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Experimental Study of Turbulent Diffusion
Flames Stabilized on a Bluff Body*

(Flame Structure)
Chang Eon LEE** and Yoshiaki ONUMA**

An experimental investigation was conducted on the structure of turbulent
diffusion flames of hydrogen stabilized on a bluff body. A coaxial jet diffusion flame
was formed using a cylindrical nozzle with an extremely thick rim, which works as a
bluff body. In the present study, special attention was paid to the effect of combustion
on the aerodynamic processes. The following results were obtained. (1) The combus-
tion markedly enhances the penetration of the central fuel jet. ( 2) The laminarization
phenomenon, reported in simple jet diffusion flames, was observed more conspicuously
in this combustion field as well, and it was assumed to exert an important influence on
the flame structure. (3) An accelerating flow field often exists in complicated flow
fields with a reverse flow, where turbulence generation terms containing Reynolds
normal stress become negative. This phenomenon -sometimes exerts considerable

effects on the turbulence behavior.

Key Words :

Combustion, Turbulent Diffusion Flame, Wake, Coaxial Jet, Bluff

Body, Recirculation Flow, Flame Structure, Stabilized Flame

1. Introduction

Recirculating flows are often used to stabilize
flames in practical combustors. Thus, it is of great
technological importance to clarify the behavior of
the flame with recirculation flow and to develop a
modeling technique on the basis of the experimental
findings. In the present study, a turbulent diffusion
flame stabilized on a bluff body was chosen as one
such flame. Concerning this flame, stability, structure
and flow pattern have been studied over a long period
of time"~® and recently, extensive studies have been
carried out at the United States Air Force Aeronauti-
cal Propulsion Laboratory™®-". However, the details
of the flame structure are still not understood and the
numerical simulation technique is underdeveloped®+®.

Since the objective of this study is the develop-
ment of a modeling technique for the combustion flow
with recirculation zones, and obtained experimental
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results are intended for use as benchmark data for
model testing, the combustion flow field was desired to
be as simple as possible. Thus, a coaxial jet diffusion
flame was formed using a cylindrical nozzle with an
extremely thick rim, which acts as a bluff body. In this
first report, experimental results are presented on a
typical flame and the structure and flow characteris-
tics are examined. Special attention is paid to the
effect of combustion on the aerodynamic processes.

2. Experimental Apparatus and Procedure

Figure 1 shows a schematic of the axisymmetric
bluff-body combustor. A cylindrical nozzle with a
thick rim was installed at the center of an annular air
stream issued vertically upward from an orifice of 110
mm inside diameter. The inside and outside diameters
of the nozzle are 6 mm and 43 mm, respectively. The
top surface of the thick rim acts as a bluff body to
stabilize flames. A mixture of hydrogen and nitrogen
was used as fuel and injected parallel to the air
stream. Time-averaged and fluctuating velocities, gas
temperature and chemical species concentration were
measured for flow fields with and without combustion.
The experimental conditions are shown in Table 1.
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Time-averaged and fluctuating velocities in axial
(U, «) and radial (V,v’) directions and Reynolds
shear stress (#’v”) were measured with a laser Dop-
pler velocimeter. The scattering particles were
suspended in both the central fuel jet and the annular
air stream. Since the air flow rate is too high to supply
a sufficient number of particles, another air stream
(Air 2) with dense seeding was injected from the
annular slit (O in Fig. 1). The flow rate of Air 2 was
regulated so as not to disturb the flow field.

Species concentrations were analyzed on the dry
basis with a gas chromatograph after gas sampling
with a water-cooled probe of 0.51 mm inner diameter.
Concentrations on the wet basis were calculated from
the dry-basis results. Since the direction and magni-
tude of flow velocity change drastically with location
in the wake region of a bluff body, measured values
vary depending on probe insertion angle and suction
velocity. In this measurement, the probe was always
inserted vertically, and the suction velocity was kept
constant at 11 m/s. Measured values did not vary
below this velocity. Concentration was measured

Table 1 Experimental conditions

Average velocity of
23m/ s
surrounding air flow
Average velocity of
17m,/ s
fuel jet
Volumetric mixing
H;/N2:1/2
ratio of fuel
Reynolds number of
4580
fuel jet
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Fig. 1 Schematic of axisymmetric bluff-body combustor
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differently according to probe insertion angle; the
maximum difference was 4 mole% for H,, but changes
in profiles were scarcely observed.

The gas temperature was measured with a ther-
mocouple (Pt-Pt/13% Rh, 0.1 mm diameter) coated
with Y.03:-BeO. Results were not corrected for radia-
tion loss.

3. Results and Discussion

Figure 2 shows the radia! profiles of initial veloc-
ities measured 1 mm downstream from the nozzle tip.
In this figure, 7 is the radial distance from the symme-
try axis, and the hatched part indicates the nozzle
rim. The profiles of time-averaged velocity U and
Reynolds stresses %’ and v’ are characteristic of a
pipe flow. Though these results were measured in a
noncombustion flow field, no difference between com-
bustion and noncombustion cases was observed.

Flow patterns formed by the bluff-body combus-
tor are shown in Figs. 3 (2) and (b) for noncombus-
tion and combustion flows, respectively. The ordinate
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Fig. 2 Radial profiles of initial velocities
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Fig. 3 Flow patterns formed by bluff-body combustor
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x represents the axial distance from the nozzle tip.
Fine vector marks show the time-averaged velocity
vectors obtained from measurements, and thick ones
show the flow of fuel issuing from the fuel nozzle.
Solid lines correspond to the location of zero time-

averaged axial velocity (I=0) : hence the areas

within these lines are reverse-flow regions. Two
counter-rotating vortices can be identified in the recir-
culation zone for both cases. In the noncombustion
case of Fig. 3 (a), the fuel jet is reversed in the wake
region, and two stagnation points in the fuel jet and
air stream are observed along the centerline. This
flow pattern is formed when the momentum of annular
air flow dominates the flow condition, which is called
an annular-air-dominated flow field. In the combus-
tion case, the flow field is dominated by the central-jet
momentum, where the fuel jet penetrates the wake
region. That is, in the noncombustion case all of the
fuel reverses direction through the space between the
two vortices and then flows downstream with annular
air, while in the combustion case, though some of the
fuel follows the same path as in the noncombustion
case, the rest flows directly downstream along the
central axis. Comparing these two flow patterns, we
see that the combustion enhances the penetration of
the central jet. This may be one of the conspicuous
features in combustion flow such as that shown in
Fig. 3.

Figures 4 (a) and (b) show respective profiles
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Fig. 4 Profiles of time-averaged axial velocity and
Reynolds stresses along symmetry axis
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of time-averaged axial velocity and Reynolds stress
along the central axis, corresponding to Figs. 3 (a)
and (b). In both figures, the time-averaged velocity
decreases rapidly after the potential core and attains
the minimum velocity, after which it increases with
downstream distance because the central flow is ac-
celerated by the surrounding stream. By comparing
Figs.4 (a) and (b), the phenomena wherein the
potential core extends farther downstream and the
fuel jet penetrates the recirculation zone can be clear-
ly confirmed in the combustion flow field. The major
causes for the increase of fuel-jet penetration have
been considered to be as follows: (1) gas density
around the fuel jet decreases due to high temperature,
(2) negative static pressure in the wake of the bluff
body is recovered due to thermal expansion. Adding to
these causes, the authors propose a so-called laminar-
ization phenomenon, wherein turbulence is suppressed
due to combustion. This will be discussed later.

As for turbulence, the profiles of %’ and % have
two peaks in the decelerating and accelerating regions
of U in the noncombustion flow, and «7 is larger than
v in the upstream peak but vice versa in the down-
stream peak. Such a reversal of magnitude of #”> and
V7 is rarely seen in simple flow fields. Meanwhile, in
the combustion flow, though the behavior of the up-
stream peak is similar to that in the noncombustion
flow, the downstream peak does not appear clearly.
This turbulence behavior will be examined later in
terms of radial profiles of velocities.

Figure 5 shows the profiles of temperature 7 and
chemical species concentrations along the symmetry
axis. Solid and dashed lines indicate the mass frac-
tions of hydrogen element M, with and without com-
bustion, respectively, and they represent concentra-
tion profiles of nozzle fluid. The region of H; and O:
coexistence is located around the minimum point of I
in Fig.4 (b), which implies that the reaction zone
exists in that area on the flame axis. Comparing the
two My profiles, we find that though the nozzle fluid
concentration decreases rapidly in the region above
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Fig. 5 Axial profiles of temperature and chemical species
concentrations along symmetry axis
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the stagnation point (x=40mm) and becomes con-
stant after that point in the noncombustion case,
combustion lengthens the potential core of the My
profile and decreases its dissipation rate beyond the
potential core region.

Figure 6 shows the radial profiles of temperature
~and chemical species concentrations in several cross
sections. Comparing these figures with Fig. 3 (b), we
find that H. and O: coexist around the periphery of the
central jet upstream and around the symmetry axis
downstream, and peaks of temperature profiles are
located in the coexistence regions. Namely, here com-
bustion occurs mainly around the periphery of the
central fuel jet and is nearly completed in the starting
region of the reverse flow. Hence, combustion is weak
in the outer recirculating vortex.

Figures 7 (a) and (b) show the radial profiles of
velocities in the cross section of x=10 mm for non-
combustion and combustion cases, respectively. All
the Reynolds stresses attain their maximum values in
regions where the mean velocity gradients are high ;
that is, in the shear layers located along the central jet
boundary and along the outer boundary separating the
recirculation zone and the annular air flow. However,
these stresses are conspicuously suppressed through-
out the cross section in the combustion case. The

suppression of %’v" and V may decrease the radial
diffusion rates of momentum and chemical species.
This effect is evident from the fact that the radial
gradient of U in the shear layer is much larger for
combustion flow than for noncombustion flow. The
decrease in radial momentum diffusion at the fuel jet
boundary is considered to be one of the major causes
of the above-mentioned phenomenon that combustion
enhances the fuel jet penetration.

The suppression of turbulence mentioned above
may be considered to be caused by laminarization due
to combustion, which has been observed in jet
diffusion flames»-¢?_ Its mechanism may be as fol-
lows. Since a low-turbulence region attains a-high
temperature due to combustion, kinematic viscosity
increases and the local turbulence Reynolds number
decreases. As a result, the balance between generation
and dissipation rates of turbulence, which is
maintained in highly turbulent regions, breaks down :
turbulence is then suppressed due to the dominant
dissipation rate of turbulence. In jet diffusion flames,
this phenomenon usually occurs in the periphery of
jets, but in this bluff-body diffusion flame, it occurred
in the central region of the combustion flow. Hence, it
is postulated that the phenomenon may exert a larger
effect on the flow field in bluff-body diffusion flames.
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Fig. 6 Radial profiles of temperature and chemical species concentrations in several cross sections
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Fig. 7 Radial profiles of velocities in the cross section of x=10 mm
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The radial profiles of velocities in cross sections
other than x =10 mm of Fig. 7 are shown in Figs. 8 and
9 for noncombustion and combustion cases, respec-
tively. For both combustion and noncombustion cases,
axial time-averaged velocity U has a W-shaped
profile, with large values at the center and periphery
in the upstream. However, in the downstream region,
since the velocity of the central jet decays rapidly, the
profile becomes a V-shape, as observed behind a
simple bluff body in general. Figures 8 (2) and (b)
and 9 (2) and (b) indicate that the positive ¥ and
u’v” contribute to the decay of the central jet. The
transition point from the W-shape to the V-shape
corresponds to the minimum point in the axial profile
of U shown in Fig. 4, in either combustion or noncom-
bustion cases. The momentum defect in the V-shaped
profile is recovered through momentum transfer from
the annular air. Figures 8 (¢ ) and (d) and 9 (c¢) and
(d) indicate that the transfer results from the nega-
tive ¥V and %’ in the shear layer.

a
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It was pointed out in Fig. 4 (a) that the profiles
of #”? and v”? along the symmetry axis have two
peaks in the same locations, and that v is larger than
" in the downstream peak though % is larger in the
upstream peak. Here, this behavior will be examined
in terms of the profiles of time-averaged velocities
and Reynolds stresses shown in Figs. 4 (2 ) and 8. The
generation rates of pu” and pv” are given by Egs.
(1) and (2) in the cylindrical coordinate system.

—=oU

ponai 18

Pu=—2‘5u’2%—2.5uv P (1)
o —mdV o ——dV
P,=—2pv 3 20u’v e (2)

First, the upstream peaks located between the
two cross sections of Figs.8 (a) and (b) will be
examined. The second term on the right-hand side of
Eq. (1) takes a large positive value at the central
part, based on the profiles of U and %’v” shown in
Figs.8 (a) and (b), and the first term also has a
positive value, as seen from Fig. 4 (a). Therefore, it
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Fig. 8 Radial profiles of velocities in several cross sections for noncombustion case
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Fig. 9 Radial profiles of velocities in several cross sections for combustion case
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is concluded that the u%’? generation rate P, has a
large value around the upstream peak. Meanwhile,
with regard to the »”? generation rate P,, the first term
on the right-hand side of Eq. (2 ) has a negative value
because of the accelerating flow in the radial direction
(8V/3r >0), and the second term has a small but
positive value. Then, P, should take a negative value.
From the above discussion, it can be understood that
u’? is much larger than v around the upstream peak
and that the small peak of v is formed due to not P,
but the redistribution of .

Next, the downstream peaks will be examined in
terms of the velocity profiles of Figs.8 (¢) and (d).
The second term on the right-hand side of Eq. (1)
becomes positive but small, because the value of
aU/or is small at the central part. However, the first
term becomes negative because of the accelerating
flow in the axial direction (0U/dx >0). Hence, P. is
considered to become negative. Meanwhile, P, should
have a positive value because, though the second term
becomes nearly zero due to the small value of 0V/ox,
the first term becomes positive due to the negative
value of dV/3». As a result, the peak value of v
becomes larger than that of #’? around the down-
stream peak. Like the upstream peak of v%, the small
peak of 2" is thought to be formed due to the redistri-
bution of v

The behavior of # and v” shown in Fig.4 (a)
was qualitatively explained in terms of measured
results and equations for the generation rates of
Reynolds normal stresses. It is observed that turbu-
lence generation terms containing Reynolds normal
stress become negative in the accelerating flow field,
and that this phenomenon may exert a considerable
effect on the turbulence behavior in recirculating
flows.

In the combustion case shown in Fig.4 (b), the
formation of upstream peaks can be explained in
terms of Figs.9 (a) and (b), in the same manner as
the noncombustion case. However, the downstream
peaks are smaller than in the noncombustion case,
because the values of 3V/dr», which contributes to the
generation of v’ in the noncombustion case, are small
in the combustion case, as shown in Figs.9 (¢ ) and

(d).
4. Conclusions

The present series of studies have been conducted
in order to develop the modeling technique of turbu-
lent diffusion flames with recirculation flow, by clar-
ifying the flame structure experimentally and attempt-
ing a numerical simulation. In this first study, an
experimental investigation was carried out on hydro-
gen diffusion flames stabilized on a bluff body. A

Series B, Vol. 37, No. 1, 1994

coaxial jet flame was formed using a cylindrical
nozzle with an extremely thick rim, which acts as a
bluff body. Special attention was paid to the effect of
combustion on the aerodynamic processes. The fol-
lowing results were obtained.

(1) The combustion markedly enhances the pene-
tration of the central fuel jet.

(2) The laminarization phenomenon, reported in
simple jet diffusion flames, was observed more con-
spicuously in this combustion field as well, and it was
determined to exert an important influence on the
flame structure.

(3) An accelerating flow field often exists in
complicated flow fields with a reverse flow, where
turbulence generation terms containing Reynolds nor-
mal stress become negative. This phenomenon some-
times exerts considerable effects on the turbulence
behavior.

The measured results obtained in this experiment
are expected to be useful as benchmark data for the
modeling of turbulent diffusion flames with recircula-
tion flow.
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