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1 Equations of motion for axisymmetric jets

Following Eggers and Dupont (1994), we will derive approximate equations of motion valid in
the limit of slender jets i.e. jets for which the radial dimensions are much smaller than the longi-
tudinal dimensions.

We start by writing the full equations of motion for an incompressible viscous fluid in cylin-
drical (axisymmetric) coordinates. The equations for the two components of momentum can be
written

1 1
atur + Uy arur + U azur = - ; Tp+ v <832u7" + agﬂh" + ; aTUT N %> (1)

Oty + Uy Oty + Uy DU, = — % op+v (8,2.zuz + 0%u, + % 87.uz> -9 (2)

For an incompressible fluid, mass conservation is identical to volume conservation and can be
written

Oy, + % +0u,=0 (3)
In the case of fluid motion with a free-surface (i.e. the gas-liquid interface of the jet), the free-
surface boundary conditions must also be verified i.e.
e interfacial stresses
n-on = —0k
n-o-t =0

e kinematic boundary condition
ar
dt

where the interface is defined by F(x,t)=0.

=0

In the case of slender jets, we can choose to define the interface as

F(x,t)=r—h(z,t)=0
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With this choice of parameterisation, the unit tangent and normal vectors are given by
!
¢ = 1 h
Vitnr?\ 1
" o— 1 1
Va2 \

The normal component of the stress can then be written

neo-n — 1 1 Orr Oz 1
B 1+h/2 7h/ Orz Ozz *h/

= 1 (UTT—Qh/O’TZ+h/2O'ZZ)

1+h?
= —p+ 2—M2 (Orur — ' (Opuy+ Ozuy) + h'? d.uy)
1+h/
which gives the boundary condition
—-p+ % (Orur — b (Oruy + Oaur) + ' Ou)=—0ck at r=h (4)
+

Similarly, the tangential stress condition can be written

o-t= # (20,ur b’ + (Opuz + Ozuy) (1 — h'?) —2h' Ou) =0 at r=h (5)
+
Finally, the kinematic boundary condition can be expressed
dF ,
Ezathfueruzazh:athfuTJruzh:0 at r=h (6)

The full axisymmetric problem is thus described by six coupled equations!

1.1 Equations of motion valid in the limit of slender jets
The previous set of equations is clearly too complex to be amenable to analytical treatment.
Simplified equations of motion can be obtained in the limit of slender jets. If the characteristic
radial dimensions of the jet are much smaller than its longitudinal dimensions, it is natural to
assume that quantities are almost uniform along the radial dimension. This suggests describing
all quantities using Taylor series expansions in r. For example, the longitudinal component of
the velocity could be written

uy(r,z,t) =ug(z,t) +rui(z,t) +rius(z,t) + r3usg(z,t) + ...
This can be further simplified by using the symmetries of the solution. For example the longitu-
dinal component of the velocity must be symmetrical about the axis of revolution i.e. we have

Ou,=0 at r=0
u, must thus be an even function of 7, so that
Uan+1(z,t) =0 foralln
All quantities can be developed using this scheme. For example the radial component of the
velocity can be written
upr(r, 2, t) =1 up (2, ) + 173U, (2, 1) + ...
where we have used the (odd) symmetry of u, about the axis of revolution.
For slender jets we will use the fact that r is small so that
I>r>r>ri>..

to derive an asymptotic expansion of the equations of motion. For example, if we take the conti-
nuity equation (3), we have to second-order in r

8Tur+%Jr@zuz:un+37’2uT3+un+r2ur3+u6+7’2%+0(7“3):0

The leading-order term then gives )
un=-5 u
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and to second-order in r

which can be generalised to arbitrary order

1 1 1
up(r, z,t) :f§u6r71uér3f R Yo
We have thus used the continuity equation to eliminate one of the unknown in the system (u,.).

In a similar manner, if we develop the (even-symmetric) pressure as

uén r2n+1+0(r2n+3> (7)

p(r,2,t) =po(z,t) + 72 pa(2,1) + O(r?)

we can write the equation for the longitudinal component of the momentum (2) as

Outly + Uy Oyt + U, Oy, = —lazp—l—u(8T22uz+8z22uz+l&uz)—g
P r
1
Ao +uouo+O(r) = —;p6+v<2u2+u6’+2u2)—g+0(r) (8)

This is clearly not sufficient to fully describe u, at this order. One needs to add the boundary
conditions on the free-surface (4), (5) and (6). To first order, the boundary condition on the
normal stress can be written

2 2
—p+—"— (Our—h' (Ou,+0u,)+h""Ou,)=—0cKk at r=h
p 1—|—h'2( ( ) )

_p0+2_'u(_%ué—h’u1+h'2u6)—i—O(r):—U/ﬁ at r=h

This can be further simplified by noting that the slender jet limit implies A’ <1, so that
po+ pug+O(h)+O(h)=0k
Similarly, the tangential stress boundary condition (5) can be written
20,urh' + (Oruy + Ozuy) (1 — h’2) —2h'0u, =0 at r=h
—2%u6h'+ (27‘1@—%%’7‘) —2h'uy+O0(r?)+O(h?) =0 at r=h
—3uph/+2huy —%ué’h—i—O(hQ) +0(h*)=0
These two boundary conditions can then be used to close the momentum equation (8) as
O+ uous +0(r) = = ph+v (4uauf) — g

= 7£]€I+2Vu6/+4l/’(,@79
P

—%k’+2uu6’+2u(Su()h’/h—i—%u()/)—9

!/ I
= —%k'+3uu6’+6y%—
o (ugp h?)’
= —;kz'—f—i’)u w9 9)

to which must be added the kinematic boundary condition (6)

Oh —ur+u,h/=0 at r=h
Ouh+ 5 b+ ug '+ O(h?) =0 (10)

Using the assumption of a slender jet to perform an asymptotic expansion, we have thus reduced
the full set of partial-differential axisymmetric equations (1), (2), (3), (4), (5) and (6) to just one
ordinary differential equation (9) for u, with boundary condition (10) and a diagnostic equation
(7) for w,.
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2 Linear stability analysis

What is the cause of the breakup of a jet into a stream of droplets? As first observed by
Plateau, a cylinder is not the geometry which minimises the total surface area for a given
volume (and thus it does not minimise the total surface energy due to surface tension). If we
assume that a cylinder of length L and diameter R is divided into n identical droplets, each

droplet will have a radius
_— 3RZL\3
N dn

so that the total surface area for this configuration will be

2 2 2 1 4 2
ndm SRL 3:471' 3 3n§R5L§
4n 4

The ratio of this surface area to the surface area of the initial cylinder is thus

3\5 1/ R\5
2(3)()

which is valid only in the limit of slender jets (i.e. R/L — 0) as we have neglected the area of
the ends of the cylinder. The total surface area of the configuration with n droplets will thus be
smaller than the initial cylindrical configuration whenever

2 L

9R

with L/R large. We thus get a simple estimate of an upper bound on the number of droplets a
jet can break into, however it is obvious that the configuration which minimises the surface
energy is always obtained for n =1, so that we have not explained why the jet breaks into more
than one droplet.

If we assume that the slender jet equations of motion we have derived previously contain
most of the physics necessary to explain the breakup phenomenon, a first step is to study the
stability of some of the solutions of the system (9) and (10). The approach we will use is known
generically as “linear stability analysis” and is applicable to many systems, but was pioneered by
Rayleigh to study specifically what is now known as the “Rayleigh-Plateau” instability. The idea
is to look for “wave-like” solutions of the form

n<

h = ho+eethztwt (11)
ug = neiszrwt
where k is the wavenumber and w is the “growth rate”. The amplitude of the perturbations e
and n are also assumed to be small so that an asymptotic expansion in € and n can be per-
formed. These solutions can be injected into the momentum equation (9) which gives

Opug+uouy = ~Z !
p /
- 1 h//
wezkz+wt+0 A 72 _
n (n°) P h(1+h’2)1/2 (1+h’2)3/2
/
ke .
mo+0R) = 2(ht—cik ) +0(e) (12)

where we have neglected both viscous effects and gravity. Doing the same with the kinematic
boundary condition (10) gives

6th+%u6h+u0h’+0(h2):()

6W+%7]ikh0+0(62):0



SINGULARITIES AND SELF-SIMILAR SOLUTIONS 5

This can be used to eliminate € in (12), which gives

2 0 (kho)® 272 2 .2 2
w'=—-—-"(1-Fkh§)=wijz"(1—2x 13
i (1 K28 = a? (1 —2) (13)
with # = k hgo the reduced wavenumber and wg = /(2 p hg). Thus we find that if x = k hg is
larger than one, w? is negative which corresponds to stable oscillatory solutions. On the other
hand if z is smaller than one, w is real and the perturbations grow exponentially with a growth
rate given by (13). Figure 1 illustrates the dependence of the growth rate on the wave number.

The most unstable wavenumber corresponds to = =+/2/2.
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Figure 1. Growth rate w/wp as a function of the reduced wavenumber z =k hg.

Note however that (13) is only an approximation of the full linear stability analysis. This is
because the form of the perturbation we have taken in (11) is not volume-preserving in axisym-
metric coordinates. A volume-preserving perturbation involves Bessel functions which compli-
cates the analysis (see e.g. Eggers 1997 for the full analysis). The approximate solution in (13)
is however quite good, with a maximum error on the growth rate of about 7% compared to the
full solution. Using the full linear solution the most unstable wavenumber corresponds to x ~
0.697 which is indeed close to \/5/2

Is this result compatible with our earlier estimate on the maximum number of droplets n? If
we assume that the number of droplets will be selected by the wavelength A of the most
unstable mode, we get

neL
A
with
\ 2_7ri47rR
ko V2
so that
V2 L
=——=—~0.113 =
n ) 0 3R
which indeed verifies
2 L L

3 Singularities and self-similar solutions

We have identified the mechanism which causes a cylindrical column to break into droplets: the
Rayleigh—Plateau instability. Our study was based, however, on linear stability analysis, which
is only valid for small amplitudes of deformation. What happens closer to the point of breakup?
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Figure 2 gives an example of the shape of the interface close to breakup in the case of a “drip-
ping faucet” and a pulsating jet. This is clearly not well approximated by a (large amplitude)
sine wave which suggests that non-linear effects are important. The asymmetry of the shape
around the point of pinch-off is particularly striking. Note also that while one would be tempted
to attribute the asymmetry to the influence of gravity, the same asymmetric shapes are also
observed for the breakup of horizontal liquid jets. We will see later that gravity does not influ-
ence the breakup process.

Figure 2. Top: Pinch-off of a droplet falling from a faucet. The asymmetry of the pinch-off shape is
clearly visible on the 5th frame. Reproduced from Shi, Brenner and Nagel, 1994. Bottom: Breakup of a
forced liquid jet. Reproduced from Rutland and Jameson, 1971. Note the similarity between the pinch-off
in the 5th frame of the top figure and the first pinch-off in the bottom figure.
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It is also clear from the experimental sequence (and from casual observation of droplets
falling from faucets in e.g. kitchen sinks!) that the breakup process itself is much faster than the
other processes involved (for example the overall shape of the droplet and liquid “column” barely
changes between the 4th and 5th frames). This observation coupled to the apparent universality
of the shape of the interface close to breakup (e.g. when comparing the faucet experiment with
the breakup of forced liquid jets) leads to the intuition that the shape of the interface close to
breakup must be independent of the initial conditions. If this is the case, the solution for the
shape of the interface cannot depend on length scales characteristic of the initial conditions (for
example the initial diameter for jet breakup, or the diameter of the tap for the faucet experi-
ment). In addition, since by definition the jet radius tends toward zero close to breakup, the
solution does not admit any obvious dimensioning length scale and it becomes natural to look
for universal solutions characterised by scale invariance i.e. self-similar solutions which are
invariant when rescaling the spatial coordinates appropriately.

To look for these solutions, we will start from the simplified system of one-dimensional equa-
tions derived previously (equations (9), (10) and (7))

! 2\
Ou+uu’ = —gk’—l—Sﬁ(u};) -
p p h
Oh+uh' = —%u’h

These equations are written in dimensional form and as such depend implicitly on length scales
characteristic of the initial conditions. A first step is to rescale them using length and timescales
relevant close to breakup. When we exclude the length and timescales associated with the initial
conditions, the only remaining dimensional quantities are the material parameters:

e viscosity u, dimension of mass x length™! x time !

e density p, dimension of mass x length =3

e surface tension coeflicient o, dimension of mass x time ™2

It is simple to show that the only timescale which can be constructed using a combination of
these parameters is the viscous—capillary timescale

3
tl/ - O'H/Tp
Similarly the only possible length scale is
2
1, =+
ap

These time and length scales can be interpreted physically as the characteristic time (resp.
length) over which capillary forces are balanced by viscous forces. For example, for water [, ~
13.9 nanometers and t, ~ 1.91 x 10710 seconds while for glycerin, I, ~ 2.79 centimeters and t, ~
0.652 seconds.
Using these length and timescale, we can introduce the rescaled space and time coordinates
Z— 20 - t—to

zZ = l—l, and t tu

where ¢ and zp are the time and location of the pinch-off respectively. If we also introduce the
rescaled velocity and radius @ and h such that

u(z,t):i—”d(z’,t_) and h(z,t) =17 (%,1)
the simplified equations of motion can then be rewritten
=171 2\/
— Ot +aa’ = f;-z’+3(uﬁ—h2)—g‘
~0f +uh’ = —ga'h

with

Q|

|

<
~| ~+
N |':w
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Note that as expected the rescaled set of equations is free of any independent parameter.
As mentioned previously, we now look for solutions of these equations which are scale-
invariant i.e. which take the general form

h(z.6) = £°6(6)
u(z,t) =t
with a7 and as scaling exponents to be found, ¢ and v the generic “shape functions” also to be
found and _
z
£= T8
the “similarity variable” with £ another scaling exponent also to be found. The exponents ay, as
and f describe how the radial dimension, axial velocity and longitudinal dimension respectively
need to be rescaled in time to obtain the invariant solutions described by functions ¢ and .
As in the previous section the derivative of the curvature in axisymmetric coordinates can be
approximated by ~
_ h ! = — 12
K‘,I:—ﬁ—h/”+0(h )
in the case of slender jets. Close to breakup this can be further simplified by noting that the
mean curvature will be dominated by the curvature component normal to the (r, z) plane so
that the third derivative h """ becomes negligible in the expression above. Using this approxima-
tion and injecting the scale-invariant forms into the equations of motion, we have

h'(z,8) = £977¢/(¢)
a'(z,t) = to=270y(E)

I

I

and thus
— . _ . _ t_al—ﬂ / t_2041+o¢2—25 1 12\ ~
—(agt 2 lop — £ BT ~LY) 4 £ 2 ept 2By = {2&1(;; +3 {2a1¢(2w¢) _g
f(alfm*l(b—falﬂff*1¢’)+fo‘2¢{arﬁ¢/ =

S Fe g (14)
To find the exponents aj, as and 5 we will assume that all terms in the momentum equation
(the first equation above) play a role arbitrarily close to breakup (i.e. when ¢ — 0). These terms
correspond to: on the left-hand-side, inertia and on the right-hand-side: surface tension and vis-
cosity (we will talk later about gravity). This means that the exponents of ¢ appearing in front
of these terms must be identical, which gives the relations

04271:&271:2042751704175104272ﬂ

This system has for solution
8= 1 ar=1 as=-— 1
=3 1= 2= "5
We need to check that this solution is also consistent with the continuity equation (14) i.e. the

different terms in this equation must also be of the same order when £ — 0 which gives

04171104171:&24*0[175:0[24*04175
which is also verified.
The self-similar solution thus verifies the following scalings

=)
tz

i) = t%( )

t?

The radius decreases linearly with time and the velocity diverges as the inverse of the square
root of time. Similarly all the terms in the momentum equation diverge as £ —3/2 and dominate
the (constant) gravity close to the singularity. Note also that this solution is a true singularity
of the Navier-Stokes equations since all the terms where retained. In particular, one could
expect viscosity to “regularise” the singularity, however this is clearly not the case here.

Sl

h(

N

)

N

a
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Can we say more about the shape of the solution close to the singularity? With this choice
of exponents, the powers of time drop out of equations (14) and the shape functions ¢ and
must verify

1 1, / ?' (v'¢%)’
§¢+§§¢ +y 5 > (15)

— €SS = — U (16)

To be able to solve for ¢ and 1 in this system of coupled ordinary differential equations, we also
need enough boundary conditions. The system involves the first derivatives of ¢ and ¢ and the
second derivative of 1 so that we need three boundary conditions. We can find these conditions
by “matching” the solution close to pinch-off with the solution far from the singularity (i.e. for
Z — + o0). In particular, far enough from the singularity the velocity and radius must become
independent from time which implies

+3

d(&)—t L for €= +o00
(€)= 7 for €= +oo

or equivalently, using the definition of &

H(€) — &2 for €—+ o0
P(€) = €71 for €—+o00

The third boundary condition is much more difficult to obtain and we refer the reader to Eggers
and Dupont, 1994 and Brenner, Lister and Stone, 1996 for a detailed discussion. With these
boundary conditions, the system of ODEs (15) and (16) can be solved numerically. This gives
the universal solutions depicted on Figure 3. As observed in experiments, the solutions are very
asymmetric.

h, = [t| $*(&)

08 4

L
-20 -15 -10 -5 a

Figure 3. Similarity functions ¢ and 1. Reproduced from Eggers, 1997.

3.1 Scalings far from the singularity

The solutions derived previously are only valid close enough to the singularity (and far enough
from the initial conditions). In particular, by construction, they are only valid when surface ten-
sion forces are comparable to viscous forces i.e. when the relevant spatial scales (e.g. the radius
of the jet) are comparable to the viscous—capillary length scale I,. As we have seen before, for
some usual liquids (such as water), [, is extremely small so that most of the observable breakup
process will not be described by the viscous self-similar solutions. In this regime, the dynamics
are dominated by surface tension and inertia and viscosity is negligible.
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If viscosity is neglected, we cannot use the characteristic time and length scales [, and t, to
measure the distance to the singularity. The natural units are then the outer length scale L
(the initial radius of the jet) and the corresponding timescale

3
TO:,/p_LO
g

The rescaled space and time coordinates thus become

__Z—20 - _t—to
zZ = To and t = T
with the rescaled velocity and radius
Lo _,_ - - -
u( ,t)fTu(z,t) and h(z,t)=Loh (Z,t)
0

—Opi +un’ = —k -3
—Oth +ah' = —%ﬂ’f;
with
_ T3
Q*QL—O

we now get the under-determined system of equations
ar—1=2as—fB=—a;—f
ap—l=ax+a1—fB=az+a1—f3
which admits the family of solutions
a1 =2-28 ar=p8-1
An interesting particular case is =2/3 for which the similarity variable ¢ becomes
z
¢ 00 (t—10)*? Lo (t—10)*

Z— 20 T02/3 Z— 20 (3)1/3
o

In the same manner the solution for the radius and velocity become

B _ _ . 2/ o 1/3
h(zat)ZLoh(Zat)ZLot2/3¢i(€)=L0M¢i(E)=<;) (t—t0)*® ¢5()

T2/®
B B _ 4 \—1/3 1/3
we) =g ) =2 PO =2 LA o= (2) T a-w e
0

so that the solution becomes entirely independent from the outer length scale Ly. Note however
that a fundamental difference between this solution and the solution obtained in the viscous
limit is that we do not have an explanation of why this particular (convenient) exponent should
be selected in practice. We can only wave our hands and say that we expect a valid inviscid
solution to “forget” the initial conditions (and thus L) when getting closer to breakup.

Finally the table below summarises the results we have obtained for the viscous and inviscid
breakup solutions.
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viscous inviscid

)_1/3 (t —to)~2/3 (2 — 20)

©|a

¢ |-t - | (

v

)1/3 (t—t0)*/® ¢i(€)

S E

Bz t) | Lty (E = to) () (
u(e,t) [ 2 =102 ©) | (2) -t (o)

Table 1. Viscous and inviscid similarity solutions.
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