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Study on the breakup lengths of
free round liquid jets
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Abstract: An experiment was conducted to measure the breakup lengths of water jets with a high speed video

camera for Weber numbers from 0 to about 1.1x 10%. The initial jet diamet ers are changed from 0.3mm to 1.

Omm. The results indicate that at low jet velocity the breakup lengths of the jets are increased linearly from 0

to a maximum value. At the Weber number about 20 the breakup length of the jet reaches its maximum value

for different initial jet diameter. A computation based on the dispersion equation is conduc ed to study the rela

tionship between the growth rate of the jet surface wave and the maximum breakup length? The comput ations

show that the maximum grow th rate for the axisymmetric surface w ave has, a turning point at Weber number &

bout 20, and that agrees well with the experiments.
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Introduction

Breakup-and atomization ‘of round liquid-jets
had been widely used in internal combustion-err
gines, gas turbines, and liquid rocket engines.
Recently, with the development of scramjet err
gines and the deepening of fuel atomization re
search, it attracts-much interest and has been

(21 Experr

studied all over the world again
ments were conducted to study the breakup
mechanisms usually by optical instruments
which were used to take photographs of the
breakup process. Theoretical studies were corr
ducted to compute the surface wave growth rate
using stability theories of the surface wave to de
scribe the breakup phenomena.

Morozumi et al'” carried out an experimerr
tal study to investigate the growth and the struc
tures of surface disturbances in a round turbu

lent water jet with a coaxial airflow. And he
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coneluded that when the momentum of the air
flow at the nozzle exit was superior to that of the
water jet, the effect of the asymmetric disturb-
ances on the jet breakup was comparable to that
of the axisymmetric disturbances. Arai et al®
conducted an experiment on the surface wave
transition before breakup on a laminar liquid jet
and found that when the surface wave grew up
to the large amplitude wave near the breakup
point, it changed rapidly from regular to irregu-
lar wave. Sallam et al'’ made experiments on
the breakup of a turbulent jet in a gaseous at-
mosphere and he found three liquid column
breakup modes: a weakly turbulent Rayleighr
like breakup mode for We< 300 and Re< 5 000,
a turbulent breakup mode for 600< We< 30 000,
and an aerodynamic bag/shear breakup mode for
We> 30 000. For the first two modes in his the
ory, relationships of breakup length with Weber

number were concluded, respectively. And for
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the aerodynamic bag/shear breakup mode rele
tionship of breakup length with liquid-air density

' measured the

ratio was concluded. Zhu et a
breakup length for different breakup regimes and
concluded empirical relationships of the breakup
length with Reynolds number. Lin'” predicted
the variation of breakup length with jet velocity
and his theory presented two evolutions of the
jet breakup length followed the peak when fur
ther increasing the jet velocity to a high value.
In order to find out the variation of breakup
length initial jet diameter and to verify Lin’ s
prediction, an experiment measuring breakup
length of the water jet with a higlrspeed video
camera is conducted in this paper. And the inr
tial jet diameters range from 0. 3 mm to 1 mm.
A dispersion equation that accounts for the
growth rates of round liquid jets surface waves is
derived in this paper to interpret the Weber
number when breakup length came to maximum

in ex periment.

1 Experimental setup

Figure 1 shows the schematic of-the experr
mental setup\which includes water ‘tank, pipes,
pressure gauge, nozzle and higlrspeed video.
The water is driven by high pressure-air up to
Q0 8 MPa. The nozzle diameters are 0. 3mm, O.
Smm and 1. Omm; Tespeetively, and the lengtlr
diameter ratios of-all the nozzles are kept to be
40. The exposure time of the highrspeed video
with the type X-Stream VISION Digital Camera
is set to be 15 microseconds and the framing rate

is more than 10 000.
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Fig. 1 Schematic of the experimental setup

2 Experimental results and
discussions

2.1 Breakup regimes
The parameters used in this paper are de-
fined as follow.
Re. = QULd/ W
WeL = QAUde/O
Oh = Wer?Rev” ' = W/(Qad)"”?
Where Rev is the jet Reynolds number, Wer is
the Weber number, Oh is the Ohnesorge number
of the jet, UL is the liquid velocity at the nozzle
exit, (v is the liquid jet density and d is the ini
tial jet diameter.
Figure 2~ 4 show-the breakup process of

the jets with diameter O:5Smm at Reynolds num-

ber from-630 to 7253 at a fixed Ohnesorge num-
ber 0. 00527. The framing ‘rateof the higlrspeed
video camera-is~10710; and the exposure time is
15 microseconds.

Figure 2 shows the typical photograph of
the round-jet at-low Reynolds number 630. The
flow-isfrom right to left side in the picture. The
distance from the right end of the photograph to
the exit of the jet nozzle is 52 times of the initial
jet diameter. In this photograph, it can be seen
that the jet surface is smooth and there are no
surface waves on the jet near the right end. But
in the downstream location of the jet, the liquid
jet is affected by the axisymmertric surface wave
of the jet surface. The shape of the cross section
of the jet is cylindrical. With the growth of the
axisymmertric surface wave length, the jet is f-
nally broken up and the large droplets with near-
ly the same size are formed. Figure 2 shows the

typical Rayleigh jet breakup regime.

Fig.2 Photograph of Rayleigh regime

Figure 3 shows the typical photograph of
the round jet at further increasing Reynolds
number 1840. T he distance from the right end of
the photograph to the exit of the jet nozzle is 4

times of the initial jet diameter. It can be seen
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that the jet surface is deformed like a “ snake”.
Because of the further increasing jet velocity,
the oscillations of the surface waves are augmerr
ted. The surface waves of the jet are asymmet
ric, so the sinuous jet could be observed in this
photo. The shape of the cross section of the jet
could still be approximated to be cylindrical
Liquid breakup occurs further downstream and
the droplet size is almost the same as that of
Rayleigh breakup. It is the typical First Wind
Induced regime.

Po a0 00 occcmniiiil

Fig. 3 Photograph of First Wind Induced regime

Figure 4 shows the typical photograph of
the water jet at the Reynolds number 7253. The
distance from the right end of the photograph to
the exit of the jet nozzle is 30 times of the initial
jet diameter. It should be pointed out that the
shape of the jet deforms from the beginning at
the exit of the nozzle. And it can be seen that
the surface wave length is shorter than that in
Figure 3. Meanwhile, the surface waves-become
the high order asymmetric waves, \which implied
that the shape of-the cross section of the jet is no
longer cylindrical. Figure 4 represents the typr
cal Second WindInduced regime.

oo oteadiil
Fig.4 Photographof Second Wind Induced regime

The breakup process of the jet with Reymr
olds number ranging from 129 to 1165 displays
the feature of Rayleigh regime as shown in Fig
ure 2. When the Reynolds numbers vary from
1165 to 3907, the breakup regime of the jet falls
into First Wind Induced regime. If the Reynolds
numbers are larger than 3900, the breakup re
gime of the jet is Second Wind-Induced regime.
The variation of the breakup regime with Reyrr
olds number at the fixed Ohnesorge number &
grees well with the results of Liu'" and is shown
in Figure 5. Line AB, BC and CD represents the
Rayleigh regime, First Wind-Induced regime and
Second Wind-Induced regime, respectively.
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Fig.5 Breakup regimes of round liquid jets in still air

2.2 'The effect of jet velocity on the
breakup length
The jet breakup length in this paper is de-
fined as the distance from the nozzle exit to the
breakup point of the core jet: Figure 6 shows the
variation of the breakup length of the jet of dir

ameter 1.0mm with the Reynolds number.
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Fig.6 Variation of jet breakup length with Re

for initial jet diameter of 1.0 mm

As shown in Figure 6, the breakup length
increases almost linearly when Re< 1 100 in
Rayleigh jet breakup regime. As the jet Re fur
ther increases, the gradient decreases before the
breakup length reached its maximum value.
Subsequent increase of the jet Re results in a
rapid decrease of the breakup length. When
Re> 2500, the breakup length increases gradu-
ally. By comparison with the observation of the
surface wave, the jet breakup regime for 1 100<
Re< 4 000 falls into the First WindInduced re-
gime, while the process of the jet breakup for
Re> 4000 is considered to be the Second Wind
Induced regime. T he result agrees well with the
schematic diagram of the jet breakup length vs.
jet velocity by Lin'”".
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The variation of the maximum breakup
length of the jets with Weber numbers is shown
in Figure 7. The Weber number for the maxr
mum breakup length for initial jet diameter 1. 0
mm is about 20. It is interesting to note that the
Weber numbers for the maximum breakup
lengths for the other two jet diameters are also
found to be about 20. This value is only an ap
proximation and more experiments would be

conducted next.
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Fig.7 Variation of jet breakup length with We

for initial jet diameter 1.0 mm

2.3 Maximum breakup lengths for different
initial jet diameters
Sallam'™ concluded an empirical relationship
between breakup length and We'\and mitial jetdr
ameter for We< 400:

Le/d =) 5 OWe'” (1)
where Lc is the breakup-tength and d is the int
tial jet diameter . "When other parameters are ir
variable, equation ( 1) could be:

L/C= d"° (2)
where C is a constant and Figure 8 shows the

curve of equation (2) .
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Fig.8 Variation of L/ C with initial jet diameter

according to Sallam

In this paper, the variation of the maxi
mum breakup length with initial jet diameter is
studied experimentally, and Figure 9 shows the

results.
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Fig.9 Variation of maximum breakup length

with itial jet diameter

It could be seen thatthe maximum breakup
length inereases along with the incréasing of the
initial jet-diameter, and the rate-of increasing be-
comés greater than a linear variation. The exper
imental result agrees well with Sallam’ s correla-

tion-

3 Computational analyses

To predict the Weber number corresponding
to the maximum breakup length, the computa
tion based on the dispersion relationship is con-
ducted. The fluid is assumed to be incompressi-
ble and inviscid. T he nonlinear terms are neglec-
ted. T he resulted dispersion relationship is simi-
lar with that of Yang'":

(Qu+ Ru)o’+ 2ka(Puli + Ponlz) —

(Pt + put) - Br1- w= (k)] = 0

w here
Qm = Ympl
.= B0

Yo = klu(ka)/l w(ka) =

Al (br)
Im(ka)\ S
Bo= = kKuw(ka)/K n(ka) =

dK w(kr)
K"‘““‘)\ d(kr)

In the previous researches about the surface

hr=ha

Ir= ka'

wave, there aretwo analysis methods, i.e. tem-
[910]

poral and spatial mode In this paper the
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temporal mode analysis method is used. Let

a= o+ .

Then the growth rate can be solved to be

(e = YuBuQ(ka)’/(¥n+ BuQ )"+

(ha)* [1= m"= (ka)"]/[We(¥u+ B.Q)]
where (a )1271 and We are the square of the dr
mensionless growth rate for the mth transverse
mode and Weber number, respectively,

(@ Jm= (a)n/[(Ui- Ux)’/d’]

We= [do(Ui- U2)’Q]/0

and ( is the density ratio of air to water,

Q= /0.

The axisymmetric mode surface wave is re
alized when m = 0. For any integer, m> O,
(o )m represents the growth rate of the mth
asymmetric surface wave.

According to the solution of (0: )i, the
variation of growth rate with wave number at
constant m and We can be plotted. For example,
Figure 10 shows the variation of growth rate
with ka at Weber number 1 000 for m=-1-mode.
The maximum growth rate in Figure 10_was &
bout 10”7, and this maxinium value varies with
Weber number. Figure 11 shows thegrowth rate

with Weber number for the surface wave with

m= 0~ 3.
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Fig. 10 Variation of growth rate for m= 1 mode

with wave number ka at We= 10°

As shown in Figure 11, for 1< We< 1 000
the growth rate of the surface wave is negative if
m> 0, while positive if m= 0. This implied that
the axisymmetric surface wave plays a dominant
role in the breakup process of the jets under this

condition. For m= 0 mode the curve has a turmr

ing point at Weber number about 20. And for
Weber number below 20, the growth rate de
creases rapidly. When increasing the Weber
number to larger than 20 the surface wave
growth rate nearly has no change and the value
is close to 0. If the Weber number increases fur
ther above 1 000, the growth rate was increased
again (shown in Figure 12). So at Weber num-
ber about 20 the jet is in arelatively stable state,

and the jet breakup length reaches the maximum

value. It agrees well with the experiments.
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Fig. 11 _-Variation of /grow'th-rate for m= 0 to 3 mode
withWe less than 1 000
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Fig. 12 Variation of growth rate for m= 0 to 3 mode

with We greater than 1 000

4 Conclusions

According to the experiments and computa-
tions, some conclusions can be summarized as
follow:

When Re< 1 100, the process of the jet
breakup is the Rayleigh regime, the surface
wave is axisymmertric. The breakup length of
the jet is increased linearly from 0 to a maximum

value.
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The jet breakup for 1 100< Re< 4 000 is
classified into the First Wind-Induced regime.
The sinuous surface wave is observed, and the
breakup length dives down rapidly and then imr
creases gradually.

If the jet velocity is further increased, the
jet breakup for Re> 4 000 is considered to be the
Second Wind Induced The

waves become the high order asymmetric waves,

regime. surface
and the breakup length increases smoothly.

The breakup length of the jet always rea
ches its maximum value at Weber number about
20 for different initial jet diameter. It agrees

well with the computations.
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