancillary devices. 
 The gasification of biomass to produce synthetic gas (syngas) offers an alternative to 
fossil fuels. Most of the experiments with plasma pyrolysis have been performed with arc 
plasma torches with relatively high flow rates of plasma gas. Production of syngas from 
wood in plasma generated in ac air plasma torches is discussed in [1]. Coal gasification in 
hydrogen, air and steam plasma was studied in [2, 3]. In [4] wood was gasified in steam 
plasma. The high flow rate of plasma provides good mixing of plasma with treated 
material but produced syngas contains components of plasma gas. The usage of mixtures 
of inert gas with hydrogen [5] eliminates this disadvantage but it increases the cost of the 
technology. Therefore steam was used as plasma gas in [2, 4]. 
 In this paper we have carried out 2D modelling of mixing of steam plasma jet, 
generated in dc plasma torch, with steam atmosphere in the reactor. 2D simulations that 
are presented in the paper are only the first step in numerical modelling of these processes. 
These simulations provide us basic idea about processes in the reactor and they are not as 
computationally difficult as 3D simulations. 
 
2. Plasma Reactor 

 
The schematic of the reactor is given in Fig. 1. Treated material is stored in the raw 

material bin, from where it is continuously transported by automatically controlled screw 
feeder directly into the reactor chamber. The material simply falls down from the end of 
the feeder due to gravitational force. Treated material is then mixed with steam plasma 
and consequently, it is heated, dissociated and ionized. Steam plasma enters the reactor 
chamber through narrow opening with diameter of 51.5 mm, which is located at the top of 
the reactor. The gas products of decomposition of organic materials are transferred to the 
exhaust pipe. In the quenching chamber these products are cooled down rapidly in the 
water shower to prevent creation of complex hydrocarbon molecules. Then they are 
combusted in the combustion burner.  
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Fig. 1. Schematic of the reactor 
 
The inner lining of the reactor chamber is made from special refractory ceramics, which 

reduces heat loss to the walls. All parts of the reactor chamber were automatically water-
cooled to prevent overheating. There are several openings in the reactor chamber, which are 
used for inserting of diagnostic devices and chemical analysis of reaction products. 
 
3. Computing Procedure 

 
Modelling is done in several steps. At first we must create (2D or 3D) grid with sufficient 

mesh density. While grid creation is purely mechanical and simple, meshing procedure 
requires at least some basic idea of future flows that must be taken into account. Second we 
have to import this meshed grid into the FLUENT code where appropriate physical model, 
operating and boundary conditions are selected. For all simulations we used standard, RNG 
and realisable k-ε models but for majority of simulations we used RNG k-ε model, because of 
better convergence of the model. After these selections are done, iterative process can start. 
Results are usually directly generated in the form of pictures, because of better readability. 
 
4. Results and discussion 
 

Results are presented as images obtained from the FLUENT code. 2D cut of current 
reactor geometry is shown in Fig. 2. Our 2D mesh has approximately 20 000 nodes and so it 
is dense enough for our modelling. This 2D mesh is also denser in high-speed regions and less 
dense in low gradient regions what makes our computations more effective and faster. 
Temperature, velocity and density distributions for this 2D model of the reactor are given in 
Figs. 3, 4 and 5. These distributions correspond to heating phase of the reactor chamber, 
which is performed by plasma torch. In this phase only steam plasma flows into the chamber. 
Velocity of 70 m/s serves us as rough estimation for distinguishing high and low speed 
regions. Temperature of the wall was kept at 1300 K in all our simulations. Mean input 
velocity of steam plasma is 2635 m/s, its mean temperature is 14500 K and the diameter of 
input opening for plasma flow is 6 mm. For such values we can see in Fig. 3 that plasma jet is 
shifted towards anode space after entering the reactor and later it is shifted in the direction of 
left edge of the reactor chamber. This effect is also visible in Fig. 4 where we can see 
distribution of velocity magnitude in the 2D model of the reactor. Jet shifting is caused by 
simplification that is brought by 2D model itself and as well as by absence of axial symmetry 
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which is represented here by presence of anode space and volume of inlet pipe. Despite this 
effect internal volume of the reactor chamber is sufficiently heated to the temperature about 
4000 K. On the other hand this shifting damages one side of inlet pipe what was also observed 
in real experiment. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 2D cut of current reactor geometry   Fig. 3. Temperature distribution in 2D cut of  
-       current reactor geometry 
 
Fig. 5. shows that steam plasma has relatively constant density in reactor chamber. The only 
one high density region is in exhaust pipe and it is caused by backflow of surrounding 
atmosphere due to the fact that in our model the exhaust pipe is shorter than in real size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Distribution of Velocity in 2D cut of         Fig. 5. Distribution of Density in 2D cut of 
 current reactor geometry    current reactor geometry 
 

We have also modelled effects of mixing in the reactor. For this simulations 2D grid 
and mesh of the reactor is the same as in Fig. 2. Mass flow rate of steam flow was 0.6 g/s and 
its temperature was 400 K. All other parameters were unchanged. 
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Fig. 6. Distribution of temperature in model  Fig. 7. Distribution of velocity in model 
 of mixing of steam plasma jet with   of mixing of steam plasma jet with 
 steam flow.      steam flow. 
 

We can see in Figs. 6. and 7. that effect of shifting of the jet is still present and that 
distributions of temperature and velocity magnitude are not significantly influenced by steam 
flow. Distribution of density is very similar to distribution in Fig. 5. We can say now that 2D 
modelling was successful according to possibilities that 2D modelling is able to provide us. 
 
5. Conclusion 
 Results that were obtained from 2D modelling for current reactor geometry showed us 
that plasma jet is shifted during heating phase and also at mixing of plasma jet and steam 
flow. Distributions of temperature, velocity and density in both simulations are relatively 
satisfactory. However these 2D simulations have limited physical applicability because of 
absence of axial symmetry. On the other side these 2D simulations gave us basic idea about 
flows and mixing effects in the reactor chamber and also these simulations did not require 
high computational capability. In future we would like to expand our simulations in to 3D 
space. 
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Abstract 

Three-dimensional CFD modelling of mixing of steam plasma jet with steam atmosphere in 
thermal plasma reactor has been carried out. Centerline temperature of steam plasma jet is 
approximately 26 000 K and temperature of steam atmosphere is 400 K. Mean velocity of the jet is 
approximately 2 600 m/s. Standard and RNG k-ε models and k-ω model were used for all 
simulations. Steam plasma and steam atmospheric properties were generated by the ADEP code.  

Results for temperature, velocity and density distributions are discussed and presented as 
images obtained from the FLUENT code, for currently used reactor geometry setup and plasma 
flow.   
 

1. Introduction 
High quality numerical modelling of flows and their corresponding mixing effects in thermal 

plasma reactors are more and more important. It is still not possible either to model such processes 
exactly or to achieve such a level of approximation, which would match our demands from all 
relevant points of view. Mainly it is necessary to study these processes (namely gasification and 
vitrification of waste and biomass) because of efficiency increase and also for lifetime extension of 
the reactor itself and all ancillary devices. 

Now it is obvious that synthetic gas (syngas) can be industrially used as an energy storage, and 
also represents an alternative to fossil fuels and this gas can be very effectively produced in thermal 
plasma reactors (e.g. from wood or coal). Majority of plasma pyrolysis experiments have been 
carried out on arc plasma torches with relatively high plasma gas flow. The high flow rate of 
plasma provides good mixing of used plasma with treated material but produced syngas contains 
high amount of the plasma gas. The usage of various mixtures of inert gas with hydrogen [4, 5] 
eliminates this disadvantage but it increases the cost of the technology. Therefore steam was used 
as plasma gas in [2, 3]. 

In this paper we have carried out 3D modelling of mixing of steam plasma jet, generated in 
dc plasma torch, with steam atmosphere in the reactor. 3D simulations that are presented in the 
paper are only the first step in physical applicable numerical modelling of these processes. 2D 
simulations have also been done e.g. in [1] but 2D simulations were done mainly for illustrative 
purposes because 2D model used axial symmetry of the reactor geometry what is not fulfilled in 
real 3D reactor. However 2D simulations have provided us basic idea about the processes in the 
reactor and they were not as computationally difficult as 3D simulations. 

 
2. Plasma Reactor 

Basic technical data concerning the reactor and the experiment itself have already been 
published in [1] but for the sake of simplicity it is useful to remind some details. The schematic 
of the reactor is given in Fig. 1. Treated material is stored in the raw material bin, from where it 
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is continuously transported through feeder into the reactor, where it is mixed with plasma 
(which flows in the reactor from its top part), dissociated and ionized. Gas products are cooled 
down and later combusted in the combustion burner. It is not necessary to mention all extents of 
pipes or opening in the reactor because they are subjects of changes due to severe influence of 
hot plasma. However the total configuration of experiment remains the same all the time. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Schematic of the Reactor 

 
3. Computing Procedure 

Several 3D grids of various quality and node density were generated to make our modelling 
more relevant and also grid independent. The simplest grid contained approximately 1.2 million 
nodes and the best one contained approx. 1.7 million nodes. All used grids were of variable node 
density. It means that close to plasma torch (where gaseous particle velocity approaches the value 
of 2635 m/s) the node density in simplest grid is ten times higher than it is in areas of low velocity 
magnitudes (e.g. in lower parts of the reactor chamber) and in the finest grid this ratio is even 
higher.  

Standard and RNG k-ε models and k-ω model were used for all simulations. In all our 
simulations the flow can be considered as fully turbulent and subsonic and so the usage of these 
models is suitable. Average velocity of gaseous particles in the reactor chamber is approximately 
3m/s. Majority of our computations reached very good convergence level. It means that all 
monitored residuals were below the value of 1/10000 at the end of every computation. All 
simulations were solved with single precision because it is sufficient according to our experiences 
and in addition it saves computational time which is not negligible in 3D simulations. Average net 
time of one computation was 2 days (all computations were performed on Pentium 4 processor). 

 
4. Results and discussion 

Results are presented here as images obtained from the FLUENT code. With respect to the 
fact that it is difficult to show 3D images we decided to present only appropriate 2D cuts of the 
whole reactor or its parts. In all Figs 2 – 5 a temperature scale (or velocity scale respectively) 
corresponding to different colours is given on the left side of each figure and is given in units of 
kelvin (or m/s respectively). Contours of static temperature distribution in the reactor chamber is 
given in Fig. 2 where we can see that these contours correspond to relatively homogeneous 
distribution of static temperature. That means that temperature reaches approximately 2000 K in 
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majority of the reactor chamber what is sufficient for plasma pyrolysis of wooden matter. Contours 
which are in the vicinity of the jet and which characterize temperature range from 3500K higher are 
not visible in Fig. 2. (just due to the size of the figure) and hence in Fig. 3. a magnified look of jet 
area is presented.  

 
Fig. 2 Distribution of Static Temperature              Fig. 3. Magnified Look at Distribution of Static 
in 2D Cut of the Reactor Geometry.                      Temperature in 2D Cut of the Reactor Geometry. 
(Temperature range 400K – 3500 K)                     (Temperature range 400K – 5000 K) 
 

There is water plasma jet itself and its interaction with entrance pipe in Fig. 3. It is clearly 
visible that jet is flowing straight downwards without any deflections. It was published earlier in [1]  
that there is significant jet deflection and that this effect was also observed experimentally. Now it 
is clear that jet deflection is caused purely by an influence of electromagnetic forces that have not 
been modeled yet and the jet deflection modeled in [1]  was just caused by inaccuracy brought to 
computation by utilization of the 2D numerical model which had no axial symmetry. There is a 
magnified detail look at the distribution of static temperature of the plasma jet in Fig. 4. which 
incorporates complete temperature range (400 K – 15000 K). The shape of each of contour is 
strictly parabolic what is expectable from classic theory. 

In Fig. 5. we can see distribution of velocity vectors in the vicinity of the entrance pipe wall 
what is nearly identical with distribution obtained from 2D simulation. Velocity vectors in the right 
side of the figure points downwards but in the left side they are of an opposite direction. That 
indicates that gas mixture is taken up to the anode area from the reactor chamber where it can 
condense due to the intense water cooling. The approximate velocity magnitude of this backflow in 
the vicinity of the wall is 40 m/s. This is a negative effect that is also seen in real experiment and 
has been also modeled in 2D simulations. In future we would like to propose such reactor geometry 
where this effect would be either eliminated or suppressed. 

In Figs. 2 – 5 results for standard k-ε model were presented. Atmospheric pressure was set 
in all our computations. Graphical presentation of results of other models were omitted due to the 
fact that these results are similar to presented ones.  
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Fig. 4. Magnified Detailed Look at Distribution       Fig. 5. Distribution of Velocity Vectors in the  
Of Static Temperature of the Water Plasma Jet.         Vicinity of the Entrance Pipe Wall. 
(Temperature range 400 K – 15 000 K)                      (Velocity range 0 m/s -100 m/s) 
 
5. Conclusion 
 Results that were obtained from our 3D modelling for current reactor geometry showed us 
that plasma jet is not shifted towards any side of the entrance pipe and that undesired backflow of 
gas mixture is present in the entrance pipe. Distributions of static temperature, velocity and density 
in all simulations are relatively satisfactory. These 3D simulations have reasonable physical 
applicability because of presence of axial symmetry but on the other side these 3D simulations 
were still not able to model experimentally observed deflection of the jet. In future we would like to 
incorporate basic radiation effects to improve our 3D models. 
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Abstract 

Three-dimensional CFD modelling of mixing of steam plasma jet with atmosphere in thermal 

plasma reactor has been carried out. Centerline temperature of steam plasma jet at the reactor 

input was approximately 23 000 K and and mean inflow plasma velocity was approximately 2 

600 m/s. Interaction of plasma jet with nitrogen flowing into the reactor was studied. The 

modelling simulates conditions in experimental reactor for biomass gasification. Standard, RNG 

and realizable k-ε models, and standard k-ω model were used for the simulations. Steam plasma 

and nitrogen transport and thermodynamic coefficients used in the computations were determined 

under the assumption of existence of LTE. Results for temperature, velocity and density 

distributions are discussed and presented as images obtained from the FLUENT code, for 

currently used reactor geometry setup and plasma jet characteristics.   

 
Key words: numerical modelling, turbulence, plasma reactor, plasma torch 
 

1. Introduction 

Utilization of thermal plasmas for destruction of waste materials and gasification of organic 

waste and biomass has been in the focus of interest of scientists as well as industrial companies in 

recent decade. Production of harmful substances, which is main problem of non-plasma 

technologies for destruction of waste materials and biomass gasification, can be efficiently 

suppressed in plasma treatment.   

Gasification of biomass in plasma generated from water was studied in experiments with 

plasmachemical reactor PLASGAS with hybrid gas/water-stabilized torch with arc power up to 

160 kW [1, 2]. The process offers possibility of simple control of composition and quality of 
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produced gas. Synthesis gas with high caloric value, high content of hydrogen and carbon 

monoxide and low concentration of carbon dioxide, was produced.  Production of higher 

hydrocarbons was suppressed due to higher temperatures and high level of uv radiation in the 

reactor volume. 

Material is treated in the reactor volume that is heated by the high enthalpy steam plasma jet. 

Plasma torch is characterized by very low plasma mass flow rate and high plasma enthalpy and 

temperature. Relatively large reactor volume is heated by very low mass flow rate, constricted 

plasma jet with nozzle exit diameter 6 mm and the length of the potential core several 

centimeters. Despite of these characteristics the heating of the whole reactor volume (cca 200 l) 

was homogeneous and the differences in the wall temperatures found in the experiments in 

various positions within the reactor were below 150 K for average temperature 1600 K [1, 2].  

This paper presents results of modeling of the process of reactor heating by steam plasma jet 

for conditions corresponding to the experiments. The modeling studied interaction of the jet with 

the atmosphere in the reactor volume during pre-heating period when the reactor volume is 

heated to the operation temperature by plasma jet. Heat transfer to the parts of the reactor close to 

the jet inflow position was studied by the model computations. As the composition of produced 

syngas is controlled in the experiments by addition of gases into the reactor, the model 

calculations simulated interaction of the plasma jet with the cold gas flow within the reactor 

volume. The aim of the paper is to analyze distributions of physical properties (temperature, 

density, mass fractions of gases) within the reactor volume and effect of addition of cold gases on 

these distributions. 

 

2. Computing Procedure 

To exclude the effect of choice of turbulence 

model used in the computations, we utilized 

several turbulent physical models (standard k-ε, 

RNG k-ε, realizable k-ε and standard k-ω) and 

compared the results. All turbulence models 

used in the paper are two-equation models that 

consist of transport equation for turbulent 

Fig. 1. Scaled residuals for standard k-ε 
model 
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energy k and of transport equation for its dissipation rate ε (or transport equation for specific 

dissipation rate ω - in case of standard k-ω model). The most important differences in these 

models are in turbulent viscosity calculation method; in evaluation of turbulent Prandtl numbers 

that determine turbulent diffusion of k and ε and also in some generation and destruction terms in 

the ε equation. In standard k-ε model the turbulent viscosity is given by simple combination of 

density, Cµ, k and ε where Cµ=0.09 is constant, what means that standard k-ε model is suitable 

only for fully turbulent flows. In RNG k-ε model a scale elimination procedure provides a 

differential equation for effective viscosity that interprets satisfactory low-Reynolds-number 

phenomena, and thus the use of RNG k-ε model is not limited only to fully turbulent flows. In 

high-Reynolds-number limit this differential equation gives the same equation for turbulent 

viscosity as it is in standard k-ε model with Cµ=0.0845. In realizable k-ε model the method of 

calculating turbulent viscosity incorporates a reasonable requirement of positivity of normal 

stresses and positivity of Schwartz inequality for shear stresses. Positivity of these stresses is not 

generally ensured neither in standard k-ε model nor in RNG k-ε model. This requirement is 

accomplished by making Cµ sensitive to mean flow and also to the turbulence thanks to what the 

realizable k-ε model predicts for example spreading rate of planar or round jets, flows involving 

rotations, boundary layers under strong adverse pressure gradients more precisely. Standard k-ω 

model includes some modifications for low turbulent effects, compressibility and shear flow 

spreading and it is suitable for computations including mixing layers and plane, round and radial 

jets.  

For used turbulent models following assumptions were applied: the plasma flow is turbulent 

(Reynolds number at jet exit is Re = 786) and subsonic. Gravity, radiation effects and magnetic 

field are neglected. Steam plasma is considered to be in local thermodynamic equilibrium. No 

user defined sources were implemented to governing equations and also no chemical reactions 

between nitrogen and steam plasma were defined in the computation. The dimension of 

calculation domain that is presented in Figs. 2-4 and in Figs. 7, 8 is h = 1.102 m (y-coordinate, 

height); w = 0.793 m (x-coordinate, width); d = 0.57 m (z-coorinate, depth). Inner total volume of 

the calculation domain (reactor chamber) is V = 0.206 m3. 

As the real flow in the reactor is only mildly compressible we decided to neglect the 

compressibility effects on the flow and to use incompressible approach and implicit pressure 
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based solver in all the calculations. Physical properties of nitrogen and steam plasma used in the 

computations, namely: density, heat capacity, thermal conductivity and viscosity were computed 

assuming existence of LTE by methods described in [3,4]. These properties were defined in all 

calculations in piece-wise linear form and they are only temperature dependent as we employ 

incompressible flow. The results of turbulent models were compared also with results obtained 

by laminar model. 

Plasma jet characteristics at the input into the reactor correspond to the experimental 

conditions in [1, 2] and are as follows: mean velocity v=2635 m/s; centerline velocity vc=4407 

m/s; mean temperature T=14500 K; centerline temperature Tc=23000 K;  mean enthalpy H=185 

MJ/kg;  mean density ρ=3.64x10-3 kg/m3; centerline density ρc=1.23x10-3 kg/m3. Wall 

temperature of the reactor was constantly set to 1300 K because such wall temperature was 

obtained at the experiment.  

Grid used in all our simulations contained approximately 1.2 million nodes and was of 

variable node density. It means that close to plasma jet input (where velocity of steam plasma 

approaches the value of 2635 m/s) the node density is ten times higher than it is in areas of low 

velocity magnitudes (e.g. in lower parts of the reactor chamber and in exhaust pipe). Third-order 

MUSCL scheme was applied to the the grid to reduce numerical diffusion and due to the use of 

this scheme the computation possess third-order of accuracy for diffusive and conductive terms. 

Majority of our computations reached very good convergence level. It means that at the end 

of every computation the values of all monitored residuals (i.e. specific measures of convergence) 

were below the value of 1/1000 as it can be seen in Fig. 1. All simulations were solved with 

single precision because it was sufficient according to our previous experiences. Average net 

time of one computation was 3 days (all computations were performed on single core 3 GHz 

Pentium 4 processor with 1 GB RAM; used CFD software: Fluent, version: 6.3.26; operating 

system: Windows XP Professional,). 

 

3. Results and discussion 

All results are presented as a 2D cut (namely xy plane, z=0) of 3D distribution of each 

particular physical property. Fig. 2 presents results of modeling of pre-heating of the reactor by 

plasma jet. The distribution of contours of static temperature in the reactor chamber is relatively 
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homogeneous. The temperature reaches minimum 2000 K in 

majority of the reactor volume. It can be seen that despite of 

very low plasma mass flow rate and constricted form of high 

enthalpy plasma jet, the reactor volume is heated to sufficiently 

high temperature in its whole volume. The outflow of gas, 

which brings asymmetry into the reactor geometry, does not 

cause significant asymmetry into the temperature distribution.  
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Fig. 2. Standard K-ε model 
Temperature range 

400K-3500K 

    The temperature distribution is strongly influenced by 

addition of cold gas into the reactor. This is illustrated in the 

following figures, where results of modeling of effect of cold 

gas inflow into the reactor are presented. In Figs. 3a – 3e the temperature distributions obtained 

by various turbulence models and laminar model are shown. It can be seen that the choice of the 

turbulence model does not influence much the resulting distributions. Complete results are thus 

given only for just one model (standard k-ε model).  

It can be seen in Figs. 3a -3e that temperature distribution is not homogeneous. In lower parts of 

the reactor chamber the temperature equals 1250 K and it is close to the temperature of reactor 

walls. In the middle parts of the reactor there is relatively large volume of colder nitrogen with 

temperature about 625 K (dark blue). Gas is not mixed with steam plasma that is located in right 

upper corner of the reactor. We can see in Figs. 3a – 3d that temperature distributions obtained 

from turbulent physical models are nearly the same, while temperature distribution given by 
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Fig.3e. Laminar Model 
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laminar model (Fig. 3e) is 

little different from turbulent 

ones.  Laminar model gives 

higher temperatures in the 

upper part of the reactor 

volume. This fact is 

understandable because 

plasma energy is not spent 

for turbulence generation as 

it is in turbulent flows. For 

better orientation temperature higher than 3500 K is marked by black colour inside the reactor 

chamber in Fig. 3e.  

Following results were obtained from standard K-ε model. Fig. 4 shows contours of gas 

density in the reactor volume. The lowest density is located at places with highest temperature 

(upper parts of the reactor).  

Details of temperature distributions at regions with higher temperatures at the positions close 

to the plasma inlet are presented in Figs. 5-6. Fig. 5 presents distribution of temperature in 

plasma inlet pipe. It  can be seen that despite turbulences the temperature distribution in the pipe 

is relatively uniform and equals 3500 K in majority of its internal volume. In Fig. 6 distribution 
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Fig.5.Temperature distribu-  
tion at plasma entrance tube

Temperature range 

Fig. 6. Detailed look at 
steam plasma jet exit 
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of temperature close to plasma input port is given. Contours are nearly parabolic and the plasma 

flow is straight. The contours are slightly deflected from ideal parabolic shape due to presence of 

the anode (black rectangle in the right hand side of the figure).  

Fig. 7. Mass fraction of N2 
(Range 0 - 1) 
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Fig. 8. Mass fraction of H2O 
(Range 0 - 1) 

Level of mixing of supplied gases with plasma jet can be 

seen from mass fraction distribution of these gases that are 

given in Figs. 7 and 8. We can see in Fig. 7 that mass fraction 

of N2 in positions close to the plasma inflow is very low what 

indicates low mixing efficiency. We can also see that in exhaust 

tube there are two nearly separate gases being blown out of the 

reactor what is 

indicated by red 

colour in 

majority of 

internal volume 

of the exhaust 

tube. Only small 

upper part of the 

tube indicates 

some mixing.  In Fig. 8 distribution of mass 

fraction of steam is shown. In experiments with 

gasification of biomass the distributions of 

temperature and density was much more 

homogeneous due to high level of turbulence produced by gasification of particles [1, 2]. It is 

clear from this modeling that homogeneous mixing of gases with plasma could not be achieved in 

the reactor prior to injection of gasified particles. The model of complete gasification process, 

including description of interaction of solid gasified particles with plasma, will be made in the 

next step of this research. Fig. 9 presents distribution of velocity vectors in the vicinity of the 

entrance pipe wall. It is clearly visible that backflow of gas mixture is present in the pipe 

similarly as it was computed earlier in more simple models [5, 6]. This backflow of reactor gases 

Fig. 9. Distribution of Velocity Vectors in 
the Vicinity of the Entrance Tube  
(Velocity range 0 m/s - 100 m/s) 
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into the input part of the reactor can cause solid carbon deposition on cooled parts and is 

important phenomenon which has to be controlled.  

 

4. Conclusions 

Results published in the paper gave preview of processes that take place in the reactor 

during the pre-heating of the reactor. Due to the fact that temperature distributions are very 

similar for all turbulent models used in the paper it can be said that the temperature distribution 

of gas mixture is modeled on satisfactory level. The results of modeling confirm homogeneous 

heating of the reactor volume by constricted high enthalpy and high velocity plasma jet. The heat 

transfer from the plasma jet to the gas in the reactor volume is sufficient to ensure homogeneous 

heating of the reactor. It is in correspondence with the results of experiments [1, 2]. The 

homogeneity of temperature and density distributions is strongly influenced by inflow of cold gas 

into the reactor. In this case the plasma is not sufficiently mixed with the gas flow. It can be 

concluded form observed homogeneous heating of reactor during the gasification, even in the 

case of addition of gases [1, 2], that sufficient mixing is ensured due to turbulence produced by 

rapid gasification of solid particles of gasified material. The next development of the modeling 

should include especially the interaction of plasma jet with material particles, their gasification 

and dissociation of produced gases. Second next improvement will be an implementation of 

compressible non-ideal gas behavior.   
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Abstract: Three-dimensional CFD modelling of gasification of wooden particles by steam plasma 
jet in thermal plasma reactor has been carried out. The modelling simulates conditions in 
experimental reactor for biomass gasification where syngas is produced. Standard k-ε model was 
used for the simulation. Steam plasma properties used in the computation were determined under 
the assumption of existence of LTE.  
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1. Introduction 

Utilization of thermal plasmas for destruction of 
waste materials and gasification of organic waste and 
biomass has been in the focus of interest of scientists as 
well as industrial companies in recent decade. Production 
of harmful substances, which is main problem of non-
plasma technologies for destruction of waste materials 
and biomass gasification, can be efficiently suppressed in 
plasma treatment.   

Gasification of biomass in plasma generated from 
water was studied in experiments with plasma-chemical 
reactor PLASGAS with hybrid gas/water-stabilized torch 
with arc power up to 160 kW [1, 2]. The process offers 
possibility of simple control of composition and quality of 
produced gas. Synthesis gas with high caloric value, high 
content of hydrogen and carbon monoxide and low 
concentration of carbon dioxide, was produced.  
Production of higher hydrocarbons was suppressed due to 
higher temperatures and high level of uv radiation in the 
reactor volume. 

Material is treated in the reactor volume that is heated 
by the high enthalpy steam plasma jet. Plasma torch is 
characterized by very low plasma mass flow rate and high 
plasma enthalpy and temperature. Relatively large reactor 
volume is heated by very low mass flow rate, constricted 
plasma jet with nozzle exit diameter 6 mm and the length 
of the potential core several centimeters. Despite of these 
characteristics the heating of the whole reactor volume 
(cca 200 l) was homogeneous and the differences in the 
wall temperatures found in the experiments in various 
positions within the reactor were below 150 K for average 
temperature 1600 K [1, 2].  

This paper presents results of modeling of the process 
of reactor heating by steam plasma jet for conditions 
corresponding to the experiments. The modeling studied 
interaction of the jet with the atmosphere in the reactor 
volume during pre-heating period when the reactor 
volume is heated to the operation temperature by plasma 
jet. Heat transfer to the parts of the reactor close to the jet 

inflow position was studied by the model computations. 
As the composition of produced syngas is controlled in 
the experiments by addition of gases into the reactor, 
the model calculations simulated interaction of the 
plasma jet with the cold gas flow within the reactor 
volume. The aim of the paper is to analyze distributions 
of physical properties (temperature, density, mass 
fractions of gases) within the reactor volume and effect 
of addition of cold gases on these distributions. 
 
2. Computing Procedure 

3D simulation was made using computer code 
FLUENT. Standard k-ε turbulence model was used in 
the computation. This model is two-equation model that 
consist of transport equation for turbulent energy k and 
of transport equation for its dissipation rate ε. Net time 
of the computation performed on single core 3 GHz 
Pentium 4 processor with 1 GB RAM (used CFD 
software: Fluent, version: 6.3.26; operating system: 
Windows XP Professional) was 5 days and so we used 
single precision.  

Following assumptions were applied in the 
computation: the plasma flow into the reactor is 
turbulent (Reynolds number at jet exit is Re = 786) and 
subsonic. Gravity, radiation effects and magnetic field 
are neglected. Steam plasma is considered to be in local 
thermodynamic equilibrium.  

Pressure based solver with implicit formulation and 
energy equation that encompasses heat transfer due to 
conduction and convection were used in the 
computation. Mixture of species in the reactor consisted 
of 5 fluid substances: steam plasma, hydrogen, 
nitrogen, carbon monoxide and wood volatiles. The 
computation models the situation when crushed wood 
in a form of solid state enters the reactor after what it is 
heated up and volatilized. Simplified description of 
wood volatilization was used in the paper. We assumed 
that solid wooden particles are directly transformed to 
“wood volatiles” with composition corresponding to 
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Fig. 1. Temperature distribution  
in the reactor (global view)  
(Range 298 K – 4000 K) 

stoichiometric composition of used wood (C1.61H2.241O) 
when their temperature reaches 600 K. This gas reacts 
chemically with steam plasma and syngas (mixture of CO 
and H2) is produced. This chemical endothermal reaction 
is represented by a source term in the computations. As 
the real flow in the reactor is only mildly compressible we 
decided to neglect the compressibility effects on the flow 
and also on chemical kinetics and to use incompressible 
approach. Chemical reaction was treated in each 
computational cell as turbulent or finite-rate depending on 
which effect is dominant at that cell: turbulence or 
laminar flow. Eddy dissipation model was used if 
turbulence is dominant and finite rate model was used in 
laminar flow regions. Physical properties of all gas 
species used in the computations, namely: density, heat 
capacity, thermal conductivity and viscosity were 
computed assuming existence of LTE by methods 
described in [3, 4]. These properties were defined in all 
calculations in piece-wise linear form and they are only 
temperature dependent as we employ incompressible 
flow. No other user defined sources were implemented to 
governing equations. Physical properties of solid wood 
were based on values commonly available in tables and 
properties of wood volatiles were evaluated as for ideal 
gas consisting of molecule C1.61H2.241O at a temperature of 
600 K. Wooden particles injected to hot steam plasma 
flow were treated as inert droplets and they were subject 
to heating, melting, boiling and evaporating. These 
processes were caused by the heat given from steam 
plasma to the droplet via thermal conduction. Nitrogen 
that is present in the reactor is inert but it must be taken 
into account, because in real experiments it is present in 
free spaces among crushed wood.  

The dimension of calculation domain that is 
presented in Fig. 1 and in Figs. 3-5 is h = 1.102 m (y-
coordinate, height); w = 0.793 m (x-coordinate, width); d 
= 0.57 m (z-coorinate, depth). Inner total volume of the 
calculation domain (reactor chamber) is V = 0.206 m3. 

Plasma jet characteristics at the input into the reactor 
correspond to the experimental conditions in [1, 2] and 
are as follows: mean velocity v=2635 m/s; centerline 
velocity vc=4407 m/s; mean temperature T=14500 K; 
centerline temperature Tc=23000 K;  mean enthalpy 
H=185 MJ/kg;  mean density ρ=3.64x10-3 kg/m3; 
centerline density ρc=1.23x10-3 kg/m3. Wall temperature 
of the reactor was constantly set to 1300 K which 
corresponds to the conditions in the experiment [1, 2].  

Wooden particles characteristics are as follows: total 
mass flow rate Qm= 2 g/s; initial temperature of wooden 
particles: Ti=285 K; velocity magnitude: vm= 0.5 m/s; 
minimum diameter: d1=1 mm; mean diameter dm=2 mm; 
maximum diameter d2=3 mm. Rossin–Rammler diameter 
distribution was used for the particles at their entrance to 
the reactor. 

 

Grid used in all our simulations contained 
approximately 1.2 million nodes and was of variable 
node density. It means that close to plasma jet input 
(where velocity of steam plasma approaches the value 
of 2635 m/s) the node density is ten times higher than it 
is in areas of low velocity magnitudes (e.g. in lower 
parts of the reactor chamber and in exhaust pipe). 
Third-order MUSCL scheme was applied to the the grid 
to reduce numerical diffusion and due to the use of this 
scheme the computation possess third-order of accuracy 
for diffusive and conductive terms. 

Computation reached good convergence level. It 
means that at the end of every computation the values 
of all monitored residuals (i.e. specific measures of 
convergence) were below the value of 1/1000.  

 
  

3. Results and discussion 
All results are presented as a 2D cut (namely xy 

plane, z=0) of 3D distribution of each particular 
physical property. In Fig. 1 the temperature distribution 
within the reactor is given. Temperature distribution in 
the reactor is not homogeneous but average temperature 

(about 1600 K) is sufficient for efficient gasification. In 
lower parts of the reactor chamber the temperature 
equals 1250 K what is close to measured temperature of 
reactor walls. It is also positive that there is a non-
negligible area with higher temperature (about 2500 K - 
3000 K)  located at upper right corner of the reactor 
chamber in positions where wood comes into first 
contact with plasma. Black areas within the reactor in 
its upper part correspond to physical values that are out 
of range according to actual scale that is always given 
in left side of a corresponding figure.  
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In Fig. 2 we see the shape and dimensions of  plasma 
jet close to the plasma torch exit nozzle. The black region 
corresponds to temperatures higher than  4 000 K. 

In Fig. 3 there are contours of mass fraction of 
hydrogen. It is clearly visible that the highest 
concentration of hydrogen is at the central part of the 
reactor   chamber   where it  is   produced  as  a  result  of 
interaction of wood with plasma.  

In Fig. 4 we can see that in the right upper part of the 
reactor there is higher mass fraction of steam plasma what 
is caused by not ideal mixing of flows.  

In Fig. 5 the density of gas mixture in whole 
reactor is given. We can see that the highest density is 

the lowest density is at plasma entrance because 
temperature is highest at that region.  
 

located at the entrance tube for wooden particles and 

. Conclusion 
 published in the paper gave us 

satisfact

4
Results

ory preview of processes that take place in the 
reactor during the process of gasification of wooden 

Fig. 2. Plasma Jet 
(Temperature range 298K-6000K) 

Fig. 3. Contours of mass fraction of H2  
(Range 0-0.0115) 

Fig. 4. Contours of mass fraction of steam  
(Range 0-0.2) 

Fig. 5. Distribution of density 
(Range 0.00364 kg/m3- 1.14 kg/m3) 
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particles because they were in relatively good agreement 
with experiment. It means that for example temperature 
distribution of gas mixture is modeled on satisfactory 
level (according to good correspondence with 
experimental data).  Further improvement of the model 
will be concentrated on more detailed description of heat 
and mass transfer between gasified particles and 
surrounding hot gas. 
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