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Influence of Flame-Holder on Existence Important
Parameters in a Duct Combustion Simulator
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Abstract—The effects of flame-holder position, the ratio of flame
holder diameter to combustion chamber diameter and injection angle
on fuel propulsive droplets sizing and effective mass fraction have
been studied by a cold flow. We named the mass of fuel vapor inside
the flammability limit as the effective mass fraction. An empty
cylinder as well as a flame-holder which are a simulator for duct
combustion has been considered. The airflow comes into the cylinder
from one side and injection operation will be done by four nozzles
which are located on the entrance of cylinder. To fulfill the
calculations a modified version of KIVA-3V code which is a
transient, three-dimensional, multiphase, multi component code for
the analysis of chemically reacting flows with sprays, is used.

Keywords—KIVA-3V, flame-holder, duct combustion, effective
mass fraction, mean diameter of droplets.

[. INTRODUCTION

ROPLET sizing has relevance to many practical

combustion devices, including, Diesel, and gas turbine
engines, as well as oil-fired boilers, furnaces, and process
heaters. In these devices, spray combustion is the dominant
feature. The problem of droplet burning includes both the
evaporation and the combustion process. Solving problems
concerning droplet evaporation and combustion needs the use
of mass transfer and thermodynamic laws and equations. In all
the above systems, liquid fuels and/or oxidizer are usually
injected into the combustion chamber as a spray of droplets.
Research on the gasification, oxidation, and dynamics of fuel
droplet commands both practical and fundamental interest to
energy and combustion science. According to law, droplet
combustion is a problem involving complex chemically
reacting multi component two-phase flows with phase change,
rich in physical and chemical phenomena typically to be
studied.

Liquid fuel spray combustion involves different
complicated and inter-related processes such as atomization,
subsequent droplet breakup and collisions, vaporization, fuel
vapor-air mixing, and finally chemical reactions.
Understanding these processes and being able to represent
them in the context of a CFD simulation program are of great
importance both for researchers and for the industry. CFD
offers a significant and a powerful tool to evaluate the
operation of practical combustion systems and helps designers
of these systems to come up with modified versions that have
better performance characteristics.
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The researches, which focus on the fuel/air mixing
phenomena or reactive flows, are very rare in open literatures
either by using numerical methods [1]-[4]. As some new
researches in this field, the effects of injection angle, length-
to-diameter, entrance airflow velocity and injection velocity
on droplets sizing have been done by [5]-[9].

In the present study, the influence of flame-holder position
and the ratio of flame-holder diameter to combustion chamber
diameter on fuel propulsive droplets sizing and effective mass
fraction have been numerically investigated as well as the
effect of flame-holder on flow fields is shown.

II. NUMERICAL MODELING

The computer program, used in this work is a KIVA-3V
based code. The numerical procedure used in this simulation is
based on the discrete-droplet model (DDM). In this model, the
entire spray is represented by finite numbers of groups of
particles. Each particle represents a number of droplets of
identical size, velocity and temperature. A Lagrangian
formulation is used to track the motion and transport of
particles through the flow field and an Eulerian formulation is
used to solve the governing equations for the gas phase. The
gas phase solution procedure is based on the ALE (Arbitrary
Lagrangian-Eulerian)  finite volume method. Implicit
differencing is used for the terms associated with pressure
wave propagation and for all the diffusion terms. Explicit
differencing is used to calculate convection terms.

To avoid the restriction of time step by the courant stability
condition, the convection calculation is sub cycled. The
turbulent law of the wall is employed to calculate wall heat
transfer and boundary layer drag. We have used a standard
version of the k-¢ turbulence model. The effects of droplets on
the gas phase are considered by designating proper source
terms in the gas phase conservation equations. The particles
and gas interact by exchanging mass, momentum and energy.
For assigning droplet properties at injection or anywhere in
downstream, a probability concept is applied. A Monte Carlo
sampling technique is used to calculate droplet properties.
More description is well documented in [10].

III. GOVERNING EQUATIONS
A spherical droplet of pure liquid, initially at temperature T,
and radius R, is suddenly subjected to surrounding gas at
motion

uniform temperatureT,. The only convective

considered is that induced by the evaporation process itself,
giving rise to a radial convective velocity in the vapor (species
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1) and gas (species 2) mixture. The governing conservation
equations are:

1. Liquid Phase, r < R(t)
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The boundary conditions and constants are:

1. Liquid Phase, at r =0
r=0 (6)

2. Vapor Phase, asr — o
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dt P
m =m(P,T,). (13)

In addition, there is an equation of state; assuming ideal gas
mixture, P=pRT/M. Initial conditions for the problem are, in a
practical sense, somewhat arbitrary. The approach adopted
here is discussed below along with other numerical
procedures. Additional assumptions include (i) constant liquid
phase properties, (ii) no second order diffusion effects, and
(iii) thermodynamic equilibrium at the interface. Furthermore,
the variable property calculations showed that P deviated from
P, by less than 0.3 percent; thus, P = P was assumed for the
reference property analysis, making equation (3) irrelevant
where P is ambient pressure.

IV. MESH GENERATION

The KIVA-3 formulation is based on (x, y, z) Cartesian
coordinates. Rather than being confined to one logical block
of cells in (i, j, k) space to encompass the entire region to be
modeled, however, the geometry of a KIVA-3 mesh is
composed of any arbitrary number of logical blocks that are
patched together in a completely seamless fashion. Patching
allows complex geometries to be created block by block,
while minimizing the number of deactivated zones. In fact, the
only deactivated zones are the ghosts that surround the final
mesh, as there are no ghosts between blocks where common
faces are joined. The ghosts enable the application of
boundary conditions at inflow/outflow cell faces, as they
provide logically situated outside storage for fluxed quantities.

With regard to the injection initial conditions, the
dimensions of the computation domain are selected. As the
injection velocity, or fuel total mass, increases, a larger
domain of computation should be considered. Illustrated five
mesh types, which would be a possible block type in the
K3PREP grid generator, are shown in Fig. 1.

Fig. 1 K3PREP building meshes or portions of meshes using these
five generic block shapes

In accordance with mesh generation descriptions, the
considered mesh of this study has been shown in Fig. 2.

Fig. 2 The sample mesh

V.BOUNDARY CONDITIONS

In this study we have considered a cylinder with a flame-
holder. The air comes into the cylinder from one side and after
mixing with injected fuel, exhausted at the end of combustor.
The length of this cylinder is 40cm and the diameter is 10cm.
The distance of flame-holder from entrance airflow is changed
from 4 to 7, 10 and finally 12cm. Also, by changing the ratio
of flame-holder diameter to combustion chamber diameter
from 18 to 20, 26, 28, 30 and 40 percent, the mean diameter of
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droplets sizing and effective mass fraction have been
investigated. The specification of mentioned mesh has been
shown in Fig. 3 and a perspective view of this simulated
combustor model is illustrated in Fig. 4.
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Fig. 3 Geometry and dimension of the simulated combustor model

Fig. 4 Perspective view of simulated combustor model

As the boundary conditions, “pressure inflow” for entrance
area and equal 1 atm, “pressure outflow” for exit area have
been considered. The boundary condition of walls has been
considered “solid” also. A complete format of initial
conditions has been exhibited in Table I.

TABLE I
INITIAL CONDITIONS
Fuel Droplets Air Flow

Total fuel mass flow 20g/s -
Temperature 300 K 300 K
Velocity 30 m/s 26 m/s

Initial Sauter radius 0.0lcm -

Injection angle 90° (cross flow) —  ----—-

VI. SOLVING PATTERN

The time of solving has considered 1 second and the time of
fuel injection is 0.02 second after solving beginning in due to
the fact that the flow in cylinder becomes pervasive. All of
calculations have been done by KIVA-3V code modified for
this purpose.

VII. RESULTS AND DISCUSSION
A.The Role of Flame Holder

A flame holder is a component of a jet engine designed to
help maintain continual combustion. All continuous-
combustion jet engines require a flame holder. A flame holder
creates a low-speed eddy in the engine to prevent the flame
from being blown out. The design of the flame holder is an
issue of balance between a stable eddy and drag. The produced
vortices after the flame-holder are shown in Fig. 5.

Fig. 5 The produced vortices after flame-holder

B.d/D Ratio

In the first step, we have studied about the ratio of flame-
holder’s diameter (d) to combustor’s diameter (D). For this
purpose, we have considered an empty cylinder plus a flame-
holder with diameter ratio of 18 percent and the mean
diameter of propulsive droplets sizing and effective mass
fraction have been investigated. Then, by increase of this ratio
from 18 to 20, 26, 28, 30 and finally 40 percent, these
computations are repeated. The results of these calculations
have been illustrated in Table II.

TABLE II
THE MEAN DIAMETER AND EFFECTIVE MASS FRACTION IN DIFFERENT I

d/D ratio
18 20 26 28 30 40
Mean diameter(um)  0.63 043 0.5 0.42 049  0.51

Mean efficient mass
fraction(percent)

Parameters

96.1 982 977 96.3 95.8 64

According to Table II, by growth of d/D ratio from 18 to 20
percent, the mean diameter of fuel droplets sizing has
decreased. Then, with rise of this ratio from 20 to 26, 28, 30
and 40 percent respectively, however the mean diameter has
some fluctuations, but it is approximately constant. The gotten
graph has been shown in Fig. 6.

In accordance with Fig. 6 and initial conditions, the ratio of
flame-holder’s diameter (d) to combustor’s diameter (D) do
not influence on mean diameter of droplets so much. However
the smallest droplets have been appeared in d/D percentages of
20 and 28.

About the effective mass fraction, at first, by increasing the
d/D ratio from 18 to 20, the effective mass fraction has risen.
Then, with growth of this ratio from 20 to 26, 28 and 30
percent correspondingly, the effective mass fraction has fallen
gradually, but with raise of this percentage from 30 to 40, the
effective mass fraction has decreased sharply. The variation of
effective mass fraction in different ratios has been exhibited in
Fig. 7.
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Fig. 6 The variation of mean diameter in different d/D ratios
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In agreement with Fig. 7, the most amount of effective mass
fraction has been appeared in d/D ratio of 20 percent. Also, at
d/D ratio of 40 percent, the effective mass fraction has
dropped dramatically; it seems this manner is because of the
high amount of blockage. In next, we consider the d/D ratio as
20 percent.
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Fig. 7 The fluctuation of effective mass fraction in different ratios

C.Flame Holder Position and Injection Angle

In this part, we are looking for a good position for the
flame-holder as well as the best injection angle. For this
purpose, we have changed the position of flame-holder from
4cm after entrance area to 7, 10 and finally 12 cm. Also, we
have repeated this investigation for different injection angles.
In Table III, the initial conditions for this study have been
shown.

TABLE III
INITIAL CONDITIONS
Fuel Droplets Air Flow

Total fuel mass flow 20g/s 0 -
Temperature 300k 300 k
Velocity 30 m/s 26 m/s
Initial Sauter radius 0.0lem -
d/D Ratio 20 (percent) ~ ------

The fuel has been injected in different injection angles. At
first, we injected the fuel at injection angle of 0° and it means
injection at flow direction. Then we have increased this angle
from 0° to 30° 45° 60°, 90° and finally 120 degree. The
injection at injection angle of 90° is cross flow and the
injection angle of 120° is counter flow injection. The results of
these computations have been shown in Figs. 8 and 9.

In accordance with Fig. 8, with increase of injection angle
from 0° to 30°, the mean diameter of droplets sizing has fallen
suddenly. Then, by growth of injection angle to 45°, 60°, 90°
and finally 120 degree respectively, the mean diameter has
had some fluctuations but these variations were not so much.

Also in Fig. 9, we have ignored the injection angle of 0°,
and the mean diameter of droplets sizing has been shown in
details. According to Fig. 9, however in all different distances
from entrance area the mean diameters do not have so much
variation, but in all of distances the least droplets have been
appeared at injection angles of 60° and 90 degree.
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Fig. 8 The fluctuations of mean diameter in different injection angles
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Fig. 9 The fluctuations of mean diameter in different injection angles
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Fig. 10 The variation of effective mass fraction in different injection
angles

Fig. 10 shows the effects of injection angle on effective
mass fraction. In accordance with Fig. 10, by growth of
injection angle from 0° to 30°, the effective mass fraction has
risen sharply, and then with increase of this angle to 45° up to
90° (cross flow) the effective mass fraction has increased
gradually, but at injection angle of 120° this quantity has
dropped dramatically. In accordance with Fig. 10, in all cases;
the maximum quantities of effective mass fraction have been
appeared at injection angle of 90 degree, so it can be
considered as an optimum angle in injection.
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D.The Position of Flame-Holder and Effective Mass

In this part, the effect of flame-holder position on effective
mass fraction has been investigated. The obtained results of this
calculation have been illustrated in Fig. 11.
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Fig. 11 The fluctuations of effective mass fraction in different
distances of flame-holder

According to Fig. 11, with increase of distance from 4 to
7cm the effective mass fraction has risen sharply, then by
increasing this distance to 10cm the effective mass fraction
has fallen dramatically. So it seems the most quantities of
effective mass fraction have been appeared at distance area of
7Tcm.

VIII. CONCLUSION

The effects of flame holder position and injection angle on
effective mass fraction and propulsive droplets sizing have
been investigated by a numerical procedure.

The results show, in different injection angles, the most
quantity of effective mass fraction has been appeared at the
respect of flame-holder’s diameter to combustor’s diameter of
20 percent. Also in this ratio, the mean diameter of propulsive
droplets sizing is lesser than other respects.

The consequences show, by growth of injection angle from
inflow direction to counter flow direction, the mean diameter
of droplets decreases till cross flow injection and then
increases and the least amounts of this parameter appear at
injection angle of 60° and 90 degree also.

With increase of injection angle, the effective mass fraction
increases gradually until cross flow and then decreases. The
maximum of effective mass fraction appears at injection angle
of 90 degree. It seems in accordance with our initial conditions
and results, the injection angle of 90° is the best angle for our
case.

The results show, in different flame holder positions, the
maximum of effective mass fraction appears in distance from
entrance area of 7 cm.
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