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Abstract

A three-dimensional simulation of a steady non-reactive mixing process in a rapidly mixed type tubular
flame burner is carried out in order to examine the effects of the injectors’ number (N= 2, 3, 4 and 6), the
swirl number (Sw=0.46, 0.68, 1.05 and 1.83) and the injector arrangements (3-3 and 4-2). The mixing
process is investigated by focusing on the following criterions: Particles trajectory, Central reverse zone
(CRZ) and mixing layer thickness. The particles are tracked using a Lagrangian Discrete Phase Model
(DPM). The numerical solutions are validated by comparing with previous experimental results. It is
pertinent to note that the model predicts properly the flow field and the mixing in a rapidly tubular flame.
The obtained results have generally shown, that for the same swirl number and same average axial
velocity, the increase of injectors’ number generates a larger reverse flow and decreases the mixing layer
thickness. It is also shown that a high swirl number and same distribution of the injectors’ number could
significantly promote the mixing in rapidly tubular flame.

Copyright © 2017 International Energy and Environment Foundation - All rights reserved.

Keywords: Tubular flame burner; Mixing; Injectors’ number, Mixing layer thickness; CFD; DPM.

1. Introduction

Swirling flows are commonly used where the mixture is desired, and are frequently encountered in
several industrial applications such as exchangers [1-2], cyclone separators [3-5] and especially in
various types of burners [6-9]. In this context, Syred and Beer [9] studied the flow structure and the
mixing in different swirling burners configurations. It was shown that improving reactants mixing has a
great influence on the combustion performance.

The Rapidly Tubular Flame Burner (RTFB) is a safe concept proposed by Ishizuka et al. [10]. In this
burner, the reactants are separately introduced tangentially. Under the effect of centrifugal force, they
mix quickly and after ignition the combustion rapidly mixed type tubular flame can be established.
Several experimental studies of this type of burner have been provided [11-14]. That of shi et al. [11-13]
has discussed the mixing process, the flame structure, the extinction limits and the stability under
different oxygen mole fractions. It was shown that the mixing layer thickness (d) is inversely
proportional to the square root of the injection velocity. This thickness (8) has allowed to deduce the
mixing time (t,) and to calculate the Damkhdler number (Da = 1, / T, with 1, is the reaction time). The
Damkhéler number has proved to be able to give a useful indication for the success or failure of the rapid
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combustion in the RTFB [11, 12]. The authors have also studied the effect of swirl number and flow rate
on mixing in a RTFB by varying the injectors’ length. It was found that in order to improve mixing in
this type of burner with four injectors, high Reynolds and swirl numbers are recommended. It should be
noted that shi et al. [11-14] examinees experimentally the mixture effectiveness by varying only the
width and the length of the injectors.

It is essential to have a general idea on the success/failure of the flame before the combustion test.
However, the experimental studies are often limited by the bounds of cost and measurement techniques.
To overcome these limits, various numerical simulations of the mixing in different burner configurations
[15-19] have been proposed. By using the mixture fraction, Tatsumi et al. [16] have investigated the
buoyancy and the swirl effects on mixing process in the miniature confined multijet. It was observed
that, when the swirl is applied, the degree of asymmetry in multi-jet is reduced. Ranga Dinesh et al. [17]
have studied the swirl effects on the mixing in a co annular swirl combustor. By analyzing respectively
coherent structures, vortex breakdown bubbles and mean passive scalar distribution, Pathak et al. [19]
have examined the effects of the streamline curvature on the mixing layer.

Most of these studies have only explored the mixing efficiency, in different burner configurations, by
focusing on the mass fraction species [15, 16] or the coherent structures and vortex breakdown bubbles
in the flow [17, 18]. This fact supports the present numerical study that provides a detailed investigation
of the Rapidly mixed type Tubular Flame Burners (RTFB).

Hence, in order to improve the design of the RTFB a better understanding of the injectors’ number
influence on mixing process is mandatory. In what follows, the model validation and the numerical
methods conducted in order to study the mixture effectiveness in a RTFB are first introduced. Then, the
effects of the injectors’ number, the swirl number and the injector arrangements on mixing process are
discussed.

2. Burner configuration

The dimensions of the tubular flame burner used in the present study (Figure 1) correspond to those used
in the experiments of Shi et al [13].The inner diameter of the burner is D.=16mm and the total length is
L*=160mm. The burner has four rectangular tangential slits which are width W=2mm and length L.

Due to the symmetry of the tubular burner geometry, only half the domain is modeled to decrease the
grid number and thus to reduce the computational time.

Swirling flows are characterized by the dimensionless parameter called swirl number S. This number can
be expressed as a function of input parameters - output of the burner, as follows: [9, 20-22].
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where D, is the outlet diameter, Dy is the diameter of the main section of the burner.

To analyze the mixing process, the method adopted by shi et al. [11-13] based on the injection of
Magnesium oxide particles (MgO) was used (Figure 1). For the burner with four slits as shown in Figure
1, the Magnesium oxide particles (MgO) were injected with air into the horizontal slits (A), for the other
two slits (B) non seeded airflow was injected.

Any design parameters of the slit will influence both the flow characteristics and mixing performance.
Thus, we propose to study the effect of the injectors’ number.

3. Grid system

The computational domains of different configurations were first generated and meshed by Gambit.
A hexahedral mesh with a structured boundary layer mesh near the wall of the burner was used since it is
much more computationally-efficient than the tetrahedral mesh. Typically, a hexahedral mesh requires
half the resolution in each of the three directions’ reduction for almost an order of magnitude in the
number of elements. To reduce the total cell number and to avoid a very large difference in cell volume
between adjacent cells, the axial mesh distribution is increased progressively from the downstream slits
to the outlet region.

In order to assure the independence of the solution from the grid size, several computational trials with
431,472 cells to 1,083,704 cells were preformed. By comparing the radial distribution of circumferential
velocities, it was noted that the numerical results predicted by the grids 879,040 to 1,083,704 cells are
similar.
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Considering the computational effort, the selected grid (879,040 cells) is locally refined in the near
injection slits and boundary walls (Ay = Az = 3.10™) as well as near the burner axis (Ay = Az = 10™*) so
as to predict more accurately the trajectory of particles and mixing process. Figure 2 shows the overall
grid structures adopted in this research.
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Figure 1. Schematic of the rapidly mixed type tubular flame burner.

Figure 2. Grid system used in the computation.

4. Mathematical model

Solid particles motion in a flow field was described by the Eulerian—Lagrangian approach with a discrete
phase method (DPM)), i.e., the gas phase was treated as a continuum by solving Navier Stokes equations
and the solid phase was calculated by tracking particles in the Flow field.

The considered fluid (air) is incompressible and the studied flow is steady. The particle phase is
sufficiently dilute that particle-particle interactions and the effects of the particle volume fraction on the
gas phase are negligible. In fact, the volume fraction of discrete phase is less than 10-12% [23]. The solid

particles are spherical and non-deformable with a same diameter dp ~10°m and density

pp =3580kg/ m?. Since the particle density is considerably larger than that of the fluid, i.e., Lp >>1,
Py

the buoyancy force, the Basset force, the pressure gradient force and the virtual mass force, could be

neglected [24, 25].
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The governing equations can be written as follows:

)
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To determine the trajectory of the solid particles, we integrate the force balance on particles [26]. The
particles motions are so calculated with the following equation:

du Py =P
dtp =F,U -U,)+g(-t—

) “4)

Fp is the drag force per unit of mass and velocity difference (U-U,) . U is the fluid phase velocity and U,
is the particle velocity. The Drag force is given by:

E o 181 Cp Re,
° pd) 24

®)

u is the molecular viscosity of the fluid, p is the fluid density, p, is the density of particle, d, is the
particle diameter, Re, is the relative Reynolds number and Cp, is the drag coefficient given by:

a, +a3

2
Rep Rep

CD:al+ (6)

Where the a’s are constants that apply for smooth spherical particles over several ranges of Re, given by
[27].

5. Boundary condition and Solution strategies

Proper boundary conditions (Figure 1 and Table 1) have to be defined in order to solve the equations (1)-
(6).

Numerical computations were carried out using Fluent 6.3 which is based on the finite volume method.
The discretized equations, along with the initial and boundary conditions, were solved using the
segregated solution method. In order to improve accuracy, the second order upwind scheme was applied.
The SIMPLE method was used to calculate the pressure—velocity coupling. It uses a relationship between
velocity and pressure corrections to enforce mass conservation and obtain the pressure field. The
maximum residual of all variables was 10-* in the converged solution.

Table 1. Boundary conditions.

Designation Conditions Values

Injectors of seeded air flow (N (A) Velocity inlet Vini=Vinjp, 0.1-1 m/s
Injectors of non-seeded air flow (N,) (B) Velocity inlet Vini=Vinj0, 0.1-1 m/s
Walls No Slip -

Symmetry (C) Symmetry -

Outlet (D) Outflow -

N; is the number of slits type A which inject air/MgO and N, is the number of slits type B which inject
air.

6. Results and discussion

The objective of this work is to use CFD to model fluid flow and mixing process in a rapidly mixed type
tubular flame burner. The aim is to discuss the effects of the injectors’ number, the swirl number, the
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inlet flow rate distribution on the particles trajectory, the central reverse zone and the mixing layer
thickness.

For the verification of the model, the simulated results are compared with the experimental data of Shi et
al. [13].

6.1 Validation of the numerical model

The validation of the numerical model is performed by confronting the calculated mixing layer thickness,
Central Recirculation Zone (CRZ) diameter and circumferential velocities results to the experimental
data of Shi et al. [13].

Figure 3 shows predicted and experimental values of the tangential velocity at the injectors’ outlet for
two burners (S, = 0.34 and S, = 1.37). The statistical accuracy of the proposed model is obtained by
calculating the determination coefficient and the P-value for the two burners (Table 2). As it can be seen
on Figure 3, the results are statistically significant with a high R-square (close to 1) and a low P-value
(less than 107). The agreement between the results is satisfactory which means that the adopted model
describes statistically well the tangential velocity distributions for both burners.

1= () Experiment of B. Shietal : $,=0.34,Q=0.27 [m,/h]
Numerical: §,=0.34, Q=0.27 [m ’/h]
+  Experiment of B. Shietal :S,=1.37,Q=0.15 [m ¥/h]

08 = — — Numerical:S,=1.37,Q=0.15 [m h] "y
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Figure 3. Predicted and experimental results of circumferential velocities for two burners.

Table 2. Summary of R-square and P-value.

S.=0.34 S.=1.37
R-square 0.908 0.985
P-Value 107 10°

The MgO particles are tangentially injected with air into the burner from the two horizontal slits of upper
left and lower right. Whereas, only air was injected from the other slits. The flow structure is visualized
by tracking the particles trajectory delimiting the flow injected through the horizontal slits.

Figure 4 shows a comparison between the predicted results (flow structure, mixing layer thickness,
diameter of the central recirculation zone (CRZ)) and those obtained experimentally by Shi et al. [13]. It
is clearly seen that the predicted flow structure is similar to that found by Shi et al. [13]. In fact, this
method enables us to predict expansion and shrinkage of jet thickness after been ejected outside the slit.
Moreover, at the same flow rate, ( Qiotal air= Qtotal seeded air =0-15 m3x/h), the air injected from the low side
gradually shrinks in width as the swirl number increases (case 1 and case 4).

The mixing layer thickness around the exit of the slit was determined after 45 degrees from the starting
point which is defined as the inner edge of the lower right slit. The central recirculation zone is observed
when the swirl number is superior to 0.6. It may be also noted that, for S;,=0.69, the CRZ diameter
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gradually increases with an increase of the flow rate (case 2 and case 3). These findings have been also
reported by Shi et al. [13].

Predicted and experimental mixing layer thickness and CRZ diameter are given in Table 3. For all the
cases, the discrepancy between the results is less than 5%. Thus, the obtained results agree well with
those of Shi et al. [13].

Numerical Experiment [11]

<
™
o
I
z
%)
—
3
I
(@)
e
. ’—\ :
1
(o] A
© P - kY
o \
I j
z
%)
N i
[<D)
wn
I
(@)
[e2]
© :
o [
I8 !
(,) I;:
i N
3 Lo
(@) ey
]
i,
14
1
Mg ‘uraf
R —
,’
N~
™ /
W i/
G I
.. ‘
< R
(D)
wn
I
(@)

Figure 4. Predicted and experimental particles trajectories.
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Table 3. Predicted and experimental mixing layer thickness and CRZ diameter.

Case 1 Case 2 Case 3 Case 4

EXP NUM EXP NUM EXP NUM EXP NUM
o (mm) 1 1.05 0.95 1 094 096 0.75 0.79
Dr(mm) 0 0 3.1 32 432 445 8.51 8.59

6.2 Injectors’ number effect
In what follows, the effects of the injectors’ number on the mixing performance are discussed. Four cases
with different number of injectors (N=2, 3, 4, 6) have been investigated (Table 4). The total flow rate is
fixed at values equal to 32x10° Kg s, i.e. almost same mean axial velocity. It should be noted that for
all the tested cases, the flow rate injected into each slit is equal to the total flow rate divided by the slit
number.

Table 4. Specifications of burner design.

Case 1 Case 2 Case 3 Case 4
Configurations 1 B {,CL .
s01 {:;,’ X om 00
aos i.'}.x:. 002 [lJC| 0 oo WIIB‘“C
Slit number 2 3 4 6
Slit length 24 16 12 8
Swirl number 1.83

Figure 5 shows the particles trajectory in the cross section perpendicular to the tube axis varying with slit
number. As it can be seen, the flow width shrinks after been ejected outside the slit creating a very
intense centrifugal force. The dashed zone indicates surface contour of negative axial velocity which is
used to identify the existence of the central reverse zone (CRZ). This zone eventually appears for all
studied cases as the used swirl number is larger than the critical swirl number (S,>0.6).

Moreover, it is noted that the flow rate injected into each slit in case 4 is smaller than that injected into
each slit in case 1. Consequently, the seeded air width after injection is decreased with an increase of
injectors’ number. On the other hand, the diameter of CRZ increases with an increase of injectors’
number.

These observations lead to conclude that for the same swirl number and same average axial velocity, the
increase of injectors’ number promotes the mixing process in rapidly tubular flame.

Figure 6 shows the iso-surfaces indicating zero axial velocity (U=0) zones and the surface contour of
negative axial velocity, on the plane, OZ = 0 m. A central recirculation zone (CRZ), known as the vortex
breakdown, is formed in the central region. The CRZ has the same conical form in all studied cases. This
should be due to the decrease of the swirl motion while going downstream of the swirl generating device
[28-30]. In fact, the decrease in centrifugal force reduces the diameter of CRZ while going away from
slots. Additionally, the size of CRZ area becomes more extended due to the increase of the injectors’
number. This confirms that the mixing process is more efficient in the case 4.

To quantify the effect of injectors’ number on the mixing process, the mixing layer thickness is also
analyzed. By varying the flow rates for all cases, the corresponding width 6 is plotted as a function of

1 (see Figure 7). It is shown that the flow around the exit of the injector is dominated by a boundary
Vi

layer type flow [11-13]. It is also seen that at a constant total flow rate (Q.) shown by the dotted line,

the width & gradually decreases with increasing injectors’ number.

For fixed injection velocity, Vi=0.33 m/s , and low injectors’ number (N=2) (corresponding to the

smaller values of total flow rate, Quw=N*Qiyj ), the mixing layer thickness reaches its maximum. The

case 1 (N=2) gives the upper limit of mixing coefficient (K=6.3x10* m'” s*°); by gradually increasing
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the injectors’ number, the total flow rate increases resulting the decrease of the mixing coefficient. These
observations may conclude that the burner with high injectors’ number assures a better mixing.

Casel Case 2

Case 4

Figure 5. Particles trajectory in a cross section varying with injectors’ number.

Case 1: Lcrz /De = 4.375; Diax-crz/De=0.437 Case 2: Lcrz /De = 4.437; Diaxcrz /De = 0.487
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Figure 6. Central Reverse Zone (CRZ) for different cases.
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Figure 7. Boundary layer type flow around the exit of slit varying with the slits number.

6.3 Swirl number effect

Herein, the swirl number effect on the mixing performance is discussed for the configuration of high
injectors” number (N=6). The total flow rate is fixed at about 48x10° Kg s™. To analyze variable swirl
intensity, four configurations of different injector lengths are considered. The computational
configurations are summarized in Table 5. For all the tested cases, the flow rate injected into each slit is
equal to the total flow rate divided by the slit number.

Table 5. Studied configurations.

Case 1 Case 2 Case 3 Case 4
Slit Length (L) 32 22 14 8
Swirl number (Sw) 0.46 0.67 1.05 1.83

Figure 8 illustrates the particles trajectory in the cross section of different cases. For all studied cases, the
particle trajectory allows to underline strongly helicoidally nature of flow.

In case 1 (S,=0.46), the flow width expands after injection from the slit. In the central region of the
configuration, the thickness between the particle trajectories becomes very small which means a good
mixture between air + MgO and air. When the swirl number increases, as shown in case 4, the width of
air flow shrinks after been ejected.

A central recirculation zone (CRZ) is observed in the center of burner in cases 2, 3 and 4. The CRZ
diameter increases due to the increasing swirl number as a result of high centrifugal force.

The iso-surfaces indicating zero axial velocity (U=0) zones known as the central reverse zone are
depicted in Figure 9. As seen previously, by increasing the swirl number to S,;,=0.67 (case 2), a CRZ
appears in the central region of the configuration. The CRZ has a conical form, its diameter decreases
gradually in downstream of the injectors due to the decrease of the local swirl number. It is also noted
that the CRZ increases in length with the increasing of swirl number.

Under various total flow rates, the width & has been determined and the results for all tested cases are

plotted as a function of R (see Figure 10). As would have been expected, the coefficient K decreases
Vi

with the increasing of swirl number. This has been confirmed for the case 1 (S,,=0.46) which has the
higher coefficient K=4.35 x10* m'’s?° and for the case 4 (S,=1.83) corresponding to the lower
coefficient K=3.22x10"*m'’ s%°.

On the other hand, in case 2 (S,, =0.67) and case 3 (S,, =1.05), the coefficient K has the same value (K=4
x10* m'? s°%). Additionally, at a constant flow rate, the average velocity of injection in case 2 is less
important than that in case 3. These findings indicate that the mixing process is more efficient in case 3.
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These coefficient values are a necessary database for further experimental work. In fact, these results
give a general idea on the flame stability in a burner tubular flame before experimental tests.

Figure 8. The particles trajectory in a cross section varying with the swirl number.

Case 1: Lcgrz /De=0 ; Dmaxcrz /De =0 Case 2: Lcrz/De= 2.062; Dmax-crz /De=0.212

Figure 9. Iso-surface indicating zero axial velocity (U=0) zones for different cases.
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Figure 10. Boundary layer type flow around the exit of slit varying with the swirl number.

6.4 Effect of injectors’ arrangement
The effect of injector arrangements on the mixing performance is now discussed. The total flow rate is

fixed at about 17.2x10°® Kg s!and (Qrotal seeded air=0.5 Quotar air)- Table 6 presents the different investigated
cases.

Table 6. Studied Configurations.

Case 1 Case 2 Case 3 Case 4
N, 3 4 3 4
N, 3 2 3 2
Q. [10°Kg.s™] 3.82 2.865 3.82 2.865
Q[10°Kg.s"] 1.91 2.865 1.91 2.865
Slit Length (L) 64 64 8 8
Swirl number (S,) 0.23 0.23 1.83 1.83

Figure 11 shows the particles trajectory in a cross section of different cases. If we compare the results of
case 1 with those of case 2, it is easily seen that the flow width expands after injection and that only in
case 2, although the swirl number is the same for both cases. This could be explained by the difference in
the arrangement of injectors.
If we consider the cases 3 and 4 where the CRZ is generated, it is noted that the injectors’ arrangement in
case 3 (N;=N,=3) leads to more efficient mixing. In fact, the injected flow shrinks more in its width in
case 3.
To better visualize the maximum diameter and length of the recirculation zone in cases 3 and 4, the iso-
surfaces indicating zero axial velocity (U=0) zones are shown in Figure 12. The CRZ has almost the
same length in both cases. This result reveals that the injectors’ arrangement has a significant influence
on mixing, only in the vicinity of the slits outlet.
To quantify the effect of injectors’ arrangement on the mixing process, the mixing layer thickness as a
function of \/17 is shown in Figure 13. If we consider cases 1 and 2, at low total flow rates and swirl
Vi
number, the measured 6 shows a small deviation from the straight-line function of coefficient K.
According to Shi et al. [13], this deviation is the result of the expansion flow after ejection from the slit
as well as the effects of mass diffusion. It is also noted from Figure 13, that the mixing coefficient K in
cases 1 and 3 (N;=N,=3) is smaller than that of cases 2and 4 (N,;#N,), which enable us to conclude that
the injectors’ arrangement (N;=N,=3) leads to more efficient mixing process.
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Case 1 Case 2

Figure 11. Trajectories of particles in a cross section varying with the Ny and N, number.

Case 3: Lcrz /De = 2.425; Diax.crz /De = 0.45 Case 4: Lcrz/De= 2.425;Dyax-crz/De= 0.487
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Figure 13. Boundary layer type flow around the exit of slit varying with the inlet flow rate distribution.
7. Conclusion
In this paper, a numerical investigation based on RANS method is performed to to examine the effects of
injectors’ number, swirl number and injectors’ arrangement on the mixing process in Rapidly mixed
Type tubular Flame Burner (RTFB). The conclusions drawn from the present work are summarized in
the following key notes:

The agreement between the numerical results and the experimental data is satisfactory which means
that the adopted model describes statistically well the mixing process in RTFB.

For the same swirl number and same average axial velocity, the increase of injectors’ number
enhances the mixing process in rapidly tubular flame.

High swirl number and same distribution of the injectors’ number could significantly promote the
mixing efficiency.
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