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Abstract: An experiment w as conduct ed to measure the breakup leng ths o f water jets w ith a high�speed v ideo

camera for Weber number s f rom 0 to about 1. 1 � 103. The initial jet diamet ers are changed from 0. 3mm to 1.

0mm. T he results indicate that at low jet v elocit y the breakup leng ths o f t he jet s ar e incr eased linear ly from 0

to a max imum value. At the Weber number about 20 the breakup leng th of the jet r eaches its max imum value

for differ ent initial jet diamet er. A computation based on the dispersion equation is conduct ed to study the r ela�

tionship between the gr ow th rate of t he jet sur face w ave and the maximum breakup leng th. The comput ations

show that the maximum g row th r ate fo r the ax isymmetr ic surface w ave has a turning point at Weber number a�

bout 20, and that agr ees w ell with the exper iments.
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Introduction

Breakup and atomizat ion of round liquid jets

had been w idely used in internal combust ion en�
g ines, gas turbines, and liquid r ocket engines.

Recent ly , w ith the development of scram jet en�
g ines and the deepening of fuel atom izat ion re�
search, it at t racts much interest and has been

studied all over the w orld again [ 1�2 ] . Experi�
ments w er e conducted to study the breakup

mechanisms usually by opt ical inst ruments

w hich w ere used to take photog raphs of the

breakup pr ocess. Theoret ical studies w ere con�
ducted to compute the sur face w ave g row th r ate

using stability theo ries of the surface w ave to de�
scribe the br eakup phenomena.

Mor ozumi et al[ 3] carried out an experimen�
tal study to invest igate the g row th and the str uc�
tures o f surface distur bances in a round turbu�
lent w ater jet w ith a coax ial airflow. A nd he

concluded that w hen the momentum of the air�
flow at the nozzle ex it w as superior to that of the

w ater jet, the effect of the asymmetric disturb�
ances on the jet br eakup w as comparable to that

of the ax isymmetr ic disturbances. Arai et al[ 4]

conducted an experiment on the surface w ave

t ransit ion befor e breakup on a laminar liquid jet

and found that w hen the surface w ave gr ew up

to the large amplitude w ave near the br eakup

point , it changed rapidly fr om regular to irregu�
lar w ave. Sallam et al

[ 5]
made experiments on

the br eakup of a turbulent jet in a gaseous at�
mospher e and he found three liquid column

br eakup modes: a w eakly tur bulent Ray leigh�
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. Fo r the first tw o modes in his the�
o ry, relationships of br eakup length w ith Weber

number w ere concluded, respect ively. A nd fo r
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the aerodynam ic bag / shear breakup mode rela�
t ionship of br eakup leng th w ith liquid�air density
ratio was concluded. Zhu et al[ 6] measur ed the

breakup leng th for dif fer ent breakup r eg imes and

concluded empirical relat ionships of the breakup

leng th w ith Reynolds number. L in[ 7] pr edicted

the var iat ion o f breakup length w ith jet velocity

and his theory presented tw o evolut ions of the

jet breakup leng th follow ed the peak when fur�
ther increasing the jet velocity to a high value.

In order to find out the variat ion of breakup

leng th init ial jet diameter and to ver ify L in s

predict ion, an experiment measur ing breakup

leng th of the w ater jet with a high�speed v ideo
camera is conducted in this paper. And the ini�
t ial jet diameters range f rom 0. 3 mm to 1 mm.

A dispersion equat ion that accounts for the

grow th rates of round liquid jets surface w aves is

derived in this paper to interpret the Weber

number w hen br eakup leng th came to max imum

in experiment.

1 � Experimental setup

Figure 1 show s the schemat ic of the experi�
mental setup which includes water tank, pipes,

pressure gauge, nozzle and high�speed video.

The w ater is driven by high pr essure air up to

0� 8 MPa. The no zzle diameters are 0. 3mm, 0.
5mm and 1. 0mm, respect ively, and the leng th�
diameter rat io s of all the nozzles are kept to be

40. T he exposure t ime of the high�speed v ideo
w ith the type X�Str eam VISION Digital Camera

is set to be 15 micr oseconds and the framing r ate

is more than 10 000.

F ig. 1� Schematic of the exper imenta l setup

2 � Experimental results and
discussions � �

2. 1 � Breakup regimes

The parameters used in this paper are de�
fined as fo llow .

ReL = �LU L d/ �L

WeL = �LU L
2
d/  

Oh = WeL
1/ 2
ReL

- 1
= �L / ( �L d )

1/ 2

Where ReL is the jet Reynolds number, WeL is

the Weber number, Oh is the Ohnesor ge number

of the jet , U L is the liquid velocity at the nozzle

ex it , �L is the liquid jet density and d is the ini�
tial jet diameter.

Figure 2~ 4 show the breakup process of

the jets w ith diameter 0. 5mm at Reynolds num�
ber f rom 630 to 7253 at a fix ed Ohnesorg e num�
ber 0. 00527. The f ram ing rate o f the high�speed
video camera is 10710, and the exposur e t ime is

15 micro seconds.

Figure 2 show s the typical pho to graph of

the round jet at low Reynolds number 630. The

flow is f rom right to left side in the picture. The

distance f rom the right end o f the photograph to

the ex it of the jet nozzle is 52 t imes o f the init ial

jet diameter. In this photograph, it can be seen

that the jet sur face is smooth and there ar e no

surface w aves on the jet near the r ight end. But

in the downst ream location of the jet , the liquid

jet is af fected by the ax isymmert ric sur face w ave

of the jet surface. The shape o f the cro ss sect ion

of the jet is cylindrical. With the g row th of the

ax isymmert ric surface w ave length, the jet is f i�
nally broken up and the large droplets w ith near�
ly the same size are formed. F igur e 2 show s the

typical Ray leigh jet breakup regime.

Fig . 2 � Phot og raph o f Ray leigh reg ime

Figure 3 show s the typical pho to graph of

the r ound jet at further incr easing Reynolds

number 1840. T he distance f rom the r ight end of

the photogr aph to the exit of the jet no zzle is 4

t imes o f the initial jet diameter. It can be seen
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that the jet sur face is defo rmed like a ! snake∀.

Because of the further increasing jet velocity,

the o scillat ions o f the surface w aves are augmen�
ted. T he surface w aves of the jet are asymmet�
r ic, so the sinuous jet could be observed in this

photo. T he shape of the cross sect ion o f the jet

could st il l be appro ximated to be cylindrical.

Liquid breakup occurs further dow nst ream and

the droplet size is almost the same as that of

Rayleigh br eakup. It is the typical First Wind�
Induced regime.

Fig. 3 � Pho tog raph of First W ind�Induced regime

Figure 4 show s the typical pho to graph of

the w ater jet at the Reynolds number 7253. The

distance f rom the right end o f the photograph to

the ex it of the jet nozzle is 30 t imes o f the init ial

jet diameter . It should be pointed out that the

shape of the jet deforms fr om the beg inning at

the ex it of the nozzle. And it can be seen that

the surface w ave length is shorter than that in

Figure 3. M eanwhile, the sur face w aves become

the high or der asymmetric w aves, w hich implied

that the shape o f the cross sect ion of the jet is no

longer cylindrical. Figure 4 r epresents the typi�
cal Second Wind�Induced regime.

F ig . 4 � Photo gr aph of Second Wind�Induced reg ime

T he breakup process o f the jet w ith Reyn�
o lds number rang ing f rom 129 to 1165 displays

the feature of Rayleigh reg ime as show n in Fig�
ure 2. When the Reynolds numbers vary f rom

1165 to 3907, the br eakup regime o f the jet falls

into First Wind�Induced regime. If the Reynolds
numbers are larg er than 3900, the breakup re�
g ime of the jet is Second Wind�Induced r eg ime.
The variat ion of the breakup reg ime w ith Reyn�
o lds number at the fix ed Ohnesorg e number a�

g rees w ell w ith the results of L iu
[ 1]
and is show n

in Figure 5. L ine AB, BC and CD represents the

Rayleigh reg ime, First Wind�Induced regime and
Second W ind�Induced r eg ime, respect ively.

Fig . 5 � Breakup reg imes of round liquid jets in st ill air

2. 2 � The effect of jet velocity on the

breakup length �

� � T he jet br eakup leng th in this paper is de�
fined as the distance f rom the nozzle ex it to the

br eakup point of the cor e jet. Figure 6 show s the

variat ion o f the br eakup length of the jet o f di�
ameter 1. 0mm w ith the Reynolds number.

Fig . 6 � Variat ion of jet br eakup length w ith Re

fo r initial jet diameter o f 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 gr adient decreases before the

br eakup leng th reached its maximum value.

Subsequent increase of the jet Re results in a

rapid decrease o f the breakup length. When

Re> 2 500, the breakup length increases g radu�
ally . By comparison w ith the observ at ion of the

surface w ave, the jet breakup reg ime for 1 100<

Re< 4 000 falls into the First Wind�Induced re�
g ime, w hile the process o f the jet breakup fo r

Re> 4 000 is considered to be the Second Wind�
Induced regime. T he r esult ag rees w ell w ith the

schemat ic diag ram of the jet breakup length vs.

jet velocity by Lin[ 7] .

1260



� 第 8 期 ZHU Ying , et al. : Study on the breakup leng ths o f free round liquid jets

The variation of the max imum breakup

leng th of the jets w ith Weber number s is show n

in Figur e 7. T he Weber number for the max i�
mum breakup length fo r init ial jet diameter 1. 0

mm is about 20. It is inter est ing to no te that the

Weber number s for the maximum breakup

leng ths for the other two jet diameters are also

found to be about 20. T his value is only an ap�
prox imat ion and more experiments w ould be

conducted nex t .

F ig . 7 � Variation of jet br eakup length w ith We

for initial jet diameter 1. 0 mm

2. 3 � Maximum breakup lengths for different

initial jet diameters �

� � Sal lam[ 5]
concluded an empirical relat ionship

betw een br eakup leng th and We and init ial jet di�
ameter for We< 400:

L C / d = 5� 0We
1/ 2

(1)

where L C is the breakup length and d is the ini�
t ial jet diameter . When o ther par ameters are in�
var iable, equation ( 1) could be:

L C/ C = d
3/ 2

(2)

where C is a constant and Figure 8 show s the

curve o f equat ion ( 2) .

F ig . 8� Var iation of L C / C w ith init ial jet diameter

acco rding to Sallam

In this paper, the variat ion of the max i�
mum breakup leng th w ith initial jet diameter is

studied experimentally , and Figure 9 show s the

results.

F ig . 9� Var iation of max imum breakup length

w ith init ial jet diameter

It could be seen that the maximum br eakup

leng th incr eases along w ith the increasing of the

init ial jet diameter , and the rate of increasing be�
comes greater than a linear variation. T he exper�
imental result ag rees w ell w ith Sallam s correla�
tion.

3 � Computational analyses

To predict the Weber number co rresponding

to the max imum breakup length, the computa�
tion based on the disper sion relationship is con�
ducted. The f luid is assumed to be incompressi�
ble and inviscid. T he nonlinear terms are neg lec�
ted. T he resulted dispersion relationship is sim i�
lar w ith that of Yang[ 8] :

(�1m + �2m )!
2
+ 2ik!(�1mU 1 + �2mU 2) -

k
2
(�1mU

2
1 + �2mU

2
2) -

k 
a
2 [ 1 - m

2
- ( ka)

2
] = 0

where

�1m = ∀m�1

�2m = #m�2

∀m = kI m ( ka) / I#m( ka) =

I m( ka)
dI m ( kr )
d( kr ) kr = ka

#m = - kK m ( ka ) / K#m ( ka ) =

K m ( ka )
dK m( kr )
d( kr ) kr = ka

.

� � In the previous r esearches about the sur face

w ave, there are tw o analysis methods, i. e. tem�
poral and spat ial mode[ 9�10] . In this paper the
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temporal mode analy sis method is used. Let

!= !r + i!i .

Then the g row th rate can be solved to be

(!
*
r )

2
m = ∀m#mQ( ka)

2
/ ( ∀m + #mQ )

2
+

( ka ) ∃ [ 1 - m
2
- ( ka)

2
] / [ We( ∀m + #mQ) ]

where ( !
*
r )

2
m and We are the square of the di�

mensionless grow th r ate for the m th transver se

mode and Weber number, respectively,

(!
*
r )

2
m = ( !r )

2
m / [ ( U 1 - U 2)

2
/ a

2
]

W e = [ d0(U 1 - U 2)
2
�1 ] /  

and Q is the density rat io of air to w ater,

Q = �2 / �1 .

The axisymmetric mode surface w ave is re�
alized w hen m = 0. For any integ er, m > 0,

(!*r )
2
m represents the grow th rate of the mth

asymmetr ic sur face w ave.

According to the solution of ( !
*
r )

2
m, the

variat ion of grow th r ate w ith w ave number at

constant m and We can be plot ted. Fo r example,

Figure 10 show s the variat ion o f g row th r ate

w ith ka at W eber number 1 000 for m= 1 mode.

The max imum g row th rate in Figure 10 w as a�
bout 10- 5 , and this max imum value varies w ith

Weber number. F igur e 11 show s the g row th r ate

w ith Weber number for the surface w ave w ith

m= 0~ 3.

Fig. 10 � Variation of g row th rat e fo r m= 1 mode

w ith w ave number ka at We= 103

As shown in Figure 11, fo r 1< We< 1 000

the g row th rate of the surface w ave is negat iv e if

m> 0, w hile po sit iv e if m= 0. T his implied that

the ax isymmetr ic surface w ave plays a dominant

role in the br eakup process o f the jets under this

condit ion. For m= 0 mode the cur ve has a turn�

ing point at Weber number about 20. And fo r

Weber number below 20, the g row th rate de�
creases rapidly. When increasing the Weber

number to larg er than 20 the surface w ave

grow th r ate nearly has no change and the value

is close to 0. If the Weber number increases fur�
ther above 1 000, the g row th rate w as increased

again ( show n in Figur e 12) . So at Weber num�
ber about 20 the jet is in a relat ively stable state,

and the jet breakup length reaches the max imum

value. It agrees w ell w ith the experiments.

F ig . 11� Var iation o f gr ow th rate for m= 0 to 3 mode

with We less than 1 000

Fig. 12 � Variation of g row th rat e fo r m= 0 to 3 mode

w ith We g reater than 1 000

4 � Conclusions

According to the experiments and computa�
tions, some conclusions can be summarized as

fo llow :

When R e < 1 100, the process of the jet

br eakup is the Rayleigh regime, the surface

w ave is axisymmer tric. T he breakup length of

the jet is increased linear ly f rom 0 to a max imum

value.
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The jet breakup for 1 100 < Re < 4 000 is

classified into the First Wind�Induced r eg ime.

The sinuous surface w ave is observed, and the

breakup length dives dow n rapidly and then in�
creases gradually.

If the jet velocity is further incr eased, the

jet breakup for Re> 4 000 is consider ed to be the

Second Wind�Induced regime. The surface

w aves become the high o rder asymmetric w aves,

and the breakup length increases smoothly.

The br eakup leng th of the jet alw ays rea�
ches it s maximum value at Weber number about

20 for different init ial jet diameter. It ag rees

w ell w ith the computat ions.
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