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Liquid fuel combustion model, taking into account washing out the fuel surface hot gas flow is presented. The
laminar, transitional or turbulent flow exhaust gas stream takes place. This article refers to a turbulent flow. The model
of the combustion process under turbulent flow conditions was used plane flow pattern. In the calculations of the
turbulent flow was used two-dimensional turbulence model SST.
This model is a version of another model – k-ω. The article presents the results of the velocity field (module with
two velocity components), distribution of vector fields in a rectangular channel, flow lines, temperature distribution,
velocity distributions and temperature, The article presents the results of the velocity field (module with two velocity
components), distribution of vector fields in a rectangular channel, flow lines, temperature distribution, velocity
distributions and temperature for different cross section, profile burnt samples - loss of burned mass on the sample,
velocity distributions for particular sections for of the profile mass loss speed, temperature distribution for particular
sections for each speed profile loss in mass of for turbulent flow with a Reynolds number Re = 3,550.
Developed theoretical combustion model has good reference for an experiment conducted in conditions of model
confirmed using numerical and experimental studies of the boundary layer. The thickness of the laminar sublayer under
turbulent flow conditions and laminar under laminar flow conditions have a significant impact on the course of the
combustion process.
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1. Introduction
Depending on the kind of the exhaust gas flow, the laminar, transition or turbulent flow can take
place. In [11, 14] experimental and numerical modelling of combustion process of liquid fuels under
laminar conditions are presented. This article refers to a turbulent flow [2, 3, 4, 10]. There are many
models of turbulence, the application of which depends on the course of events. In turbulent flows,
models k-ε and k-ω are applied. With respect to the modelling, program ANSYS FLUENT [1] was
used. This program provides modelling possibility of a wide range of problems associated with the
calculation flow dynamics (CFD), both in relation to the flow of fluid compressible and
incompressible, laminar flows and turbulent transport phenomena, heat exchange with the presence
of and without the presence of chemical reactions. Particular emphasis on modelling such
phenomenon presence during combustion is underlined, including models of energy dissipation and
models of the probability density function.
With respect to all flows, using the code ANSYS FLUENT, the mass and momentum
conservation equations can be resolved. The flows of heat exchange and the occurrence of
compressibility, in addition to energy conservation equations should be included. Furthermore, in
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regards to flows in which the mixing of the substances or chemical reactions occur, conservation
equation particles or in the case of combustion model without mixing (non-premixed) conservation
equation for the fraction of the mixture and the variances should be taken into account in [5, 6, 7].
Turbulent flows are characterized by the fluctuations of velocity fields. These fluctuations
cause the mixing transport volumes, such as momentum, energy, concentration of particles and
cause fluctuations of the transportation properties [12, 13]. Since these fluctuations occur on a
small scale and high frequency, they can be resolved equations averaged over a time interval, or
may be modified in such a way as to eliminate solutions to small-scale [8, 9]. The modified
equations may include additional variables, and therefore it is necessary to introduce turbulence
models to identify the variables in terms of known size. The modelling of the combustion process
under turbulent flow conditions flat flow model is applied.
2. The modelling of complex turbulent flow in the channel
In [14], experimental and numerical modelling of combustion process of liquid fuels under
laminar conditions relating to small values of the side velocity and low values of Reynolds number
is presented. As the velocity increase the speed side of Vb up to 30 m/sec, it turns out that we get
the flow for which the Reynolds number is 3,550. This means that the analysis of the case cannot
use according to the laminar flow, and we need to use turbulent flow model.
2.1. Mathematical model
Turbulent flow model takes into account the averaged equations of conservation of mass,
conservation of momentum and energy, which is described in research work (14).
The calculations assume the following values physicochemical parameters:
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where:
cp – specific heat capacity,
λ – coefficient of heat conductivity,
µ − dynamic viscosity coefficient.
Turbulent flow model in addition to the averaged equations behaviour has the relationship
between the components of the stress tensor of the turbulent fluid and physical properties [1]. In the
calculations of the turbulent flow used in two-dimensional turbulence, model SST. This model is a
variant of another model – k-ω. During numerical calculations, two equations (1, 2) were solved:
c p = 1 006.43
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k – turbulence kinetic energy,
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– ω production,
Γ k , Γ ω – effective diffusion coefficients k and ω,
Yk , Yω – k and ω dissipation as a result of turbulence,
– lateral diffusion element.
Dω
The effective diffusion coefficient for the model SST k-ω is calculated from the relationship:
Gω
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,

(3)
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,

(4)

where:
σk and σω − turbulent Prandtl number, µt − turbulent dynamic viscosity coefficient, which is
calculated from the relationship:
ρk
ω
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Sij – tensor components of deformation rate.
 ∗ Ret
 α0 +
Rk
∗
α ∗ = α∞

Ret
 1+
Rk


(10)

F1 = tanh Φ 14

( ),

(11)

500 µ 
4 ρk 
k
,
,
,
2 
+ 2
 0,09ωy ρy ω  σ ω ,2Dω y 

(12)

where:

, βi = 0.072 .




Φ1 = min max 


(9)

,

Ret =

β
Rk = 6 , α 0∗ = i
3

ρk
μω



,






1



σ ω ,2

Dω+ = max 2 ρ


1 ∂k ∂ω
, 10 −10  ,
ω ∂x j ∂x j


(13)

( ),

(14)

500 µ 
k
.
,
2 
 0 .09ωy ρy ω 

(15)

F2 = tanh Φ 22


Φ 2 = max 2

357

J. Zurek, M. Kowalski, A. Jankowski

3. Modelling turbulence production
3.1. Production k


Value of Gk represents the production of kinetic energy, which can be calculated from the
equation (16).

(



)

Gk = min Gk , 10 ρβ ∗kω ,

where:

Gk = − ρ ui′u j′
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3.2. Production ω
Element representing the production ω can be calculated from equation (18).
Gω =
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κ = 0.41.
3.3. Dissipation k
Element Yk represents dissipation of turbulent kinetic energy, and it is defined by the equation
(22).
Yk = ρβ ∗kω .
(22)
3.4. Dissipation ω
Element Yω represents dissipation ω and is defined by the equation (23).
Yω = ρβω 2 ,
β = F1βi ,1 + (1 − F1 )βi ,2 .

(23)
(24)

4. Transverse diffusion modification
Model SST is based on a standard model turbulence k-ω and k-ε. To connect these two models,
the standard model k- converted into the equations of k-ω, which led to the Transverse diffusion
element, which is defined by the relation (25).
Dω = 2(1 − F1 )ρσ ω ,2

1 ∂k ∂ω
ω ∂x j ∂x j

.

(25)

For the calculation, the following values of the constants are taken:

σ k ,1 = 1.176;

σ k , 2 = 1.0;

σ ω ,1 = 2.0;

α1 = 0.31;

β i ,1 = 0.075;

β i , 2 = 0.0828;

α = 1;

α ∞ = 0.52.

∗
∞
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σ ω , 2 = 1.168;
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5. The results of calculations for turbulent flow at Re = 3,550
For the flow of Re = 3,550, the calculation results are shown as graphs of velocity fields and
temperature. The module with the velocity components depicted in the Fig. 1.

Fig. 1. Velocity field (module with two-component velocity) for the flow of Re = 3,550

Graph of vector field is shown in Fig. 2.

Fig. 2. Distribution of vector fields in the channel for the flow of Re = 3,550

The flow lines and temperature distribution is shown in Fig. 3 and 4.

Fig. 3. The flow lines in the channel for Re = 3,550

Fig. 4. Temperature distribution in the channel for Re = 3,550

Channel Height (mm)

For the analysis of the hydraulic and thermal boundary layers, graphs are showing the velocity
and temperature profiles at several cross-sections of the channel. As in previous laminar cases [14],
the length of the analysed channel is divided into ten equal parts, and then interest distributions were
defined. Distribution of velocity profile shown in Fig. 5.

Velocity (m/s)

Fig. 5. Velocity distributions for each sections of channel for Re = 3,550
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Channel Height (mm)

Distribution of temperature profiles for the above flow is shown in Fig. 6.

Temperature (K)

Fig. 6. Temperature distributions for each sections of channel for the flow of Re = 3,550

Both profiles speed and breakdown temperatures are near the bottom of the wall, which indicates
the presence of the laminar boundary sublayer. The Reynolds number was determined assuming that
the entire channel is equal to the constant temperature of 2,500 K. However, due to the presence of
cold air stream in the lower part of the channel, the average air temperature in the channel is lower.
Knowing the temperature distribution, you can determine the average value of the medium
temperature in the channel, and then adjust the calculations on the Reynolds number. The calculated
average temperature is 1,709 K, which means that the Reynolds number was 5.193.

Flow Rate of Gases (mm/s)

Mass Decrease

5. The results of calculations for the flow of Re = 3,550, and with a fixed velocity profile Vd
Next simulation concerns the flow of steady velocity profile Vd. The calculation for this flow to
be a model combustion of the sample in the channel with the flow of hot gases. In Figure 7a, the
profile of the sample after a certain burning time is shown. Sample length is 100 mm. In the
calculation model, the part that corresponds to the first part of the analysed channel. The loss of
mass burned material suggests, what the burning rate distribution along burned samples is. It can be
assumed that it is inversely proportional to mass loss. Calculations assume that it is linear. Profile
flow rate Vd, which corresponds to the rate burning is shown in Fig. 7b.

Coordinate (mm)

Fig. 7. Profile burned sample (a) established the velocity profile, (b) the loss of mass of the burnt sample
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Obtained flow field simulation result is shown in Fig. 8.

Fig. 8. Velocity field (modulus of two-component velocity) for the flow of Re = 3,550, and with a fixed velocity profile Vd

Fig. 9 shows a graph of a vector field.

Fig. 9. The vector field distribution in the channel for the flow of e = 3.550 and with a fixed velocity profile Vd

Flow lines and temperature distribution are shown in Fig. 10 and 11.

Fig. 10. The flow lines in the channel for flow with R = 3.550 and with a fixed velocity profile Vd

Fig. 11. The temperature distribution in the channel for the flow of Re = 3,550 and with a fixed velocity profile Vd

Channel Height (mm)

For analysed flow with Re = 3,550 velocity and temperature profiles along the interesting part
of the channel were determined. These are shown in Fig. 12 and 13.

Velocity (m/s)

Fig. 12. Velocity distributions for each channel cross-sections for the flow with Re = 3,550 for the velocity profile Vd
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Temperature (K)

Fig. 13. Temperature distributions for each channel sections for the flow with R = 3,550 and with a fixed velocity profile
Vd

6. Conclusions
The theoretical model of the combustion process relating to liquid fuels has been developed. It
takes into account the influence of the gas phase, since combustion is always present in this phase,
and interacts with the liquid phase. We found that the velocity gas stream and the type of flow
(laminar, transitional, or turbulent) have a significant impact on the burning liquid fuels, and the
impact of pressure always exists, which forces the gas stream. Developed a theoretical model
burning has a good reference for an experiment conducted in conditions of model confirmed using
numerical and experimental studies of the boundary layer.
The results of numerical calculations confirmed the presence of the laminar sublayer in the
turbulent flow. The thickness of the sublayer laminar and turbulent flow conditions laminar under
laminar flow conditions has a significant impact on the course of the combustion process. The use
of a flat flow model reflects the basic phenomena that occur during combustion of liquid fuels in
turbulent conditions.
In terms of turbulent flows basic relationship used in the modelling using ANSYS FLUENT
were presented. Calculations for flows with different flow velocity profiles, modelling add mass and
different values of module velocity were carried out. Velocity Vd modelling adding mass reflects the
combustion process (adding mass to a stream of flowing gas).
In place of breakdown the characteristics of velocity Vd on the inlet is an evident increase in the
velocity component Vy with very small changes of this component in the rest of the channel. In the
case of a fault this area increased significantly, and the breakdown velocity is greater, the greater
the disturbance component of the velocity field.
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