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Abstract: This study presents the effects of using two centerbodies arranged in tandem on the flow
and velocity properties of swirling jets. The centerbodies are installed concentrically downstream of
the jets to modify the wake. Smoke flow visualization was employed to illustrate the flow behaviors,
while the particle image velocimetry technique was utilized to investigate the velocity fields, turbulent
properties, vorticities, and Lagrangian time and length scales. The toroidal recirculation and vortex
shedding are found near the field using one centerbody. The recirculation zone is evolved from the edge
of the centerbody, while the vortex shedding is formed by the interaction between the central and the
annular jets. Since two centerbodies are installed, two four-way saddles are located near the rim of the
upstream centerbody to associate two pairs of vortices. A large momentum of the annular jet dominates
the flow field; therefore, the central jet forms dual-rotating vortices at downstream centerbody. The
turbulent intensity and vorticity along the central axis in the case of two centerbodies are extremely
lower than those in the case of one centerbody. Large turbulent intensity and vorticity are located around
the shear layers of jets. This promotes a better mixing efficiency of the swirling jets.

Keywords: swirling jet; centerbody; vorticity; turbulent jet; PIV

1. Introduction

Double-concentric center tube jets are commonly found in many applications to
improve mixing and combustion instabilities [1-3], for example, burners, gas turbines,
furnaces, mixers, etc. The center tube plays an important role either as a bluff body or as a
fuel injection device. The existence of a center jet tube induces a central recirculation zone
(RZ) near the wake and associates it with either flame stabilization or mixing capability.
The RZ that occurs in the bluff body’s wake provides a high rate of momentum and mass
exchanges between the central and the annular jet fluids. This configuration is also denoted
as a coaxial jet [4,5]. In practical uses, to maintain the long residence mixing time, the
central jet fluid with low velocity is injected into the RZ and interacts with the annular jet
via diffusion and dispersion. However, beyond a certain value of the central jet velocity,
the mixing capability of double-concentric center jets becomes relatively worse.

Next to the applications of using double-concentric jets and a bluff body, another way
to improve mixing capabilities and combustion efficiency is the use of swirl, i.e., swirling
jet flow. The swirl movement is usually superimposed to a circular jet, resulting in a
large RZ with high fluctuation intensities induced near the field. This RZ presents a rich
variety of phenomena, e.g., flow characteristics and vortex breakdown. An overview of
the engineering applications of swirl is presented in many studies [6-9]. The prominent
feature of swirling jets, i.e., high turbulence intensity inside the RZ, is expressed in high
physical mechanisms as varying swirl strength. The swirl strength (or swirl rate) can be
represented by the swirl number (S) [10]. Following the suggestion of Gupta et al. [10], a
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large RZ occurs near the jets’ exit when the swirl rate and Reynolds number are higher
than certain thresholds of 0.6 and 18,000, respectively. This RZ is characterized as a region
with a zero or negative mean velocity. The RZ is separated from the transition region in
the downstream wake by a stagnation point. The formation of RZ is closely related to
the “vortex breakdown” feature of a swirling jet [11]. Markovich et al. [12] reported the
shapes and helical instability modes of large-scale vortical structures of a swirling jet at
low and high swirl rates using the 3-D high-speed tomographic PIV technique. The swirl
strengths were 0.41 and 1.0, while the Reynolds number was fixed at about 8900. The vortex
breakdown recirculation was fully observed near the wake region as a toroidal bubble with
high turbulence intensity in the case of high swirl strength, while the axial velocity was
decreased with increasing axial distance.

Generally, in many industrial applications, an annular swirling jet in combination with
a blockage ratio (B) of the bluff body is commonly used to modify flow patterns to provide
the same effects as that of a free swirling jet. A bluff body partially blocks the annular
jet flow with a large Reynolds number (i.e., Re > 1000), resulting in the formation of the
RZ downstream of the bluff body, e.g., a separated toroidal wake and a merged toroidal
wake [13-17]. Therefore, mass transfer and mixing are enhanced in the near field of the jet
flow consequently. Compared computational fluid dynamics (CFD) and experiments on the
near field of swirling jets in terms of RZ characteristics were also reported recently [18,19].
An overview of relevant literature publications is presented in Table 1.

Table 1. Overview of literature publications on annular swirling jet with a bluff body installed.

Uc

Ref. No. B [m/s] Re S Method Flow Features
RANS; DDES; stereo-PIV
[18] 0.16 4.67 7531 14 (non-reacting and reacting Central RZ surrounded by shear layers
swirling flow)
[19] 0.19 4.22 1222 4.08 LES; PIV RZ is affected by swirl strength
0.39 RZ size is dominated by bluff body
. Vortex breakdown RZ
[20] 0.42 0.92 8300 0.36 3-D tomographic PIV and helix structure
Stereoscopic PIV; proper .
[21] 0.17 15 21,800 0-1.4 orthogonal decomposition; Vortex breakdown RZ and precessing
vortex core (PVC)
phase-average
<0.07 Vortex shedding
(007—0075) Smoke-streak flow Transition
(0.075-0.1) visualization and laser Prepenetration
22 . - 0-6000
[22] 023 ( ) (0.1-0.16) Doppler anemometry (LDA) Penetration
(0.16-0.3) Vortex breakdown
>0.3 Attachment

For practical nozzles in applications, to ensure that the formation of the RZ occurs
in the wake of a single swirling jet, the Reynolds and swirl numbers must be operated at
higher than 18,000 and 0.6, respectively [10]; however, for Reynolds numbers below 1000,
based on mean velocity measured at the jet exit and the diameter of the jets, i.e., small-scale
engineering applications, to improve the mixing capabilities and combustion efficiency,
combining the swirling double-concentric jets and a large blockage bluff body could be a
good way to create the RZ near the wake of the jets’ exits. For instance, Huang and Tsai [17]
combined swirling double-concentric jets and a large concentric bluff body. They performed
smoke flow visualization, laser Doppler velocimetry (LDV), and concentration detection
techniques to obtain the flow structures, velocity vector fields and turbulence features, and
mixing capabilities of swirling jets in the domains of annular jet Reynolds number (Rea)
and central jet Reynolds number (Rec). The blockage disk ratio was 0.563. Interestingly, the
flow modes of swirling double-concentric jets identified in the RZ were single-bubble, dual
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rings, vortex breakdown, and vortex shedding in the range of (Rec, S) < (1000, 0.5). The RZ
was easily observed in the wake of the swirling jets; however, as the central jet penetrated
the RZ (i.e., Rec > 500), the fluctuation intensities were not high because of less dispersion
of central jet fluids into the RZ. Consequently, the mixing index detected in the jets” wake
was not adequately high.

The disadvantage of using a single control disk to modify the jets” wake was appro-
priately solved by Huang and Yen [23]. They reported a passive control method using a
dual-blockage disk arranged in tandem (i.e., 30 mm diameter upstream disk and 14 mm
diameter downstream disk) to adjust the flow behaviors in the wake of jets. To reveal
the influences of using a dual-blockage disk on flow characteristics, especially the dis-
tance between the two circular disks, the smoke flow visualization and PIV methods were
employed at a low value of annular jet Reynolds number. The annular jet Reynolds num-
ber (Rea) and swirl rate (S) were about 218 and 0.194, respectively. The flow fields were
identified as natural state, bubble extension, bubble escape, bubble encapsulation, and
gap flow. Apparently, a high mixing index was obtained near the jets’ wake, with a low
annulus Reynolds number (i.e., Rea = 218) and the normalized axial level between the disks
maintained within 0.1 < H/D < 1.4 appropriately.

To fully understand the flow behaviors near field of swirling double-concentric jets
in a wide range of central jet and annulus jet velocities by taking advances of Huang and
Yen's study [23], Huang et al. [24] experimentally performed smoke-wire laser-assisted flow
visualization in the domain of (Rec, Rea) < (1000, 1000). Several flow characteristic modes were
investigated, i.e., annular-jet-dominated wake, central-jet-dominated wake, central-jet-dominated flow,
and high-turbulence swirling wake. The same authors [25] revealed the velocity characteristics
and mixing capabilities of swirling double-concentric jets by using the PIV technique and
concentration detection method for Rec < 180 and Rea < 1000. They found that, at low
Rec, (a) the vortical wake feature is formed as (Rea, S) < (270, 0.243), i.e., annular-jet-dominated
wake mode, while the turbulent wake behavior occurs as (Rea, S) > (270, 0.243), i.e., high-
turbulence swirling wake mode, and (b) the mixing capability of the swirling double-concentric
jets is improved. Continuing to investigate the velocity and turbulent properties as well
as mixing indexes of the swirling double-concentric jets, Duc et al. [26] performed PIV
and gas concentration measurements on the same experimental configuration for Rec < 1000,
Rea < 270, and S < 0.243 corresponding to the flow modes of annular-jet-dominated wake, central-
jet-dominated wake, and central-jet-dominated flow [24].

To continue the previous works of Huang et al. [24,25] and Duc et al. [26], this study
presents the flow behaviors and turbulence features of swirling jets modulated by two
centerbodies arranged in tandem. The experiments were employed for the central jet
Reynolds number, annular jet Reynolds number, and swirl number within the ranges of
200 < Rec < 400, 260 < Rea < 700, and 0.234 < S < 0.483, respectively. This condition of flow
was classified as the high-turbulence swirling wake [24]. Since large Reynolds numbers may
not be available for practical uses, the formation of smoke-streak flow images, velocity
vector fields, streamlines, fluctuation intensities, vorticities, and Lagrangian time and
length scale were reported to illustrate the essential understanding of coherent structures
characteristics, which affect the mixing processes and combustion capabilities in many
small-scale combustions or mixing devices.

2. Methodologies
2.1. Experimental Apparatus

The schematic of the experimental configuration is shown in Figure 1. This setup
is as same as that presented in Duc et al. [26]. To investigate the flow behaviors and
velocity characteristics in the jets” wake, two independent systems of jets combined with
two bluff bodies were installed concentrically. The jet systems consisted of central and
annular air passages. The centerbodies, i.e., two stainless-steel circular disks arranged in
tandem (i.e., 30 mm and 14 mm in diameter, respectively), were used to modify the flow
structures near the jet exits. A nozzle assembly connected to a stainless-steel tube was used
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to deliver the central jet fluid. The tube (i.e., central jet tube) had a 600 mm length and a
5 mm inner diameter. As recommended by Huang and Yen [23], the upstream centerbody
(named CD1) was installed at the end of the central jet tube (i.e., the central jet’s exit), while
the downstream centerbody (named CD2) was placed horizontally at H/D = 30% away
from CD1. CD1 and CD2 were kept parallel using two rods (1 mm diameter and made of
stainless steel). The size of rods was selected to avoid the vortex shedding induced behind
its body as the jets were released [24]. This configuration is to ensure that the mixing could
be improved by combining the annular swirling jet, central jet, and centerbodies [23].

Downstream
Wake \ trz, }
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Central jet ™. .-~ Nozzle
tube Swirler

Settling chamber
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Figure 1. Schematic of the experimental setup.

The annular jet fluid was separately provided to the downstream wake by a set of
a blower, an acoustical filter, a pressure regulator, and a rotameter. The rotameter was
used to adjust the flow rate of the annular jet. In the test rig, a set of honeycombs and
mesh screens was used to condition the flow before it reached the nozzle exit, while a
swirler was installed to transmit the swirl motion into the annular jet fluid. A tangent
velocity component was generated by a swirler as the air-inlet flow went through a system
of NACA 0012 airfoils with a deflection angle of 70°, and those airfoils were located in a
pitch circle diameter of 350 mm, as shown in Figure 1. Before the swirling annular airflow
issued from the annular jet, it was accelerated by passing a nozzle (9.0 contraction ratio
and 40 mm diameter). The hydraulic diameter of the annular jet is Dy, = 10 mm.

The coordinate system origin was set to the central jet tube plane on the central jet’s
exit (Figure 1). The x-coordinate pointed in the axial direction, while the r-coordinate
indicated the radial direction. The swirl number (S), as shown in Equation (1), which was
the ratio of the axial flux of tangential momentum to the axial flux of axial momentum [10],
was defined:

Dy Dy
S= / ’ uwr2dr/% / " uPrdr 1)
g 2 Jp
where u was the axial velocity and w was the azimuthal velocity. The axial and azimuthal
velocity components were estimated experimentally by a laser Doppler velocimeter (LDV)
technique at the Thermal Science and Fluid Mechanics Laboratory (National Taiwan Uni-
versity of Science and Technology, Taipei, Taiwan). The swirl number was adjusted by
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changing the annular jet Reynolds numbers. The swirl rate was operated in the range of
0.234 < S < 0.483 in this study.

2.2. Flow Visualization and PIV Measurement
2.2.1. Flow Visualization

A traditional smoke flow image visualization method based on the investigation of
Mie [27] was operated experimentally. To create the smoke-streak flow patterns, a 100 mm
diameter tungsten-steel wire was inserted at x/D = 0.03 in the symmetry plane across the
jets” outlet. With this wire diameter, the Reynolds number was guaranteed below 40 and,
therefore, it might have been possible to avoid the phenomenon of vortex shedding caused
by the wire downstream [26,28]. This tungsten wire was linked with a heating power
supply. The mineral oil was used to provide smoke streaks in the downstream wakes
by adjusting the heating power supply. A Malvern 2600C Particle Analyzer (Malvern
Panalytical Ltd., Malvern, UK) was used to detect the particle diameter based on Sauter
Mean Diameter (SMD) method [9]. The SMD number was defined as follows [29]:

d
fd myax d3p(d)dd
SMD = “in_—_ ~__
Jies d2p(d)dd

dmin

@

where d, dmax, and dmin were the particle diameter and the maximum and minimum
diameters of particle distribution, respectively. p(d) was the probability density function
(PDF) of particle diameter d. The SDM was estimated at about 1.7 x 0.3 pum, while the
mist density of kerosene oil was about 5.31 kg/m?3. The oil aerosols had a Stokes number
on the order of 0.001, which is substantially lower than one. Hence, the smoke particles
should follow the flow, as expected. A double-pulsed laser (LDY 300, Litron Laser Ltd.,
Warwickshire, UK) was used to provide the laser-light sheet. A 0.5 mm thick laser-light
sheet was oriented to the flow field’s symmetrical plane. There were two laser modes
available: single-pulse and double-pulse. The continuous mode (single-pulsed mode) was
used to visualize the flow in the jets” wake. A CMOS camera (Model IDT Y4-S1, Taipei,
Taiwan) was used to capture smoke flow images. The specifications of the double-pulsed
laser and high-speed camera are presented in Tables 2 and 3, respectively.

To perform smoke flow image visualization, the double-pulsed laser was set in single-
pulsed mode and the framing rate of the high-speed camera was set at 30 fps. The exposure
time of instantaneous images was 0.02 s.

Table 2. Specifications of dual-head diode-pumped Nd: YLF laser.

Property Value
Manufacturer Litron Lasers Ltd.
Model (a dual-cavity system) LDY300
Wavelength (nm) 527
Pulsing rate (each laser head) (kHz) 0.2-20
Output energy @ 1 kHz, at 527 nm (each laser head) (m]) 10
Pulse stability (%) +1

Pulse width at 1 kHz (ns) ~150
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Table 3. Specifications of high-speed camera.

Property Value
Manufacturer Integrated Design Tools, Inc. (IDT).
Model Y 4-S1
Maximum resolution (pixels) 1.024 x 1.024
Maximum FPS @ Max. Res. (fps) 3000
Plus mode @ 1024 x 1024 pixels (fps) 6000
Maximum frame rate @ 1024 x 16 pixels (fps) 72,000
Minimum exposure time (us) 1
Sensitivity ASA 6000 ISO Mono and 2000 ISO color
Sensor type CMOS
Sensor size (mm) 139 x 139
Image size (megapixel) 1.0
Pixel size (um) 13.68 x 13.68
Pixel depth 10-bit mono and 30-bit color

2.2.2. PIV Technique

Particle image velocimetry (PIV) was employed to characterize the velocity vectors
and streamlines near the wake of the swirling jets. Figure 2 shows a 2-D PIV arrangement
composed of a double-pulsed YLF laser, a synchronizer, a CMOS camera, and an image
processing system with an installed commercial PIV analysis software (proVISION-XS
PIV v3.12.1, Taipei, Taiwan). The PIV sofware was employed to reveal the velocity and
turbulent properties in the 2-D symmetry plane downstream wake of the jets. A large cover
box (1200 mm x 1200 mm x 1200 mm, free at the bottom and the top) was used to avoid
the effects of ambient disturbance on the flow field during the experiments. To observe the
velocity measurement, the double-pulse mode was required for the laser. The time interval
between the two-cavity pulsed lasers was set as 50 ps. This separation time was adjusted
experimentally to obtain a good calculation of turbulent intensity, time scales, and length
scales [30]. The speed of the CMOS camera was optimized and finally set at 2280 fps at the
camera resolution of 750 x 750 pixels (i.e., 72 mm X 72 mm in reality space). The spatial
resolution was 96 pm/pixel, consequently.

Plenum

chamber

Image

processing

- =
S oy o iy
-

----
------

Figure 2. Two-dimensional high-speed PIV system setup.
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The cross-correlation method was embedded in a commercial PIV software to estimate
the velocity field characteristics [31]. The local-averaged displacement value of the particles
in a group of two consecutive images was estimated by PIV software in an interrogation
window size (IWS). To enhance the precision of the velocity calculations, the IWS was
found analytically by processing photos with correlation window sizes ranging from a
minimum value of 32 pixels x 32 pixels to a maximum value of 128 pixels x 128 pixels.
The final IWS was set at 32 pixels x 32 pixels, which served no noticeable specious vectors.
The interrogation regions overlapped by 50% in both axial and radial directions which
were enabled to yield a velocity vector field with a total of 180 x 180 vectors (in the 2-D
median plane of the swirling double-concentric jets). The measurement points were very
dense, but for clarity of presentation, the surplus velocity vectors were deleted from the
figures. The convergence method was performed experimentally, and finally, there were
8000 image pairs obtained to produce the time-averaged values in terms of reducing the
processing time.

As recommended by Westerweel [31], the particle displacement in two successive
images should be kept lower than one-fourth of the interrogation spot length to reduce the
velocity bias in the areas that contain large velocity gradients. Error check routines and
interpolation methods were served to determine outliers. By changing the seeding density,
the number of particle-image pairs per interrogation spot was kept higher than four to
increase measurement reliability.

2.2.3. Uncertainty of Measurements

The uncertainties of the measurements were estimated following the suggestion of
Steele et al. [32]. A total uncertainty of the variable parameters can be obtained through

1/2
combining systematic and random errors, ie.,, E = (32 + (1S D)2) , where B is the

systematic uncertainty, Sp is the standard deviation of the mean, and ¢ is the degree
of freedom. The degree of freedom was about 1.96 with a 95% confidence level. The
systematic uncertainty was calculated from the calibration data and previous tests, whereas
the standard deviation of mean was obtained from the raw experimental data. In this study,
the uncertainty of velocity obtained by PIV technique was estimated within £2% [32,33].
The uncertainties of the fluctuation intensity and vorticity were evaluated at approximately
£2.5% and £4%, respectively [33]. The uncertainty of the flow rate measured by the
rotameters was about £2% of the full scale.

3. Results and Discussion
3.1. Smoke-Streak Flow Patterns

Figure 3 presents the 2-D instantaneous smoke flow patterns in the wake of swirling
double-concentric jets using one centerbody and two centerbodies at Re. = 280, Re, = 480,
and S = 0.432.

Using a centerbody (i.e., CD1) shown in Figure 3a, the central jet evolves from the
central hole of CD1, shoots downstream directly, and mixes with the swirling jet-like
flow. The swirling jet-like flow occurs by combining the effects of the central jet fluid, the
swirling annular flow, and the ambient air entrainment. A pair of counter-rotating inner
vortices (V1, V2) and a pair of counter-rotating outer vortices (V3, V4) exist near the jets’
exit downstream of CD1 due to the effects of the centerbody. The RZ is represented by the
pairs of vortices (V1, V2), i.e., called inner vortices, and (V3, V4), i.e., called outer vortices,
and appears within the range of x/D < 0.5. Large eddies of fluids break up into small eddies
at x/D > 1.0 due to the increase in air entrainment in the downstream wake. It is seen that
the interaction between the central jet and the RZ is not strong enough, as the mass and
momentum of central jet fluids travel to the downstream wake immediately after issuing
from the central hole of CD1.
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Figure 3. Instantaneous smoke flow patterns in axisymmetry plane of swirling double-concentric jets.
Re. =280, Re, = 480, and S = 0.432. (a) One centerbody, (b) two centerbodies. Exposure time: 20 ms.

T
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To modify the flow structures shown in Figure 3a, a dual centerbody arranged in
tandem was used. In Figure 3b, a large RZ is located downstream of the jets” exit. This RZ
is a combination of two pairs of vortices that occur in between the central bodies and a
pair of vortices evolved at the edge of CD2. This phenomenon is explained as the central
jet releases from the central tube, impinges CD2, bifurcates radially, and then creates two
pairs of counter-rotating inner vortices (V1, V2) and outer vortices (V3, V4). These vortices’
lengths in the axial direction are smaller than those that appeared in Figure 3a. Due to the
existence of CD2, a part of the bifurcated central jet fluids rolls up and forms into a pair
of counter-rotating vortices (V5, V6). An unsteady swirling jet-like flow occurs at the top
of the recirculating vortical structure (V5, V6) (at about x/D ~ 0.7), goes downstream, and
rotates in the same direction as that of the annular jet. It means that, in the axial direction,
the RZ size observed in the case of using a dual centerbody (Figure 3b) is longer than that in
the case of using one centerbody (Figure 3a). In addition, the size of the RZ increases with
increasing the central jet Reynolds numbers. This is because the central jet fluid impinges
CD2 and then it bifurcates radially before turning upward at a large Rec. This bifurcated
jet induces a shear layer along with the vortices (V5, V6), as the annular swirling flow
has larger momentum than the central jet fluids. In other words, the RZ is encapsulated
by the annular swirling jet fluids. At the axial distance of x/D > 1.5, the flow structures
become more turbulent than those shown in Figure 3a. Similar flow structures are shown
in Figure 3b, i.e., outer vortices (V1, V2) and inner vortices (V3, V4) are located in the gap
of the center bodies. A pair of vortices (V5, V6) and a swirling jet-like flow can be found as
varying Re. and Re, within the range of 200 < Re. < 400 and 260 < Re, < 700, respectively.

3.2. Velocity Vectors and Streamlines

Figure 4 exhibits the time-averaged velocity vectors field and streamlines measured at
Re. =280, Re, =480, and S = 0.432 in the jets’ wake controlled by a dual centerbody arranged
in tandem. As shown in Figure 4a (CD1 installed), two pairs of counter-rotating vortices
(V1, V2) and (V3, V4) are formed near the jets” exit and downstream of CD1. This is because a
part of the central jet fluids interacts, i.e., exchanges momentum, with the annular swirling
jets as the jets pass through CD1. All streamlines issued from the central hole of CD1 go
straightforward downstream and do not meet along the x-direction and then slightly deflect
due to the effects of the swirling annular jet at about x/D > 1.0. The mixing index between the
free jet and the annular swirling jet is not good along the central jet axis since no stagnation
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point exists on the x-axis, as clearly mentioned by Huang and Tsai [16]. The behaviors of flow
shown in Figure 3a are well revealed quantitatively in Figure 4a.

2.0
LOFG -\

12}

X0
Doosl. N

04

0 . . =
-1.2 70.8 0.4 04 08 12-12 —08 —0.4 0 . 08 12

r/ D r/D

Figure 4. Velocity vectors and streamline patterns of swirling double-concentric jets. Re. = 280, Re, = 480,
and S = 0.432. (a) One centerbody, (b) two centerbodies.

Figure 4b presents the time-averaged velocity fields (i.e., vectors and streamlines)
taken at Re. = 280, Re, = 480, and S = 0.432. In this case, a pair of inner counter-rotating
vortices (V1, V2) and a pair of outer counter-rotating vortices (V3, V4) are induced and
located between CD1 and CD2 as same as those represented in Figure 3b. A counter-
rotating vortice pair appears near the rim of CD2, i.e., (V5, V6), and the forward flow
exists in the downstream wake of CD2. A stagnation point exists downstream of CD2 to
associate the vortices (V5, V6). The swirling jet-like flow in Figure 4b is wider than that in
Figure 4a on the r direction. This means that the RZ length in the case of a dual centerbody
is greater than that in the case of one centerbody. Therefore, there is an improvement in
mass and momentum transfer from the central jet fluid and annular swirling jet compared
to that which occurs in the case of using only one centerbody, shown in Figure 4a. This
appearance of flow is aligned with that of the flow patterns depicted in Figure 3b observed
at 200 < Re. <400, 260 < Re, <700, and 0.234 < S < 0.483. This is termed turbulent forward-
flow wake.

3.3. Characteristics of Fluctuation Intensities

Figures 5 and 6 present the time-averaged streamwise (axial) fluctuation intensity
and spanwise (radial) fluctuation intensity contours at Re. = 280, Re, = 480, and S = 0.432.
The fluctuation contours of velocity are used to identify the location and extent of flow
behaviors (i.e., potential core jet and shear layer).

Due to the jets accelerating and decelerating in the wake, as shown in Figure 5a, i.e.,
the one-centerbody case, the streamwise fluctuation intensities (1’ /u.) are significantly
enhanced around the jets’ exit region and then decay gradually downstream with increasing
axial and radial distances. The inner shear layer evolves along the boundary of the central
jet column (i.e., jet width), while the outer shear layer exists along the regions corresponding
to the vortices (V3, V4) shown in Figure 4a. These shear layers are induced by the difference
in velocity between two nearby regions. Apparently, using two centerbodies, Figure 5b,
the axial fluctuation intensities u’/u. exhibit lower values than those in the case of using
one centerbody (Figure 5a). This is because the mass and momentum of the central jet are
transferred radially due to the existence of vortices (V1, V2), (V3, V4), and (V5, V6) shown
in Figure 4b. Around the shear-layer regions induced by the annular jet, i.e., the outer
shear layer, as shown in Figure 5b, the values of u’/u, attain up to 0.24. It can be seen in
Figure 5b that the low turbulent intensity exhibited surrounding the wake of CD2 is caused
by the unstable motion of the swirling jet-like flow (shown in Figure 4b). Consequently, the
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values of 1/ /u, are very low along the central axis in the downstream wake as compared to
those in Figure 5a, i.e., downstream of CD2, u’/u, presents values of up to 0.08.

2.0 uu,
0.60
1.6 0.52
0.44
0.36
1.2 0.28
X 0.20
D 0.12
0.8 0.04
0.01

0.4

08 -04 0 0.4 0.8 -08 04 0 0.4 0.8
D D

Figure 5. Axial fluctuation velocity contours of swirling double-concentric jets. Re. = 280. Re. = 280,
Re, =480, and S = 0.432. (a) One centerbody, (b) two centerbodies.

2.0 Vi,

0.60
0.50
0.30
0.26
0.22
0.18
0.14
0.10
0.06
0.01

1.6

Figure 6. Radial fluctuation velocity contours of swirling double-concentric jets. Re. = 280, Re, = 480,
and S = 0.432. (a) One centerbody, (b) two centerbodies.

As shown in Figure 6a, i.e., the one-centerbody case, similar results to those occurring
in Figure 5a are observed, with the largest value of v’ /u. up to about 0.6 around the region
within (—0.2, 0) < (#/D, x/D) < (0.2, 1.6). The large areas located on both sides of the x-axis
within —0.6 <r/D < —02,0.2 <r/D < 0.6, and 0.4 < x/D < 2.0, which correspond to the
regions where the pairs of (V1, V2) and (V3, V4) appear in Figures 3a and 4a, present values
of v/ /uc up to 0.2. At |r/D| > 0.6, the radial fluctuation intensity value v’/ u. ecreases with
increasing radial distance. In the case of two disks, as shown in Figure 6b, the largest radial
fluctuation intensity value v’ /u. attains up to about 18% concentrated around the (V5, V6)
(Figures 3b and 4b) within —0.60 < /D < —0.15, 0.15 < r/D < 0.60, and 0.4 < x/D < 1.2.
The radial fluctuation intensities (Figure 6b) in the radial direction are greater than those
in the axial direction (Figure 5b). It can be explained that, as the wake is modified by two
centerbodies, the mass and momentum are dramatically transported from the axial direction
to the radial direction, resulting in the improvement of the mixing capability in the RZ.
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3.4. Velocity Profiles and Turbulence Characteristics

Figure 7 presents the normalized axial and radial mean velocities and fluctuation
intensities on the x-axis of swirling double-concentric jets at Re. = 280, Re, = 480, and
S =0.432. They are normalized by the central jet exit velocity. In Figure 7a, the axial mean
velocities (71/ 1) of the one-centerbody case exhibit significantly larger values than those of
the two-centerbodies case. This can be explained in that the central jet mostly transports
the momentum to downstream jets” wake in the one-centerbody case, whereas the central
jet impinges CD2 before bifurcating radially in the two-centerbodies case. Therefore, the
axial momentum of the central jet is significantly decreased as the CD2 installed. In the one-
centerbody case, (7/u.) exhibits high values near the jets” exit and then decreases gradually
with increasing axial level. For instance, at x/D = 0.4, (1/u.) =~ 0.65 (Figure 7a). In the turbu-
lent forward-flow wake region of the two-centerbodies case, u/u, has low positive values
because the swirling jet-like flow goes downstream, as shown in Figure 4b. In Figure 7b,
the values of normalized radial mean velocities (7/1) for the one-centerbody case are
approximately zero along the x-axis. Because the flow fields are almost axisymmetric, the
time-averaged quantities of (0/u.) are almost zero.

0.8 T T T T T T T T T T T T T T 0.8
() —— One centerbody | | (© |
0 61 —O- Two centerbodies |
' 0.6
_ 04 ,
U U
—uc 0.4 uc
0.2
0.2
0C
0.2 | ] L 1 ) ] | 0
0.4 0.8 1.2 1.6 2. .0
0.2 T T T T T T T T T T T T T T 0.8
(b) (d
0.1
v
—-— 0
U,
-0.1
-0.2

0.4

Figure 7. Normalized time-averaged velocities and velocity fluctuation intensities along central line.
Rec =280, Re, =480, and S = 0.432. (a) Axial mean velocities, (b) radial mean velocities, (c) axial
fluctuation intensities, (d) radial fluctuation intensities.

Figure 7c,d describe the normalized axial and radial fluctuation velocities on the
x-axis of the swirling jets. In Figure 7c, the axial fluctuation velocities (#'/u.) of the
one-centerbody case are substantially higher than those of the two-centerbodies case. In
Figure 7d, similar to what occurred in Figure 7c, the normalized radial fluctuation velocities
(v’ /uc) in the one-centerbody case report significantly higher values than those in the
two-centerbody case. On the x-axis of the turbulent forward-flow wake, v’ /1, exhibits a
scenario with a magnitude order similar to that presented in Figure 7c.
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Figure 8a,b show the radial distributions of the normalized axial mean velocities
(/uc) of swirling jets at the two axial stages x/D = 0.5 and 1.5, respectively. They are
normalized by the central jet exit velocity. The axial mean velocities (#1/u.) increase with
increasing the annular jet Reynolds number and swirl rate in both cases of one- and two-
centerbody. All the profiles of (7/1u,) display two peaks. With respect to the x-axis, these
profiles are nearly symmetrical. In the one-centerbody case, the peak values of the axial
mean velocities #/u. are always located in the central region (i.e., 17/D1< 0.2) and the
regions between the shear layers start from the bound of CD1 and the outer bound of
the annular jet. Within the range 17/D 1< 0.2, the peak value of u/u. decreases rapidly
with increasing the axial level. In the two-centerbodies case, at |r/D| < 0.2, u/u. retains
particularly low positive values in the turbulent forward-flow wake at all three axial levels
because no recirculation flow occurs in the wake of CD2.

08 T T T T T J T T T
| (a)x/D=10.5 —a— One centerbody

() xD=05
—O- Two centerbodies -

0.6 B

-0.8 -0.4 0 0.4 0.8 —0.8 0.4 0 0.4 0.8

¥/D /D

Figure 8. Radial distributions of normalized time-averaged velocities at x/D = 0.5 and 1.5. Re. = 280,
Re, =480, and S = 0.432. (a,b) Axial component, (c,d) radial component.

Figure 9a,b show the normalized axial fluctuation velocities u’/u. distributed in the
radial direction at axial stages x/D = 0.5 and 1.5, respectively. At low axial levels, the axial
fluctuation velocity profile exhibits quad-peak values in both the one- and two-centerbody
cases. These peak values of fluctuation velocities exhibit features of inner and outer local
maxima. For each dual-peak velocity profile shown in Figure 9a,b, two inversion points
(i.e., inner and outer) appear to associate each axial mean velocity peak. These inversion
points induce the local maxima of fluctuation intensities. In the case of one centerbody,
(1’ /u.) exhibits high values in the range of —0.2 < r/D < 0.2 around the center jet axis and
decreases with increasing the axial level. For instance, the maximum values of u' /u. are
about 0.55 (Figure 9a) and 0.24 (Figure 9b) at (r/D, x/D) ~ (0, 0.5) and (—0.1, 1.5), respectively.
In the case of two centerbodies, 1’ /u, exhibits lower values than those in the case of one
centerbody in the region near the x-axis.
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Figure 9. Radial distributions of normalized fluctuation intensities at x/D = 0.5 and 1.5. Re. = 280,
Re, =480, and S = 0.432. (a,b) Axial component, (c,d) radial component.

Figure 9c,d present the normalized radial fluctuation intensities (v’ /1) distributed in
the radial direction at x/D = 0.5 and 1.5, respectively. Similar to what occurred in Figure 9a,b
for both the one- and two-centerbody cases, the radial fluctuation intensities (v'/u.) de-
crease with increasing axial distance. The profile of (v'/u.) in the turbulent forward-flow
wake displays a curve similar to that in the case of one centerbody at |r/D| > 0.2 and
x/D < 1.5. Consequently, the axial momentum of the central jet fluids is transferred to the
radial direction when CD?2 is installed. In other words, this transformation of momentum
induces a relative rise in the axial and radial fluctuation intensities in the jets” wake region.
Therefore, the mass diffusion between the central jet and the annular jet is increased.

Figure 10 presents the radial distributions of normalized time-averaged vorticity
(Q2/(uc/d)) at various axial levels, i.e., x/D = 0.4, 0.6, 0.8, and 1.0, of jets” wake controlled by
one and two centerbodies. The vorticities ((2) are normalized by (u./d). The axial stages are
selected to reveal the vorticity inside and outside of the RZ. The vortices exhibit high values
around the shear layer since a large difference in velocity gradient occurred. The negative
value of vorticity presents a clockwise rotation, while the positive value of vorticity showed
a counterclockwise rotation. Within the RZ, as shown in Figure 10a, i.e., x/D = 0.4, in the
case of using one centerbody; it is seen that the dual-peak values of vorticity occurred on
the inner shear layers of the central jet at /D = +0.25, while other dual-peak values are
located on the outer shear layers of the swirling jet at /D = £0.5. Outside of the shear
layers, the vorticity is gradually decreased due to the low-velocity gradient existence. In
the case of two centerbodies, the vorticity exhibits almost null around |r/D| < 0.25 due
to the effects of CD2 on the wake. This is because there was almost no flow found in the
downstream wake of CD2, as shown in Figure 4b. However, as the axial distance increases
to x/D = 0.6 (Figure 10b), the vorticity is slightly increased in the downstream wake of CD2
since the flow starts to accelerate downstream of the stagnation point (Figure 4b). As
|r/ D] > 0.25, the largest vorticity occurs on the outer shear layers as the swirling annular
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jet starts from the bound of the annular jet, the same as those occurring in the case of
one centerbody. For instance, the peak values of (3/(u./d) are located around r/D = +0.5
and £0.7. Apparently, the maximum value of 2/ (u./d) in the case of two centerbodies is
greater than that in the case of one centerbody. In other words, these peaks of 3/ (u./d)
are represented for a high rotational rate of fluids. The maximum value of Q3/(u./d) on
the shear layers is gradually decreased with increasing the axial distance, as shown in
Figure 10a—d. In addition, the peaks are slightly moved towards the central jet with the
increasing axial distance and the vorticity values downstream of the stagnation point are
increased since the swirling jet-like flow occurs in the wake, as shown in Figures 3b and 4b.
In addition, outside of the RZ, as shown in Figure 10c,d, e.g., x/D > 0.8 and |r/D| > 0.25,
the vorticity curve in the case of two centerbodies displays a scenario similar to that in the
case of one centerbody.

1

(a) /D= 0.4
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! _( )x — One centerbody |
: -O- Two centerbodies
1
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1

1
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Figure 10. Radial distributions of time-averaged vorticity at x/D = (a) 0.4, (b) 0.6, (c) 0.8, and (d) 1.0.
Re. =280, Re, =480, and S = 0.432.

Figure 11ab present the normalized Lagrangian integral time scales of the axial
(t1,uuc/ D) and radial (77 ,uc/D) fluctuation velocities on the x-axis, respectively. In
Figure 11a, the values of (17 ,uc/D) in the one-centerbody case exhibit higher than those
in the two-centerbodies case. Similar to what occurs in the x-axis of Figure 11a, the values
of (1,uc./D) observed in the one-centerbody case are smaller than those in the two-
centerbodies case. In addition, the values of 17, ,u./D in the two-centerbodies case present
larger magnitudes compared to those in the one-centerbody case. The values of (1 ,uc/D)
and (7 1./ D) of the two-centerbodies case exhibit large values because the vortex stretch-
ing influence on the x-axis is created by velocity gradients [34]. Because no reverse flow
occurs downstream of the RZ as CD1 and CD2 are installed, the velocity gradients on the
x-axis exhibit low values. Low velocity gradients cause small vortex sketching; therefore,
low turbulent intensities are induced along the central line (in Figure 7c,d).
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Figure 11. Normalized Lagrangian integral time scales of turbulence eddies along centerline. (a) Axial
component, (b) radial component. Re. = 280, Re, =480, and S = 0.432.

To transfer time-dependent measurement results to a spatial domain, the turbulent
eddies’ macro length scales in turbulent flow are estimated by applying Taylor’s frozen
flow field hypothesis to the Lagrangian integral time scales [34]. Taylor’s hypothesis
assumes that the time derivatives of flow properties can be obtained approximately from
d/dt = u;(d/0x;), where t denotes time, x; is the coordinate in the i direction, and 7; is
the time-averaged local velocity component in the i direction. This relationship allows
one to estimate spatial properties using temporal properties under the assumption that
the turbulent eddies advected by the mean flow are sufficiently rapid that they do not
have time to affect the properties substantially during the time they pass the point of
observation. In this study, we assume that the local convective velocity is equal to the
local time-averaged velocity. The axial and radial Lagrangian integral length scales are
estimated by multiplying the Lagrangian integral time scales in Figure 11a,b by the local
time-averaged velocities in Figure 7a,b, respectively. The normalized Lagrangian integral
length scales of axial (I, /D) and radial (I ,/D) turbulence eddies on the x-axis are
presented in Figure 12a,b respectively. In the case of one centerbody, (I, /D) shown in
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Figure 12a exhibits large values at x/D < 0.8 as a result of a great vortex stretching applied
on the flow in the x-axis. In contrast, when CD2 is installed, as shown in Figure 12a, the
values of (I1 , /D) exhibited in the case of one centerbody are relatively lower than those in
the case of two centerbodies within the region 0.8 < x/D < 1.5. In Figure 12b, (I /D) on the
x-axis of the two-centerbodies case presents smaller values than those in the one-centerbody
case within x/D < 2.0. In general, the low values of (I ,/D) exhibited in the wake are
induced by small axial vortex stretching along the central axis [34].
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0.06

0 d

Figure 12. Normalized Lagrangian integral time length scales of turbulence eddies along centerline.
(a) Axial component, (b) radial component. Re. = 280, Re, = 480, and S = 0.432.

4. Conclusions

The velocity characteristics of a swirling jet modulated by two centerbodies were
studied experimentally. In this study, the flow patterns and velocity characteristics of
swirling jets in the high turbulent swirling condition were presented for the range of
annular jet Reynolds number 260 < Re, < 700 and swirl number 0.234 < S < 0.483. The
following conclusions were made from the study’s findings and discussion.
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e  The turbulent forward-flow wake was found in the downstream wake in the case of
using both CD1 and CD2. The forward flow existed immediately in the wake of the
two centerbodies as varying the Rec and Rea.

e  When CD1 was installed, there was no stagnation point or reversed-flow zone found
along the x-axis of the jets. This was because a large momentum of the central jet fluids
traveled quickly downstream after issuing from the central hole on CD1. A large RZ
was induced as the annular jet passed CD1. Two stagnation points were found down-
stream of CD1 to associate two counter-rotating vortice pairs. A part of the central jet
interacted with the annular swirling jet while most of those were going through the
RZ. Using CD1 and CD2 to modify the wake of jets, the RZ was a combination of three
pairs of counter-rotating vortices, i.e., two pairs were encapsulated between CD1 and
CD2, while one pair was located downstream of CD2.

e Along the central jet axis, the strong swirling jet-like flow occurred downstream of
the jets” wake, resulting in larger values of fluctuation intensities in the case of one
centerbody compared to those in the case of two centerbodies. However, outside of
the central jet column, the large values of radial fluctuation intensity in the case of
two centerbodies occurred in longer and wider regions than those in the case of one
centerbody.

e  Although the turbulent forward-flow wake was formed in the case of using two
centerbodies, the axial momentum of the central jet fluids transferred to the radial mo-
mentum due to the appearance of CD2. Hence, the radial fluctuation intensities were
greater than those in the axial direction. This promotes a better mixing performance of
the swirling double-concentric jets when two centerbodies are applied.

In future study, an analytical procedure with a numerical solution may be applied to
investigate flow instability on the shear-layer vortices of swirling double-concentric jets as
the central jet fluids pass through CD2, suggested by Shreen El-Sapa and co-workers [35-38],
especially for flow at high central jet Reynolds numbers. This could help us to deeply
understand the mixing characteristics of combined swirling jets” flow and large bluff bodies.
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Nomenclature

Aa  areaat exit of swirling jet (= 77(D2 — D?) /4), 550 mm?

Ac area at exit of central jet (= 7d? /4), 19.6 mm?

B blockage ratio at exit of annular swirling jet (= D?/D3),0.563
CD1  upstream centerbody

CD2 downstream centerbody

D diameter of CD1, 30 mm

d diameter of central jet at exit, 5 mm

D, diameter of CD2, 14 mm

Dy, hydraulic diameter of annular swirling jet at exit (= Do—D), 10 mm
Dm mean diameter for calculating swirl numbers (= (D + Dy)/2), 35 mm
Dy outer diameter of annular swirling jet at exit, 40 mm

H distance from CD1 to CD2, 10 mm
Re, Reynolds number of annular flow (= 1Dy, /v)
Re.  Reynolds number of central jet (= ucd/v)

r radial coordinate
S swirl number of annular jet
u instantaneous axial velocity component
u time-averaged axial velocity
u root-mean-square of axial velocity fluctuations
Uy mean axial velocity of annular swirling jet at exit (= Qa/Aa)
Uc mean axial velocity of central jet at exit (= Qc/Ac)
v instantaneous radial velocity component
(7 time-averaged radial velocity
v’ root-mean-square of radial velocity fluctuations
w azimuthal velocity component
x axial coordinate, originated from center of CD1
v kinematic viscosity of air, m?/s
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