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The goal of this article is to study the effect of atomizer exit area ratio on atomizer performance. The experiments are
performed on the round liquid jet breakup of seven coaxial air-blast atomizers with water–air systems. The breakup
morphology of liquid jet is observed first. The membrane-type breakup can be divided into two subregimes called bag-
type breakup and membrane-fiber breakup, and a correlation of characteristic length on bag-type breakup regime is
obtained. Then, we analyze the influence of atomizer exit area ratio on the breakup morphology of water-air jets. To
obtain reasonable atomization morphology criterions, the atomizer exit area ratio is used to modify the Weber number
and momentum flux ratio per unit volume. This method is found to be able to explain different experimental results in
the literature, which is also close to the results of round liquid jet in cross air flow and secondary atomization. VC 2014
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Introduction

The transformation of liquid into spray is of importance in
many industrial chemical processes. The liquid jet breakup
and atomization is a complicated multiparameter two-phase
flow problem which resists clear understanding. Many inves-
tigations have been made since Rayleigh.1 Atomization has
been extensively studied both theoretically and experimen-
tally, including Hinze,2 Reitz and Bracco,3 Lefebvre,4 Viller-
maux,5 and Liu et al.6 and so forth. Due to numerous
applications, atomization has received significant attention.
Several review papers have been done by Lasheras and Hop-
finger,7 Villermaux,8 Gorokhovski and Herrmann,9 and
Dumouchel.10 The liquid atomization is also a fundamental
research topic in multiphase flow.11–15

In the studies of coaxial air–water jets, liquid Reynolds
number Re, gas Weber number We, and momentum flux
ratio per unit volume M have been considered as main
parameters. The liquid Reynolds number is a dimensionless
number that gives a measure of the ratio of inertial forces to
viscous forces

Re5
qlDul

ll

(1)

where ul, ll, and ql are the velocity, dynamic viscosity, and
density of liquid, respectively, D is the exit diameter of liq-
uid jet. The gas Weber number represents the ratio of disrup-
tive aerodynamic force to the stabilizing surface tension
force

We5
qgDðug2ulÞ2

r
(2)

where qg and ug is the density and velocity of gas, respec-
tively, r is surface tension. The momentum flux ratio per
unit volume is given by

M5
qgu2

g

qlu
2
l

(3)

Gas to liquid mass ratio (GLR) is also an important
parameter on the air-blast atomization. The expression of
GLR is GLR 5

qgugAg

qlulAl
, where Ag=Al is the area ratio of gas

exit and water exit.
Farago and Chigier16 propose a morphological classifica-

tion of disintegrating coaxial air–water jets. Four main atom-
ization regimes are identified: the Rayleigh-type breakup
(We< 25), the membrane-type breakup (25<We< 70), the
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fiber-type breakup (We> 70), and the superpulsating breakup
(Re=

ffiffiffiffiffiffiffi
We
p

< 100). The Rayleigh-type breakup can be divided
into two subregimes called axisymmetric (We< 15) and non-
axisymmetric (15<We< 25). They succeed in classifying
these breakup regimes in a We–Re map with their atomizer.
Lasheras and Hopfinger7 summarize the results in the litera-
ture and obtain a breakup regime in the parameter space
We–Re. Lasheras et al.17 also study the atomization charac-
teristics of liquid jet primary breakup. However, because of
difference in the atomizer geometry, the range of breakup
regime in Lasheras et al.17 do not agree well with the results
of Farago and Chigier.16

In the atomization of coaxial air and round water jet, the
important influential factors are: gas velocity ug, water veloc-
ity ul, water exit diameter D, gas exit diameter Do, and fluid
physical properties. Based on the definitions of dimension-
less numbers in We and Re, the parameter of gas exit diame-
ter Do is neglected. The influence of water–air exit area ratio
of atomizer is not considered. So the We–Re map needs to
be improved. Subsequently, Leroux et al.18 investigate the
behavior of coaxial liquid jets produced by nine different
atomizers. They suggest categorizing the primary breakup
mechanism in a M–Reg map, where M is the momentum flux
ratio M5qgu2

g=ðqlu
2
l Þ and Reg is the gas Reynolds number

Reg5qgDoug=lg, where lg is the dynamic viscosity of gas.
This suggestion is found appropriate to dissociate the

Rayleigh-type breakup regime and the superpulsating
breakup regime but could not dissociate the membrane-type
breakup regime and fiber-type breakup regime. This is due
to neglecting the water exit diameter, D, in the M–Reg map.

Recently, the experimental results on membrane-type
breakup regime of Wang et al.19 and Baillot et al.20 (Baillot
et al.20 have done the experiments both without acoustics
and with acoustics, respectively. The data of Baillot et al.20

cited in this article are the experimental results without
acoustics.) do not agree with the experimental results of Far-
ago and Chigier.16 The different results are also due to their
different atomizer exit diameters. So owing to the complex-
ity of the underlying physical processes involved in the
breakup of liquid–gas jets, some influencing factors, espe-
cially the effect of atomizer exit diameter on transition We
are still poorly understood.

The self-similar behaviors of atomization at different
length scales open a new perspective on this classical prob-
lem in recent years.21,22 Wang et al.19 notice that the similar-
ity between the primary and secondary air-assisted liquid jet
breakup mechanisms when they study the transition of liquid
jet from a ligament-mediated to a membrane-mediated
breakup. This indicates the self-similar behavior is a univer-
sal rule of atomization. This experiment also shows the
membrane-type breakup of coaxial water–air jets plays an
important role in the atomization self-similar behavior. And

Figure 1. Coaxial two-fluid air-blast atomizer configuration.

(dimensions are in mm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the detailed properties of membrane-type breakup have not
been completely known until now.

In this article, the breakup morphology of water–air jets is
observed first using high-speed camera. And the characteris-
tics of bag-type breakup have been investigated. Then, the
modified We–M map on coaxial water–air jets breakup
regimes is obtained. The similar behavior in different proc-
esses of atomization is studied at last.

Experimental Apparatus and Methodology

The coaxial two-fluid air-blast atomizer geometry is
shown schematically in Figure 1, consisting of the geometri-
cally simple case of a round liquid jet surrounded by a
coflowing annular air stream. It is similar to our earlier
work.23,24 There is no flow straightener in the upstream of
the atomizer. There are seven kinds of atomizers used in this
experiment, and their dimensions are indicated in Table 1.
The results of atomizer diameter reported in Table 1 are
measured by Vernier caliper, whose uncertainty is 60.02
mm. The minimum dimension in Table 1 is 2.00 mm, so the
uncertainty is within 61%. Liquid phase passes through the
central passage while the gas phase passes through the annu-
lar space. Al=Ag is the area ratio of water exit and gas exit.
The experiments are conducted at atmospheric pressure and
room temperature, and the working fluids are water and air.

The experimental apparatus is sketched in Figure 2. The
type of flow meters used is LZB glass tube rotameter flow
meter, whose uncertainty is 61:5%. We begin testing after

the float (weight) in tube of flow meter is steady. The type
of high-speed camera is Fastcam APX-RS from Photron. In
this test, the image resolution is 1024 3 512 pixels, and the
framing rate is 1000 images per second. The type of halogen
lamp is QH-H1300 from Wenzhou Changcheng Photo-
Facility Co.

In the experiment, M is in the range of 0.011–620, We is
in the range of 8.8–455, Re is in the range of 783–35,100,
and GLR is in the range of 0.012–12. Based on the method
of Klein and McClintock,25 the uncertainty of Al=Ag is
62%, the uncertainty of GLR is 65%, the uncertainty of M
is 67%, the uncertainty of We is 66%, and the uncertainty
of Re is 63%.

Results and Discussion

Morphology classification

Based on the definition in the literature,16 the membrane-
type breakup is characterized by the formation of a thin
sheet, and the fiber-type breakup is characterized by the for-
mation of liquid fibers. However, there is the transition con-
dition which has fiber structure and sheet structure at the
same time. To make the classification of breakup mechanism
more reasonable, here we suggest the transition condition
can be named the membrane-fiber breakup. When thin sheet

Table 1. Dimensions of Atomizers

Atomizer No. D (mm) Di (mm) Do (mm) Al=Ag

1 9.02 11.14 14.92 0.826
2 5.10 7.12 9.32 0.719
3 4.02 6.28 14.92 0.088
4 2.00 4.24 14.92 0.020
5 2.00 3.90 23.88 0.007
6 4.02 6.08 23.88 0.030
7 6.96 9.04 23.88 0.099

Figure 2. Sketch of the experimental apparatus.

Figure 3. Sketch of different breakup mechanisms.
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is the only characteristic structure, we suggest this breakup
can be named as the bag-type breakup. Similar to the bag
breakup of secondary atomization, the thin hollow bag struc-
ture is the main characteristic of bag-type breakup. The
membrane-fiber breakup can be considered as the transition
breakup regime between bag-type breakup and fiber-type
breakup.

The breakup morphology of coaxial air and round water

jets is shown in Figure 3. The experimental photographs of

bag-type breakup and membrane-fiber breakup are shown in

Figures 4 and 5, respectively. We divide the membrane-type

breakup in two subregimes, which is also convenient to com-

pare the breakup regimes of coaxial air–liquid jet, liquid jet

in air crossflow, and secondary atomization. This content

will be shown in section comparison of breakup regimes in

different conditions.
In bag-type breakup, the air flow is strong enough to

make the liquid jet oscillate. When the air flow and the

oscillating part of liquid jet are vertical, the air flow impacts

on the oscillating part of the liquid jet directly, where the air

pressure makes the oscillating part of liquid jet deform from

cylinder to sheet-like shape. Then the center of the sheet

deforms into a thin membrane-like bag and the bag progres-

sively breaks up from its bag toward the basal ring. Figure 6

shows the experimental photographs of bag-type breakup

whose time interval is 2 ms.
In bag-type breakup, during the bag development and

breakup period, the position of bag keeps changing. Here,
we define that the characteristic length L in bag-type breakup
is the distance between atomizer exit and the position where
bag structure appears first as shown in Figure 6. This charac-
teristic length L can be also considered as the minimum dis-
tance between atomizer exit and the bag position during the
bag development and breakup period. The best fit correlation
of the present measurements (all bag-type breakup data of
seven atomizers) is given by

L

D
55:2

Al

Ag

� �20:17

M20:28 (4)

The correlation coefficient of the fit is 0.93. Equation 4
shows that the dimensionless characteristic length L/D
decreases with the parameters Al=Ag and M, and the effect
of M is bigger than Al=Ag. L/D values calculated using this
correlation are plotted against the measured values in Figure

Figure 4. Photographs of bag-type breakup.
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7. The correlation of Leroux et al.18 on the characteristic
length L is

L

D
510M20:3 (5)

In the experiment of Leroux et al.,18 the range of

Al

Ag

� �20:17

is 1.0–2.8, so the average of Al

Ag

� �20:17

is about

1.9. Then, based on Eq. 4 there is

L

D
55:2

Al

Ag

� �20:17

M20:28 � 5:231:9M20:28 � 9:9M20:28 (6)

So the previous work is close to our results.

S-type means that the shape of liquid cylinder is like the
letter “S.” The cylindrical liquid jet may be sinuous and
show S-type, so two parts of liquid jet would be vertical to
the airflow. Sometimes there are two bags appearing at the
same time as shown in Figure 8.

Breakup regime range

The aerodynamic Weber number We is one of the most
important parameters in the classification of atomization
modes, and M, GLR, and Al=Ag are also important parame-
ters. Breakup regimes observed in this test are shown in Fig-
ure 9 (high M) and Figure 10 (low M), respectively. In
Figures 9a and 10a, the horizontal ordinate is GLR, so the

Figure 5. Photographs of membrane-fiber breakup.
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influence of GLR can be observed directly. The experimental
results show that at high GLR the transition We changes lit-
tle with GLR, and at low GLR the transition We decreases

with GLR. To obtain the same breakup morphology, the
atomizer with smaller GLR would need larger transition We.

Energy approach is often used in the analysis of atom-
ization.26 Here, the energy needed by water jet breakup
comes from the kinetic energy of airflow basically. The
total input energy supplied by airflow is Et. The large part
of the input energy, E0, with two-fluid atomizer is used to
accelerate the liquid; and small part of the input energy,
E1, is used to make the liquid deformation and breakup.
Here, we suggest the input energy is distributed propor-
tionately. So there is

Et5E01E1 (7)

and

E0=E1 � constant (8)

Then, we assume that E2 is the energy supplied by airflow
when GLR !1 or Al=Ag ! 0. So when the GLR is big
enough or Al=Ag is small enough, there is

E1 � E2 (9)

However, a lot of atomizers hold a small value of GLR or
a big value of Al=Ag, the effect of boundary layer is great.

Figure 6. A serial experimental photograph of bag-type breakup, the time interval is 2 ms.

Figure 7. Comparison of measured L/D to L/D pre-
dicted by Eq. 4.
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The surrounding still air would dissipate the energy E3 of
airflow and make the inner air velocity decrease. So there is

E1 � E21E3 (10)

The energy comes from the aerodynamic force, so there is

E1 / Wet (11)

and

E2 / We0 (12)

where Wet is the transition We between different breakup
modes, and We0 is the transition We when GLR !1 or
Al=Ag ! 0. We assume that the energy E3 of airflow dissi-
pated by the surrounding still air would decrease with the
increase GLR, so there is approximately

E3 / kWe0=GLR (13)

Then, we can obtain that

Wet5We0ð11k=GLR Þ (14)

where k is a correction factor. GLR is widely used in the
prediction of mean diameter (for instance Sauter mean diam-
eter, SMD) in air-blast atomization. The relationship between
dimensionless SMD and We can be expressed as generally4

SMD

D
/ We2x

0 (15)

where x is a correction factor. Based on the suggestion of
Eq. 14, there is approximately

SMD

D
/ Wet

11k=GLR

� �2x

/ We2x
t 11k=GLRð Þx (16)

When the viscosity of test liquid could be neglected, the
correlation of experimental results in the literature27 is

SMD

D
50:48We20:4 11

1

GLR

� �0:4

(17)

Equations 16 and 17 are very similar, this indicates that
our suggestion agrees with the data in the literature and the
suggestion is reasonable.

Based on Eq. 14, the best fit correlations of the experi-
mental results on the transition of breakup types at M> 0.08
are

We1515 11
0:03

GRL

� �
(18)

We2528 11
0:03

GRL

� �
(19)

We3590 11
0:03

GRL

� �
(20)

where We1 is the transition Weber number between Rayleigh
breakup and bag breakup; We2 is the transition Weber num-
ber between bag breakup and membrane-fiber regime; We3 is
the transition Weber number between membrane-fiber regime
and fiber breakup. The best fit correlations of the experimen-
tal results on the transition of breakup types at M< 0.08 are

We4528 11
0:2

GRL

� �
(21)

Figure 9. Breakup regimes in the parameter space (a)
We-GLR (b) We-Al/Ag at M > 0.08.

The shadow is the bag breakup and membrane-fiber

regime range in the literature.

Figure 8. Dual bags in bag-type breakup.
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We5590 11
0:2

GRL

� �
(22)

where We4 is the transition Weber number between Rayleigh
breakup and membrane-fiber regime; We5 is the transition
Weber number between membrane-fiber regime and fiber
breakup. The corresponding results are shown in Figures 9a
and 10a, respectively.

In Figures 9b and 10b, the horizontal ordinate is Al=Ag, so
the influence of atomizer exit area ratio can be observed
directly. The experimental results show that at low Al=Ag the
transition We changes little with Al=Ag, and at high Al=Ag

the transition We increases with Al=Ag. To obtain the same
breakup morphology, the atomizer with larger Al=Ag would
need larger transition We.

Then, we analyze the influence of atomizer exit area ratio
Al=Ag on the air-blast atomization. We assume that the energy
E3 of airflow dissipated by the surrounding still air would
increase with the increase Al=Ag, so there is approximately

E3 / K
Al

Ag

We0 (23)

where K is a correction factor. So we can obtain that

Wet5We0 11K
Al

Ag

� �
(24)

And the best fit correlations of the experimental results
are

We6515 111:4
Al

Ag

� �
(25)

We7528 111:4
Al

Ag

� �
(26)

We8590 111:4
Al

Ag

� �
(27)

where We6 is the transition Weber number between Rayleigh
breakup and bag breakup; We7 is the transition Weber num-
ber between bag breakup and membrane-fiber regime at
M> 0.08, and the transition Weber number between Ray-
leigh breakup and membrane-fiber regime at M< 0.08; We8

is the transition Weber number between membrane-fiber
regime and fiber breakup. We obtain the linear coefficient K
in Eq. 24, and in Eqs. 25–27 K is 1.4 by the experimental
data fitting.

Farago and Chigier16 define that the superpulsating mode

as being characterized by the extremely high periodical

change between low and high-density regions in the sprays.

The effect of M on bag-type breakup and superpulsating

breakup is huge. In the condition of GLR !1 or

Al=Ag ! 0, when M is very big (M> 20),16,18 it is the super-

pulsating breakup. When M is medial (0.08<M< 20), there

are four atomization regimes, which are Rayleigh-type

breakup, bag-type breakup, membrane-fiber breakup, and

fiber-type breakup. However, when M is small (M< 0.08),

bag-type breakup will disappear. This is due to the airflow

having difficulties making the liquid jet oscillate when the

inertia of liquid jet is huge. So the breakup regimes will be

Rayleigh-type breakup, membrane-fiber breakup, and fiber-

type breakup at small M.
As shown in Figure 11a, the critical M of bag-type

breakup appearing in view of GLR is

Mc50:08 11
0:2

GLR 3

� �
(28)

Mc decreases with the increase of GLR rapidly. We also
find that the critical M of bag-type breakup appearing
increases with Al=Ag. As shown in Figure 11b, the critical M
of bag-type breakup appearing in view of Al=Ag is

Mc50:08 1150
Al

Ag

� �
(29)

In the suitable range of We, if M is bigger than the critical

M, there would be bag-type breakup. Otherwise bag-type

breakup would not appear. Equation 29 is also consistent

with the experimental results in the literature. The largest M
of Wang et al.19 is smaller than Mc, so the bag-type breakup

will disappear in the test of Wang et al.19 The range of M in

Farago and Chigier16 and Baillot et al.20 is wide enough, so

all breakup regimes will appear.
The ranges of breakup regimes in the literature16,19,20 are

also shown in Figures 9b and 10b. In Figure 9b, the breakup
regimes in the parameter space We-Al/Ag is at M> 0.08. The
shadow is the bag-type breakup and membrane-fiber breakup
regime range based on the data in the literature.16,20 In

Figure 10. Breakup regimes in the parameter space (a)
We-GLR (b) We-Al/Ag at M < 0.08.

The shadow is the membrane-fiber regime range in the

literature.
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Figure 10b, the breakup regimes in the parameter space We-
Al/Ag is at M< 0.08. The shadow is the membrane-fiber
breakup regime range based on the data in the literature.19

Note that the results of Farago and Chigier16 and Baillot
et al.20 contain both bag-type breakup and membrane-fiber
breakup. From Figures 9b and 10b, we can also find Eqs.
25–27 are in good agreements with those reported in the lit-
erature.16,19,20 These correlations indicate that the influence
of Al=Ag is notable and can help us to explain the different
values of transition We in the literature.

To consider the influence of Al/Ag, we suggest using the
modified Wem and Mm, which are

Wem5
We

111:4 Al

Ag

(30)

and

Mm5
M

1150 Al

Ag

(31)

Equation 30 is obtained by Eqs. 25–27, and Eq. 31 is
obtained by Eq. 29. The modified map is shown in Figure
12, in which the vertical lines are from Eqs. 25–27, so there
are three vertical lines. And the horizontal line is from Eq.
29, so there is one horizontal line in Figure 12. The line in
Figure 11b is the horizontal line in Figure 12. The same line
shows different shapes in two figures are due to different
vertical ordinates. In Figure 12, the broken line is the range
of Wang et al.,19 whose experimental results do not show
bag-type breakup. The broken line is outside the region of
bag-type breakup, so this also suggests that the Wem–Mm

map is reasonable.
In We–Re map,7,16,20 the parameter of air exit diameter Do

is neglected. In M–Reg map,18 the parameter of water exit
diameter D is neglected. So these criterions in the literature
can not reflect the impact of nozzle size and should be modi-
fied. To obtain reasonable atomization morphology criteri-
ons, we suggest using the atomizer exit area ratio to modify
Weber number and momentum flux ratio per unit volume. In
the new map of the parameter space Wem–Mm, all important
parameters on nozzle size are considered.

Comparison of breakup regimes in different conditions

The research of similar behavior at different atomization
conditions is interesting and important, which can help us to
understand the mechanism of liquid breakup. Table 2 shows
the comparison among the breakup regimes of air–water
coaxial jets, liquid jet in cross air flow, and secondary atom-
ization. The range of breakup regimes at different atomiza-
tion conditions is close to each other.

The membrane-fiber breakup is characterized by the for-
mation of fiber and sheet at the same time. As shown in Fig-
ure 13 (the experimental photograph of Sallam et al.30), it is
a photograph of high-speed round liquid jet in still gas. The

Figure 11. (a) The critical M of bag-type breakup
appearing at different GLR.

� bag-type breakup, no bag-type breakup. (b) The

critical M of bag-type breakup appearing at different

Al/Ag. � bag-type breakup, no bag-type breakup.

M range of Farago and Chigier,16 M

range of Wang et al.,19 M range of Baillot

et al.20 The M range of Farago and Chigier16 and

Baillot et al.20 is wide, so their results show bag-type

breakup. The M range of Wang et al.19 is smaller

than the critical value, so their results do not show

bag-type breakup.

Figure 12. Breakup regimes in the parameter space
Wem–Mm.

w Rayleigh-type breakup, bag-type breakup,

membrane-fiber breakup, fiber-type breakup. Solid

line is the transition value of breakup types. And bro-

ken line is the range of Wang et al.,19 whose results do

not show bag-type breakup. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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liquid jet has fiber structure and sheet structure at the same
time, so it can be considered as membrane-fiber breakup.
The condition of Figure 13 is

Wel5
qlDu2

l

r
533100 (32)

Here, we can change Wel into We. By assuming that
ug 5 0, there is

We5
qgDðug2ulÞ2

r
5

qg

ql

Wel538 (33)

So this result is consistent with the range as shown in
Table 2. When M is tending toward zero, the bag-type
breakup should disappear, and the membrane-fiber breakup
should still appear.

The upstream geometries for air and water flow passages
have effect on turbulence intensity (root mean square veloc-
ity) and boundary layer thickness. There is the corresponding
introduction in the literature.31 For instance, the turbulence
intensity of long coaxial cylinders is bigger than the coaxial
convergent injectors. So the convergent nozzle is common in

scientific and engineering applications. The influence of tur-
bulence intensity on atomization is very useful and has been
investigated in the literature.2,17,32,33 However, this detailed
physical mechanism has not been completely known. We
also hope to investigate the influence on liquid breakup mor-
phology and mechanism in the future.

Conclusions

In this article, the properties of seven coaxial twin-fluid
air-blast atomizers with water–air systems have been investi-
gated. The following conclusions are deduced here:

The membrane-type breakup can be divided into two sub-
regimes called bag-type breakup and membrane-fiber
breakup according to their different breakup morphology.
The correlation of characteristic length in bag-type breakup
is obtained, which decreases with the atomizer exit area ratio
Al=Ag and M. Influence of GLR and Al=Ag on the breakup
morphology of liquid jet is studied. To obtain reasonable
atomization morphology criterions, we suggest using the
atomizer exit area ratio to modify Weber number and
momentum flux ratio per unit volume. In the new map of the
parameter space Wem–Mm, all important parameters on noz-
zle size are considered. This Wem–Mm map is also consistent
with the experimental results in the literature. At last, the
results show the transition Weber number of breakup
regimes of coaxial water–air jets is very close to the liquid
jet in cross air flow and secondary atomization, which
strongly supports the self-similar phenomenon of
atomization.
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Notation

Al = area of water exit (central circular orifice) of atomizer
Ag = area of gas exit (annular orifice) of atomizer
D = diameter of atomizer central water circular orifice
Di = inner diameter of atomizer coaxial air annular orifice
Do = outer diameter of atomizer coaxial air annular orifice
Et = total input energy supplied by airflow
E0 = the energy supplied by airflow which is used to accelerate the

liquid
E1 = the energy supplied by airflow which is needed by water jet

breakup
E2 = the energy supplied by airflow when Al=Ag is small
E3 = the energy of dissipation of the surrounding still air

GLR = gas to liquid mass ratio
K = a correction factor
k = a correction factor
L = liquid jet characteristic length

Table 2. Comparison of Breakup Regimes in Different Conditions

Rayleigh-Type Breakup or
Column Breakup Bag-Type Breakup

Membrane-Fiber Breakup or
Multimode Breakup

Fiber-Type Breakup or
Shear Breakup

Air–liquid coaxial jet (at
Al=Ag ! 0)

We< 15 15<We< 28 28<We< 90 We> 90

Liquid jet in cross air
flow28

We< 4 4<We< 30 30<We< 110 We> 110

Secondary atomization29 We< 11 11<We< 35 35<We< 80 We> 80

Figure 13. Membrane-fiber breakup of high-speed
round liquid jet in still gas.

(We 5 38)30
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M = momentum flux mass ratio per unit volume (or called momen-
tum flux ratio)

Mc = critical M of bag-type breakup appearing
Mm = modified M using Al/Ag

Re = liquid Reynolds number
Reg = gas Reynolds number

SMD = Sauter mean diameter
ug = gas velocity
ul = liquid velocity

We = gas Weber number
Wel = liquid Weber number

Wem = modified We using Al/Ag

Wet = transition Weber number between different breakup modes
We0 = the transition We when Al=Ag is small or GLR is big
We1 = transition Weber number between Rayleigh breakup and bag

breakup in view of GLR
We2 = transition Weber number between bag breakup and membrane-

fiber regime at M> 0.08 in view of GLR
We3 = transition Weber number between membrane-fiber regime and

fiber breakup at M> 0.08 in view of GLR
We4 = transition Weber number between Rayleigh breakup and

membrane-fiber regime at M< 0.08 in view of GLR
We5 = transition Weber number between membrane-fiber regime and

fiber breakup at M< 0.08 in view of GLR
We6 = transition Weber number between Rayleigh breakup and bag

breakup in view of Al=Ag

We7 = transition Weber number between bag breakup and membrane-
fiber regime at M> 0.08, transition Weber number between
Rayleigh breakup and membrane-fiber regime at M< 0.08 in
view of Al=Ag

We8 = transition Weber number between membrane-fiber regime and
fiber breakup in view of Al=Ag

x = a correction factor
ql = liquid density
qg = gas density
r = surface tension
ll = liquid dynamic viscosity
lg = gas dynamic viscosity
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