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Abstract—Nonlinear asymmetric breakup of a circular capillary jet when an asymmetric periodic
initial disturbance is given at the surface is presented. It is shown that the complex amplitude of the
wave can be described by nonlinear Schrodinger equation. Numerical examples are presented for
various values of asymmetry. Also included the analysis and numerical works when the surrounding
gas is absent.
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1. INTRODUCTION

When a dense fluid is ejected into a less dense fluid from a hole, a jet formes. The fluid jet
is inherently unstable and breakup easily. The capillary force is shown with linear theory to be
responsible for the onset of instability in the presence or absence of fluid viscosities. Subsequent
to the onset, the amplitude of disturbances grows rapidly and the neglected nonlinear terms in the
linear theory are no longer negligible. Thus the nonlinear evolution of disturbances that lead to the
eventual pinching off of drops from a liquid jet can only be explained with nonlinear theories. The
neglected nonlinear convective acceleration term in the linear theory can induce higher harmonics
which appear to lead to the formation of satellites between the main drops.

The breakup of a liquid jet into droplets has been of great interest because of the numerous
applications in various fields. In some modern applications of instability of jets, it is advantageous
to hasten the breakup, but in other applications suppression of the breakup is essential.

Recent applications include internal combustion engines, spray drying, ink jet printing, film
coating, nuclear safety curtain formation, agricultural sprays, fiber and sheet drawing, powered milk
processing, powder metallurgy, toxic material removal, and encapsulation of biomedical material.
The stability and the disintegration of liquid jets have been investigated by linear and nonlinear

instability theories and computational methods.
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These analyses are mostly concerned with the axisymmetric jets, but asymmetric analyses are
scant, moreover the nonlinear work is rare.

This assumption of axisymmetric initial disturbance and subsequent growth has the serious
weaknesses. This assumption is true only for low-speed jets known as capillary jets when the
breakup mechanism is due to the growth of axisymmetric oscillation induced by the competition
between cohesive and disruptive forces on the surface of the jet.

Although the axisymmetric mode appears in the low speed jets, under high speed conditions
substantially different jet instability is noticed in the experiments. When the difference between
the velocity of the jet and that of the ambient gas is large, asymmetric instability is observed.
With increase in the relative velocity between the liquid and the gas, the mechanism of the jet
instability is characterized by the first transverse mode(m=1) in the experiments reported in[1].

It was Lord Rayleigh [2] who first made a detailed analysis concerning the capillary waves on a
liquid column of an ideal fluid in the absence of the surrounding gas. He showed by means of a first
order perturbation calculation that the only unstable disturbances must be axisymmetric, and that
their wave lengths must be longer than the circumference of the jet. By extending Rayleigh’s theory,
Weber [3] included the effects of both the liquid viscosity and the pressure of the surrounding gas
on the stability of a columnar jet. He showed that the viscous effect does not alter the value of
the cut-off wave number predicted by the inviscid theory and that the influence of the ambient air
is not very significant so far as the speed of the columnar jet is not too large.

Liquid breakup and formation of droplets are nonlinear phenomena. The inadequate linear
theory has led the development of the nonlinear analysis to investigate the shape of the waves on
the jet surface, as well as to estimate the volume of main and satellite drops formed during the
breakup.

Yuen [4] developed a third-order nonlinear theory for the capillary instability of a inviscid liquid
jet, neglecting the effect of surrounding air using the method of straining coordinates. He found
that the cut-off wave number and the fundamental frequency of the wave for a given k are different
from linearized theory. Wang [5], Nayfeh [6] , and Lafrance [7] have also carried out nonlinear
perturbation analyses of a capillary of an inviscid liquid jet of circular cross section in the absence
of the surrounding gas.

Only a limited number of works is found that is concerned with the asymmetric analysis of
a liquid jet. Yang [1] worked on the linear nonaxisymmetric instability of an invscid liquid jet
in the presence of an injected coaxial gas. He derived a dispersion equation that accounts for
the growth of asymmetric waves. He showed that there exists a critical Weber number which is

defined as the ratio of surface tension force to the inertial force, below which the nonaxisymmetric
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disturbance becomes unstable, while Ibrahim and Jog [8] investigated a nonlinear asymmetric
breakup of a liquid jet exposed to a swirling gas stream by a perturbation expansion technique
with the initial amplitude of the disturbance as the perturbation parameter. The have neglected
liquid and gas viscosities. They obtained solutions upto the second order, and the breakup time
of the jet is obtained numerically until the deepest trough of the wave profile coincides with the
centerline of the jet, whereas we carried out the solutions upto the third order to obtain a nonlinear
Schrodinger equation to determine the cut-off wave number k, and the region of stability. The
problem of nonlinear breakup of an asymmetric electrohydrodynamic jet was investigated by the
present author[9,10] using the method of straining of coordinates and multiple scales.

In this presentation, a nonlinear problem is considered, in which a jet of invscid fluid having a
circular cylindrical geometry with or without the surrounding gas is given a nonaxisymmetric initial
disturbance at the surface. In this paper, by the method of multiple scales, we have developed a
third order asymmetric nonlinear theory on the propagation of waves over the surface of circular
jet. The basic equations with the accompanying boundary conditions are given in Sec.2. The first
order theory and the linear dispersion relation are obtained in Sec.3. In Sec.4 we have derived
second order solutions. In Sec.5 third order problem is considered. Sec.6 discusses the case when

there is no surrounding gas. Finally Sec.7 is devoted to some numerical examples and discussions.

2. Formulation

We consider an incompressible, inviscid fluid jet whose density is p; and whose radius is a is
injected with a uniform velocity U; along with a coaxial gas of density po at a uniform velocity Us.

We use the cylindrical polar coordinates (r, 6, z) with z— axis taken along the axis of the jet.

The interface is defined by a function of 6, z and time. Let (6, z,t) denote the elevation of the
free surface measured from the unperturbed level. Now, a periodic initial disturbance is given at
the surface of the jet.

If u; and us denote velocity fields , at any time ¢, then equations are as follows:
V- u; = 0, (2.1)

V- -ug = 0, (2.2)

If U and ¢@ denote velocity potentials of the liquid and the gas, respectively, so that u; =
Vo), (j =1,2), then the equations for ¢\9) are given by

Vg =0,  (j=1,2) (2.3)

for r < a+n(b,z,1t),
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The unit normal n to the surface is given by

LSE (o on o\, (o))
_\VF\_< et a9 T 5.¢ ){H(rae) +<Bz) ) (2.4)

where F' = 0 is the equation of the surface of jet.

[T

The condition that the interface is moving with the fluid leads to

on ¢l 1 99 an  9gl) on B o
% or e on ot ar 0, =0 M r=etm (=12 (25)

Now the boundary condition at the free surface is,

o -HE) + Co) =G D] -mml (3) )

T [0%n 10n 20n 0%n on 10% an 2
L9y _2onomon Loty (9n) L) 2,
TVEP [a%{ +< ae) } r289898z8z+r2692{ +<8z> H ¢ @26

where C'is a constant and [ h] represents the difference in a quantity as we cross the interface,i.e.,

[ h] = ™M — A®) and T is the surface tension and F is given by
F=r—n,z1t) —a.

To investigate the nonlinear effect on the stability of the jet, we employ the method of multiple

scales. Introducing € as a small parameter, we assume the following expansion of the variables:

3
¢(1)(T7 97 Z,t) = Z €n¢£11)(7“a 007917 927 205 %1, 22;t07t17t2) + 0(64)5 (28)
n=0
3
¢(2)(T7 07 Zut) = Z €n¢£z2)(ra 907917 927 20, 21, 22§t0,t1;t2) + 0(64)7 (29)
n=0
and
3
(9 z, t Zen’nn 90,91,02,20,21,22;t0,t1,t2) —|—O(€4). (210)
n=1

The multiple scales z, (= €"2),0, (= €0 and t,,(= €"t) are assumed to satisfy the following derivative

expansions:
2
d d
5 = => ¢ 5. +O(e %), (2.11)
n=0 n
= Ze—+0 (), (2.11)
Ze —+O (2.12)
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If we substitute (2.8)-(2.10) into (2.5)-(2.6), boundary conditions for various orders are obtained.
A Maclaurin series expansion of the boundary conditions at r = a provides successive orders of
approximation to these conditions which are then used to specify the problem in those orders.
3. Linear theory
We substitute the expressions (2.8), (2.9) and (2.10) for (1), (> and 7, respectively into the
field equations (2.3) and the boundary conditions (2.5)-(2.6). Equating the coefficient of first power
of € leads to
vael =0, (3.1)
vael® =0, (3.2)
where
G P10 1o o
o2 rdr 1200k 0z}

We take d)éj ) = Ujzg, (j =1,2). The various boundary conditions at the interface are, (at r = a)

om om a¢§j)

87160 J 0z or

(291, 00 m, Pmo
[[p<8to+U8zo)]]+T{ + 2892+820 =0, (3.4)

The solutions to (3.1)-(3.3) are given by

=0, (j=1,2) (3.3)

m = A(21, 22,01, 02; 11, t2)e™” + A(21, 22,01, 023 11, ta)e ™, (3.5)

L,(kr) .,
gl) :i(Ulk—w)A ( T) e“g—l—c.c. +B1(21722,91,02;t1,t2), (36)

I (ka)

K, (kr) .
¢§2) = i(Usk — w>AK{nEkZL§ eV +ce + Bsy(z1, 22,01, 02; 1, t2), (3.7)
where A is the complex conjugate of A and ¥ = kzg + mfy — wtg, Ln(kr) and K,,(kr) are the
modified Bessel functions of the first and second kind, respectively and I] (ka) = dl"zlgkr)lrza,

K] (ka) = de br) |r - Substituting (3.5)-(3.7) into (3.4), we obtain following dispersion relation

T
D(w, kym) = pr(w = Uik = paw = Ugk)*oP + — {1 = m? — (ka)’} =0, (38)
where
W _ Im(ka) o) (ka)

Equation(3.8) is in agreement with the result obtained by Yang [1].
4.Second order solutions

The second order problem is governed by
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a%s )2 g2l
v0¢2 2
820821 T 890891
The boundary conditions at r = a are:

(=12 (4.1)

Loy = 2 4 Pof _omoo) omoef)  1omdsy) .
% otr  or2 N 9z 029 0z Oz a2 0B 06

T (091, Por L[ [061\°, (106 9¢1\> 061 &
N, 65”0 )_[[ (875 +8t08rm+2{<8r> +<a 800) +<8zo> }+U{ 821+82087’m}>ﬂ

T m 8771 1 8771 2 62771 82771 2 82771
m_ 1 A= 9 _ 2 4,
ta {a2 <az0 + ao00) [T @M o ~ 2om0m  2ovg0er 0 Y

where L(nz, 65), and N (12, ¢S, ¢?) denote the left-hand sides of (3.3), and (3.4) with 5y, ¢\
being replaced by 72, and gbgj ), (j = 1,2), respectively.

1,2), (4.2)

Substituting the first order solutions in (4.2)-(4.3), we obtain following equations:

2
L(m, ¢5)) = 04 Ua—A ¢ iUk —w)3 2( K24 =5 |4 —= L 2o e (j=1,2) (44)
8t1 821 a

) . 0A 0A o0 0A m 0AN v
(M2, 057, P35 ) [[PZ(Uk W)y [(%1 U8z1 kazl a 001 ¢

(Uk—w)2 m72 2.2 2} 2 2 2 2 2 20
—{—H[p2 -3+ 2 + k7 )z, +a3{2(m +k*a®)+1—4m*}| A%

+e.c + H[p(Uk — w)2{—1 - <Zf + k2>7?n}]] —{2-m?—Ka 2}] AA + %Bl (4.5)

Equations(4.4)-(4.5) furnish following second order solutions:

- , 0B 0B a?
— N,ei? A2¢129 c A2 71 _vD2 “@ 4.
72 2e" + q1A% +cc+(\ |“qo +8t 8t1p2 T (4.6)
where
1(0A m m? U 0A 1
No = -3 242 (1 AAATRTIRY SO GV(0) RN S Bl
2 i{821< k +{k‘a + a}’ym Ulk—w 8t1 Ulk—w
(1) o rlmy1(kr) 0A 8 In(kr)\ 0A ) 9
= Uik —w) { T (ka) 0= T (ka) ) 96, |
2
s B m- AW om(2k7) 1o 09
i(Uhk w){2<a2 +k )'ym - —2q1 } (2k:a)A e’ + c.c.
+Bg(zl,22;t1,t2), (47)
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K (br) 04 0 (Kmaw)) 94 }ﬁ

@ _ i _ond 9 o4
03 = (Uak “’){ K (ka) 0z ' om\ K. (ka)) 96,

Km(k:r) 8A m2 (1) (2) U2 U1
Ok “)K;@(ka){azl[(/mjw‘l)(”m )t ok —w Tk —w

P2 IR S W A
6751 ng—w Ulk:—w c

2 1 Kom (2 :
—i(Usk — w){Q(z’; + k2) 7,(73) - 2q1}2(kr)A2612"9 + c.c. + By(z1, 225 t1, t2), (4.8)

K/  (2ka)
where
Uk — w)? 2 2 1
P | ACLEE2ay (P T k2 )2t + 20Uk — )23 29 g + K2 ) = = tyom
2 a a a
T 1, 5 29 2 1
—1{= 1—-4 —_ 4.
+algm” + k%) +1—dm7} D(2w, 2k, 2n)’ (4.9)
m? T
g = [[p(Uk - w)Q{—l + <a2 - k2>7§1}]] + {2~ m? — k*a*} (4.10)
with
(1) _ IQm(Qk‘a) (2) _ Kgm(2k‘a)
Tem = (2ka)’ 2™ T KL (2ka)’
Lo (2kr) AK o (2k7)
/ _ / _
L, (2ka) = o T:a, K5, (2ka) o .
Ol (kr) . OIL,(kr) 1 2 (Fkr)mtan
FImA\PT) -y In(=kr) — S 220 1
om vom T By m(kr) n(2kr) Zon!(n—i-m)!w(n—i_m—i_ )

1 1 1
=== —
P(n +1) 1—1-2—1- —I-n v

where v denotes Euler’s constant, 0.57751....[ 11, p.377]. OK,(kr)/Om is similarly defined.

Here D(2w,2k,2m) is obtained from (3.8) by replacing 7%), 7,(7%) by 752, fyéi?b and w, k and m by
2w, 2k and 2m respectively, and B3 and By are arbitrary constants. Furthermore, we assume that
D(2w,2k,2m) # 0. The case D(2w,2k,2m) = 0 corresponds to the second harmonic resonance.

The vanishing of coefficient of e’ in (4.5) gives the secular equation

0A 0A 0A
ot o T Vag, =0 y

where Vi and V,, are the group velocities expressed as

ow
= — 4.12
Vk: aka ( )
ow
m - L) 41
v . (4.13)

5.Third order problem
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We proceed now to the third order problem.

82¢ ] 82¢§]) 282¢§j) 2 82¢é]) 1 82¢§J) 2 82¢§j)

vioy” BREETR 022 02002 12000001 12 062 1200000

(=12 (5.1)

The solution to (5.1), qﬁél) takes the following form

L _ B E 9 r 92A % et
¢y =—(Uhk w)[2{r I, (kr) — kIm+1(k7‘)(1+2m)} P 2 rIm+1(kr)8Z2 T ()
82 ( ) aOé(T) ( ) 2 82./4 “9
—(Uik —w)i [(%c‘)m om { k (k” ) H 92100, ¢
da(r) A i d%a(r) 92A7
k— =2 e 1 e
0 “’)[ om 06, 2 om? 067" T ¢
10°B1 5,  10°B
482r 8629(27T—90)+"', (5'2)
where
B I, (kr)
() =7 )
Lo o
N3 = ;N:%e +ceet--, (5.3)
where
i 0?A m m? 2U i 0?A 1 0A
No = — = - (1) _ 1 _ g2
8T T W Uik 0t10 ( E T { ka k“} Uik —w)  (Uk—wZ 08 (@ Uk) 0ty

0A m U 9% A m m 1
ool o LN AT (o m o) e} D
8z2<k{ cﬂm} Wt g —w ) Tl | T PRLCE AR b7

2 2
W, o _(_m, (m m__t Uy
T ( k+(ka+ka>7m Uk —w) Utk —w

where - -- denotes nonsecular terms.

2) 19%B, 19%By
¢5” = (Uzk — w)pse™ + c.c. ~1 922 7 B 0

Bo(2m — Bg) + -+ - | (5.4)

where p3 can be found in the Appendix.
Using (5.2) and (5.4) and eliminating 73 in (2.5) and (2.6), we obtain following nonsecularity

condition:

+Vi—+V,, +2Rys—+ + R3

(04, 04 0A 0*A 92 A 8% A 2 s
<8t2 0z 00 ) TG g g T age = @AAT A (55)
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where
R_laiw 1 P _10%w
Y7 90k27 "7 20kom’ 37 20m2
S1
@ = Ao — TRyl
R = 52

2[[/)("‘] - Uk)’Ym]]
S1 and Sy are found in the Appendix.

Introducing the transformation

1
T=ly=t=c¢t;, &= (2— thz)g = (21 — Vit1), (5.6)

B Ry Ry 1 Ry Ry
C = {92 Rl zZ9 <V R Vk> tg} {91 Rl Z1 (Vn Rl Vk> tl}. (57)

Equation (5.5) governing the evolution of the amplitude of the wave packet reduces to

0A 0?A 0?A

— 4+ P + P QAQA + RA, 5.8
Z87’ 1852 28( (5-8)
where
R%
P, — Py — Ra— —2
1= Ry, 2 3 R

Now that ¢3 is expressed as (5.2), the boundary condition (2.5) in O(e?) becomes

87]3 8[114 8231 8232 CL2 1 81‘_114 1 823
a, —q2 - 5 P1 + 5 P2 | — La
oty (9751 6t1 T a Oty 2 82’1

, U, 0AA 2m OAA
Uk — 2~ J) _ J ()2 . (i=1.2
+( J w){< Tm a(Ujk—w)> 821 +/Ym CL2 8(9 a(] ’ )
where - -- again indicates the non-secular terms. The non-secular condition for 73 with respect to

to gives

< GAA 62B1 8232 ) a2 1 8/114 1 82Bj

- - + e
o, o2 T e )T T aon 2022

- U; 0AA 2m 6AA
e — 2k~ J () =0 =0,(j=1,2 .
If we assume that B; depends on the slower scales only through the amplitude A, (5.9) reduces

to

2 (2B 02B | OB 162B; VOAA ) OAA
= V2o 0B iy OBy g =W 7 5.10
T[[p<azf R e AT m>ﬂ+2 g2 =T T g (10

: 21 U; 0AA
70 — @ 2 e 2~) J
I {(qu —i—a)Vk—l—(U]k w)( kv, Tk — ) o

where
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T 06,
Using the transformation (5.6)-(5.7), the above equation can be put into the form

2 0B 0B 0B 0 Ry d\?
a[[P<M1 + My + M3 )]] +g<—2> B;

. 2
Té”={<q2“ 1>V + (Usk — w)y <”2m}8AA (j=1,2)

T o€ 9EDC a2 9 Ry 0C
) OlAP G) ) R2\IAP
— T1 7(% + T2 T1 Ry 8( , (] = 1,2)

Assume A, B; and Bj are functions of y = £ + n¢ and 7 only [ 12], then the above equation

a2 0B a Ry \202B,
CM? M Man2 af, 12 J
T (M1 0% + Mabn + Msn®) [[p 8X2:|:| + 5 (ﬁ R n> o

(4) () (j)l32 6|A|2 .
=TV 0+ | T, T — =1,2 A1
{ ! ( 2 ! R1>n} 6X ’ (J ’ ) (5 )

Integrating (5.11) , R can be expressed in the form

yields

R=GAA+C(1)

where C(7) is a constant of integration.

And (5.8) can be written as
= Q1 A%2A+ R*A, (5.12)
which is a nonlinear Schrédinger equation, and

Py= P+ Pn?, Q1=Q+G, R =0(r)

We note that R* may be eliminated from(5.12) by an appropriate frequency shift in A. The stability

of the solution of (5.12) is subject to the same criterion as that found by Hasimoto and Ono [13],
P;Q1 > 0, (5.13)

In the case when the propagation is along the z-axis, namely, when A is dependent on the slower

scales z1, 22, (5.8) reduces to

8A 0?A Sa

i+ P 522 = QA*A + (o= Uk)vm]]A’ (5.14)
Sy = — [[p(Uk — W)Ym <2kgi + Vi(Uk — w){’ym< m + k2) } [[ gﬂ] ﬂ]
o224 (-t - [wr-wp), (5.15)
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0B; p1p2 4> U
L 2k(Uk — m
0z ( Pj © || 2ROk —w)y a

+g{<q2iﬁ 1>Vk+(Uk w) (2ky ) — U)})fZA+C(t2,zQ) (j=1,2) (5.16)

where A = %(pl —p2) V2 + %.
So (5.14) is of the form of (5.12) and the stability condition is

PiQ1>0

6. Liquid jet without the surrounding gas.

In this case, it is convenient to normalize the physical variables by using the radius of the
unperturbed jet a for the characteristic length, and \/W for the characteristic speed and use
the moving frame of reference with a uniform speed U;. The resulting equations can be obtained
from the previous equations by setting 7' = a = 1 and U; = 0, and omitting all terms associated

with the surrounding gas. We also use the notation

(1) . Im(k‘) S Ia (1) o Izm(Qk’) A Ib

T =Tk k) P T T (2k)2k 2k

where prime denotes the differentiation with respect to the argument. Thus S in (5.15) reduces to

SFW {% ka(k<m +k2>—1)—vk{2<1—m> }]Zf;

2 2 2 2
Ia{kla_l_k‘ +m Ia+1—2(1 m)kH@Bl

w
= |:2wfa + Vi 3 B 2L 92

And %—1311 in (5.16) reduces to
0By (1
821 - 2
Thus (5.14) becomes

-1
+ Vk2> {Vk(QQ + 1) — QUJIQ}AA + 01(22, tg)

i— + P = Q1 A’A+ RIA
5.t Pigs ae2 Q1 + R]
where
-1 2 2 2
ka _ k“+m 2(1 -m )
1) — 2wl, — kIl ———I,+1 - ————
. wVi o k24 m? 2(1 — m?)
Rl—[k—i- 5 {kfa 3 I,+1 2?1 q
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with
m2

)y — 1}

I, 1 _
Q= {& [4(1# + mQ)? +5+ (20— 2(m? + k2)k 1, + 1){2(1 +

312, 9 1, 9 m?
a (k2 — - 14+ 21214+ —
+5ps (K —3m°) (CI1+QQ){ + o L1+ s

1 3 k
+5 (K +9m® = 6) +2(q1 + g2) (1 = m?) = S(m” + k*)* = 2(m” + kQ)ql}M

When m = 0, these equations completely agree with the results of Kakutani et al. [ 14].

7. Numerical examples and discussion

1LE+04 -

0.E+00

-1 E+04

=T u1=50

-3 E+04 ul=10

FQ

-3.E+04 |

S E+04

-B.E+04 b
wave number Ck)

Fig. 1. Yatiation of PO with resect to kim=2)

5 E+O4
0. E+00 =
—& E+0d, G0 1,00 200 3.00 400
—-1.E+05 r
-2, E+0E:
-2 .E+05
S E+0& e ul=k0
-3 E+0E
=4 E+0E
=4 E+0E
-k E+0E L

FQ

wawe number(k)

Fig.2, variation of PG with respect to kim=3)
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When the gas is present outside the liquid jet, values of PQ versus wave number k have been
plotted for different modes in Fig.1-2. When m=2 the figure for PQ is displayed in Fig.1. It
is known that by linear theory, the wave is always stable, however by the nonlinear theory, it is
unstable .

Here, the inner liquid is water, and the outer gas is air. Us = 48.5m/sec , Uy = 10m/sec and
a = 0.5 cm are chosen.

However when the speed of the liquid U; is 50 m/sec, the situation is quite different. It is stable.

The case for m = 3 is shown Figure 2. The situation is very similar to the case when m = 2.
When U;=10 m/sec, the jet is unstable . When U;=50 m/sec,it is stable . By linear theory, in
both cases, the jet is stable.

In Figures 3-5, we display the values of P@Q, when there is no surrounding gas, for various wave
number k for different modes. When m=0 the figure for PQ is displayed in Fig.3. It is known that
by linear theory the cut-off wave number is k=1, namely the wave is stable when k£ > 1, however
by the nonlinear theory, it is stable only for 1 < k& < 1.28 but unstable for all other values.

When m = 1 the jet is always unstable.

The cases for m = 2 and m = 3 are shown Figure 4 and Figure 5, respectively.

Only for the values of k where P(Q is positive, the wave is stable. Therefore as we can notice
from these figures the values of k where the wave is stable are quite limited. When m=3, second
harmonic resonance takes place at k=7.357.. . At that point PQ is infinite, thus the second

harmonics blow up.
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7. Conclusions
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In this paper the problem nonaxisymmetric nonlinear instability of a capillary jet is considered and

the results of the investigation may be summarized as follows:

1. By the linear theory, the present nonaxisymmetric circular jet is always stable, however, by a

nonlinear theory the values of wave number for which the jet is stable are rather limited .
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2. Instability takes place by two cases, when the wave number takes a imaginary number, which
will lead to the exponential growth of disturbance or the amplitude A grows large, even though the
initial disturbance remains periodic. It is the latter case with nonlinear asymmetric analysis.

When m=0, as the present solution agrees with that of Kakutani et. al.[12], it is believed that
the present solution is correct.

Appendix.
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