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ABSTRACT

Vortical structures are investigated numerically for both cold and combusting flows from a two-
dimensional bluff-body burner in the transitional flow regime from steady to unsteady state. The
Reynolds number of the central fuel flow is varied from 10 to 230 at a fixed air Reynolds number
of 400. The flame sheet model of infinite chemical reaction and unit Lewis number are assumed
in the simulation. The temperature dependence of the viscosity and diffusivity of the gas mixture
is also considered. The vortex shedding is observed depending on the fuel flow. For cold flow, four
different types of vortical structure are identified. However, for combusting flow of methane-air
system the vortical structures change significantly due to a large amount of heat release during the

combustion process, in contract to cold flow.

Keywords : unsteady numerical simulation, non-premixed combustion, vortical structure, bluff-

body burner.

INTRODUCTION

Non-premixed combustion a stabilized by a
bluff-body burner, such as occurs when a cen-
tral fuel jet issues into a surrounding annular
air jet, is often used industrially. Examples of
the use of such burners are in the combustion
chambers of gas turbines, tubular cooler, met-
allurgical furnaces, aircraft jet engines, etc.
Such bluff-body burners provide good flame

stabilization as well as easy control of combus-
tion. For non-premixed combustion in bluff-
body burner, the stabilization mechanism is
mainly controlled by the interaction among
combustible mixtures, air flow and hot com-
bustion products. Exchange of species,
momentum and energy becomes more inten-
sive due to the existence of unsteady recircu-
lating structures behind bluff-body. Therefore,

a completed understanding of flow field in
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this region is very important for the study of
flame stabilization.The influence of vortical
shedding process on two dimensional bluff-
body burner has been studied experimentally
by Chin and Tankin [1-3].

studies,either under cold or combusting flow

In these

conditions, the detailed flow structures behind
the bluff-body have been described. To cap-
ture the dynamic characteristics of the vortex
shedding process, they used high-speed cam-
eras. Through analysis of the films, flame-to-
frame, detailed vortex movements were cleary
detected. Furthermore, the vortical structures
for cold flow conditions have been studied
numerically by Chin and Tankin[3].However
they have not been studied numerically for
combusting flow. In present study, we perform
numerically cold and combusting flows in a
two-dimensional bluff-body burner in the
transitional flow regime.

NUMERICAL SIMULATION

The numerical model employed in the pre-
sent study is shown in Fig.1.The flow is time-
dependent and two-dimensional. A Catesian
coordinates system is taken such that x is the
streamwise direction,y is the transverse direc-
tion and the origin is the center of the fuel slot
exit plane. u and v represent the streamwise
and transverse velocity, respectively, and z is
the coupling function. The boundary condi-
tions for u, v and z for the combusting flow
are described in the figure. In the case cold
flow, the boundary conditions in the analyti-
cal domain are given in a reference(Chin and
Tankin[3]). The conservation equations for
mass and momentum are given in the follow-
ing forms.
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Density is related to pressure p , tempera-

ture T and mass fraction Yi through the fol-

lowing state equation
4

p = pRTX(Y/mi)
=

where m; is the molecular weight of species i
and R is theuniversal gas constant. The prob-
lem is further simplified byadopting the fol-
lowing couplingfunction z, i.e. Shvab-Zeld-

vichformulation:
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where Y is given by
Y= w ¥ mFVp) - (Yo/ moVo)

and h is the sum of the thermal and chemical
enthalpies. Suffix o denotes the value for the
injected fuel, while  denotes the value for the
co-flowing air stream. The energy conserva-
tion equation and the mass conservation equa-
tions for each species reduce to the following
equation for z:
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The flame surface is located at the position
where z becomes equal to Z, given by the
equation:

Zt = (Yo,«/j) | (1+(Yo,=/j))

where j = moVo/msVe, i.e., mass of oxygen
required to burn unit mass of fuel to attain
complete combustion. The flame surface
divides the whole region into two regions, i.e.,
fuel region inside the flame and air region out-
side the flame. The mass fractions and tem-
perature in the respective regions can be writ-
ten as follows for the when Y1, = 0

Fuel region (1 >z > z)

Y1=Y1,oc(1 "Z)
T=Te+ (To — Toc)Z+ (qo/ mFVFCP)j'lYo, oo( 1 -Z)

Air region (z >z > 0)

T=Tet+(To—Tw)z+ (qo/ mEVECp)z

In the study, we shall adopt the following
assumptions. The mixture undergoes an over-
all one -step irreversible reaction.

1. The reaction rate is infinitely fast and the
reaction is concentrated within infinitesi-
mally thin zone in the surface.

2. The mixture behaves like an ideal gas.

3. The soret and Dufour effects, as well as
the pressure diffusion, can be neglected.

4. Specific heat at constant pressure of the
mixture is constant.

N

. The Lewis number is equal to unity.

6. Viscosity coefficient and diffusion coeffi-
cient depend on temperature.

7. In the energy equation viscous dissipation

can be neglected.

The numerical calculation was performed
by the finite-difference method. The scheme
adopted here was the SIMPLE method[4].

The time differential and convective terms in
the governing equations are treated with the
implicit Euler scheme and QUICK scheme,
respectively. The computational domain is
0<x<14d and -5.5d<y<5.5d. The grid num-

bers are 91 X257 non-uniform grid systems.
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Fig.1 Computational flow domain and coordinates sys-
tem.
RESULT AND DISCUSSION
Cold flow

Numerical calculations were performed by
varying the Reynolds number for slot flow
under a fixed Reynolds number for air flow,
i.e.,Reqo=10-230 and Re,r=400 to compare
with the experimental results by Chin [1].
Four different types of vortical structures are
predicted in the present calculation. Fig. 2
shows some numerical streakline patterns and
the corresponding flow visualizations for type
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2and type 3. Agreement between calculated
and observed streakline patterns are satisfacto-
ry. In type 2, inner and outer vortices are
located on the bluff-body and they forms a
recirculating flow zone. Behind this zone, the
vortices are weakly shed. In type 3,the vortical
structure is more complicated and the recircu-
lating flow zone is difficult to identify. The
vortices are shed from the inner portion of the
bluff-body and the shedding process is very
clear.

Vortical shedding frequency is an important

parameter in characterizing the instability of a

Fig.2 Visualized photograph and simulated streakline
patterns of vortical shedding for cold flow. (a)type
2; (b)type 3

flow field. The shedding frequency was esti-
mated from the velocity fluctuations at x/d=5
and y/d=0.5. Fig. 3 shows the results of slot
flow effect. The four regimes representing
types of vortical structures are also presented
in the figure. Although the shedding frequen-
cy increases with increasing the slot flow rate
as a whole, there is a large jump in the fre-
quency, i.e., Redor=100-120,where a weak
shedding process changes a strong one as
shown in Fig.2. The numerical results agree
well with the experiments [1], at low slot flow

rates.
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Fig 3. Vortical shedding frequency vs. Re of slot flow
for cold flow.
Combusting flow

In the combustion system, methane (CHs)
flows through the central slot burner and air
flows outside, under the same hydrodynamical
conditions as cold flow mentioned above.
Heat release due to chemical reaction signifi-
cantly alters the flow field. Fig. 4 shows several
streakline patterns representing the typical
flame and its vortical structures. For any fuel
rate, there is a recirculating flow zone consist-
ing of inner and outer vortices on the bluff-
body, but the behavior of vortices strongly
depends on the fuel rate. The flame attaches
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to the outer portion of the bluff-body and it
becomes unstable in the downstream part. In
particular, flame deformation is remarkable in
the fuel Reynolds number range of 70 to 150,
Le., a strong coupling of inner and outer vor-
tices, indicating flame and vortex interaction.
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Fig.4 Simulated streakline patterns of vortical shedding
for combusting flow. (a) Requ=50 ; (b) Redor=70 ;
(c) Redx=150 ; (d) Rego=230

Fig. 5 shows several streamwise velocity fluc-
tuations at two extreme cases, i.e., Redo=50
and 230. The measuring points (1,2,3,4) are
denoted in Fig.1. The point of 1 and 4 are
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Fig.5 Time histories of four streamwise velocities for
combusting flow.

located in air flow outside the flame and the
points of 2 and 4 are located in fuel flow
inside the flame. The amplitude and frequen-
cy of the velocity are almost identical both
inside and outside the flame at Rego=50,but
they are quite different at Redo=230, i.e., the
frequency inside the flame is larger than that
outside the flame. The effect of fuel flow rate
on the frequency representing vortex shedding
process is shown in Fig.6. In contrast to cold
flow as shown in Fig.3, the frequency gradual-
ly decreases with increasing the fuel flow rate
until Reyo=150,wheres the trend is reverse
above Reqo=150. The frequency behavior for
Reso<150 is probably due to low fuel flow
rates and suppression of the inner vortex in
the presence of the flame. The whole tenden-
cy in the frequency coincides with the experi-
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mental results by Chin [2]. Fig. 7 shows the
corresponding amplitude effect. It is evident
that the amplitude behavior does not corre-
spond well to the frequency behavior. That is,
the amplitude inside the flame increases with
the fuel flow rate as a whole, but the ampli-
tude effect is more complicated outside the
flame. In particular, there is a large jump in
the amplitude outside the flame at Reqo=50-
70, which suggests that the motion of outer
vortex is enhanced due to the fuel penetration
through the recirculating flow zone as shown

in Fig.4. However, it should be noted that fur-
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Fig. 6 Vortical shedding frequency vs. Re of slot flow
for combusting flow.
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Fig. 7 Velocities amplitude vs. Re of slot flow for com-
busting flow.

ther increase of the fuel flow leads to suppres-
sion of the outer vortex, i.e., Reqo>150.

CONCLUSIONS

We studied numerically the vortex struc-
tures of a two-dimensional bluff-body burner
in the transitional flow regime. The conclusive
remarks have been drawn as follows.

1) For cold flow, agreement between calculat-
ed and observed streakline patterns are satis-
factory.

2) For combusting flow, there is a recirculat-
ing flow zone consisting of inner and outer
vortices on bluff-body, and the behavior of
vortices strongly depends on the fuel flow rate.
In particular the vortex is differ the velocity
fluctuations are quite different both inside and
outside the flame at a high fuel flow rate
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