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Fig. 4 Comparison of the velocity profile parameters with the separa-
tion correlations.
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Fig. 5 Mean velocity distributions compared with Eq. (1).

The point of zero-mean surface shear stress separation, 7,, =0,
is more of academic interest, although it plays an important role in
the development of skin-friction relations* and empirical velocity
profile representation.

The Sandborn—Kline® 7, =0 correlation was obtained by
employing an empirical laminar velocity separation profile,®

U/Ue =14 (1= y/8)"[m (1 - y/d) — 1] )

Figure 5 shows a comparison of the TAD velocity profile at
170 deg and Re =5 x 10° with Eq. (1) for the case m =4. Equa-
tion (1) is also compared with the 170-deg, Re =2 x 10° data in
Fig. 2. It was assumed that the normal coordinate n was equivalent
to y. The profile (Fig. 5) is beyond the point of 7,, = 0; however,
the agreement with Eq. (1) for the outer region of the profile 7,, =0
is reasonable. The tabulated law of the wake function,” which is
found to be one unique case of Eq. (1) for m =2.1, is also shown in
Fig. 5. The value of § for the law of the wake was taken at the point
where U /U, =0.995, which is consistent with the requirements of
the measured profiles.* Equation (1) can be employed for a wide
range of flows and is not limited to large aecrodynamic flows.

Conclusions

The velocity distribution in a complex, small radius of curvature,
TAD shear flow was shown to follow closely the separation model
developed for canonical, two-dimensional, large-Reynolds-number,
turbulent boundary layers. The TAD flow produces a very thin shear
layer along the inner surface of the initial 90 deg of the turn. Beyond
90 deg, the inner wall shear layer thickens and develops to the start
of separation by approximately 150 deg around the turn. The shear
layer velocity shape parameters are found to develop through the
separation region as predicted by the Sandborn—Kline separation
model.

The mean velocity distributions in the region of zero-mean surface
shear stress separation were shown to agree with equivalent laminar
separation profiles.
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Introduction

ANY combustion phenomena are sensitive to natural con-

vection, and there has been extensive microgravity combus-
tion research on droplet combustion, solid material combustion, or
gaseous combustion to elucidate the contributions of buoyancy.! =
These studies are mostly performed in drop towers, parabolic air-
craft flights, and surrounding rockets. In a Bunsen flame formed
under normal gravity, buoyancy-induced instability, that is, flame
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flickering, is commonly observed at the flame tip* and is of funda-
mental importance to combustion instability issues. This flickering
motion has a distinct characteristic frequency (= 10 ~ 20 Hz) and is
induced by the unstable interface motion between the hot products
and the surrounding air.>*® More recently, experiments that utilized
drop towers and parabolic flights have been conducted to study
buoyancy effects on the wrinkling of flame configurations’-® and
the periodic variations in flame stretch with nonunity Lewis number
effect (see Ref. 9).

Flame motion with local structure of a turbulent flame based on
the flamelet regime is often seen in swirling flows, subject to buoy-
ancy effects. With respect to an experimental investigation on a flame
instability generated by the combined effects of the swirling motion,
buoyancy force, and Lewis number, a rotating burner that spins on
its central axis produces one of the most fundamental flame config-
urations. Flame motions on the rotating burner at various velocity,
stoichiometry, and rotation rates have been investigated with or with-
out the Lewis number effect in normal gravity (see Refs. 10—13).

We have also conducted normal gravity experiments of flame tip
motion on a rotating Bunsen burner using CH—air and C;Hg—air
mixtures.'* The results showed that, at low rotation rate, the shape
of conical flame remains relatively unchanged. Beyond a critical
rotation rate, the flame shape deviates from the conical shape. The
evolution of flame distortions with burner rotation rate is different
for flames with the Lewis number Le > 1 and Le <1. For Le <1,
the conical flame becomes an eccentric flame with increasing swirl
number and eventually forms a tilted flame. On the other hand, for
Le > 1, an oscillating flame is formed with its flame tip switching
back and forth between a conical shape and a buckled, that is, flat-
tened or dimpled tip, shape. We have concluded that the oscillating
flame is induced by the combination of buoyancy force, centrifugal
force, and Lewis number effect (see Refs. 15 and 16). As both flow
velocity and burner rotation rate increase, the oscillating flame be-
comes more unstable, showing that the flame tip behaves quasi peri-
odically and nonperiodically, that is, deterministic chaotic motion.!”
These investigations indicate that the order or disorder flame mo-
tions are functions of flow velocity and burner rotation rate. The
primary interest of our study is to elucidate how the buoyancy force
can affect the order and disorder flame motions in swirling combus-
tion. To investigate the buoyancy effect quantitatively, microgravity
experiments are essential. The objective of this Note is then to in-
vestigate the effect of buoyancy on the periodic and nonperiodic
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oscillating flame motion as functions of flow velocity and burner
rotation rate, using a rotating Bunsen burner system. Characteriza-
tion of these flame motions would also provide insight to understand
swirling combustion instability in the space environment.

Experimental Apparatus and Method

The rotating burner system shown in Fig. 1 is the same as that
used in our previous works.!%!” Fuel CH, is premixed with air in
the mixing chamber, and the mixture flows through a diffuser, fine
damping screens, a nozzle, and a burner tube. The diameter of the
burner tube Dy is 12 mm. A short honeycomb is installed in the
burner tube to give rigid-body rotation of the CHy—air mixtures.'% 1!
The burner tube is vertically supported by bearings and connected
by a pulley-belt system to a dc motor. As reported in our previous
studies,'* the flame shape and flame motion depend on the Lewis
number, and the oscillating flame is formed when the Lewis num-
ber Le is larger than unity, that is, a rich CH—air mixture and lean
C;Hg—air mixture. In the present study, a rich CH4—air mixture at the
equivalence ratio ¢ = 1.43 was used with the velocity U = 0.6 and
1.1 m/s. These are the conditions where we found typical periodic
oscillating flame and nonperiodic oscillating flames in normal grav-
ity. Here, U is the mean axial flow velocity of the mixture from the
straight tube (equal to volume flow rate divided by cross-sectional
area of the straight tube). The rotation rate of burner tube N is varied
up to 2800 rpm (46.7 s~'). The Reynolds number Re based on the
burner tube diameter is 449 for U = 0.6 m/s and 748 for U = 1.1 m/s.
To normalize the flow rotation, a swirl number S is introduced as a
function of rotational speed and mean flow velocity as follows;

. Gy 2 fOR puvyr? dr _ 2UwR
G:R  27R fOR ,0(1,42 - v£/2)r dr  4U? — (@R)

where Gy is the axial flux of the swirl momentum, G, the axial
flux of the linear momentum, r the radial distance, R the radius
of the straight tube, u the axial velocity, v, the tangential velocity,
w(=mN/30) the angular velocity of the burner tube, and N the
rotation rate (revolutions per minute) of the burner tube.

The microgravity experiments were conducted at the drop-tower
of Micro-Gravity Laboratory in Japan (MGLAB) with the free-fall
distance of 150 m. The microgravity level is 10~ g, and the dura-
tion of the microgravity environment is 4.5 s. Details of this facility
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Fig. 1 Experimental apparatus.
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are described in Ref. 18. As shown in Fig. 1, the rotating Bunsen
burner, the igniter, mixing chambers, mass-flow controllers (Kofloc,
Model 3910 Series), solenoid valves (SMC, VXZ Series), a charge-
coupled device (CCD) video camera, and high-speed video camera
(NAC Memrecam Ci) are included in the compact integrated mod-
ule for the drop tower. The steel frame module, with a base diameter
of 720 mm and height of 830 mm, is fit in the MGLAB drop capsule
with an outer diameter of 900 mm and a height of 2280 mm. The
support equipment, such as a gravity sensor, temperature sensor,
and a pressure gauge, is also contained in the MGLAB drop cap-
sule. Before the free fall, rich CH,—air flame was ignited in normal
gravity, followed by the initiation of burner rotation. The capsule
was released for the free fall when the flame reached a stable state.
The motion of rotating flames under microgravity environment was
recorded with the CCD video camera of 30 frames/s and high-speed
video camera of 500 frames/s.

Results and Discussion

Asreported previously,!” when both the jet velocity and the burner
rotation rate are increased, the periodic oscillation mode cannot be
sustained and it transits to the nonperiodic oscillation mode, that is,
deterministic chaos mode, in normal gravity. To provide insight into
the question on whether or not the buoyancy effect becomes irrele-
vant to the onset of the nonperiodic oscillation mode, we compare
rotating flames with U = 1.1 m/s in normal gravity (+1 g) and in
microgravity as shown in Fig. 2 as a function of swirl number S.
In 41 g, the nonperiodic oscillating flame is observed in the range
of 0.78 < § < 0.94. In particular, the nonperiodic oscillating flame
with most significant variation in flame curvature is formed when
S =0.85. The nonperiodic oscillating flame is also observed in mi-
crogravity, but the onset of nonperiodic flame motions is shifted to
the lower swirl number range (0.68 < S < 0.82). In the microgravity
environment, where the ascending buoyancy force vanishes, the cen-
trifugal force becomes a primary factor in determining flame shape.
As a result, the flame shape in microgravity becomes broader in the
radial direction compared to that of the shape at +1 g.

For the S =0.78 flame in microgravity, a series of images taken
by a CCD video camera with shutter speed 1/30 s is shown in Fig. 3.

Despite no changes in the shape of the outer diffusion flame, the
five images show quite complicated nonperiodic oscillating flame
shape with rapid deformation. It indicates that the nonperiodic oscil-
lations are formed without buoyancy-induced instability. However,
the magnitudes of the flame tip motion on the centerline at S =0.78
is supposed to be slightly lower than the +1 g case (S = 0.85). This
indicates that the buoyancy force affects the flame motion in the
case of U =1.1 m/s.

Consecutive high-speed video images with shutter speed 1/500 s
for § = 0.78 in microgravity are shown in Fig. 4. Although they are
not cross-sectional images, the flame front with slight conical-shape
or buckled shape are prominently shown. Furthermore, the inflec-
tion points of flame shape are noticeable even in microgravity. This
indicates the nonperiodic oscillating flame with inflection point is
formed by an increase in a hydrodynamic perturbation, which is
inherently included in the flow with an increase in both jet iner-
tial force and the centrifugal force. Because the images taken in
microgravity are integrated, the quantitative analysis to elucidate
whether or not the nonperiodic oscillation is chaotic has not been
done in the present study. If the cross-sectional tomographic images
are obtained in microgravity, the chaotic motion in the microgravity
condition can be quantified by applying the analytical method based
on deterministic chaos theory proposed by the authors.!”

Figure 5 shows the map of flame shape as a function of S. In the
case of U =0.6 m/s in microgravity, the flame tip ceases to oscil-
late, but the flame tip at S =0.86 gradually moves downward from
slightly cone shape to buckled shape, whereas the outer diffusion
flame does not show any movement. This indicates that there is no
stable point and the stable conical flame suddenly transits to stable
plateau flame at some critical value of S(S = 0.86). This brings out
an interesting fact on the stability of swirling microgravity flames in
that there is a discontinuity variation between the regimes of stable
conical flame and the plateau flame. When U is 1.1 m/s, a domain of
the nonperiodic oscillating flame is found between the stable conical
flame and plateau flame. This indicates that the increase in both flow
velocity and burner rotation rate increases the hydrodynamic pertur-
bation that induces the nonperiodic oscillation in both microgravity
and +1 g.
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Fig. 2 Rotating flames with U = 1.1 m/s in a) normal gravity (+1 g) and b) microgravity as a function of swirl number S.

Fig. 3 Time variations in the flame motion with S = 0.85 in microgravity.
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Fig. 4 High-speed video images of flame motion with S = 0.85 in microgravity.
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Fig. 5 Stability map of microgravity flame shapes as a function of S.

From these results, buoyancy effect on the dynamics of unsteady
flame with burner rotation can be summarized as follows. The
+1 g periodic oscillating flame formed in U = 0.6 m/s is due to
the buoyancy-driven instability, whereas the nonperiodic oscillat-
ing flame in U = 1.1 m/s is induced by the hydrodynamic effect due
to the combination of inertial jet force and centrifugal force. This
shows that, under the condition of Le > 1, the hydrodynamic insta-
bility due to the combination of the jet inertial force and centrifugal
force plays an important role in switching from periodic mode to
nonperiodic mode.

Summary

Dynamic motion of a premixed Bunsen flame with burner rotation
has been investigated experimentally in normal gravity (41 g) and
microgravity. Rotating CHs—air flames (equivalence ratio ¢ = 1.43)
with mean flow velocities of U = 0.6 and 1.1 m/s have been studied
for swirl number of 0-1.6.

In the microgravity condition where the ascending buoyancy
force vanishes, the centrifugal force as well as jet inertial force be-
comes predominant in determining flame shape variations. Accord-
ingly, the flame shape becomes broader toward the radial direction
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compared to that of the +1 g case. When U is 0.6 m/s, the periodic
oscillation of the flame tipin +1 g ceases to oscillate in microgravity.
On the other hand, when U = 1.1 m/s, the flame motion becomes
nonperiodic even in the microgravity condition. These results in-
dicate that, the +1 g periodic oscillating flame at U =0.6 m/s is
induced by the buoyancy instability, whereas the nonperiodic oscil-
lating flame at U = 1.1 m/s is due to the combined effect generated
by both the jet inertial force and centrifugal force. That is, under
the condition of Le > 1, the hydrodynamic instability due to the
combination of the jet inertial force and centrifugal force plays an
important role in switching from the periodic mode to the nonperi-
odic mode.
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Introduction

ORTEX excitation from rectangular elongated plates when

the length parallel to the flow is much greater than the height
perpendicular to the flow has been investigated experimentally by
Nakamara and Nakashima' and Nakamura et al.”> They concluded
that vortex shedding from elongated flat plates with square leading
and trailing edges is dominated by the impinging shear layer insta-
bility, when a single separated shear layer can be unstable in the
presence of a sharp downstream corner.’ Recently, Hourigan et al.*
considered the trailing-edge shedding to be a powerful mechanism
leading to self-sustained oscillations. They found that the trailing-
edge shedding plays an important role in the stepwise behavior of
the Strouhal number with increasing a chord-thickness ratio, which
is a subject of this Note.

Discussion

Transition in vortex shedding from the von Kdrman type to the im-
pinging shear layer instability has been observed when the Reynolds
number was increased from 200 to 300 (Ref. 1). Experimental data
show that on short plates (c¢/t <3, ¢/t being the chord-thickness
ratio) the flow separates at the leading-edge corner and the shear
layers interact directly, without reattaching to the plate’s surface,
thus, forming a regular vortex street. On longer plates (c/t > 3),
the shear layers are reattached upstream of the trailing edge and
form a separation bubble that grows and may divide, depending on
the chord-thickness ratio (c¢/t): m =1 (one bubble) for ¢/t =3-5,
m =2 (two bubbles) for ¢/t =6-8, and m =3 (three bubbles) for
¢/t =9-12. These bubbles are convected toward the trailing edge
(Fig. 1). The flow patterns reveal that the leading-edge separation
bubble was nearly steady. For Reynolds numbers Re > 300, exper-
imental results show that the Strouhal number Sr(c), based on the
chord length, increases stepwise with ¢/t increasing from 3 to 12,
namely,

Sr(c) = fc/U =0.55m D

where f and U are the vortex shedding frequency and the freestream
velocity, respectively, and m is the number of vortices (bubbles).
Vortex shedding from elongated rectangular plates has been in-
vestigated numerically in Refs. 4-6. In the present Note, we used a
new numerical approach, which is based on an immersed-boundary
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