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The paper deals with the development of mathematical models for detailed simulation of lateral jet penetration into the fluidized bed, primarily from the aspect of
feeding of gaseous and liquid fuels into fluidized bed furnaces. For that purpose a
series of comparisons has been performed between the results of in-house developed procedure – fluid-porous medium numerical simulation of gaseous jet penetration into the fluidized bed, Fluent's two-fluid Euler-Euler fluidized bed simulation model, and experimental results (from the literature) of gaseous jet penetration
into the 2-D fluidized bed. The calculation results, using both models, and experimental data are in good agreement. The developed simulation procedures of jet
penetration into the fluidized bed are applied to the analysis of the effects, which
are registered during the experiments on a fluidized pilot furnace with feeding of
liquid waste fuels into the bed, and brief description of the experiments is also presented in the paper. Registered effect suggests that the water in the fuel improved
mixing of fuel and oxidizer in the fluidized bed furnace, by increasing jet penetration into the fluidized bed due to sudden evaporation of water at the entry into the
furnace. In order to clarify this effect, numerical simulations of jet penetration into
the fluidized bed with three-phase systems: gas (fuel, oxidizer, and water vapour),
bed particles and water, have been carried out.
Key words: numerical simulation, fluidized bed, jet penetration, two-fluid
Euler-Euler model

Introduction

For the purpose of developing an environmentally friendly technology for incineration
of crude-oil sludge and other waste materials with the characteristics of low grade fuels, in the
Laboratory for Thermal Engineering and Energy of the Vin~a Institute of Nuclear Sciences research is currently being done on the development of fluidized bed technology for combustion
of non-conventional solid and liquid fuels, i. e. industrial waste materials. To this aim, a series of
measurements was done on a semi-industrial experimental fluidized bed (FB) facility with combustion of high density and viscosity liquid fuels, as well as on the demonstrative experimental
hot water FB boiler (with the capacity of about 500 kW).
Benefits of combusting unconventional fuels (with high contents of water and other
ballast substances) in a FB are numerous. Primarily, high heat capacity and thermal conductivity
* Corresponding author; e-mail: mica@vinca.rs

1164

Mladenovi}, M. R., et al.: Numerical Simulation of Non-Conventional Liquid ...
THERMAL SCIENCE: Year 2013, Vol. 17, No. 4, pp. 1163-1179

of the bed, and intense heat transfer between particles of inert bed material and the fuel, enables
a stable combustion process of a wide range of non-conventional fuels, with low sensitivity to
changes in fuel quality. The zone of intense combustion occupies a relatively small volume, because most of the fuel is burned in the bed itself, with post-combustion of a small fuel part in the
“splash” zone and above the bed. In addition, the FB facilities usually operate at temperatures of
about 850 °C which are optimal from the aspect of the reduced concentration of NOx compounds
in the flue gases. Also, these furnaces are favourable from the aspect of desulphurization efficiency by adding limestone into the furnace [1], when it is necessary. For all these reasons this
technology is recommended by the EU for the combustion of waste materials.
For the purpose of investigation in energy and process engineering, besides the experimental methods, application of numerical simulation is becoming more and more often. Its advantages are in savings of means and time for the development of facilities and technologies in
this field.
The most common numerical models for simulation of FB processes can be classified
as Lagrangian models [2, 3], where each particle, i. e. representative of a characteristic group of
particles, is tracked numerically during its motion within the FB; or as Eulerian models, where
focus are on specific regions of the flow domain, through which gas or particles flows.
Lagrangian approach to the simulation of particle motion in the FB is more exact, but Eulerian
FB modeling approach provides relatively simpler numerical solutions and is therefore more
used in engineering practice. The so-called two-fluid FB modeling procedure is of special importance [4, 5], where gas and dense phase of the FB (gas-particles system at conditions of minimal fluidization) are considered as two fluids with different characteristics. In momentum conservation equations for an effective fluid (representing the dense phase of the FB), fluid-particle
interaction at conditions of minimal fluidization is modeled, as well as interaction between the
particles themselves.
One of the two numerical models this work suggests is a simplified version of a
two-fluid model previously developed in-house, where the FB dense phase is considered as a
fixed porous medium [6]. Gas-particle interactions, as well as conditions for occurrence of bubbles and non-particle zones, are modeled in a similar way as in the case of two-fluid models, except that the simulation of particle motion, i. e. dense phase, is excluded.
The second method of numerical simulation of FB processes, used in this paper, is the
Euler-Euler granular model, where a professional CFD code (FLUENT 6.3.26) are applied for
modeling the interaction between the fluid and granular particles of the fluidized bed.
The calculation results, using both proposed models, have been compared with experimental results from the literature, in which a series of measurements of penetration length of a
lateral gas jet into the 2-D FB is carried out, with the help of a camcorder [7].
The developed simulation procedures of jet penetration into the FB have been applied
to the analysis of the effect, which are registered in the experiments on the FB pilot facility with
feeding of liquid fuel into the bed, when moving of the intense combustion zone towards areas
deeper below the FB surface was noticed during the combustion of liquid fuels with significant
water contents (when compared to moisture-free fuel). The observed effect leads to the conclusion that water in the fuel increases the global reaction rate of combustion in the FB furnace with
lateral fuel feeding into the fluidized bed. This phenomenon was observed both with liquid fuels
of high and low volatility (more and less evaporative liquid fuels, respectively), and can be explained by the increase of the volumetric flow of the fuel jet fed into the bed, due to the transition
of water from the fuel into steam. In order to clarify this effect, numerical simulations of jet penetration into the FB were carried out for three-phase systems consisting of: gas (fuel, oxidizer,
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and water vapour), bed particles and water, which at the nozzle outlet transforms into steam. The
case of combustion of light volatile fuels was analyzed by simulating the penetration of a jet
containing volatile fuel components and water in liquid state (which rapidly evaporates in the
furnace), while the case of heavy volatile fuel was considered by simulating a jet with a mixture
of oil and water. These calculations are unsteady (non-stationary) and they model the first moments of jet formation.
Two-fluid CFD models of fluidization

As it was already mentioned in the introduction, two methods of CFD simulations of
the FB in accordance with the two-fluid modeling approach are proposed. The models have
been applied to the case of lateral penetration of a gas jet into a 2-D FB, and the calculation results have been compared with experimental results from the literature.
Fluid-porous medium model of the FB

As the majority of two-fluid models, the suggested numerical model of the FB is based
on the assumptions of Davidson's [8] two-phase fluidization model. According to the suggested
model, the gas flow through the particle (dense) phase and through bubble zones (non-particle
zones) is observed. The volumetric zones with and without particles are defined on the basis of
the gas-particle phase interaction model. The non-particle zones (bubbles) are considered as turbulent gas flows, while the dense phase is modeled in accordance with flow models through porous media.
The flow in the FB is described by momentum conservation equations for turbulent
flow, in conjunction with the continuity equation, with the correction of pressure drop for particle-containing zones under conditions of minimum fluidization velocity (dense phase of the
FB). In common models of flow through a porous media, the flow is assumed to be laminar, because of a very narrow space for fluid passage between the particles. However, in addition to the
non-particle zones (bubbles), it is assumed that turbulent flow is present in dense phase regions
as well, because the particles at minimum fluidization velocity are in the state of chaotic motion,
and hence turbulent fluid flow can be assumed between them. Prediction of the positions and
sizes of bubble-zones (i. e. non-particle zones) is modeled by setting the balance of friction
forces between the particles and the fluid, taking into account the forces of inter-particle interactions.
All the calculations are stationary, hence the model offers the possibility to obtain an
average image of the flow in the FB with locations and shapes of the most frequently detected
non-particle zones.
The main conservation equations, given in tensor notation, are:
– continuity equation
¶
(1)
( rU j ) = 0
¶x j
– momentum transfer equation for the gas phase in i-direction
¶
¶
( rU j U i ) ¶xj
¶xj
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Turbulent viscosity is determined from the k-e turbulence model as mt = Cmrk2/e,
where meff = m + mt is the effective viscosity. The turbulent energy and turbulent energy dissipation (k and e) equations are defined in [10].
The additional term in the momentum transport equation, in the zones with the dense
phase, is modeled in accordance with the Forchheimer's equation:
¶p
m
r
=| U j |U j
Uj ¶xi
K1 , i
K 2, i

(4)

Tensors K1,i and K2,i are linear and turbulent permeability coefficients, respectively.
These coefficients, for FB dense phase conditions, are defined according to the Ergun's equation
as:
a g3 d p2
a g3 d p2
(5)
K1 , i =
, K 2, i =
150(1 - a g ) 2
175
. (1 - a g )
Gas-particles interaction forces, similar to more complex two-fluid models, can be reduced to the force of friction between the gas and particles in the FB dense phase, and are defined according to the Ergun's equation, eqs. (4) and (5). Interactions between particles can be
reduced to the inter-particle friction force and to the effects of inter-particle collisions in the FB.
These two effects are modeled together, using the expression for the effective inter-particle friction force: Fp = yfrrb(1 – ag)g. Term rb(1 – ag) refers to the pressure of the deposited bed of particles over bed differential height, and yfr is the effective friction coefficient of the bed particles,
which at the same time refers to the effects of collision between the fluidized bed particles and is
defined by the following semi-empirical expression: yfr = a(Us/Umf)b. The constants a and b are
the only empirical constants of the proposed model, and in accordance with experimental verification, shown in [6], adopted values are 0.65 and 1.5, respectively.
Euler-Euler granular model of the fludized bed

Euler-Euler fluidized bed modeling approach assumes that the gas and FB dense phase
(gas-particle system under conditions of minimum fluidization) are considered as two fluids
with different characteristics. In the transport equations for transfer of momentum of the effective fluid, which is the FB dense phase, fluid-particle interactions in conditions of minimum
fluidization velocity are modeled, as well as the interaction between the particles themselves. In
the Eulerian-Eulerian approach all phases have the same pressure and that is the pressure of the
continuous-primary phase. This model solves the continuity and momentum equations, for each
phase, and tracks the volume fraction – ak = Vk/V, 1 = Sak, k = g, s. Further, an additional transport equation for the granular temperature (which represents the solids fluctuating energy) is
solved, as well as the solids bulk and shear viscosity, which is determined using the kinetic theory of gases on granular flow. It is also necessary to define the coefficients for calculating the
inter-phase interaction term. Turbulence model (k-e) can be applied to all phases.
For modeling the interactions between gas and particle phases, within the suggested
Euler-Euler granular approach to fluidized bed modeling, the routines incorporated in the mod-
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ules of the commercial CFD software package FLUENT 6.3.26 have been used. This code allows the presence of several phases within one control volume of the numerical grid, by introducing the volume fraction of each phase. The solid phase represents a granular layer made of
spherical particles, with uniform diameters. Mass and momentum conservation equations are
solved for each phase separately.
The basic and constitutive equations of the two-fluid granular model of the fluidized
bed can be described by the set of expressions [11]:
– continuity equation of the gas phase
r
¶
(a g r g ) + Ñ (a g r g u g ) = 0
¶t

(6)

– continuity equation of the solid phase
r
¶
(a s r s ) + Ñ (a s r s u s ) = 0
¶t
– momentum conservation equation of the gas phase
r
r r
r
r
r
¶
(a g r g u g ) + Ñ (a g r g u g u g ) = -a g Ñp + Ñt g + a g r g g + K gs ( u g - u s )
¶t

(7)

(8)

– momentum conservation equation of the solid phase
r
r r
r
r
r
¶
(a s r s u s ) + Ñ (a s r s u s u s ) = -a sÑp + Ñt s + a s r s g + K gs ( u g - u s )
¶t

(9)

The stress tensor of the gas and the granular phases are, respectively:
2
æ
ö r
t g = 2mg S g + ç lg - mg ÷ Ñu g [I ]
3
è
ø
2 ö r
æ
t s = - ps [I ] + 2a s msS s + a s ç ls - ms ÷ Ñu s [I ]
3 ø
è
r
r T
where Sk =1/2[Ñu k + (Ñu k ) ], k = g, s is the strain rate tensor, ps = 2rsQs(1 + es) a s2 g 0s is the
pressure of the granular phase [12], while g0s is a radial distribution function, which for Syamlal
model is equal to g0(as) = 1/(1 – as) + 3as/2(1 – as)2, and es is the restitution coefficient.
Solids bulk viscosity ls is a measure of resistance of solid particles to expansion/compression and according to Lun et al. model [13] is defined as: ls = 4/3asdsgos(1 + es)(Qs/p)0.5
Viscosity of the granular phase consists of solids shear viscosity ms and bulk viscosity
ls. Shear viscosity is the result of translator motion (kinetic viscosity ms,kin), mutual particle collisions (collision viscosity ms,coll) and frictional viscosity (ms,fr): ms = ms,kin + ms,coll + ms,fr.
According to the Syamlal model [12], the kinetic viscosity is:
ms,kin = [asdsrs(Qsp)0.5/12(2 – h)][1 + (8/5)h(3h – 2)asg0s], h = (1 + as)/2, and for the collisional
viscosity following expression applies: ms,coll = (8/5)asrsdsg0sh(Qs/p)0.5. According to
Schaeffer's model [14] frictional viscosity could be defined as: ms,fr = pssinf/2(I2D)0.5, where ps
is the granular phase (solids) pressure, f – the angle of internal friction for the particle, and I2D –
the second invariant of the deviator of the strain rate tensor.
The last term of the eqs. (8) and (9) is a consequence of the inter-phase interaction drag
force, where the coefficient between fluid and solid (granular) phase, according to the
Syamlal-O'Brien model [15], is:
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Terminal velocity of particles in fluidized bed ur,s is determined as:
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Granular temperature, starting from the equations of conservation of fluctuating granular energy, is:
r
r
3é ¶
ù
( r sa s Qs ) + Ñ ( r sa s u s Qs ú = ( - r s [I ] + t) s :Ñu s + Ñ ( k Qs ÑQs ) - g Qs + fgs
ê
2 ë ¶t
û
The diffusion coefficient or conductivity of granular temperature, according to
Syamlal [12], is:
15a s r s d s Qs p é 12
ù
k Qs =
1 + a s g osh 2 ( 4h - 3) ú
4( 41 - 33h) êë 5
û
Granular energy dissipation due to inelastic collisions, Lun et al. [13] define as: g Qs =
= [12(1 – es)gos/ds(p)1/2]rsasQs3/ 2 . Exchange of kinetic energy between the phases is determined
by: fgs = –3KgsQs.
Comparison of the proposed models with the experiments

Proposed methods of numerical simulation of the fluidized bed are primarily applied
to the case of determining the penetration length of the lateral gas jet into a 2-D layer/bed of particles fluidized by air, as a function of the velocity of the fluid at the exit of the horizontal nozzle.
Parenthetically, this analysis is very useful in trying to find the solutions for combustion of liquid and gaseous fuel in the FB reactor, whereby the numerical method enables a rapid and relatively simple analysis of possible technical solutions for injection of fuels with preferred heat
capacities into the FB reactor, achieving at the same time more efficient mixing with bed inert
material.
Primarily in order to verify the proposed CFD models, the results of in-house developed procedure of fluid-porous medium simulation of the penetration of the gaseous jet into the
FB and Fluent's two-fluid Euler-Euler FB simulation model have been compared to the results
of extensive experimental investigations of the penetration of a lateral air jet into the 2-D FB [7].
Experiments were conducted on a Plexiglas set-up with a two-dimensional FB, 314 mm
wide and 25 mm thick, with the possibility to change the position and the inclination of the lateral
jet. The lateral jet penetration length into the FB was measured by a camcorder, with the
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photo-shooting frequency of 25 pictures per second. The measurement error for the jet penetration
length, obtained by this procedure, was not higher than 5 mm.
Based on the experimental results, in [7] a semi-empirical dependence correlation of
the horizontal jet penetration length into the FB as a function of fluidization parameters and nozzle characteristics is proposed:
0. 327
-0. 04
1. 974
r jU 2j
é
ù
æ dp ö
Lj
æ rf ö
6
ç
÷
çç
÷÷
(10)
- 38
= 189
. × 10 ê
.
ú
çd ÷
dj
è rs ø
êë (1 - e b ) r s gd p úû
è j ø
Numerical solving of own fluid-porous medium
model equations, defined by the expressions (1-5), has
been performed by using the control volume method
[10], including the collocated numerical grid for momentum equations, hybrid numerical scheme (with the
combination of upstream and central differencing) and
SIMPLE algorithm for solving the equations [10]. Differential equations are non-linear and mutually coupled. The iteration process stabilization is done by
sub-relaxation technique. The calculation procedure
and the numerical method are described in more details
in [9]. The numerical grid shown in fig. 1, consisting of
9604 nodes, was used. A test calculations for the purposes of this model showed that using numerical grid
with a larger number of nodes does not give significant
changes to the calculation results. The whole calculation area covers the area of the fluidized bed with the
presence of bubbles and dense phase, the distribution
of which is determined in accordance with the proposed model. A uniform distribution of fluidization air
has been assumed.
Numerical solving of the governing equations of
Fluent's Euler-Euler granular model (eq. 9-11), is also
performed by the method of control volumes whereby
the coupling and correction of the velocity and pressure
is carried out for multiphase flows with the Phase Coupled SIMPLE (PCSIMPLE) algorithm. The discretisation of the convective terms was carried out with the second-order upwind scheme. Calculations are non-stationary, with a time step of 2.5·10–4 s, which allowed a relatively quick convergence with a maximum of 100
iterations per time step, where the convergence criterion
between two iterations was set to 1·10–3.
The number of time steps, i. e. the total simulation time, has been determined by the time required for
the fluid to pass through the space occupied by FB. The
computational domain geometry is shown in fig. 2. Numerical grid consists of 14700 nodes in total whereby

Figure 1. Fluid-porous medium model
scheme of the numerical grid and
boundary conditions

Figure 2. The workspace of the
two-fluid granular model of the FB
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fluidized bed zone contains 9800 nodes and the
zone above – freeboard surface contains 4900
nodes. Statistical analysis of non-stationary calculations has been performed by forming and installation of specialized subroutines in the “C” programming language (“user defined functions”),
wherewith the user is able to upgrade individual
parts of the core Fluent's code.
The comparison of the computer simulation of
jet penetration length as a function of air velocity in
the nozzle, with the experimental results from [7], is
shown in fig. 3. The results of the numerical calculation obtained both by the FB fluid-porous medium
model and by the Fluent granular model, are in very
Figure 3. Results of the comparison of two
good agreement with each other and with experinumerical models with experimental results
mental data and correlation (10). In fig. 4, a compar[7] and semi-empirical correlation [7]
ison is shown of numerically obtained dependence
of dimensionless horizontal jet penetration distance and the jet velocity at the entrance to the
FB, with the experimental results and those obtained using the semi-empirical correlation of
some other authors [16-21].

Figure 4. Comparison of the proposed models with experimental data and semi empirical
correlations of some other authors

The simulation of the development of horizontal jet in time, using Fluent's two-fluid
Euler-Euler granular model of the fluidized bed, is shown in fig. 5. A horizontal airflow jet with
the velocity of 20 m/s is introduced at the height of 0.118 m into the fluidized bed, with particle
diameter of 0.00143 m and density of 1402 kg/m3. The fluidization number is N = 3, and the
height and the width of the bed are 0.3 m and 0.4 m, respectively. The bed voidage implies void
fraction of fluid/gas phase.
Figure 5, as an illustration, displays more detailed just one of the series of numerical
experiments of the lateral jet development in FB, based on which is drawn a diagram in fig. 3. To
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Figure 5. Simulation of the development of a horizontal jet (with the velocity of 20 m/s) with time, using a
two-fluid granular model of the FB

determine the exact length of the lateral jet penetration in each time interval, a special subroutine
has been made, which is incorporated by UDF in Fluent's code.
Experiments on pilot furnace with liquid fuel feeding into the FB

Effect of withdrawal of the intense combustion zone towards the areas below the bed
surface during the combustion of liquid fuels with significant water content, compared to those
without moisture or with low moisture content, was investigated on the semi-industrial experimental fluidized bed installation with the liquid fuel feeding system. The experimental set-up is
shown in details in the papers [22-24]. To confirm the aforementioned, in this chapter brief analysis of fluidized bed combustion results for waste grease from the cold rolling mill USS
(Smederevo, Serbia) are given. The accent has been put on the dependence of temperature
change with furnace height on the characteristics of the fuel, i. e. the water content in it.
The fuel examined was combusted in the fluidized bed in three steady regimes:
– Regime I – fuel as delivered, without addition of water,
– Regime II – fuel/water mixture in the ratio (60:40)% volume fraction, and
– Regime III – fuel/water mixture in the ratio (50:50)% volume fraction.
Bed material was quartz sand with average diameter dp = 0.8 mm and bulk density rb =
= 1585 kg/m3. The bed height was Ho = 371 mm. The fuel was homogenized by continuous mixing and heated up to 70 °C. Jet nozzle immersion depth into the bed h in all regimes was such
that the valid ratio was Ho – h = 0.7 Ho, where h is the distance between the top of the submerged
fuel nozzle and the top of air distributor nozzles, and Ho is the bed static height measured from
the top of distributor. Output diameter of the nozzle is dj = 12 mm.
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Table 1. Proximate analysis of analytical sample

Proximate analyses of analytical sample of grease from the cold rolling mill are
given in tab. 1.
Ash
%
2.27
As it can be observed from the fig. 6,
Sulfur total
%
0.72
temperatures within the bed are almost equal,
Char
%
2.78
and the temperature immediately by the freeC-fix
%
0.51
board of the expanded bed does not differ
much from temperatures within the bed by
Volatile matter
%
84.01
which stable process is achieved. The intense
Combustible matter %
84.52
combustion zone in all three regimes is loHHV
kJ
32133
cated above the freeboard, especially in reLHV
kg
29791
gime I (see fig. 6), meaning that bubbles filled
with fuel fumes and air leave the bed before
fuel combustion within the bubbles is completed. On the other hand, by mixing the fuel with water, in regimes II and III, decreasing of temperature differences in the bed and immediately
above the bed can be noticed (fig. 6.).
Moisture

%

13.21

Figure 6. Change of average temperature along furnace height, for all
working regimes, placement of the thermocouples in the FB furnace,
(left)

Numerical simulation of the penetration of a jet with
liquid fuel and water into the FB

On the basis of the presented experimental results, it can be concluded that water in the
fuel increases the global reaction rate of combustion in the FB furnace, where fuel is laterally fed
into the bed. This phenomenon is associated with sudden transition of water in the fuel to steam
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while entering the heated FB (» 900 °C), which causes the expansion of the input jet and better
mixing of fuel with oxidizer (air), as well as breaking of liquid (still not vaporized) fuel into
small droplets and increasing of the fuel's contact surface area with the environment. This phenomenon was observed both with light and heavier volatile liquid fuels (more and less evaporative liquid fuels, respectively), where for light volatile fuels, the effect of better mixing of
volatiles from the fuel and the oxidizer, due to the rapid transition of water into steam and the expansion of the input jet, is more pronounced than the effect of breaking up the liquid fuel into
small drops. This chapter presents the results of numerical experiments performed using Fluent's granular model of the FB, in order to verify the assumptions about the effect of better mixing of fuel volatile matter with the oxidizer when non-conventional fuel, which contains a substantial amount of moisture, is fed into the fluidization furnace.
Description of the model of feeding of non-conventional
liquid fuel into heated FB

For numerical simulation of the penetration of a horizontal air/liquid fuel jet into the
FB, Fluent's Euler-Euler granular model of the fluidized bed was used. The model governing
and constitutive equations of penetration of one-component, isothermal jet have been presented
in the subsection Euler-Euler granular model of the fluidized bed (eqs. 6-9). However, in the
case of simulation of fuel and water jet penetration into the FB, this set of equations should be
supplemented with transport equations of conservation of chemical components, and with the
energy equation, which can be presented as:
– conservation equations for chemical components
r
¶
(a g r g Y i ) + Ñ (a g r g v g Y i ) = Ñ (a g r g Di , mÑY i ) + R i
¶t

(11)

– energy equation
æ k
r
¶
(a g r g c p, g Tg ) + Ñ (a g r g v g c p, g Tg ) = Ñç t ÑTg
çc
¶t
è p, g

ö
÷ + Ñ ( å a g r g Di , m c p, iTg ÑY i ) (12)
÷
i
ø

It should be noted that this is a quasi-three-phase system: water in liquid state, gases
with steam, and particles, with the assumption that the fuel evaporates instantly. Practically the
fuel at the nozzle outlet is seen as a mixture of liquid (water) and gaseous volatile components.
The numerical system is not really a three-phase one, since equations for only two phases are
used: the fluid phase, consisting of liquid fuel/water with gases (water vapour, volatiles and air)
and the particle phase, which consists of granular – bed particles.
Kinetics of water evaporation at the entrance into the FB is defined in analogy with the
model of homogeneous chemical reactions, by using the Arrhenius expression for the reaction rate
constant [25]: R H 2O = ko,1exp(–Ea/RTg){H2O}, where the pre-exponential factor is ko,1 = 2.239 and
the activation energy is Ea = 1·106 J/kmol.
A schematic view of the geometry of a numerically simulated fluidization reactor has already been shown in fig. 2, where the bed width and height (hatched area) were 0.3 m and 0.4 m,
respectively. Modeled granular bed consists of particles with the diameter of 0.8 mm and density
of 2600 kg/m3, which were fluidized by heated air (at 1200 K) with the fluidization degree of 3.
The temperature of the fuel/air mixture in the feeding jet is 300 K.
Calculations are non-stationary with a time step of 1.25·10–4 s, with the total simulation time, determined on the basis of the time required for the passage of fluid through the space
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occupied by the FB, so that a numerical simulation is monitoring the development of the jet in
the bed.
The results of the numerical simulation of light volatile
fuel feeding into the fluidization furnace

In this case the horizontal jet, which enters at room temperature into a heated fluidized
bed, consists of air, liquid water (which, after mixing with heated FB, transforms into steam) and
volatile fuel components. Volatile components have been simulated by propane, which in all numerical experiments entered into FB with the mass flow rate of 0.007453 kg/s. The total mass
flow rate of air (air in the nozzle + air for fluidization) in all numerical experiments was the same
as well (0.11627 kg/s), so that the overall fuel-air ratio is constant for all calculations. Only the
portion of water in the fuel feeding nozzle flow changed, and in this way the influence of moisture content of a fuel on mixing intensity of volatiles and oxygen from the air was analyzed.
A series of calculations, for both the case when the fuel does not contain moisture and
the case when it does, has been performed, whereas the values of mass fraction of moisture in the
fuel ranged between 0.1 and 0.6. Figure 7 shows the simulation results of mass fraction distribution of volatiles within the jet penetration (after 0.057 s) for the case when the fuel does not contain water, fig. 7(a) and when the mass fraction of moisture in the fuel is 0.4, fig. 7(b). The presented results show that the zone of mixing of the volatiles with other components (including
oxygen) was significantly wider in the case of feeding a fuel with moisture.

Figure 7. Distribution of the mass fraction of the fuel phase (propane) in the FB while fuel is fed
without (a) and with water (b)

In order to quantitatively determine the influence of water content in the fuel on
interfusion of the volatiles and oxygen from the fluidization air, the calculation for processing
the obtained component concentrations fields at the end of the simulation process of jet development was applied. With this aim, statistical processing of results of non-stationary calculation
by specially written subroutines in “C” language has been used.
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Figure 8. The portion of (a) the space with combustible fuel-air mixture and (b) the flow of
the combustible fuel-air mixture, depending on the water mass fraction in the fuel

The results were analysed in two ways, i. e. when monitored parameter was: (a) the ratio of the number of control volumes, wherein the oxygen-to-fuel ratio is greater than or equal to
stoichiometric, and of the total number of control volumes in the FB; (b) the ratio of the mass
flow rate of the fluid that enters into the zone at the top of the FB, wherein the ratio of the fuel
and oxygen is greater or equal to the stoichiometric, and of the total fluid mass flow rate that enters the zone at the top of FB.
In the diagrams shown in fig. 8, a quantitative indicator is presented, showing the influence of water content in the jet on the effect of mixing of fuel volatiles with oxygen from the
fluidization air, after the period of jet development in the FB. Diagrams 8(a) and 8(b) correspond
to the above mentioned models of analysis of results of numerical simulation (a) and (b), respectively. Both ways of analyzing the results of numerical simulations of horizontally fed fuel into
the FB show that increased water content in the fuel jet increases the share of the space (i. e. the
share of the flow) of the fuel-air mixture in the FB, which clearly shows that the portion of water
in the fuel, which is fed into a heated FB, promotes the effect of mixing the fuel and oxidizer.
The results of the numerical simulation of heavy volatile
fuel feeding into the fluidization furnace

In the case of heavy volatile liquid fuel (HVLF) feeding, the horizontal jet, which enters
at room temperature into a heated fluidized bed, consists of air, water in liquid state (which, after
mixing with heated FB, transforms into steam) and heavy volatile liquid oil. Non-conventional
HVLF has been simulated by engine-oil, which does not significantly evaporate during jet development. Liquid fuel in all numerical experiments entered into FB with the flow rate of 0.007759
kg/s, while the total mass flow rate of air in all numerical experiments was 0.11627 kg/s.
In fig. 9 the simulation results of the gas volume fraction distribution (bed porosity) in
the fluidizing reactor, with feeding of HVLF with and without moisture content, is given. The
distribution of the porosity after an initial period of forming the jet, under the aforementioned
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Figure 9. A change of bed porosity during the introduction of HVLF without water
content (a) and in the introduction of HVLF mixed with water (water mass fraction in
the fuel of 60%) (b)

conditions, is clearly shows that the water in the fuel affects jet penetration expansion during
fuel feeding.
For the case of heavy volatile fuel feeding into the FB, also a series of numerical experiments has been performed, with fuel containing mass fraction of moisture in the range between
0.1 and 0.6. Figure 10 shows the simulation results of engine-oil mass fraction distribution during feeding of liquid fuel, after jet development time (0.05 s). Two cases were considered: when
the fuel does not contain water, fig. 10(a), and when the mass fraction of moisture in the fuel is
0.6, fig. 10(b). Gray areas in fig. 11 are areas containing a combustible mixture of oil and oxygen, and the black zone corresponds to stoichiometric relation of fuel and oxygen, while the
white area corresponds to very low concentrations of fuel. The presented results show that the

Figure 10. The mass fraction distribution of engine-oil in the FB feeding fuel without
(a) and with water (b)
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zone of combustible mixture of oil and oxygen
was significantly higher in the case of feeding a
fuel with moisture.
In the diagram shown in fig. 11, a quantitative indicator is presented, showing the influence
of water content in the jet on the effect of mixing
heavy volatile fuel with oxygen from the
fluidization air, after the period of jet development in the FB. The quantitative indicator is based
on the monitoring of the ratio of the number of
control volumes, wherein the oxygen-to-fuel ratio
is greater than or equal to stoichiometric, and of
the total number of control volumes in the FB (as
it is explained in the previous chapter). Presented
analyses of results show that increased water content in the heavy volatile liquid fuel, fed directly
into the FB, increases the share of the space of the
combustible fuel-air mixture in the FB. This
clearly shows that the portion of water in the liquid fuel, which is fed into a heated FB, enhances
the effect of mixing the fuel and oxidizer.
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Figure 11. The portion of the space with
combustible fuel-air mixture vs. water mass
fraction in the fuel

Conclusions

The paper presents two 2-D CFD models of the FB, based on two-fluid FB simulation
procedure. The proposed fluidization models have been verified by comparing their results with
a number of experimental results from the literature, applied for the analysis of horizontal jet
penetration into a 2-D FB fluidized bed.
In addition, numerical experiments were performed using Fluent's FB granular model
to analyze the effect registered in the experiments in a pilot fluidization furnace with liquid fuels feeding into the bed, when some withdrawal of the intense combustion zone towards the bed
bottom was noticed, during the combustion of liquid fuels with significant water content, compared to fuel with less moisture content. This leads to the conclusion that the water in the fuel
improved mixing of fuel and oxidizer which indirectly increases the global reaction rate of combustion in the FB furnace.
In order to analyze this phenomenon, two series of numerical experiments were performed: when light volatile liquid fuel was fed into the FB, and when heavy volatile oil was fed
into a heated FB. Specifically, a series of calculations of jet penetration was done, where the jet
included air, volatiles, or heavy volatile liquid fuel and water in liquid state, which, after entering the heated FB, turns into steam. The kinetics of water evaporation at the entry into the FB has
been defined in analogy with the model of homogeneous chemical reactions, with the application of the Arrhenius expression for the constant of the reaction rate for the change of phase. Numerical simulation of both cases of horizontal feeding of liquid fuel into the fluidization furnace
show that the water content in the fuel stream increases the share of space, i. e. the share of the
flow of the combustible fuel-air mixture, from which it can be concluded that the water in the
fuel promotes the mixing effect of fuel and oxidizer in the zone immediately after the feeder.
Moreover, the simulations show that the water in the fuel affects the extension of the gas phase
volume fraction, and thus the expansion of feeding jet penetration.

Mladenovi}, M. R., et al.: Numerical Simulation of Non-Conventional Liquid ...
THERMAL SCIENCE: Year 2013, Vol. 17, No. 4, pp. 1163-1179

1178

The presented results might be of practical importance for optimization of different
liquid fuels combustion in the FB furnace, especially non-conventional fuels such as oil sludge
and waste materials, the combustion of which can be intensified by injecting a proper mixture of
fuel and water.
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Nomenclature
CD
cp,g
Di,m
dj
dp,ds
es
g
g0s
H2O
[I]
I2D
K1,i
K2,i
KGS
k
kt
kqs
Lj
p
R
RH 2O
Sk
T
Uj
Uj, Ui
UMF

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

drag coefficient, [–]
gas specific heat capacity, [kJkg–1K–1]
mass diffusion coefficient for species i,
[m2s–1]
nozzle opening diameter, [m]
particle mean diameter, [m]
restitution coefficient, [–]
gravity acceleration, [ms –2]
radial distribution function, [–]
water concentration, [%]
unit tensor, [–]
second invariant of deviatoric stress
tensor, [–]
laminar flow permeability in i direction, [m2]
turbulent flow permeability in i direction,
[m]
gas/solid momentum exchange, [–]
turbulent kinetic energy, [m 2s–2]
thermal conductivity, [Wm–1K–1]
granular energy diffusion coefficient,
kgm–1s–1]
jet penetration length, [m]
pressure, [Pa]
universal gas constant, [Jmol–1K–1]
evaporation rate, [–]
strain rate tensor, [s –1]
absolute temperature, [K]
velocity at the nozzle outlet, [ms –1]
vectors of fluid average velocity, [ms –1]
minimum fluidization velocity, [ms–1]

Us
r
u
V
X i, X j
Yi

–
–
–
–
–
–

gas velocity at a free cross-section above
the bed, [ms–1]
instantaneous velocity vector, [ms –1]
volume, [m3]
co-ordinates, [m]
species mass fraction, [–]

Greek symbols

ak
gQs
e
Qs
l
m
meff
ms,coll
ms,fr
ms,kin
mt
r
t
f
fgs
yfr

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

phase void fraction, [–]
collisional dissipation energy, [kgs–3m–1]
turbulent kinetic energy dissipation,
[m2s–3]
granular temperature, [m 2s–2]
bulk viscosity, [kgm–1s–1]
dynamic viscosity, [kgm–1s–1]
effective dynamic viscosity, [kgm–1s–1]
collisional viscosity, [kgm–1s–1]
frictional viscosity, [kgm–1s–1]
kinetic viscosity, [kgm–1s–1]
dynamic turbulent viscosity, [kgm–1s–1]
fluid density, [kgm–3]
phase stress-strain tensor, [Pa]
angle of particle internal friction, [–]
kinetic energy transfer rate, [kgs–3m–1]
effective friction coefficient, [–]

Subscripts

b
g
s

– fluidized bed
– gas
– solid/granular phase
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