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Near-Wake Characteristics of Various V-Shaped Bluff Bodies
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Mechanism of vortex shedding and turbulent flow features of the near-wake flow behind regular/irregular
v-shaped bluff bodies are experimentally investigated at various airflow speeds between 10-60 m/s. With the
aid of schlieren photography and a three-beam, two-component backward-scattering LDA system, the phenom-
ena of vortex shedding and flow recirculation behind the flameholder are well illustrated. Results show Strouhal
numbers, based on vortex shedding frequencies, being independent of gutter shape and within a range of 0.23-
0.25. A similar flow structure of flow exists among near wake flows of v-gutters with different span angles.
Increase of Reynolds number monotonically reduces the size of the recirculation zone. Variation in attack angle
only slightly changes mean flow features, but enhances normalized Reynolds shear stresses in the near-wake.

Introduction

I NTRODUCING a t?luff body into the airstream is an ef-
fective way of holding the flame in ramjet combustors and

thrust augmenters. Ample evidence has shown aerodynamic
characteristics of the near-wake flow behind a v-gutter having
crucial influence on flame structures and flameholding mech-
anisms. This type of flow, however, is associated with com-
plicated phenomena such as separation and recirculation, mass
entrainment through the shear layers, and vortex shedding.
Many of these detailed mechanisms have not yet been well
understood.

Extensive research1"4 was conducted on ranges of fuel con-
centration, flow velocity, fuel air ratio, and blockage ratio
with the flame stably sustained. Nicholson and Field5 com-
pared various experimental methodologies; they also used a
high-speed camera for recording the wake flow patterns.
Longwell6 and William et al.7 investigated effects of the mixing
on oscillation of flow velocity and pressure. Rao and Lefebvre8

and Stwalley and Lefebvre9 measured effects of flameholder
shape on limits of stabilization. Previous research primarily
focused on overall performance of flame stabilization of the
gutter and flame stability limits. Little research concentrated
on aerodynamical aspect.

Vortex shedding process in shear layers supposedly has a
close interaction with wake flow structures. Roshko10 used a
hot wire anemometer and a pitot tube in investigating the
flow past a circular cylinder at a very high Reynolds number
of 107. Strouhal number increased with Reynolds number
when the Reynolds number was less than 3.5 x 106. Future
research on recirculation zone was proposed. Mechanism of
formation and shedding of vortices in wake region were stud-
ied by Gerrad.11 He used wake width as the characteristic
length, determining the dimensionless vortex shedding fre-
quency. Unal and Rockwell12 used a water channel in ex-
ploring the wake flow with Reynolds number less than 5000.
Good quality photographs of wake flow pattern at a low Rey-
nolds number were obtained, reporting Strouhal number as
remaining at 0.2, while the Reynolds number was higher than

'1000.
Fujii et al.13'14 used a hot wire anemometer and a one-color

LDA in studying the anisotropic turbulent flow structure of
a wedge at low velocities, investigating the differences be-
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tween reacting flows and cold flows. Taylor and Whitelaw15

conducted a comprehensive review and used a one-color LDA
for measuring flow behaviors of wake flows for plane baffles,
disks, and cones at velocities of an order of 1 m/s. Effects of
local geometries of disks and cones on wake flows were dis-
cussed extensively. Acoustical diagnostic method was adopted
by Hedge et al.16 for studying wake flow, finding aerody-
namics to be a main controlling factor in flame stabilization
for a coaxial dump combustor.

Previous research has indicated near-wake flow as being
very sensitive to flow velocity and geometry of v-gutter. Most
research, however, has been restricted to flows with low ve-
locity and wake characteristics being visualized in a water
tunnel at a relatively low Reynolds number. For improving
physical understanding and providing data for various nu-
merical analyses on wake flow of v-shaped bluff bodies, in-
fluence of angle of attack and span angle on turbulent flow
features at high flow velocities from 10 up to 60 m/s are studied
here.

Experimental Techniques
Test Rig

Experiments were conducted in an open-circuit wind tun-
nel, blown by a 100-hp Rootsblower with the speed controlled
by a Hitach frequency inverter. The blower provided a max-
imum flow rate of 50 m3/min with a maximum static pressure
of 7000-mm H2O. The dimension of the test section was 10
by 10 cm. Configurations and dimensions of two of the tested
v-gutters have been shown in Fig. 1. Flow structures were
qualitatively observed through a schlieren system and quan-
titatively measured through measurements of velocities, pres-
sures, and vortex shedding frequencies.

Instrumentations
Velocity measurements were made by a three-beam, two-

component backward-scattering laser-Doppler anemometer
(LDA), which was connected with a computer-controlled
traversing system for two-dimensional movement. The reso-
lution of transverse system was 0.03 mm. The whole set was
mounted on an optical bench, being placed on a mill table
for major movement.

Laser beam being emitted from a 5-W argon-ion laser, with
the main emission wavelengths of 514.5 and 488 nm, was split
into two beams. One of these two beams passed through a
Bragg cell to produce a 40-MHz frequency shift, then being
split again, through a color-selected beam splitter, into two
beams with wavelengths of 514.5 and 488 nm, separately. The
resulting two beams, together with the other original beam,
then passed through a beam translator, a beam expander, and
a convergent lens of the focal length of 310 mm, finally being
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Fig. 1 Configurations and dimensions of tested v-gutters.

focused at the desired position. Two axes of optical probe
volume were 0.128 and 0.135"mm, respectively. Backward-
scattering Doppler signals were collected through two pho-
tomultipliers and processed by a coincidence filter and two
counter processors. A beam waist adjuster was used in front
of a whole optical system in order to obtain better signals.
Seeding particles were generated from a Dantec seeding gen-
erator, heated, and then introduced into an airflow stream at
a divergent section of the wind tunnel. Seeding particles were
made of 25% glycerin resolvent with diameter in an order of
1 /mi.

Flow was visualized through a schlieren system which in-
cluded an Oriel 100-W mercury lamp, a 200-mm focal length
condensing lens, a 0.2-mm pinhole, two 254-mm-diam (10-
in.) concave mirrors, and a knife edge. For enhancing the
contrast of schlieren images of the recirculation zone, two 50-
/xm-diam nichrome wires were separately attached to the edges
of two wings of v-gutter. Wires were heated up electrically
and made the neighboring fluid only 1°C higher than the
environment. Images were recorded through a Sony F340
video camera with a time resolution of 0.03- and 1/4000-s
shutter speed. A NAC high-speed camera was also used in
assisting the observation of the history of vortices generation.

Measurements of vortex shedding frequencies were made
by a 1.5-mm-o.d. L-shaped tube, with eight 0.1-mm holes
drilled around the end of the tube. This device was capable
of detecting transient signals of pressure up to 3 kHz. De-
tected data was then transmitted through a Kistler 7061 pie-
zoelectric transducer, a charge amplifier, and a noise filter,
and finally analyzed by a data translation 6100 waveform ana-
lyzer. Mean pressures were measured by traversing a tiny pitot
tube every 2 mm across transversal direction, and every 5 mm
along the axial direction in the recirculation zone.

Experimental Conditions
Two types of v-gutters 1) regular and 2) irregular types,

were tested. Irregular v-gutters were nonsymmetric in respect
to flow direction. Sketches of configuration, coordinate sys-
tem, and dimensions of test section and v-gutter are shown
in Fig. 1. Range of attack angle is from 0 to 15 deg. Span
angle varies from 30 to 50 deg, corresponding to blockage

ratios from 0.17 to 0.25. Range-of-flow velocity is 10-60
m/s, corresponding to Reynolds number, U0Lb/v, of 1.3 x
104 to 8 x 104, where Lb is the blockage width of tested v-
gutters. Corresponding Mach number of highest velocity is
0.2. For obtaining better images of flow patterns, tests of flow
visualization were conducted at a flow velocity of 1 m/s. Max-
imum turbulent intensity in front of v-gutter was less than
0.85%.

Data Accuracy
Two thousand forty eight measurements were typically made

at each measure point. Corresponding maximum uncertainties
were 3.2% of mean velocity and 4.9% of turbulent intensity
for a 95% confidence level. Corresponding maximum uncer-
tainty for Reynolds shear stress was 13%. Since definition_of
Reynolds shear stress was —u'v', a 5% error of rms of (ur)
and (V) would cause about a 13% uncertainty of Reynolds
shear stress. Uncertainty of Reynolds shear stress was then
much higher than those of mean velocity and turbulent in-
tensity. Uncertainty of pressure data was estimated to be
within 5%. Standard deviations of frequencies measured in
the recirculation zone for each case were within 1 Hz.

Results and Discussion
Flow Visualization

In understanding geometrical effects on recirculation flows
behind tested v-gutters and comparing results with the LDA
measurements, a series of schlieren pictures for a regular
v-gutter with a 30-deg span angle were taken every 0.03 s, as
shown in Fig. 2. Pictures have clearly depicted formation,
growth, and shedding phenomena for a typical cycle of vor-
tices behind a regular v-gutter. A vortex, with the center being
marked with "*", first appeared in the upper shear layer, as
shown in photograph (1). After 0.03 s, a second vortex marked
with " + " appeared a short distance behind the edge of the
upper wing, being illustrated in the dark region of photograph
(2). Meanwhile, the first vortex kept growing. Photograph
(3) shows the first vortex beginning to shed from the upper
shear layer upstream. The remaining photographs depict de-
cay and oscillation of the first vortex in far-wake area and
growth of the second vortex. Vortices formed on both sides
merge at a fixed location near the rear stagnation point.

For a case of 50-deg span angle, Fig. 3a shows that initiation
of vortex occurs and sheds away farther downstream. Figure
3b shows a case of 15-deg angle of attack with a span angle
of 30 deg. Although the upper wing has a longer stable shear
layer than the lower wing, positions where the upper and
lower vortices are rolling up more closely resemble those in
Fig. 2.

Vortex Shedding Frequency
Frequencies of the vortex shedding were also detected at

10 mm behind the gutter and 10 mm above the centerline.
Frequencies did not vary as the measurement position was
kept within the recirculation region. One typical result of a
wake flow behind a regular v-gutter with a 30-deg span angle
is shown in Fig. 4. Two major frequencies in the figure orig-
inate from two different sources: 1) pseudosound being gen-
erated from velocity fluctuation at a fixed position when vor-
tices street passes; and 2) acoustic wave, being excited by the
pressure difference between the freestream and recirculation
zone during vortex formation, transmitting inside the test sec-
tion with sonic speed. Frequency of pseudosound varied with
flow velocity, evidently detected within a recirculation zone
where the coherent vortex structure is still strong. The fre-
quency of acoustic wave was verified at approximately 25 Hz
for all cases.

Frequency of pseudosound was further converted into di-
mensionless Strouhal number, fLb/UQ, where/denotes vortex
shedding frequency, Lb is width of the blockage, and U0 is
the upstream velocity. Figure 5a shows when the span angle
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Fig. 2 Schlieren pictures of vortex shedding process of a regular v-gutter with a 30-deg span angle at U0 = I m/s.

a)

b)

Fig. 3 Schlieren pictures taken at V0 = I m/s for various configurations of v-gutter: a) regular v-gutter with a 50-deg span angle and b) irregular
v-gutter with a 15-deg angle of attack and a 30-deg span angle.

varies from 30 to 45 deg, the Strouhal number remains near
0.24. When the Reynolds number was on an order of 104,
based on the hydraulic diameter of the test section, the shed-
ding frequency remained fairly constant.12 Strouhal numbers
of 50 deg were still between 0.25-0.27. Through LDA mea-
surements, as shown in Fig. 6, the wall effect results in ac-
celeration of outer flow and enhances the momentum differ-
ence between two sides of shear layers. Rate of vortex
generation within the shear layer would then increase. Sim-
ilarly, frequencies in 10- and 15-deg angles of attack, were
slightly higher than those of a 0-deg angle of attack. Mean

velocity distributions of gutters with 0-, 5-, and 15-deg angle
of attack are illustrated in Fig. 7. Angle of attack generally
has had a minor influence here on vortex shedding frequency,
as indicated in Fig. 5b.

Flow Features
Typical flow pattern of recirculation flow is shown in Figs.

8a and 8b. Figure 8a depicts glycerine oil droplets flowing
through a regular gutter of 30-deg span angle at U(] = 60
m/s. A corresponding vector form of mean flowfield is shown
in Fig. 8b. These two figures correspond very well. Figures
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Fig. 4 Typical frequency spectrum of pressure fluctuation for a reg-
ular gutter with a 30-deg span angle at U0 = 40 m/s.
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Fig. 8 a) Flow pattern of regular v-gutter with a 30-deg span angle
at U0 = 60 m/s and b) vector form of mean flowfield behind a regular
v-gutter with a 30-deg span angle at U0 = 60 m/s.
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Fig. 9 Distributions of rms of both: a) axial velocity fluctuation at U0 = 20 m/s and b) vertical velocity fluctuation at U0 = 20 m/s for a regular
v-gutter with a 30-deg span angle.
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Fig. 10 Distribution of index of anisotropy at a flow behind a regular v-gutter with a 30-deg span angle at U0 = 20 m/s.

9a and 9b_show distributions of rms of axial velocity fluc-
tuation (w'2)1/2, and transversal velocity fluctuation (V2)1'2,
both are similar. Peaks of fluctuation are at two shear layers,
decaying along the sides of layers. Turbulent intensities in-
crease as flow moves downstream and attain the maximum
values near rear stagnation point.

Index of anisotropy in flow at several locations downstream
of v-gutter can be expressed as a ratio of (w'2)1/2 to (v'2)1/2,
as shown in Fig. 10. Since the streamline is significantly dis-
torted by a large shear stress generated at the boundaries of
shear layers, the maximum values of (w'2)1/2 and (w'2)1/2/(v'2)1/2

appear at inner edges of shear layers when x = 3 cm. Min-
imum values, meanwhile, appear at outer edges of shear lay-
ers. Entrainment of outer flow causes this, mixing with inner
fluid. Two other peaks near the walls are due to an axial flow
acceleration resulting from the narrowing of the path between
walls and shear layers.

At a farther downstream position, i.e., x = 5 cm, vortices
form and continuously grow larger. As a result, values of
(i/2)1/2 then begin increasing, with widths of peaks in (V2)1/2/
(v'2)1/2 broadening gradually. Vortices generated on both sides
of the v-gutter merge together, buffeting with each other at
x = 6 cm. Behind the rear stagnation point, the distribution
curve tends to flatten.

Vortices shedded from both upper and lower sides oscillate
vertically, penetrating across the centerline of flow in turns
between jc = 7 cm and* = 8 cm/The effect enhances (v'2)1/2,
resulting in very low values of (w'2)^/(v'2)_^2_along the cen-
terline. Based on a distribution of (w'2)1/2/(v'2)1/2 at a down-
stream location of x = 16 cm, large and organized eddies can
be assumed to have broken into small nonorganized eddies;

therefore, the rate of turbulent energy dissipation and char-
acteristics of isotropy then increase downstream. __

The distribution of normalized Reynolds shear stress ( — u'v'l
UQ) corresponding to the test condition of Fig. TO are asym-
metric with respect to the centerline, as shown in Fig. 11.
Peak normalized Reynolds shear stresses located at the outer
edges of shear layers expand toward the walls; peak turbulent
intensities, meanwhile, appear at the inner edges of shear
layers, converging at the rear stagnation point. Maximum
normalized Reynolds shear stress is also at a rear stagnation
point of wake flow.

Typical two-dimensional static pressure distributions of wake
flow are shown in Fig. 12. Reference pressure is chosen as
static pressure at 10-cm upstream of the gutter. Recirculation
zone is generally a low-pressure zone with a lowest value of
Cp located at the "eye" of recirculation. Steep pressure gra-
dients exist both in shear layers and near the rear stagnation
point.

Effect of Gutter Configuration
In investigating the effect of angle of attack, a group of

v-gutters with various angles of attack are tested. Mean ve-
locity distributions under various angles of attack are shown
in Fig. 7. Static pressure distributions of wake in a gutter with
a 15-deg angle of attack and a 30-deg span angle are shown
in Fig. 13. The value of Cp at the eye of the recirculation zone
is 0.95, while a regular gutter being -1.05. Corresponding
distribution of normalized Reynolds shear stress is shown in
Fig. 14. Existence of angle of attack may shift the recirculation
zone along a certain vertical distance and slightly change the
size of the recirculation zone, as from the comparison among
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Fig. 11 Distributions of normalized Reynolds shear stress at (70 = 20 m/s for a regular v-gutter with a 30-deg span angle.
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Fig. 12 Static pressure distributions of flow behind a regular v-gutter
with a 30-deg span angle at U0 = 20 m/s.
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Fig. 13 Static pressure distributions of flow behind an irregular
v-gutter with a 30-deg span angle and a 10-deg angle of attack at
U0 = 20 m/s.

Figs. 12, 13, and 7. In contrast to the symmetrical structure
in Fig. 12, Reynolds stress between upper and lower wings
are, however, quite different. Maximum Reynolds shear stress
is 0.112, while the corresponding value for regular gutter is
0.062.

Effect of span angle of v-gutter on the size of the recircu-
lation zone is depicted in Fig. 15. The rear stagnation point
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Fig. 14 Distributions of normalized Reynolds shear stress of flow
behind an irregular v-gutter with a 30-deg span angle and a 10-deg
angle of attack at U0 = 20 m/s.

is taken as the location where reverse flow velocity is zero.
Length of recirculation zone Xr is defined as the axial distance
between rear stagnation point and origin. The larger the span
angle, the longer the recirculation length. Dimensionless re-
circulation length XrlLb still stays constant at 3.5. Some sort
of similarity in flow structure exists inside the recirculation
zone. Rao and Lefebvre8 performed similar measurements
for the size of the recirculation zone behind a wedge, choosing
the rear edge of a flameholder as the reference point. Their
results did not show a unified trend. Exclusion of the influence
in the boundary layer forming along the solid surface of the
gutter in their choice might have been the crucial factor.

Taylor and Whitelaw15 showed reverse mass flow rate being
inversely proportional to the pressure of the eye in the recir-
culation zone. Their investigation showed values of Cp being
-0.8, -1.05, and -1.3, respectively, corresponding to a
span angle of 30, 40, and 50 deg when flow velocity was 20
m/s. Velocity distributions in Fig. 6 confirms that gutter with
a 50-deg span angle causes the highest reverse flow rate as
compared with other cases.

Maximum Reynolds shear stresses are 0.041, 0.062, 0.079,
and 0.115, respectively, corresponding to span angles of 30,
40, 45, and 50 deg. The normalized location of maximum
normalized Reynolds shear stress also shortens when the span
angle is enlarged.

Effect of Reynolds Number
The length of the recirculation zone in a flowfield at 20

m/s is much longer than that of 60 m/s. The effect of Reynolds
number on the length of the recirculation zone can be con-
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Fig. 15 Effects of span angle and velocity on length of recirculation
zone.
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Fig. 16 Distributions of static pressure coefficient along centerline at
various span angles and velocities.

eluded from Fig. 15. Since axial velocity near shear layers are
proportional to momentum transferred from the outer stream,
the length of recirculation zone is inversely proportional to
flow velocity. However, adverse pressure gradient will curb
the size of the recirculation zone. Figure 16 reveals adverse
pressure gradient being proportional to velocity square. As
flow velocity increases from 20 to 60 m/s, dimensionless re-
circulation length XrlLb is then monotonically reduced from
8 to 6. Increase of flow velocity may also push the eye of the
recirculation zone upstream, although the Cp value does not
significantly vary.

Conclusions
Features of near-wake flow behind various v-gutters have

been clearly visualized and quantitatively measured in a range
of airflow speed from 10 to 60 m/s. Based on the data pre-
sented, the following conclusions are made:

1) Static pressure fluctuation of near-wake originated from
both components of pseudosound wave and acoustic wave.
The frequency of pseudosound wave is greatly influenced by
blockage ratio. Strouhal numbers are close to 0.23 when the
span angle of regular v-gutter is changed from 30 to 45 deg.

When blockage ratio is larger than 0.23, however, wall effect
will have to be taken into account. Wall effect leads to ac-
celeration of outer flow and enhances the momentum differ-
ence across shear layers.

2) Length of recirculation zone linearly decreases with an
increase of Reynolds number. Similarity is also found among
wake flows behind gutters with different span angles. Nor-
malized length of recirculation zone stays constant as span
angle varies from 30 to 50 deg.

3) Variation of angle of attack may shift recirculation zone
to a certain vertical distance, but only slightly change the size
of the recirculation zone. Maximum Reynolds shear stress,
however, is distorted and enhanced at a higher angle of attack.
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