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An annular granular jet surrounding an air jet at its core is studied experimentally using high-speed digital photography.
The experimental results show that particle bubbles in a periodic manner are formed whether the central air is swirling or
not. This flow feature is induced by the intense interaction between the central air jet and the annular granular jet, and it is
important for the dispersion of particles by the air jet in the near field. The interaction between the two phases is mainly
intensified by higher superficial air jet velocity and the addition of swirl to the central air jet. The bubbling frequency,
bubble size, bubble shape, and bubble growth rate are investigated by analyzing a large number of images. In addition, the
dispersion angle of granular jet is found to be mainly governed by the radial growth rate of the bubble. VVC 2012 American

Institute of Chemical Engineers AIChE J, 59: 1882–1893, 2013
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Introduction

Gas-particle two-phase flows are of great importance for
both scientific researches and engineering applications and
widely used in various industrial equipments, such as pulver-
ized coal gasifiers1 and pulverized coal combustors.2,3 Parti-
cle dispersion in two-phase flows, which is one of the most
important particle behaviors, is recognized as playing a key
role in a wide variety of industrial and energy conversion
processes. Thus, the understanding of particle behaviors in
the flow field is of considerable importance.

Modarress et al.4 measured the mean velocity, turbulence
intensity of both phases, and the gas-phase turbulent shear
stress in two-phase turbulent jets. The results indicated that
the presence of the particles reduced the gas velocity fluctua-
tions. Longmire and Eaton5 examined the behavior of par-
ticles in a particle-laden round jet that was forced axially
with an acoustic speaker. They found that local particle dis-
persion and concentration were governed by convection due
to large-scale turbulence structures. Sommerfeld and Krebs6

studied the behavior of the particles in two-phase swirling
flow in comparison with the nonswirling case by flow visual-
ization, particle concentration, and velocity measurements.
Wicker and Eaton7,8 experimentally investigated the effect
of the recirculation and large-scale vortices on particle dis-
persion in a swirling, coaxial jet. The results indicated that
large-scale vortex rings reduced particle flinging and had
effect on the particle distribution. Liu et al.9,10 experimen-

tally investigated the particle dispersion characteristics of a
granular jet surrounded by an annular air jet and identified
three dispersion modes, namely, the shear dispersion, wave
dispersion, and oscillating dispersion. However, as shown in
Table 1, the case with large particle mass loading ratio m
(defined as the ratio of the total particle mass flow rate to the
air mass flow rate) and swirl is very limited,8–22 which dem-
onstrates a need for further research on the particle behaviors
in dense two-phase flows, including the case with swirl.

In the gasification process of pulverized coal, there are mainly
two coaxial jet configurations, namely, the particle-centered
type and the gas-centered type. The particle dispersion charac-
teristics of a central granular jet surrounded by an annular air jet
have been studied by Liu et al.9,10 But the study on an annular
granular jet dispersed by a central air jet has not been reported.
However, a few investigations have been conducted on an annu-
lar liquid jet exposed to an inner air jet,23–29 and several interest-
ing flow features have been observed, for example, the periodic
formation of bubbles. Thus, motivated by the research status
and future needs, the flow features of an annular granular jet sur-
rounding a central air jet are investigated in this work.

Experimental Setup

The present experiments are conducted with the dense gas-
particle coaxial jets directed vertically downward, as shown
schematically in Figure 1. Air from a blower continuously
passes through a storage tank, a flow meter, a swirler placed in
the inner nozzle (for the case with swirl), and finally flows out
as the center jet. The storage tank is mainly used to eliminate
the disturbance from the blower. High-pressure air supplied by
a steel cylinder is used to pressurize the particles stored in a
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hopper. The hopper is similar to that used in Ref. 9 and con-
nected with the annular channel. A needle valve and a preci-
sion pressure gauge are used to monitor the pressure in the
hopper and keep it at a constant value. The control method of
the particle flow rate is the same as that presented in Ref. 9. In
the present experiment, particles discharged from the annular
channel are weighed after collection for a timed period to cal-
culate the mass flow rate.

To study the flow field of single air jet, smoke flow visual-
ization is used to capture the instantaneous flow patterns of air
jet. The white smoke is used as the flow tracer and generated
by some small burning tablets. The flow feature of single air
jet and the dispersion process of granular jet are both recorded
by a high-speed digital camera (Fastcam, Photron, up to
250,000 frames per seconds [fps] and 10�6 s exposure time). In
the present experiments, the shooting speed is 1000 fps, and
the exposure times of each image for above two cases are 4 �
10�5 and 1.25 � 10�4 s. ImageJ,30 which is a kind of image
processing software, is used to analyze and process the images.

In this study, a coaxial two-channel nozzle has been
adopted, as shown schematically in Figure 2a. Air flows
through inner channel and particle outer channel. The inner
channel of the nozzle, that is, the central channel, has an
exit diameter d of 20.0 mm and the outer channel, that is,
the annular channel, has an outer diameter Do of 27.0 mm
and an inner diameter Di of 24.0 mm. Thus, the thickness of
the annular channel d is 1.5 mm. The exits of inner and
outer channels are both convergent. The inner one has a con-
vergence angle b ¼ 30�, whereas the outer one has a ¼ 70�.

A guide vane swirler is mounted at 1d upstream of the noz-
zle exit, as marked with dotted line in Figure 2a. Details of
swirler are shown in Figure 2b. The degree of swirl for a
swirling jet is usually characterized by the swirl number S,
which is a dimensionless number representing axial flux of
angular momentum to divided by the product of nozzle exit
radius and axial flux of axial momentum. The expression of
S can be simplified to a number of forms depending on vari-
ous assumptions.31 In this work, S is expressed as32

S ¼ 1þ R1=R2ð Þ2

2 1� uð Þ tan c0 (1)

where R1 is the radius of the central hub supporting the vanes,
R2 is the external radius of the swirler, and c0 is the vane angle
at the external edge. In addition, u is defined as

u ¼ nb

2pR1 cos c
(2)

where n and b are the number and thickness of the guide vanes,
respectively. c is the established angle of the vanes
corresponding to R1. The relation between c and c0 is given as

tan c ¼ R1

R2

tan c0 (3)

Parameters of the three swirlers used in the experiments
are listed in Table 2. The Reynolds number of the air is
defined as

Figure 1. Flow chart of experimental system.

1–blower, 2–storage tank, 3–valve, 4–flow meter, 5–steel

cylinder, 6–pressure gauge, 7–needle valve, 8–precision

pressure gauge, 9–hopper, 10–coaxial nozzle, 11–high-

speed camera, and 12–computer.

Figure 2. Configuration of coaxial nozzle and sche-
matic diagram of swirler.

Table 1. Experimental Conditions Under Which Previous Particle-Laden Jet Investigations Were conducted

Researchers Jet Form Swirl/No Particle dp (lm) qp (kg/m3) m

Shuen et al.11 Premixed No Sand particles 79–207 2620 0.2, 0.66
Fleckhaus et al.12 Premixed No Glass beads 64, 132 2590 0.3
Barlow and Morrison13 Premixed No Glass beads 163 2825 6.5–54
Longmire and Eaton15 Premixed No Glass beads 55 2400 0.05–0.11
Sheen et al.16 Premixed No Polystyrene particles 210–780 1020 0–3.6
Aisa et al.18 Premixed No Glass spheres 50–100 2450 0.3
Hadinoto et al.19 Premixed No Glass spheres 70, 200 2500 0.7
Zhou et al.20 Premixed No Talcum powder 16 2700 0.646
Tamburello and Amitay21 Premixed No Glass beads 11–50 2500 0.01
Wicker and Eaton8* Coaxial Swirl Glass shot 90 2500 0.1
Fan et al.14,17* Coaxial No Silica gel powder 50, 200 1250 0–1.5
Mergheni et al.22* Coaxial No Glass beads 102–212 — 0.17, 0.7
Liu et al.9,10* Coaxial No Glass beads 33.1–183.4 2490 0.7–5.6
This work** Coaxial Swirl and no Glass beads 81–159 2490 5.9–47.3

*A particle jet in a coaxial annular air jet.
**An annular granular jet with a central air jet.
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Re ¼
dug0qg

lg

(4)

where ug0, qg, and lg are the superficial air jet velocity,
density, and dynamic viscosity of the air, respectively. The
superficial air jet velocity is defined as the mean velocity of
the air from the central channel.

Spherical glass beads used as the particle phase are of
three sizes: 81, 125, and 159 lm. The particle mass flow
rate is mp ¼ 0.041 kg/s. Thus, the superficial particle jet ve-
locity that represents the mean velocity of the particle from
the annular channel is given by

up0 ¼
mp

p
4
qbðD2

o � D2
i Þ
¼ 0:234 m=s (5)

where qb is the bulk density of the particle. The particle mass
loading ratio m varies from 5.9 to 47.3. The Stokes number of
particle is defined as

St ¼ sp=sg ¼
d2

pqp=18lg

d=ug0

(6)

where sp and sg are the aerodynamic response time of a
particle and the air timescale, respectively. dp and qp are the
diameter and density of the particle, respectively. The Strouhal
number of the bubble-formation process is defined as

Sr ¼ fbd

ug0

(7)

where fb is the bubbling frequency. The detailed experimental
conditions of the air and particles are contained in Table 3.

Results and Discussion

Bubble characteristics in the bubbling fluidized bed such as
bubble size, shape, and bubble rise velocity are very important

for the design of gas–solid fluidized beds and optimizing the
rate of mass transfer, heat transfer, and chemical reactions.33

In view of the above, numerous studies focused on the bubble
behavior in fluidized bed have been conducted.34–39 Similar to
the bubble at the top of the fluidized bed,33 a noticeable ‘‘parti-
cle bubble’’ (hereinafter referred to as ‘‘bubble’’) is also
observed in this work. The features of the bubble presented
herein are shown in the following sections.

Bubbling phenomenon of annular granular jet

The flow patterns of the annular granular jet with a non-
swirling central air for different ug0 are shown in Figure 3.
For ug0 \ 4.42 m/s, the granular jet is vertically downward,
as shown in Figure 3a. In this case, aerodynamic forces are
not sufficient to change the flow pattern. When ug0 ¼ 4.42
m/s, the granular jet becomes strongly periodic within a
short distance from the nozzle exit, that is, a ‘‘particle bub-
ble’’ chain is formed (see Figure 3b). As shown in Figure
3b, the initial bubble is regular in shape; nevertheless, it
bursts while propagating downstream. With a further
increase of ug0 (ug0 [ 4.42 m/s), the distinct bubble disap-
pears gradually, but the initial bubble is still identifiable
(Figures 3c,d). The radial dispersion of particles is more
prominent for higher ug0; however, the bubbles become
more irregularly shaped and easier to burst.

Similarly, Figures 3e–h illustrates the flow patterns of the
annular granular jet with a swirling central air for different
ug0. Compared with the flow pattern shown in Figure 3a, the
granular jet is falling downward along a spiral trajectory for
ug0 \ 4.42 m/s, as illustrated in Figure 3e. With the increase
of ug0, it is observed that a chain of bubbles in a periodic
manner is also formed (Figure 3f), but the shape of the bub-
bles is less regular than that shown in Figure 3b. Due to the
aerodynamic shear, the bubbles are torn off while propagat-
ing downstream. With a further increase of ug0, the distinct
bubbles disappear gradually, but the initial bubble is still
observable, as shown in Figures 3g,h. Meanwhile, the bubble
is progressively shortened along the axial direction and elon-
gated along the radial direction. Compare to the case with a
nonswirling central air, more evenly dispersion of particles
is achieved, which is considered to be due to centrifugal
effects and strong interaction between the granular jet and
the swirling air jet.

Bubble-formation process

As mentioned earlier, the bubble is periodically formed
within a certain range of ug0. The morphological feature of
the bubble is similar to the multiple converging sections
studied by Sivakumar and Raghunandan.27 To study the bub-
ble-formation process, Figure 4 illustrates the flow patterns
of central air jet with and without swirl by smoke flow visu-
alization. Obviously, the bubble is not formed in the single
air jet whether the center air is swirling or not. However, no-
ticeable bubbles appear in the near field for the two-phase
flows with and without swirl (Figures 3b,f). Consequently,
the interaction between the annular granular jet and the

Table 3. Experimental Parameters of Gas Phase (Air) and
Particle Phase (Glass Beads)

Phase Parameters

Gas (air) Superficial air jet
velocity ug0 (m/s)

2.21–17.7

Air dynamic viscosity
lg (lPa s)

17.9

Air density qg (kg/m3) 1.247
Swirl number, S 0, 0.21, 0.56, 1.01
Reynolds number, Re 3079–24,661

Particle
(glass beads)

Particle diameter, dp (lm) 81, 125, 159
Particle density, qp (kg/m3) 2490
Particle bulk density,

qb (kg/m3)
1460

Superficial particle jet
velocity, up0 (m/s)

0.234

Particle mass flow rate,
mp (kg/s)

0.041

Particle mass loading
ratios, m

5.9–47.3

Particle volume fraction (%) 0.3–2.3
Stokes number, St 5.6–172.9

Table 2. Geometrical Parameters of Swirlers

Serial number n b (mm) c0 (�) c (�) R1 (mm) R2 (mm) u S

Swirler 1 4 2 15 6.37 5 12 0.256 0.21
Swirler 2 4 3 30 21.1 8 12 0.256 0.56
Swirler 3 4 3 45 33.7 8 12 0.287 1.01
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central air jet is considered to be the precondition that trig-
gers the formation of bubbles.

In this study, the interaction between the gas and particle
phases is mainly intensified by the addition of swirl to the
central air jet and the increase of superficial air jet velocity.
As illustrated in Figures 3b,f, the bubbles both appear when
ug0 exceeds 4.42 m/s, and the difference in shape of the ini-
tial bubble between the two cases is not significant. So, we
can conclude that swirl is not the vital influence factor in the
bubble-formation process. However, with the increase of su-
perficial air jet velocity (see Figure 3), an irregularly shaped
bubble, rather than a bubble chain, is formed. The above
observation indicates that the increase of superficial air jet

velocity, which results in more intense interaction between
the gas and particle phases, seriously influences the appear-
ance of the bubbles.

Similar to the formation of gas-filled liquid bubbles
described by Kendall,23 the formation of the above-men-
tioned bubble is described as follows. Figure 5 illustrates the
time-sequence pictures of the bubble-formation process for
the cases with and without swirl. As the inner and outer noz-
zles used herein are both convergent, the granular jet con-
verges toward the jet axis on account of the inertia, thereby
forming a neck, as marked with arrow in Figures 5a,e. Simi-
lar to what happens in the water-hammer phenomenon, the
rapid contraction of the neck will give rise to a compression

Figure 4. The flow patterns of single air jet in the near field observed by smoke flow visualization.

(a) S ¼ 0, ug0 ¼ 4.42 m/s and (b) S ¼ 1.01, ug0 ¼ 4.42 m/s.

Figure 3. The evolution of flow patterns of granular jet with the increase of ug0.

(a–d) dp ¼ 81 lm, S ¼ 0 and (e–h) dp ¼ 81 lm, S ¼ 1.01.
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wave that causes a sudden increase of the air pressure inside
the granular jet. Because of the pressure difference across
the granular jet (DP), a radial displacement of the annular
granular jet appears (Figures 5b,f). Afterward, the bubble
feature becomes gradually noticeable (Figures 5c,g). With
further expansion of the granular jet, the next neck emerges
again (Figures 5d,h), completing the formation of the first
complete bubble. Subsequently, the next bubbling period
starts, repeating the same sequences of events as described
earlier. As mentioned earlier, the periodic fluctuations of the

pressure difference across the granular jet, which are raised
by the interaction between the central air jet and the annular
granular jet, are responsible for the formation of bubbles.

Bubbling frequency

The bubbling frequency fb is an important characteristic
scale in the bubble-formation process. It is calculated by a
procedure, which uses edge detection algorithm and Fourier
transform algorithm, and the edge detection algorithm is used
to search the half-width of the granular jet in the near field.
Take the case without swirl as an example, Figure 6 presents
the spectrum of half-width for ug0 ¼ 4.42 m/s. A sharp spec-
tral peak is observed, which indicates that a characteristic fre-
quency exists in the bubble-formation process. In addition, the
power spectra of the single air velocity at the nozzle exit are
given in Figure 7. Obviously, a sharp spectral peak is also
observed in the case with disturbance of blower (no storage
tank), which suggests that the air from the blower has a fre-
quency of 39.8 Hz (Figure 7a). However, as shown in Figure
7b, this frequency disappears when the storage tank is added
to the experimental system, which demonstrates that the dis-
turbance of blower has been eliminated effectively. Thus, the
above characteristic frequency (observed in Figure 6) is con-
sidered as a natural frequency of bubble-formation process.

The variation in fb with ug0 for different swirl numbers is
given in Figure 8a. Clearly, fb increases rapidly with ug0,
which indicates that fb is strongly dependent on ug0. Similar
to the results shown in Ref. 23, the growth of fb with ug0 is

Figure 6. Power spectrum of the half-width of the gran-
ular jet (S 5 0, dp 5 81 lm, ug054.42 m/s).

Figure 5. The time-sequence images illustrating the formation of bubbles (Dt 5 0.001 s).

(a–d) S ¼ 0, dp ¼ 81 lm, ug0 ¼ 4.42 m/s and (e–h) S ¼ 1.01, dp ¼ 81 lm, ug0 ¼ 4.42 m/s.

1886 DOI 10.1002/aic Published on behalf of the AIChE June 2013 Vol. 59, No. 6 AIChE Journal



nearly linear when S remains constant. However, the forma-
tion frequency of the liquid bubble23 is much larger than the
bubbling frequency studied herein. In addition, it is also
observed that fb increases with S. The above results suggest
that strong swirl and high superficial air jet velocity can pro-
mote the formation of bubbles. Figure 8b presents fb varied
with ug0 for different particle sizes. Note that fb increases
slightly with dp, which indicates that dp has only a slight
influence on fb in comparison with ug0.

According to the above experimental results, a dimension-
less correlation of the bubbling frequency related with swirl
number, Stokes number, and Reynolds number is given by

Sr ¼ 2:12ð1þ 2:79SÞ0:156St0:0755Re�0:377 (8)

Equation 8 is accurate within 3.2% (mean of relative
error). According to Eqs. 4, 6, and 7, the expression of St
contains both dp and ug0, and the expressions of Re and Sr
contain only ug0. The exponents of variables in Eq. 8 suggest
that the influence of ug0 on fb is more significant than that of
S and dp. The values of Sr calculated with Eq. 8 against
those measured experimentally are illustrated in Figure 9.

Dynamical evolution of the bubble

In this work, the trajectory of the initial bubbling distance,
the axial and radial bubble size, that is, xb(t), Lx(t) and Ly(t),

are experimentally measured for different swirl numbers,
particle sizes, and superficial air jet velocities. As illustrated
in Figure 3b, xb denotes the initial bubbling distance that is
defined as the axial distance between the plane of nozzle
exit and the central plane of the first bubble. In addition, Lx

and Ly denote the axial and radial bubble size, respectively.
Some of the detailed measurements are shown in Figure

10. Notice that the time evolution of xb, Lx, and Ly are peri-
odic for the case of S ¼ 0, ug0 ¼ 4.42 m/s, and dp ¼ 81 lm.
And similar results are also observed in the cases with dif-
ferent swirl numbers, superficial air jet velocities and particle
sizes. Because of limitations of space, no need to repeat
them here. Besides, an important conclusion that can be
extracted from Figure 10 is that, as the time evolution of xb,
Lx, and Ly are practically linear during each bubbling period
and the slopes of lines for a given condition are almost the
same value, the bubbling velocity (ub) and the axial and ra-
dial growth rates of the first bubble (ux and uy) are nearly
constant for a given condition. It should be mentioned here
that ux and uy are both relative values, whereas ub is the
absolute velocity of bubbling. The above observation sug-
gests that, when swirl number, particle size, and superficial
air jet velocity keep constant, the bubbling velocity and the
growth rates of the initial bubble in both directions also
remain constant.

Figure 11 presents the time evolution of the dimensions
ratio of the initial bubble during a bubbling period T. It can

Figure 8. The variation in fb with ug0 for different swirl numbers and different particle sizes.

(a) 4.42 m/s � ug0 � 17.7 m/s, dp ¼ 81 lm and (b) 4.42 m/s � ug0 � 17.7 m/s, S ¼ 1.01.

Figure 7. Power spectrum of single air velocity with and without disturbance of blower (ug0 ¼ 4.42 m/s, S ¼ 0).
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be observed that Ly/Lx increases with ug0, S, and dp, which
indicates that high superficial air jet velocity, strong swirl,
and large particle size can intensify the deformation of initial
bubble. In addition, the dimensions ratios of initial bubble
exceed 1 under various conditions, which implies that the
bubble is not exactly spherical but rather shaped like a flat-
tened ellipsoid. As mentioned earlier, Lx and Ly both
increase linearly with t. However, Ly/Lx is found to decrease
nonlinearly with t, which suggests that the growth rate of Ly

is smaller than that of Lx.
Lxe and Lye are defined as the bubble size in both direc-

tions at the end of the bubble-formation period. Figure 12
shows Lxe and Lye varied with ug0 for different swirl num-

bers. Note that Lxe decreases rapidly with the increase of S
and ug0, whereas Lye increases with S and ug0. This observa-
tion implies that the bubble is extremly deformed in shape
by strong swirl number and high superficial air jet velocity.
Figure 13 shows Lxe and Lye varied with ug0 for different
particle sizes. Clearly, Lxe and Lye both decrease with the
increase of dp, which indicates that the expansion of the bub-
ble in both directions for large particles is not as noticeable
as that for small particles. This phenomenon may be due to
the large inertia and poor following behavior of the large
particles.

Figure 10. Time evolution of the characteristic scales
for S 5 0, ug0 5 4.42 m/s, dp 5 81 lm.

l: xb; ~: Lx; and !: Ly.

Figure 11. Time evolution of the dimensions ratio of the initial bubble Ly/Lx for different ug0, S, and dp.

(a) S ¼ 0, dp ¼ 81 lm; (b) ug0 ¼ 4.42 m/s, dp ¼ 81 lm; and (c) S ¼ 1.01, ug0 ¼ 4.42 m/s.

Figure 9. Comparison between the experimental
results and estimated results of Sr.
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Figure 12. The variation in Lxe and Lye with ug0 for different swirl numbers (4.42 m/s � ug0 � 17.7 m/s, dp 5 81 lm).

(a) Lxe and (b) Lye.

Figure 13. The variation in Lxe and Lye with ug0 for different particle sizes (4.42 m/s � ug0 � 17.7 m/s, S 5 1.01).

(a) Lxe and (b) Lye.

Figure 14. The variation of ub, ux, and uy with ug0 for different swirl numbers (dp 5 81 lm).

(a) ub, (b) ux, and (c) uy.
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According to the above results, a dimensionless correla-
tion of Lxe related with swirl number, Stokes number, and
Reynolds number is expressed as

Lxe

Do

¼ 22:1ð1þ 2:92SÞ�0:232St�0:0542Re�0:280 (9)

Equation 9 is accurate within 4.1%. The exponents of varia-
bles in Eq. 9 indicate that Lxe is slightly dependent on dp. Simi-
larly, a dimensionless empirical correlation of Lye is given by

Lye

Do

¼ 0:0981ð1þ 2:92SÞ0:0353St�0:131Re0:379 (10)

Equation 10 is accurate within 1.6%. The exponents of var-
iables in Eq. 10 indicate that Lye is slightly dependent on S.

Figure 14 illustrates ub, ux, and uy varied with ug0 for differ-
ent swirl numbers. Note that ub, ux, and uy increase with ug0

and S. As shown in Figure 14a, ub behaves a slow increase
with ug0. However, as illustrated in Figures 14b,c, the varia-
tions of ux and uy with ug0 are nearly linear. The above results
reveal that the increase of ug0 and S can effectively promote
the growth of the bubble. Figure 15 shows ub, ux, and uy var-
ied with ug0 for different particle sizes. It is observed that ub,
ux, and uy all decrease with the increase of dp.

Thus, a dimensionless correlation of the bubbling velocity
obtained from the experimental results is written as

ub

up0

¼ 0:0755ð1þ 2:92SÞ0:102St�0:0380Re0:436 (11)

Equation 11 is accurate within 4.7%. The exponents of vari-
ables in Eq. 11 demonstrate that ub is weakly dependent on dp.

As mentioned earlier, a compression wave raises an over-
pressure DP, which results in an instantaneous expansion of
the granular jet. According to Joukowsky’s fundamental
equation of water hammer,40 the overpressure DP is approxi-
mately proportional to ðug0 � up0Þ. As ug0 [ up0, we have

DP / ug0 (12)

The expansion of the granular jet is similar to the explosion
process to a certain extent. According to the impulse-momentum

Figure 15. The variation of ub, ux, and uy with ug0 for different particle sizes (S 5 1.01).

(a) ub, (b) ux, and (c) uy.

Figure 16. Schematic diagram of the dispersion angle
(100 superimposed images, Dt 5 0.001 s).
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theorem, the pressure force impulse of the air is converted into
the momentum of the granular jet at the instant of expansion.
Thus, we have

DPAxs / mp0ux (13)

and

DPAys / mp0uy (14)

where s is the acting time of the pressure force, and mp0 is the
mass of particle group. Ax and Ay denote the acting areas of the
pressure force in both directions. The acting time s is so short
that all the other external forces acting on the granular jet can
be ignored. Consequently, ux and uy will remain constant.
Thus, we can conclude that

ux / DP / ug0 (15)

and

uy / DP / ug0 (16)

According to the above experimental results, the axial and
radial growth rates of the first bubble are related with swirl
number, Stokes number, and Reynolds number by

ux

up0

¼ 8:95� 10�4ð1þ 2:92SÞ0:130St�0:0669Re0:852 (17)

and

uy

up0

¼ 1:77� 10�4ð1þ 2:92SÞ0:164St�0:138Re1:08 (18)

Equations 17 and 18 are accurate within 6.2 and 6.1%,
respectively. According to Eqs. 4 and 6, the exponents of
variables in Eqs. 17 and 18 demonstrate that ux and uy are
both strongly dependent on ug0, which agree well with
ux / ug0 and uy / ug0.

Dispersion angle

The dispersion angle of the granular jet is an important
parameter in quantitative characterizing the dispersion char-
acteristics of the particles. Similar to the definition of spray
angle in the liquid jet,41 dispersion angle h is defined as the
largest angle formed by the cone of particles discharged
from the annular channel and measured by the image proc-
essing software ImageJ. As shown schematically in Figure
16, the dispersion angle is obtained by superimposing each
one hundred images in turn, and the time interval Dt
between images is 0.001 s.

The variation in h with ug0 for different swirl numbers
is presented in Figure 17a. It is observed that h increases
monotonously with S and ug0. In addition, Figure 17b
presents h varied with ug0 for different particle sizes.
However, h decreases with the increase of dp, which is
due to the poor following behavior of large particles. The
above observations reveal that strong swirl, high superfi-
cial air jet velocity, and small particle size can raise large
dispersion angle and, thus, improve the dispersion of
particles.

According to the schematic diagram and definition of the
dispersion angle, we can conclude that the dispersion angle
is mainly dependent on the sudden radial expansion at the
nozzle exit, which is characterized by the radial growth rate
of the first bubble. Thus, we have

tan
h
2
/ uy (19)

and with Eq. 18, yielding

Figure 17. The variation in h with ug0 for different swirl numbers and different particle sizes.

(a) 4.42 m/s � ug0 � 17.7 m/s, dp ¼ 81 lm and (b) 4.42 m/s � ug0 � 17.7 m/s, S ¼ 1.01.

Figure 18. Comparison between the experimental
results and estimated results of the disper-
sion angle.
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h ¼ 2 arctan Cð1þ 2:92SÞ0:164St�0:138Re1:08
h i

(20)

where C is a constant. According to Eqs. 4 and 6, an empirical
correlation obtained from the experimental results is given by

h ¼ 2 arctan 4:71� 10�5ð1þ 2:92SÞ0:164St�0:138Re1:08
h i

(21)

Equation 21 is accurate within 6.1%, which demonstrates
that above conclusion on the dispersion angle is reasonable.
Equation 21 also suggests that h is highly dependent on ug0.
The values of h calculated with Eq. 21 against those meas-
ured experimentally are illustrated in Figure 18.

Conclusions

In this article, the dispersion characteristics of dense gran-
ular jet exposed to central air jets with and without swirl
have been studied by high-speed camera. It is observed that
the bubbles in a periodic manner are formed whether the
central air is swirling or not. Detailed analysis reveals that
the bubble-formation process is induced by the interaction
between the central air jet and the annular granular jet. High
superficial air jet velocity and the addition of swirl to the
central air are major factors that can intensify interaction
between the two phases. In comparison with the swirl, the
superficial air jet velocity seriously influences the appearance
of the bubbles.

By analyzing a large number of images, several character-
istic scales (e.g., bubbling frequency, bubble size, bubble
growth rate, and dispersion angle) are obtained and well pre-
dicted by a series of dimensionless correlations. The dimen-
sions ratio of the initial bubble suggests that the bubble is
not exactly spherical but rather shaped like a flattened ellip-
soid. In addition, the dispersion angle is found to be con-
trolled by the radial growth rate of the bubble, which reveals
that, in the near field, the formation of the bubble has a sig-
nificant influence on particle dispersion.
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Notation

Roman letters

Ax, Ay ¼ axial and radial acting areas of the overpressure in the
bubble, m2

b ¼ thickness of the guide vanes, m
d ¼ central channel diameter of the nozzle, m

dp ¼ particle diameter, lm
Di, Do ¼ inner and outer diameters of the annular channel of the

nozzle, m
fb ¼ bubbling frequency, Hz

Lx, Ly ¼ axial and radial bubble size, m
Lxe, Lye ¼ axial and radial bubble size at the end of the bubble-

formation period, m
m ¼ particle mass loading ratio

mp ¼ particle mass flow rate, kg/s
n ¼ number of the guide vanes

DP ¼ pressure difference across the granular jet, Pa
R1 ¼ radius of the central hub, m
R2 ¼ external radius of the swirler, m
Re ¼ Reynolds number

S ¼ swirl number
Sr ¼ Strouhal number
St ¼ Stokes number

t ¼ time, s
t0 ¼ initial time of bubbling, s
Dt ¼ time interval, s
T ¼ bubbling period

ub ¼ bubbling velocity, m/s
ux, uy ¼ axial and radial growth rates of the first bubble, m/s

ug0 ¼ superficial air jet velocity, m/s
up0 ¼ superficial particle jet velocity, m/s
xb ¼ initial bubbling distance, m

Greek letters

a ¼ convergence angle of outer nozzle, �

b ¼ convergence angle of inner nozzle, �

c ¼ established angle of the vane, �

c0 ¼ vane angle at the external edge, �

d ¼ thickness of the annular channel of the nozzle, m
h ¼ dispersion angle, �

lg ¼ air dynamic viscosity, Pa s
qb ¼ particle bulk density, kg/m3

qg ¼ air density, kg/m3

qp ¼ particle density, kg/m3

s ¼ acting time of the overpressure in the bubble, s
sg ¼ air timescale
sp ¼ aerodynamic response time of a particle, s
u ¼ obstruction coefficient

Subscripts

b ¼ bubble
g ¼ gas
p ¼ particle
x ¼ axial coordinate
y ¼ radial coordinate
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