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Abstract: In this paper, the flow characteristics and
energy equilibrium analysis of the effervescent atomiza-
tion had been investigated theoretically and experimen-
tally. The effect of the gas–liquid rate (GLR from 0.04 to
0.15) on the atomization stability was revealed. When the
GLR was small, the atomization was unstable. The atomi-
zation was gradually stable with an increase in the GLR.
The optimal atomization region can be obtained. The

Sauter mean diameter (SMD) of the droplets was mea-
sured by the phase Doppler analyzer. The SMD decreases
with an increase in the GLR. The energy equilibrium ana-
lysis was investigated for the swirl atomizer theoretically
and experimentally. The results show that the energy
dissipation terms are mainly compressed gas expansion,
liquid viscosity dissipation, and resistance losses. However,
the ratio of the spray kinetic energy and the surface tension
energy to the total energy is small.

Keywords: effervescent atomization, energy dissipation
analysis, Sauter mean diameter, swirl atomizer, droplets
velocity, phase Doppler analyzer

1 Introduction

The effervescent atomization has some advantages such
as high atomization quality, low pressure, energy-saving,
simple, and reliable. Effervescent atomization technique
has been already widely used in many industrial applica-
tions, such as liquid fuel combustion, spray cooling,
spray irrigation, water mist for fire suppression, medical
treatment, and surface spray treatment [1–5]. The main
purpose of the atomization is to make the liquid into
fragments or small droplets [6–8]. The atomization pro-
cess needs to consume a lot of energy on the inside and
outside of the effervescent atomizer [9–11]. The effects of
energy consumption must be considered when an ato-
mizer is designed and chosen. Hence, it is necessary to
investigate energy transfer in the effervescent atomiza-
tion process.

The process of effervescent atomization has been
investigated by Lefebvre et al. in the 1980s [12–14]. Using
injecting gas into a liquid, bubble flow is formed in the
internal-mixing chamber of the atomizer. The efferves-
cent atomization is the result of liquid and gas interac-
tion. When the liquid and gas shear force is greater than
the fluid viscous forces and surface tension, the liquid
will be deformed and broken into small droplets. When
the gas and the droplets continue the interaction, the
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droplets will be further broken into smaller liquid parti-
cles, then the atomization is achieved.

The mean spray droplet size (typically Sauter mean
diameter [SMD]), spray cone angle, and the discharge
coefficient are the most important performance para-
meters to atomizer designers. Wade et al. [15] and Wang
et al. [16] experimentally investigated the spray charac-
teristics of an effervescent atomizer operating in the
MPa injection pressure range. The atomization reason is
that the high gas–liquid velocity difference enhances the
shear effect. Satapathy et al. [17] continued the work of
Wade et al. They found that the ambient gas density is a
small influence on SMD. Sovani et al. [18] reinforced the
conclusions of Wade et al. and Satapathy et al. They
found that the efficiency of the effervescent atomizers is
substantially higher than the efficiencies of the conven-
tional twin-fluid atomizers. The same conclusion is obtained
by Bayvel and Orzechowski [19]. They indicate that the ato-
mization efficiency of the effervescent atomization is higher
than that of other atomizers. The spray quality improvement
of the effervescent atomization demands less energy.
Karnawat and Kushari [20] thought the spray cone angle is
dependent on the GLR. Sovani et al. [21] noted the spray
cone angle is widened with an increase in the injection
pressure. Chen and Lefebvre [22] found that the spray
cone angle increases with a decrease in the liquid viscosity
and surface tension. Ochowiak [23] investigated the effect
of the discharge coefficient of the effervescent atomizer on
the effervescent atomization. The conclusions are that the
atomizer construction (mixing chamber and outlet orifice) is
very important to discharge coefficient.

All the literature mentioned earlier focuses mainly on
the performance parameters of atomization. However,
energy consumption in the atomization process is also
important to design atomizers and improve atomization
quality. Lefebvre et al. [24,25] investigated the energy
consideration in twin-fluid atomization. The results are
that the ratio of the energy required for atomization to the
kinetic energy of the air is a main factor for the atomiza-
tion. Jedelsky and Jicha [26] systematically investigated
the energy conversion process of the effervescent atomi-
zation by the experiment. The conclusions are that most
of the input energy is spent on the gas expansion work,
the air entrainment process, and losses related to the
two-phase flow and the discharge. However, viscosity
dissipation is not considered. The viscosity has a very
important influence on the atomization process and ato-
mization energy consumption.

In this paper, first, the effect of gas–liquid rate (GLR)
on the atomization stability is investigated. Second, the

effect of two atomizer configuration on the atomization
characteristics (velocity and SMD of droplets) is studied.
On this basis, the energy equilibrium analysis is investi-
gated for the swirl atomizer in detail. It is hoped that the
present work can provide a good scheme for designing
effervescent atomizer.

2 Experimental system

The experimental system of the effervescent atomization
is illustrated in Figure 1. The pressure of the gas and
liquid which was provided by the gas compressor was
measured by the pressure gages. The flow rate of the fluid
was measured by the mass flow meter, and the gas rate
was obtained by the volume flow meter. The gas and
liquid are mixed in the atomizer and then flow down-
stream to the exit orifice. The velocity and size of the
droplet were measured by the phase Doppler analyzer
(PDA). The spray temperature field was measured by
the thermal infrared imager, and the spray stability was
analyzed by the high-speed video.

Before entering the atomizer, the pressure of the
liquid and gas was up to 0.3 MPa. The structure of the
swirl atomizer is shown in Figure 2. The diameter of
the exit orifice was D = 1.0 mm. The diameter of the
mixing chamber was Dc = 10 mm. The degrees of mixing
and energy interchange between air and water were
different in the mixing chamber, then sprayed from the
atomizer exit.

Figure 1: Experimental system.
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3 Results and discussion

3.1 Characteristic of the atomization in the
effervescent atomizer

The characteristic of the atomization in the effervescent
atomizer is shown in Figure 3. The pressure of the gas and
liquid was changed from 0.26 to 0.32 MPa. The liquid
mass flow rate decreases with an increase in the GLR,
as shown in Figure 3. The physical mechanisms are

revealed as follows: when the GLR is small, the amount
of liquid is relatively much more than that of air. The
liquid is sprayed from the exit orifice to the stationary
atmosphere environment; the restriction of the atomizer
wall for the liquid is disappeared. Due to the interaction
of gas and liquid, the atomization becomes unstable in
the gas–liquid boundary layer. The atomization becomes
gradually stable with an increase in the GLR. It is the
optimal region for the atomization, as marked by the
circle. The spray effect will gradually deteriorate with
an increase in the GLR.

The effect of the pressure on the liquid mass flow rate
is shown in Figure 3 by keeping the GLR constant. The
liquid mass flow rate increases with an increase in the gas
and liquid pressures. In the terms of physics, the expan-
sion work will increase by increasing the pressure. The
velocities of the atomization increases, and the liquid
mass flow rate increases. The energy consumption also
increases.

3.2 Effect of atomizers configuration on
droplets velocity

The effect of swirl atomizer on the atomization character-
istics is shown in Figure 4. The gas and liquid pressure
was pα = 0.3 MPa (α = 1, 2 represents liquid and gas phase,
respectively). The GLR was 0.1. The distance from the dis-
charge orifice (L) was 20–180mm.

The radial velocity distribution of the droplets is
described in Figure 4(a). The velocity of the discharge
orifice center is the largest and the velocity becomes gra-
dually small along the radial direction. The velocity
radial distribution is approximately symmetrical. The
velocities of the droplets will decay gradually with
an increase in the distance from the discharge orifice.
The SMD radial distribution of the droplets is shown in
Figure 4(b). The SMD radial distribution is symmetrical.
The SMD of the droplets in the discharge orifice center is
the smallest and the SMD of the droplets increases gra-
dually along the radial direction. The SMD of the droplets
becomes gradually small with an increase in the distance
from the discharge orifice.

3.3 Effect of GLR on droplets velocity

The velocity distribution of the droplets in the different
GLR is shown in Figure 5. The GLR was changed from

Figure 2: Structure of the swirl atomizers.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
2

3

4

5

6

7

8

9

10

11

12

13

14

Li
qu

id
 m

as
s f

lo
w

 ra
te

 (k
g/

h)

GLR

Guage pressure
PG=PL=0.32MPa
 PG=PL=0.30MPa
 PG=PL=0.28MPa
 PG=PL=0.26MPa

D=1.0mm

Stable region

Unstable region

Jet region

Spray region

Technical line

Recommend working range

Figure 3: Characteristic of the atomization in the effervescent
atomizer.

Energy equilibrium analysis in the two-phase hybrid mode of effervescent atomizater  927



-25 -20 -15 -10 -5 0 5 10 15 20 25
5

10

15

20

25

30

35
U

(m
/s

)

Radial distance (mm)(a) (b)

swirl atomizer
 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

-20 -15 -10 -5 0 5 10 15 20 25 30 35
20

25

30

35

40

45

50

55

60

65

SM
D

(m
ic

ro
n)

Radial distance (mm)

swirl atomizer
 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

Figure 4: Characteristic of atomization. (a) Radial velocity of droplets, (b) SMD of droplets.

-25 -20 -15 -10 -5 0 5 10 15 20 25
5

10

15

20

25

30

35

U
(m

/s
)

Radial distance (mm)

GLR=0.1
 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

-20 -10 0 10 20 30
0

5

10

15

20

25

30

35
GLR=0.14

 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

U
(m

/s
)

Radial distance (mm)(a) (b)

(c) (d)
-30 -20 -10 0 10 20 30 40
0

5

10

15

20

25

30

35

40
GLR=0.16

 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

U
(m

/s
)

Radial distance (mm)
-20 -10 0 10 20 30

0

5

10

15

20

25

30

35
GLR=0.2

 20mm
 40mm
 60mm
 80mm
 100mm
 120mm
 140mm
 160mm
 180mm

U
(m

/s
)

Radial distance (mm)

Figure 5: Effect of GLR on droplets velocity. (a) GLR = 0.1 (b) GLR = 0.14, (c) GLR = 0.16, (d) GLR = 0.2.

928  Runze Duan et al.



0.14 to 0.3 by keeping other parameters constant. The
variation range (the ellipse) of the droplet velocity is
relatively small at the distance from the discharge orifice
(20–180 mm) for GLR = 0.1. This is an interesting phe-
nomenon. The physical mechanisms are revealed as
follows: many small bubbles are formed in the spray
process. The bubbles are compressed in the atomizer
interior. When the bubbles flow out of the atomizer,
the bubbles would suddenly expand. At the bubble
expansion process, the bubbles would deform and burst
into droplets under the aerodynamic force. Some energy
converts into the droplets’ kinetic energy. The variation
range of the droplet velocity becomes big gradually with
an increase in the GLR.

3.4 Effect of GLR on droplets SMD

The SMD distribution of the droplets in the different GLR
from 0.08 to 0.14 by keeping other parameters constant is
described in Figure 6. The SMD decreases with an increase
in the GLR from 0.08 to 0.12. The reason is that the
shearing action in the gas and liquid boundary layer is
further enhanced with an increase in the GLR. The liquid
droplets become small in the atomization process. The
atomization will become unstable with an increase in the
GLR, and the size of the droplets will increase. With an
increase in the GLR, the input energy also increases in the
atomization process. In the following, the energy conver-
sion will be analyzed at the stable atomization conditions.
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Figure 6: Effect of GLR on droplets SMD, (a) GLR = 0.08, (b) GLR = 0.1, (c) GLR = 0.12, (d) GLR = 0.14.
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3.5 Energy conversion

For the effervescent atomization process, the liquid and
gas mix to form bubbles inside the atomizer and are
forced to spray from the atomizer outlet under the action
of air pressure. The bubbles will burst near the atomizer
outlet. The total input energy is balanced to the summa-
tion of the liquid surface tension energy and viscosity
dissipation energy, air expansion work, spray kinetic
energy and flow resistance loss, and so on, as shown in
Figure 7.

The liquid flux wasML = 6 kg/h. The GLR was 0.1. The
gas and liquid pressure was p p 0.4 MPaL G= = . and the
mixing chamber pressure was p 0.3 MPac = . The rated
motor power and the rated pressure of the air compressor
were 37 kW and 0.8 MPa, respectively. The rated volume
flow of the air was 6.3 m3/min. The electric efficiency and
the service factor amps were defined 94.7% and 1.15,
respectively. The gas compression work per unit mass
was 273.16 kJ/kg. The liquid atomization rated power
was 7.59W/kg for this atomizer.

3.5.1 Total input energy

The theoretical energy for the liquid atomization can be
obtained as follows:

w n
n

P V P
P1

1 kJ kg1 1
2

1

n
n

1





















=

−

− ( / )

−

(1)

where w is the theoretical energy for the liquid atomiza-
tion, n is the polytropic index in the compressing process,
and P1 and V1 denote the pressure and volume for the
atmosphere gas, respectively. The gas pressure P2 can
be generated by the compressor. The power of the input
energy was calculated as 4.76W/kg for water.

3.5.2 Gas expansion work

When compressed gas is ejected into the atmospheric
environment from the mixing chamber, the gas volume
expansion was inevitable. The expansion work can be
calculated by

w
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where w1 is the gas expansion work and Pc is the mixing
chamber pressure. The power of the gas expansion work
was calculated as 2.244W/kg. The ratio of the gas expan-
sion work to the total energy was about 47.14%.

3.5.3 Spray kinetic energy

The spray kinetic energy consisted of two parts: gas
kinetic energy and liquid kinetic energy.

w m v1
2α

α α2
1

2
2

∑=

=

(3)

where w2 is the spray’s total kinetic energy, α 1, 2= repre-
sents liquid and gas phase, respectively, m denotes the
mass of gas and liquid, and v is the velocity of gas and
liquid. The power of the spray kinetic energy was obtained
as 0.187W/kg. The ratio of the spray kinetic energy to the
total energy was about 3.93%.

3.5.4 Resistance losses

The atomizer system constituted of three parts, as
shown in Figure 8. During the atomization process,
the energy losses were mainly caused by the local resis-
tance, especially the inlet region (abrupt contraction)
and the outlet region (sudden expansion) of the dis-
charge orifice.

w ζ v
g23
2

= (5)

where w3 is the local resistance loss, ζ ζ 0.51 3= = ζ 12 =

denotes the local resistance coefficient, and v is the liquid
velocity. Assuming the two-phase flow in discharge ori-
fice was homogeneous and its velocity was nearly equal
to that of spray. The power of the local resistance loss was
about 0.3W/kg.

Considering the energy losses caused by on-way
resistance were the same as the local resistance loss,

Input 
energy:dissipation 
of air compressor 

work

E: overcoming 
viscosity energy 

A: air 
expansion work

B: spray 
kinetic energy

C: flow 
resistance loss

D: surface 
tension energy

Figure 7: Energy consumption of atomizer ML = 6 kg/h, GLR = 0.1,
PL = PG = 0.4 MPa, Pc = 0.3 MPa.
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the power of the estimated total energy loss was about
0.6W/kg. The ratio of the resistance losses energy to the
total energy was about 12.6%.

3.5.5 Surface tension energy

w σ πR
N

4
4

2
= (6)

where w4 is the liquid surface tension energy, σ is the
liquid surface tension coefficient, R denotes the radius
of the droplet, and N is the number of the droplets. The
power of the surface tension energy was calculated as
0.006W/kg. The ratio of the surface tension energy to
the total energy was about 0.13%.

3.5.6 Viscosity dissipation energy

The viscosity dissipation energy was the difference between
total energy and other energy. The viscosity energy can be
obtained as follows:

w w w
m

m5
1

4

∑= −

=

(7)

The power of the viscosity dissipation energy was
about 0.968–1.05 W/kg. The ratio of the viscous dis-
sipation energy to the total energy was about 20.34–
22.06%.

The energy equilibrium analysis results are listed in
Table 1. For this effervescent atomizer, the total energy
consumption was 4.76W/kg. The energy dissipation terms
weremainly compressed gas expansion (47.14%), viscosity
dissipation of liquid (34.48–37.92%), and resistance losses
(12.6%). The rate of gas expansion work to the total energy
is most. The results are the same as the results of Jedelsky
and Jicha [26]. However, the overcoming viscosity dissipa-
tion should be about 37% of the total energy. In other
words, viscosity has a very important influence on the
atomization process and atomization energy consumption.
Hence, the viscosity dissipation is not ignored in the ato-
mization process. The expansion cooling and heat release
in the atomization process is also very important. The
atomization is the process of the liquid changing into
the droplets through energy conversion. In this process,
expansion cooling and heat release phenomena will inevi-
tably occur. The resistance losses in the atomizer are also
an important part of the atomization process. However, the
rates of the spray kinetic energy and the surface tension
energy to the total energy are relatively small. Based on the
above investigation and analysis, it can be concluded that
further lessening the expansion work would transfer more
energy to overcome liquid viscosity. In other words, the
optimization design of the mixing process will be helpful
to improve atomization quality.

4 Conclusions

The spray flow characteristics were experimentally diag-
nosed by the PDA in this article. The two atomizers were
introduced and compared. The energy dissipation was
analyzed by the experiments and theories. Some results
can be obtained:Figure 8: System diagram of atomizer.

Table 1: Energy equilibrium analysis results

Amount (W/kg) Ratio (%) Remarks

Total energy consumption 4.760 100.00 Experiments and theories
Rate of gas expansion work 2.244 47.14 Experiments and theories
Rate of viscosity dissipation 1.641–1.805 34.48–37.92 Estimated
Rate of resistance losses 0.6 12.6 Some of the assumptions
Rate of spray kinetic energy 0.187 3.93 Experiments and theories
Rate of surface tension energy 0.006 0.13 Experiments and theories

Energy equilibrium analysis in the two-phase hybrid mode of effervescent atomizater  931



(1) When the GLR was small, the atomization is unstable
work. The atomization effect becomes well gradually
with an increase in the GLR. The optimal region of the
atomization can be obtained.

(2) The SMD decreases with an increase in the GLR from 0.08
to 0.12. When GLR = 0.14, the atomization is unstable.

(3) The energy dissipation terms are mainly compressed
gas expansion, viscosity dissipation of liquid, and
resistance losses. However, the rate of the spray
kinetic energy and the surface tension energy to the
total energy is relatively small.
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