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Visualized Flow Patterns of Double Concentric Jets
at Low Annulus Velocities

Rong F. Huang* and Chih L. Lin}
National Taiwan Institute of Technology, Taipei, Taiwan 10672, Republic of China

The flow structures in the near wake region of the unducted double concentric jets at low Reynolds numbers
are studied by smoke-wire flow visualization technique. Four typical characteristic flow regimes—weak flow,
pre-penetration, transition, and penetration—are identified for different jet velocities in the near disk region.
Flow patterns and behavior in each characteristic flow regime are investigated. The contours of the separation
surfaces and the lengths of the recirculation zone in various flow regimes are correlated with nondimensional
parameters. The recirculation length reaches a maximum in the transition region. The toroidal recirculation
region exhibits both expelling and shear-layer vortex shedding. The shedding processes are presented, and the
frequencies are correlated with Strouhal number and central-to-annular jet velocity ratio.

Nomenclature
D = diameter of circular disk, 20 mm
D, = outer diameter of annular jet, 30 mm
D, =exit diameter of central jet, 3.4 mm
f = frequency of vortex shedding, Hz
J, =momentum flux of annular jet, pauﬁ
J.  =momentum flux of central jet, p u’
L, = axial length of recirculation zone
R =radius of circular disk, 10 mm
Re, =Reynolds number of annular jet based on the disk diameter
Re. =Reynolds number of central jet based on the central jet
diameter
r = radial coordinate, originated from center of circular disk
St = Strouhal number, fD/u,
u, = average exit velocity of annular jet
u, = average exit velocity of central jet
uy; = displacement velocity, 0.3u, — u,

Wpax = maximum half-width of the recirculation zone

Z  =axial coordinate, originated from center of circular disk
p, = mass density of annular flow
p. =mass density of central jet

Introduction

OUBLE concentric jets have been used in some engineering

applications, e.g., nonpremixed bluff-body combustors,!
chemical engineering, and cooling systems? The flow structure of
the double concentric jets has been extensively studied by investi-
gators.>® The mixing characteristics in a furnace and a cold model
determined from measurements of gas concentrations and velocity
distributions has been studied by Beér et al? They proposed a sim-
ilarity criterion, which was modified from Thring and Newby’s
formulation’ for combusting coaxial jets, to scale up the mixing
patterns in the model tests to the furnace applications. Chigier and
Beér* have measured the mean velocity and static-pressure distri-
butions in the region close to the exit of the nozzles of turbulent
concentric jets with Reynolds numbers higher than 10°. They
found that the length of the recirculating toroidal vortex is essen-
tially determined by the diameter of the disk and the velocity ratio
whereas the pressure distributions are a function of the momentum
flux of the central jet. At high central jet velocities, the stagnation
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points were no longer found on the centerline as in the case of low
central jet velocities but were found at the points of impingement
of the converging annular and the diverging central streamlines.

Roquemore et al.® introduced a two-dimensional sheet-lighting
technique coupled with a fast chemically reacting system to visual-
ize the turbulent mixing and the vortex shedding processes. They
defined two stagnation points for flow conditions that the momen-
tum of the reverse flowing annular air is larger than the momentum
of the central jet and so that the central jet flow is turned back to-
ward the bluff body. The centerline location, where the central jet
is turned, was called the forward stagnation point. The maximum
length of the recirculation zone along the centerline was called the
aft stagnation point. When the momentum of the central jet is
larger than the reverse flowing annular air, the central jet pene-
trates the recirculation zone and, hence, no stagnation points exist
along the centerline. They postulated that the time average flow-
fields are similar when the ratio of central jet velocity to annular air
velocity is constant. They classified the flow patterns into annular
jet dominant, neither jet dominant, and central jet dominant re-
gimes. For central-to-annular jet velocity ratios lower than 0.4, the
momentum of the reverse annular flow is large enough to turn the
central jet before it reaches the height of the time averaged center
of the large recirculation zone. For central-to-annular jet velocity
ratios between 0.4 and 1.5, the momentum of the central jet is suf-
ficient to move the forward stagnation point above the axial height
of the large vortex center. The tip of the central jet fluctuates un-
steadily in this regime. For central-to-annular jet velocity ratios
greater than 1.5, the central jet completely penetrates the recircula-
tion zone and appears to entrain a large quantity of annular air. A
large central jet entrainment rate reduces the size of the recircula-
tion zone. They also found that for annulus velocities below 1 m/s
the recirculation zone appears to be laminar. At annulus velocities
between 1 m/s and 8 m/s, quasiperiodic spiral vortices are formed
in the shear layer of the annular jet. For annulus velocities higher
than 8 m/s, a notable change in the noise level occurs and high-fre-
quency random vortex shedding is observed. The variations of the
recirculation length in the near-wake region behind the axisymmet-
ric bluff body already discussed follow an asymptotic behavior
which was analytically derived by Li and Tankin®

The flow patterns were basically classified according to the pen-
etration of the center jet through the apex of the recirculation zone
in the previously mentioned investigations. The key parameters
dominating the flow characteristics are the central-to-annular jet
velocity ratio and the blockage ratio.>® The range of annulus Rey-
nolds number in the previous studies covered from the order of
10°~10°. The flow phenomena in the range of annulus Reynolds
number lower than 10> are still not clear. The studies of the double
concentric jets at low annulus Reynolds numbers are important not
only to help to understand the detailed phenomena and mechanism
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of the interaction of the recirculation bubble and flushing jet, but
are also important to applications of the nonpremixed type of burn-
ers for combustion processes which require a fuel-rich mixture at
the flame front but a stoichiometric or lean mixing ratio farther
downstream so that complete combustion is obtained within the
combustion chamber.® Based on background knowledge from pre-
vious work on this subject, we set up a facility using twisted dual
smoke-wire flow visualization technique to study the detailed flow
patterns in the toroidal vortex and the dynamic behavior of the re-
circulation zone for flows in low annular jet velocity regime. This
paper presents the results of the study on the characteristics of the
flow modes, the recirculation length, and the vortex shedding.

Experimental Setup

The experiments are conducted with the setup shown in Fig. 1.
The annular and central jets are continuously supplied by two sepa-
rate flow systems consisting of centrifugal blowers, acoustical fil-
ters, pressure regulators, needle valves, and open-jet wind-tunnel
assemblies. The acoustical filters are necessary here to flatten the
ripples of the flow from the blowers.® The pressure regulators and
the needle valves serve as the pressure stabilizers and the flow rate
controllers, respectively.

The open-jet wind-tunnel assemblies are designed to function as
the flow conditioning and measuring systems. The tunnels are cir-
cular in cross section. Four layers of No. 80 metallic screens are
placed at the inlet of each tunnel to reduce the turbulence intensity
of the flow in the test section. A section of plenum chamber is fol-
lowed downstream to settle down the regulated homogeneous tur-
bulence generated by the screens. A well-contoured nozzle with
contraction ratio of 25 is fitted to the plenum chamber to accelerate
the flow. The contour of the nozzle is well designed and machined
according to Hussain and Ramjee’s suggestion’ to suppress the
boundary-layer thickness so that the top-hat velocity profile is ob-
tained at the exit of the nozzle. A circular disk with a 20 mm diam-
eter and 0.5 mm thickness is placed concentrically at the exit of the
30-mm-diam cylindrical test section which is adapted to the exit of
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Fig.1 Experimental setup.

.the nozzle. The blockage ratio of the disk on the annular jet defined

by D/ DZ is 0.44. The central jet has an exit diameter of 3.4 mm.
The wind-tunnel assemblies are surrounded by three layers of
meshed screens to keep the test environment draft free.

The large contraction ratios of the nozzles ensure very slow mo-
tion in the plenum chambers so that the total pressures could be ac-
curately measured from the pressure taps on the walls of the ple-
num chambers. The average exit velocities of the annular and
central jets are calculated using the dynamic pressures which are
the pressure differences between the total pressures measured at
the plenum chambers and the atmospheric pressure. The dynamic
pressures are measured with Validyne VR pressure transducers
which are on-line calibrated with inclined U-tube micromanome-
ters. The electronic output signals from the pressure transducer are
fed to a PC-based data acquisition system to convert the raw data
to the engineering units of pressures and average velocities. Before
the experiments are conducted, the average velocity and turbulence
intensity profiles of the central and annular jets across a Z = 0.5-
mm plane are independently measured by a one-component hot-
wire anemometer. The exit velocity profile of the central jet at an
average velocity of 1.5 m/s is fully developed. The exit velocity
profile of the annular jet at an average velocity of 0.9 m/s has a
sharp radial velocity gradient of about 1000 (1/s) at the edge of
disk, whereas the radial velocity gradient at the outer edge of the
annular flow is only 200 (1/s). Since the exiting annular velocity
profile may have profound effect on the jet instability properties,
say, frequency and intensity of the vortex shedding developed from
the shear-layer instability wave, care must be taken when compar-
ing all instability properties of separated flows. The turbulence in-
tensities are less than 0.5% in the experimental range of this work.

A stainless steel wire with a 100 wm diameter wound around by
another one to form a twisted dual wire is placed across the center
plane of the jets at Z = 1 mm. Thin mineral oil is brush coated on
the wire surface and is ohmically heated to generate fine smoke
streaks to make the flowfield observable. The smoke streaks are
0.7 mm in width, and the space between each smoke streak is con-
trolled within 0.3 mm. The observable smoke streaks generated by
this configuration at u, = 1 m/s (Re, = 1295) can last for at least
90 s. The Reynolds number based on the smoke-wire diameter in
this study is kept lower than 16, which is less than the limit of 20,
recommended by Mueller,!0 to avoid commencement of vortex
shedding behind the wire. The surface temperature of the smoke
wire is kept as low as possible but still high enough to evaporate
the oil so that the buoyancy-induced convection'! is estimated to
be below 2.5 cm/s. The diameter of the condensed vapor aerosols
(the smoke) of the thin mineral oil are commonly at the order of
1 wm according to Batill and Mueller.!? Hence, the slip factor'? for
these aerosols is about 1.168. The relaxation time and the deviated
particle path from a streamline turning in a 90-deg angle are esti-
mated to be about 65 s and 65 wm, respectively, at 1, = 1 m/s.
Thus, the Stokes number'® based on the diameter of the circular
disk is 0.003, which is much smaller than unity. Therefore, the
smoke streaks are considered to follow the flow properly.

Results and Discussion
Flow Patterns

Weak Flow Region

The domain of the annular-central jet velocities in Fig. 2 can be
classified into four main regions according to the characteristic
flow patterns. Region I is called the weak flow region. In this re-
gion the jet velocities are not high enough to form a closed toroidal
recirculation bubble. Subregions I(A), I(B), and I(C) in Fig. 2 cor-
respond to the typical patterns, vortex free, Q tip, and open-top tor-
oid, respectively. The typical vortex-free flow pattern in subregion
I(A) is shown in Fig. 3a. Since the annular jet velocity is very low,
the subatmospheric pressure in the near wake region is not low
enough to cause reversal of the separation surface. Also, the central
jet velocity in this subregion is not high enough to induce a near
disk vortex as was found by Chigier and Beér* The smoke streaks
on both exits of central and annular jets go downstream without re-
versal. No trace of vortex structure is found in this subregion. Fig-
ure 3b shows the typical Q-tip pattern for flows in subregion I(B).
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Fig. 2 Regions of the characteristic flow modes in velocity domain:
region I, weak flow region; region II, prepenetration region; region
II1, transition region; and region IV, penetration region.

The subatmospheric pressure in the near wake region due to the in-
crease of the annular jet velocity is now lower than that in subre-
gion I(A) and, hence, causes the separation surface emanating from
the edge of the disk to move toward the symmetric axis in the
downstream area. A Q-tip flow pattern is formed. The Q-tip flow
pattern, characterized by an axial flow reversal near the axis, re-
sembles the meridional flow derived by Sullivan'* for a flowfield
with pressure gradients in r and Z directions set up by axisymmet-
ric rotation of flow above a solid wall. Sullivan’s solution illus-
trates the fact that low pressure in the core region near the wall can
cause the reversal of the axial flow. The head of the Q tip is lifted
by the central jet. The fluids of the central jet are radially deflected
by the reverse flow and go downstream along the boundary of the
Q tip so as to make the pattern visible. As the annular jet velocity is
increased to subregion I(C), the pressure in the head area of the Q
tip is low enough to form appreciable vorticity to entrain the de-
flected central jet fluid. The entrained fluids enlarge the size of the
head of the Q tip and the smoke particles make the vortex visible as
shown in Fig. 3c. The separation surface in this subregion is still
not reversed and, hence, the flow pattern in this subregion is called
open-top toroid. Increase in annular jet velocity will intensify the
vorticity and enlarge the head area of the Q tip.

Prepenetration, Transition, and Penetration Regions

Regions I1, III, and IV in Fig. 2 are called prepenetration, transi-
tion, and penetration regions, respectively. The terms adopted here
originated from those employed by Chin and Tankin'> for identifi-
cation of vortical structures in a two-dimensional vertical bluff-
body combustor. A displacement velocity u,, defined by

u;=03u,~u, €Y

can be used to classify the regions. The flow is in the prepenetra-
tion region if the value of u, is negative. For 0 < u; < 0.2 m/s, the
flow is in the transition region. The flow is in the penetration re-
gion when u, > 0.2 m/s.

In region II of Fig. 2, the so-called prepenetration region, the
momentum of the central jet is not high enough to overcome the
momentum of the reverse flow of the recirculated fluids so that the
flow patterns are characterized by the relative intensity of the cen-
tral jet to the reverse flow. When flow conditions are in region
1I(A) of Fig. 2, the inner vortex expands outward to merge with the
separation surface, which is curved inward. The recirculation bub-
ble is formed, and the structure is quite unstable as shown in Fig.
3d. In this subregion, the momentum of the central jet is not strong
enough to maintain an up-right jet column so that the vortex in the
recirculation bubble takes certain preferential radial direction. This
is probably caused by the Coanda effect.!® The typical flow pattern
in region II(B) is shown in Fig. 3e. In this region, the central jet has

enough momentum to maintain a stable up-right column so that
clear vortex structures are built up in the recirculation bubble due
to the momentum balance of the central jet and the reverse flow.
Defined by Roquemore et al.,’ the forward stagnation point is the
balance point of the central jet and the reverse flow whereas the aft
stagnation point is the merge point of the separation surface to the
center axis. These two stagnation points, as well as a pair of
counter-rotating large vortex rings, characterize the flow patterns
in this subregion. The upper vortex ring surrounds the Z axis, and
the lower vortex ring surrounds the central jet column. The posi-
tion of the forward stagnation point and the size of the vortices de-
pend on the relative strength of the central jet and the reverse flow.
The forward stagnation point moves downstream, the upper vortex
ring shrinks, and the lower vortex ring enlarges as the central jet
velocity is increased. For flows in region II(C), as shown in Fig. 3f,
the upper vortex ring is pushed outward by the central jet. A large
vortex ring surrounding the central column and a small vortex ring
in the top area of the recirculation bubble are formed.

In region III as shown in Fig. 2, the flow patterns are transi-
tional. The central jet is penetrating the apex of the reversed sepa-
ration surface. During the transition process, the flow is very unsta-
ble and chaotic as shown in Fig. 3g. The rotation, engulfment, and
distortion of the vortices are observed in the video tapes. It seems
that violent random motions and energy exchange processes in the
recirculation bubble are induced by the interaction of central jet
and vortex structure in order to overcome the maximum pressure
around the aft stagnation point.?

Region IV in Fig. 2 is for penetration flow patterns. As the cen-
tral jet just penetrates the recirculation apex, the flowfield is stabi-
lized. Figures 3h and 3i show the typical flow patterns in subre-
gions IV(A) and IV(B), respectively. In subregion IV(A), the
separation surface is not reversed. While in subregion IV(B), due
to the lower pressure induced by the higher annular jet velocity, the
separation surface is reversed to form the outer boundary of the re-
circulation bubble. In both subregions, a pair of counter-rotating
vortex rings is formed. The upper vortex ring exists due to the
pressure gradient and the momentum inertial as does that in region
II. The lower vortex ring is induced by shear effect of the high-
speed central jet. Figure 4 shows the typical flow pattern in this
shear effect dominant region. The size of the upper vortex ring
shrinks, and the intensity of the lower vortex ring increases with
the increase of central jet velocity. A large amount of annular jet
fluids is merged to and entrained by the central jet; afterward, the
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Fig.3 Typical flow patterns correspond to characteristic flow regions
in Fig. 2: a) I(A), u, = 0.10 m/s, z, = 1.05 m/s; b) I(B), u, = 0.30 m/s, u,
= L.11 m/s; ¢) I(C), u, = 0.37 m/s, u, = 1.11 m/s; d) II(A), u, = 0.43 m/s,
u, = 1.09 m/s; e) II(B), u, = 0.75 m/s, u, = 1.79 m/s; ) IKC), u, = 0.56
m/s, u, = 2.03 m/s; g) I, u, = 0.32 m/s, u, = 1.52 m/s; h) IV(A), u, =
0.30 m/s, u, = 1.79 m/s; and i) IV(B), u, = 0.47 m/s, u, = 2.96 m/s.
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combined jet convects downstream. This observation confirms the
measurements of Chigier and Beér* which showed that at high cen-
tral jet velocities the vortex center of the vortex ring resides around
the root area and surrounds the central jet column, additionally, the
stagnation point locates at a little higher position.

Separation Surface and Recirculation Length

The typical normalized contours of the free separation surface in
characteristic flow regions II(B), II(C), TII, and IV(B) are shown in
Fig. 5. The contour in prepenetration region II(B) in Fig. 5 shows
that the separation surface from the edge of the circular disk ex-
pands outward first and curves inward successively. At a certain
height, the separation surface turns back to the upstream direction
and merges with the axisymmetric axis at the saddle point to form
the closed toroid. The turning and the saddle points shift toward
the downstream direction with the increase of annular or central jet
velocity, and eventually exhibit the typical contour of region H(C),
shown in Fig. 5. When the flow conditions are in transition region
IIT where the central jet is penetrating the apex of the closed toroid,
the free separation surface goes downstream without reversal. The
separation surfaces in regions I(A), I(B), I(C), and IV(A) which are
not shown in Fig. 5 are also not reversed. The typical contour of
separation surface in penetration region IV(B) shown in Fig. 5
turns at a lower position toward the central jet column and is re-
versed to form a vortex ring. The turning point moves upstream as
the central jet velocity is increased. The contours of the separation
surfaces with reversals correlated by using dimensionless groups
Z/L, and rfwp,, collapse to a compact band as shown in Fig. 6, ex-
cept for the reversed parts of the central jet dominant flow with
very high central-to-annular jet momentum ratios. The recircula-
tion length L, is defined as the distance from the circular disk to the
intersection of the Z axis and the asymptotic extension of the re-
versed separation surface from the turning point. The effects of
Reynolds number on the non-dimensional correlation using Z/L,
and r/wy,, are not appreciable in the low annulus velocity regime
of this work. For the high annulus Reynolds number regime, how-
ever, although the contour and length of the recirculation bubble
are primarily influenced by the blockage ratio and forebody geom-
etry,!” this correlation may have appreciable variation.

The variation of the recirculation lengths with central jet veloci-
ties at various annular jet velocities is shown in Fig. 7. According
to the analysis of Li and Tankin,’ the recirculation length should
increase at low Re,, decrease after a critical Re, about 2000, and
approach a constant at high Re, for flows with zero central jet ve-
locity. In this study, in which the values of Re, are lower than
1200, the recirculation length increases with the increase of annu-
lar jet velocity for fixed central jet velocity. The recirculation
length decreases with the increase of central jet velocity in prepen-
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Fig. 4 Typical flow pattern at very high central-to-annular jet veloc-
ity ratio with u, = 0.44 m/s and u, = 7.84 m/s.
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Fig. 6 Correlation of contours of reversed separation surfaces.

etration region II(A). In this region, the fluids of the central jet
have neither enough momentum nor coherency to maintain an up-
right jet column and thus are absorbed by the annutus fluids via vi-
olent chaotic motions as shown in Fig. 3d. The energy is consumed
inside the recirculation toroid and, consequently, according to the
conservation law of momentum,* the recirculation length is re-
duced. As the flow conditions are in the prepenetration regions
II(B) and II(C), the organized vortex structures are set up. The
lower vortex ring enlarges as the central jet velocity is increased.
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Fig. 10 Histogram of expelling shedding (mode 2} with u, = 0.39 w/s
and u, = 5.02 m/s; time interval between each frame is 0.03 s and shed-
ding frequency is 3.33 Hz.

The recirculation length thus increases with the increase of the cen-
tral jet fluids. The recirculation length reaches its maximum in the
transition region (III) where the central jet is penetrating through
the apex of the closed toroid. After the penetration, the entrainment
and momentum effects of the high-velocity central jet cause the
shrinkage of the upper vortex ring as has been shown in Figs. 3h
and 3i. Hence, the recirculation length in region IV(B) decreases
with the increase of central jet velocity. The recirculation lengths
in various regions are correlated logarithmically with central-to-
annular jet momentum flux ratios by

L,/D = exp[—0.401 ln(J/7,) — 0.301] )

The correlated results are shown in Fig. 8. The use of this correla-
tion is for the convenient estimation of the recirculation length,
rather than for examination of the precise variation of recirculation
length in the regime of low central-to-annular jet momentum flux
ratios. Again, the adequacy of extension of this correlation to high
annulus Reynolds number regime is still unknown.

Shedding of Vortices
Expelling Shedding

Two types of vortex shedding are found in this experiment: ex-
pelling and shear-layer vortex shedding. As vorticity accumulated
in the recirculation zone reaches a status of nonequilibrium, the re-
dundant vorticity must be expelled in certain ways to keep equilib-
rium. Expelling vortex shedding is found in three basic modes.
Mode 1 of expelling vortex shedding shown in the streak pictures
Figs. 92-91 is commonly observed in regions with low central jet
velocities. Under some nonequilibrium conditions, the vortex en-
closed in the open top separation surface in Fig. 9a becomes unsta-
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ble and is stretched upward as shown in Figs. 9b—%h. Some fluids
in the stretched vortex are then expelled away as shown in Figs.
9i-91. Modes 2 and 3 of expelling shedding are observed in regions
with high central jet velocities. The streak pictures in Fig. 10 show
the evolution of the expelling shedding of mode 2. A vortex ring is
stretched out of the left recirculation vortex in Fig. 10a. The
stretching evolves in an asymmetric way as shown in Figs. 10b—
10f. A small vortex is then induced from the left edge of the circu-
lar disk and grows when the vortex ring is expelled away, which is
shown in Figs. 10g-10i. As the vortex ring is expelled, the newly
induced vortex becomes stable and the whole vortex system resets
to the initial condition as shown in Fig. 10j. The evolution of the
expelling shedding of mode 3 is shown in Figs. 11a—11h. The trace
of the expelling process is observable, though it is not very clear
due to the high velocity of the central jet. The ring vortex sur-
rounding the central jet column at the open top of the recirculation
toroid is expelled downstream intermittently. It is probably in-
duced from the high shear between the central jet and the reversed
separation surface of the annular flow.

The frequency variation of the expelling shedding in various
flow regions characterized by Strouhal number and central-to-an-
nular jet velocity ratio is shown in Fig. 12a. The Strouhal number
of the expelling shedding of mode 1 decreases with the increase of
central-to-annular jet velocity in the prepenetration and transition
regions. On the boundary of the transition and penetration regions,
the shedding frequency reduces to almost zero. It seems that the
central jet has the effect of prohibiting expelling shedding from the
recirculating toroid before it penetrates the top of the toroid. In the
penetration region, the frequency of expelling shedding of mode 2
increases with central jet velocity. The Strouhal number reaches a
maximum of about 0.017 at a central-to-annular jet velocity ratio
of 13. Further increase in central jet velocity will reduce the shed-
ding frequency. The expelling shedding of mode 3 is commonly
observed for a central-to-annular jet velocity ratio higher than 13.
The shedding is not found when central-to-annular jet velocity
ratio is higher than 28.
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Fig. 11 Histogram of expelling shedding (mode 3) with u, = 0.32 m/s
and u, = 5.44 m/s; time interval between each frame is 0.03 s and shed-
ding frequency is 4.17 Hz.
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Fig. 12 Variation of Strouhal number of vortex shedding with cen-
tral-to-annular jet velocity ratio: a) expelling shedding and b) shear-
layer shedding.
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Fig. 13 Histogram of shear-layer shedding with u, = 0.43 m/s and u,
= 1.17 m/s; time interval between each frame is 0.03 s and shedding
frequency is 5.0 Hz.

Shear-Layer Shedding

The shear-layer vortex shedding is found only in the prepenetra-
tion and transition regions. The typical shedding process is shown
in streak photographs, Figs. 13a—13j. A small vortex is first devel-
oped on the right shear layer boundary of the separation surface in
Fig. 13a. It moves downstream and grows as seen in Figs. 13b and
13c. As it moves almost to the top of the toroid, the shedding starts
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as shown in Fig. 13d. The vortex stretches downstream and eventu-
ally departs from the separation surface as shown in Figs. 13e-13j.
The shear-layer shedding has higher maximum frequency com-
pared to expelling shedding. The variation of Strouhal number with
central-to-annular jet velocity is shown in Fig. 12b. The shedding
frequency increases with central jet velocity in region II(A) and
then decreases in regions II(B), II(C), and III. The maximum
Strouhal number is about 0.09. In region II(A), the separation sur-
face is not reversed, and the shear effect on the boundary increases
with the increase of jet velocity ratio. As the flow is in regions
II(B), II(C), and III, the boundary moves outward with the increase
of central jet velocity as shown in Fig. 5. The shear effect on the
boundary is decreased and so is the shedding frequency. The peri-
odical shedding of the shear-layer vortex occurs differently from
that found either in a two-dimensional mixing-layer or a wake in
which the vortices are alternatively shed.

Concluding Remarks

The flow structures in the near wake region of the unducted dou-
ble concentric jets at low Reynolds numbers are studied by smoke-
wire flow-visualization technique. Four typical characteristic flow
regimes: weak flow, prepenetration, transition, and penetration, are
identified for different jet velocities in the near disk region. In
weak flow region, the annular jet velocity is not high enough to
cause reversal of separation surface. Three typical patterns, vortex
free, Q tip, and open top toroid, are found in weak flow region. In
the prepenetration region the structure of the toroidal vortex is cat-
egorized into three typical flow patterns according to the central-
to-annular jet velocity ratios. Stable vortex structure is observed
only when the central jet momentum is strong enough to maintain
an up-right column. The structure is unsteady when the central jet
is penetrating through the apex of the recirculation toroid in the
transition region. In the penetration region, the high central jet mo-
mentum dominates the flowfield, additionally, three typical flow
patterns are found. The contours of the reversed separation sur-
faces in various regions are correlated with non-dimensional pa-
rameters. The recirculation length reaches a maximum in the tran-
sition region. The recirculation length is logarithmically correlated
by central-to-annular jet momentum ratio. The toroidal vortex ex-
hibits both expelling and shear-layer vortex shedding. The shed-
ding processes are presented and the frequencies are correlated
with Strouhal number and central-to-annular jet velocity ratio.
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