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Abstract

The dynamics of the break-up of spiralling jets of Newtonian liquids were visualised. The jets were

created from orifices at the bottom of a 0.085-m-diameter can rotating about its vertical axis and imaged

using a high-speed camera. The effects of liquid dynamic viscosity (0.001–0.09 Pa s), rotation rate (5–31
rad s�1) and orifice size (0.001 and 0.003 m) upon the jet break-up and drop size distributions produced in

the Rayleigh regime were investigated. The ranges of dimensionless parameters were 1 < Re < 103,

0:2 < Rb < 4, 0:5 < We < 25 and 5� 10�3 < Oh < 4� 10�1. Four generic break-up modes identified were a

strong function of dynamic viscosity and jet exit velocity. A flow pattern map of Ohnesorge number against

Weber number enabled prediction of these modes. Increasing the can rotation rate increases jet exit velocity

due to centrifugal forces and the trajectory of the jet becomes more curved. The break-up dynamics of the

jets were non-linear, although some agreement between measured break-up lengths with the linear stability

analysis developed previously was noted at low Reynolds numbers. A non-linear theoretical analysis is
required to elucidate the important features.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The creation of drops and sprays from the growth of surface tension instabilities on
the surface of liquid jets has been exploited in both industrial applications and scientific
research. Many fundamental experimental and theoretical studies on the break-up dynamics of
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straight liquid jets have been done over the last century and the work of Savart (1833), Rayleigh
(1878) and Weber (1931) is now considered as classical. These are reviewed in detail by Eggers
(1997).

However, industrial applications of these phenomena have suffered from the fact that the
break-up of the jets usually produces a non-uniform distribution of drop sizes due to non-linearity
in the wave growth on the jet’s surface. This causes the production of smaller, unwanted satellite
droplets which are formed in-between the larger main droplets. For a straight, free falling jet
under gravity, the size of the primary drops and jet break-up length are a function of the jet
velocity, U (Blaisot and Adeline, 2003). At low jet velocities, primary drops are formed by cap-
illary pinching and aerodynamic forces caused by the influence of the ambient air moving over the
jet surface (wind) are negligible. This corresponds to the break-up dynamics described by Rayleigh
(1878). An increase in jet velocity in this regime causes the break-up length of the jet to increase.
The size of the primary drops are generally of the order of the jet diameter. At higher values of U ,
aerodynamic forces and the internal flows within the jet have increased influence (Lin and Lian,
1990; Ohnesorge, 1936); the so-called Taylor or atomisation regime. The primary drops produced
in this regime are much smaller.

Bousfield et al. (1986) performed experiments which showed that the relative sizes of the pri-
mary and satellite droplets depend strongly on the wave number of the disturbance. Camelot et al.
(1999) reported that the mechanism of jet break-up affected the drop size distributions produced.
They reported that the mode of instability causing jet break-up changed from varicose (axisym-
metrical) to kink (non-axisymmetrical) with increasing flow rate and liquid physical properties; the
latter break-up mechanism produced a much narrower size distribution of main droplets. An
increase in the number of satellites produced between two main droplets was also found with
increasing flow rate. Blaisot and Adeline (2003) suggested that the formation of kink instabilities
are due to the increasing influence of aerodynamic forces, i.e., wind.

More recent experimental studies have been devoted to obtaining methods to reduce the for-
mation of satellites and hence to produce uniformly size droplets (Lindblad and Schneider, 1965;
Donnelly and Glaberson, 1965; Goedde and Yuen, 1970) and on obtaining understanding of the
non-linear effects of capillary growth (Torpey, 1989; Rutland and Jameson, 1971; Taub, 1976).
These studies have led to many workers considering the application of mechanical or sonic dis-
turbances in order to force a particular break-up mode. For example, Chaudhary and Redekopp
(1980) successfully applied a sinusoidal disturbance with an added harmonic to suppress the
occurrences of satellite droplets. Shield et al. (1987) and Bousfield and Denn (1987) developed the
‘‘drop-on-demand’’ technique, a method which generates individual droplets by pulsing the liquid
flow. This technique is limited to a lower droplet production rate than the ‘‘continuous’’ methods
of droplet generation where droplets are formed by the growth of surface tension driven insta-
bilities on the surface of a continuous jet.

Theoretical examination of the break-up behaviour of straight jets has developed in parallel
to the experimental studies. Linear stability theory can provide qualitative descriptions of
break-up phenomena by elucidating the wavelength of the fastest growing wave in the Rayleigh
regime. Rayleigh (1878) developed a linear analysis for the growth of axisymmetric temporal
disturbances. Keller et al. (1973) considered growth of disturbances in both time and space to
allow prediction of the break-up length of straight jets. Non-linear studies, which model the



D.C.Y. Wong et al. / International Journal of Multiphase Flow 30 (2004) 499–520 501
propagation of finite amplitude disturbances which originate at the orifice, enable the onset of
unstable waves over a range of wave numbers and length scales to be predicted. Hilbing and
Heister (1996) developed a boundary element method to investigate the non-linear evolution
and droplet formation of a straight liquid jet emerging from an orifice, in the absence of gravity,
up to the point of pinch-off. Their results showed good agreement with the experiments of
Moses (1995).

This work is not directly applicable to more complex jet configurations where the trajectory of
the jet is curved, for which there is a comparative paucity of published information. Liquid jets
can be curved by the action of gravity, wind drag or if the orifice from which the jet emerges is
spinning. Study of curved jets is important since their break-up forms the basis of the industrially
important prilling process which is used to create products such as fertilizer and magnesium
pellets. In this process, urea or magnesium melt flows into a rotating container which has a
perforated wall near to its base. Due to centrifugal forces, the melt is flung outwards to the walls
and flows through the perforations. On emerging from the perforations, spiralling liquid jets are
formed, which break-up into droplets. Prilled fertilizer typically has a size range from 0.001 to
0.0024 m (Meessen and Petersen, 1996). Understanding of the mechanisms of jet break-up in this
process is necessary since it is commercially important to be able to produce pellets which are of a
closely defined size range. Indeed, the creation of over-fine particles of magnesium may have
explosive consequences. Careful control of jet break-up could lead to more uniform particle size
distributions, eliminate the creation of fines and hence improve the bulk storage and transpor-
tation properties of the product.

Wallwork et al. (2002) developed a linear stability analysis for curved jets. The problem was
formulated using the usual continuity equation, the Newtonian Navier–Stokes equations, the
kinematic condition on the free surface, normal and tangential stress boundary conditions on the
free surface and an arc length condition. To obtain the curvature of the jet, a novel curved
variant of cylindrical polar coordinates was introduced. These equations are derived in Wall-
work (2002). Following their work, Decent et al. (2002) extended their modelling of free liquid
jets by incorporating a gravity term. Use of linear stability theory allowed prediction of the
trajectory of the curved jet and the break-up length similar to the work by Middleman (1995)
and others developed for straight jets. Nevertheless, they noted that non-linear effects during
break-up will become important. In their opinion, a fully non-linear analysis is required to
understand the formation of droplets from a spinning liquid jet, an argument addressed in this
paper.

This paper presents a parametric study which was done to investigate various aspects of the
behaviour of spiralling jets in a break-up regime equivalent to the Rayleigh regime for straight
jets, i.e., where the dominant break-up mechanism is by capillary pinch-off and the influences of
wind and internal flow within the jet are negligible. The precise jet break-up mechanism, jet exit
angle, jet break-up length and the size distributions of the droplets formed were measured over a
range of operating parameters and compared with the existing linear stability theory described
by Wallwork et al. (2002) and Decent et al. (2002). The parameters varied were the liquid
physical properties (density, dynamic viscosity, surface tension), the rotation rate of the spinning
can and the size of the orifice from which the jet emerged. The parameter ranges are shown in
Table 1.



Table 1

Summary of test conditions

Parameter Range

Liquid dynamic viscosity, g (Pa s) 0.001–0.081

Liquid density, q (kgm�3) 1000–1200

Liquid surface tension, r (Nm�1) 0.047–0.072

Orifice radius, a (m) 0.001 and 0.003

Liquid aspect ratio (H=D) 2
3
–1 1

4

Can rotation rate, X (rad s�1) 5.2–31.4 (50–300 rpm)

Jet exit velocity, U (m s�1) 0.318–0.985

Can radius, so (m) 0.0425

Rb ¼ U
Xso

0.2–4.0

Re ¼ qUa
g 1–103

Fr=Rb ¼ Xsoffiffiffiffiffi
gH

p 0–2

We ¼ qU2a
r 0.5–25

Oh ¼ gffiffiffiffiffiffi
raq

p 5 · 10�3–4· 10�1
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2. Experimental procedure and apparatus

A schematic diagram of the experimental set-up is shown in Fig. 1. The apparatus used consists
of a cylindrical can with a diameter, D, of 0.085 m and a height, H , of 0.115 m. It contains two
diametrically opposed orifices with diameters of 0.001 and 0.003 m, respectively. The can was
partially filled to give liquid aspect ratios (H=D) ranging from 2

3
to 1 1

4
and the liquid level was kept

constant by supplying fresh solution continuously using a peristaltic pump (Waltson-Marlow
505s).

The trajectory of a jet was captured by means of a high speed digital camera (Photron Fastcam
Super 10k), which is capable of recording at up to 10,000 frames per second. The images from the
camera were downloaded into a personal computer for analysis. Digital measurements accurate to
a tenth of a millimetre were then obtained from the images using Image-Pro Express software
(Datacell Ltd., UK). At least 35 frames were examined to ascertain the break-up length. At each
High speed camera

Spiralling 
liquid jet
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can
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reservoir

Light 
source

Image 
analyzer 

Fig. 1. Spiralling jet experimental set-up.
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condition, the reproducibility of experiments was checked by repeating three times. The average
exit velocity of the jet leaving the orifice was calculated by dividing the total volume of liquid
collected over a period of 1 min by the cross-sectional area of the hole. Liquid physical properties
such as density, viscosity and surface tension of the fluid were measured prior to and after the
experiments.

The physical properties of the liquid phase were altered by using different fluids. At the con-
ditions present in the industrial process, the density, surface tension and dynamic viscosity of a
urea melt are given by Meessen and Petersen (1996) as 1247 kgm�3, 0.0663 Nm�1 and 0.003 Pa s,
respectively. In these experiments, solutions of water and glycerol (0–80% glycerol by volume)
were used which gave liquid dynamic viscosities ranging from 0.001 to 0.09 Pa s. This enabled
both effectively inviscid and viscous jets to be investigated. To determine the effect of altering
surface tension, n-butanol was added to two solutions (water and an 80% by volume glycerol
solution) to lower the surface tension to below that of water. This extended the range of surface
tension investigated to 65–100% that of water (0.047–0.072 Nm�1). The rotational speed of the
can was varied from 50 to 300 rpm (X ¼ 5:24–31.4 rad s�1). The full experimental conditions used
are given in Table 1.
3. Results and discussion

3.1. Break-up mechanism and prediction of break-up regime

Over the range of experimental parameters studied, four different break-up modes (defined in
this paper as M1, M2, M3 and M4) were identified. For each mode, considerable differences in the
mechanism of break-up and in the drop size distributions produced were observed. Each mode of
break-up is described in detail below.

Mode 1 (M1, Fig. 2). Rapid formation of primary droplets close to the orifice, with few or
absence of satellite droplets. Varicose surface tension driven disturbances on the jet surface are
convected downstream until they are sufficiently large that the primary drops form by capillary
pinch-off. According to Ohnesorge (1936) and Chigier and Reitz (1995), M1 break-up can be
expected from a straight jet with Re < 400, We < 5 and low jet exit velocities. Some similarity was
observed here when the jet trajectories were least curved; in this work this occurs for a water jet
emanating from a 0.001-m orifice at low rotation rates. The formation of occasional random
satellite droplets may be caused by external disturbances acting on the jet, i.e., shaking of the can
due to transmission of mechanical vibrations from the drive motor and gearbox.

Mode 2 (M2, Fig. 3). Rapidly growing varicose disturbances of short wavelength are visible on
the surface. The formation of the primary droplets is due to capillary pinch off, however, here
satellite drops are formed in-between the primary droplets from fragments of fluid created by the
break off of the primary drop. The jet break-up mode changed from M1 to M2 when the jet exit
velocity was increased, either by increasing orifice size from 0.001 to 0.0003 m or increasing
rotation rate (100 < Re < 1500, 5 < We < 25).

Mode 3 (M3, Fig. 4). Varicose long wavelength (2–5 times the jet diameter) disturbances are
visible on the jet surface, with the jet breaking up simultaneously at several points along the
curved jet into a continuous stream of droplets. Satellite droplets are again formed from the



Fig. 2. Features of Mode 1 break-up with increasing rotational speed with a 0.001-m orifice: (a) Rb ¼ 1 (0 rpm),

U ¼ 0:764 m s�1; (b) Rb ¼ 3:53 (50 rpm), U ¼ 0:785 m s�1; (c) Rb ¼ 1:81 (100 rpm), U ¼ 0:806 m s�1; (d) Rb ¼ 1:00 (200
rpm), U ¼ 0:891 m s�1. Oh ¼ 0:005 (g ¼ 0:0001 Pa s; q ¼ 998:1 kgm�3); (e) sketch of Mode 1 break-up.
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contraction of liquid threads connecting the primary droplets. This mode occurs when jets are
created with high exit velocities using fluids with high dynamic viscosities. Since high viscosity
dampens out the surface instabilities it is expected that a viscous jet would be more stable than an
inviscid jet (Wallwork, 2002). Only long wavelength disturbances are observed at this condition.

Mode 4 (M4, Fig. 5). Strongly non-linear disintegration is observed: the jet first elongates and
emaciates and a swell develops at its end. The inertia of the swell causes the end of the jet to bend
away from the can which alters the trajectory of the attached jet. The jet eventually becomes so
tenuous that it shatters to form satellite droplets and the remaining jet recoils. This mode occurs
for highly viscous jets at low exit velocities. Here the jet elongates because of the reduced insta-
bility caused by high viscosity, and the tip of the jet is observed to bend in the opposite direction



Fig. 3. Sequence (1–3) of Mode 2 break-up with a 0.001-m orifice at Rb ¼ 1:06 (200 rpm): U ¼ 0:944 m s�1;

Oh ¼ 0:0095 (g ¼ 0:00181 Pa s; q ¼ 1054:2 kgm�3); (4) sketch of Mode 2 break-up.
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as shown in Fig. 5, sequences 1–4. Hence disturbances are convected upstream, which is unique
feature of this mode.

The modes of break up depend upon the different influences of liquid inertia, liquid viscosity,
surface tension and rotation rate acting on the jet. Using dimensional analysis a number of
dimensionless groups were identified (Table 1) which allows the influence of the various param-
eters to be elucidated.

The break-up mode observed is a strong function of liquid dynamic viscosity and jet exit
velocity. A plot of Oh against We as shown in Fig. 6a clearly groups together the data for each
mode and hence break-up mode can clearly be predicted from this plot over the range of operating
parameters studied.

Introduction of the rotation rate into the prediction complicates the analysis; since the jet exit
velocity is affected by the centrifugal forces generated due to the rotation of the can, these two
variables are coupled. A plot of Oh against Rb (Fig. 6b) illustrates that regions corresponding to
M1/M2, M2/M3 and M4 can be identified. To identify the influence of rotation upon break-up



Fig. 4. Sequence (1–3) of Mode 3 break-up with a 0.003-m orifice which resembles a Rayleigh type mode: Rb ¼ 0:80
(200 rpm); U ¼ 0:642 m s�1; Oh ¼ 0:241 (g ¼ 0:0817 Pa s; q ¼ 1215:5 kgm�3); (4) sketch of Mode 3 break-up.
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alone without considering exit velocity, a plot of Oh versus Fr=Rb is shown in Fig. 6c. Here, we
define Fr as
Fr ¼ Uffiffiffiffiffiffiffi
gH

p ; ð1Þ
where H is the height of liquid in the can above the nozzle (hydrostatic head). Hence this
dimensionless number is a ratio of the exit velocity to the velocity which would be expected due to
hydrostatic head in the can (ignoring losses due to the orifice). Hence
Fr=Rb ¼ Xsoffiffiffiffiffiffiffi
gH

p ; ð2Þ
which is independent of exit velocity. Fig. 6c shows that the data cannot be grouped using this
parameter, although at low Oh, M1 is seen to occur predominantly at values of Fr=Rb < 1, while



Fig. 5. Sequence (1–4) showing dynamics of Mode 4 break-up and recoiling phenomenon with a 0.001-m orifice:

Rb ¼ 0:32 (250 rpm); U ¼ 0:352 m s�1; Oh ¼ 0:233 (g ¼ 0:0451 Pa s; q ¼ 1202:6 kgm�3); (5) sketch of Mode 4 break-up.
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M2 occurs mainly at Fr=Rb > 1. At high Oh, M3 and M4 occur over the whole range of Fr=Rb.
This is an important result since it shows that break-up mode cannot be predicted from rotation
rate and fluid properties alone; knowledge of the jet exit velocity is essential. This is inconvenient
in the industrial context since whilst fluid properties and rotation rate are easily measured,
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measurement of jet exit velocity is more complex. The influence of rotation rate on jet exit velocity
is discussed later.

Under the flow conditions for M4 break-up, the jet had difficulty in emanating from the can
orifice which brings into question the ‘‘absolute stability’’ of the jet as described by Lin and Reitz
(1998). If conditions for absolute stability are not met a coherent jet is not formed at the orifice
and the jet breaks-up or drips almost immediately as it leaves the orifice. Reducing the rotation



Fig. 7. Absence of coherent jet when We6 1: Rb ¼ 0:43 (200 rpm); U ¼ 0:384 m s�1; Oh ¼ 0:005 (g ¼ 0:001 Pa s;

q ¼ 998:1 kgm�3); r ¼ 0:0724 Nm�1.
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rate (and hence the jet exit velocity) further, it was possible to observe this phenomenon at values
of We < 1 as shown in Fig. 7. This perhaps corresponds with the occurrence of a singularity at
We ¼ 1 in the steady non-linear model of Wallwork (2002). This singularity was also found in the
work of Baird and Davidson (1962), Finnicum et al. (1993) and Ramos (1996).
3.1.1. Effect of rotation upon exit velocity and break-up length

As mentioned previously, centrifugal forces generated by the spinning can affect the exit
velocity of the jet as it emanates from the orifice. By performing a steady-state energy balance on
the fluid, it can be easily shown that the velocity of the jet exiting from the orifice when the can is
stationary can be described by
Uo ¼ CD

ffiffiffiffiffiffiffiffiffi
2gH

p
; ð3Þ
where Uo is the exit velocity at X ¼ 0 and CD is a drag coefficient incorporating losses due to
friction in the fluid and nozzle and internal flows patterns and movement of the free surface inside
the can. For the current experimental configuration, CD was calculated from the values of Uo as
ranging between 0.55 and 0.65 depending on fluid dynamic viscosity. These values are typical for
orifices of this type. As X increases above zero, a centrifugal acceleration component, soX

2

augments the gravitational force and the exit velocity hence increases. This effect is illustrated in
Fig. 8 and shows that the exit velocity increases to 150% of the static value at the highest rotation
rates used in this study. The increase is quadratic in X (as expected) and a weak function of Oh
(and hence viscosity). For the data shown, a general slow transition between M1 and M2 break-up
is observed over a range of Fr=Rb centred at Fr=Rb � 1. This is attributed to the increase in jet
velocity at higher rotation rates.

The stability diagram for a straight jet is usually presented as a plot of break-up length versus
jet exit velocity which allows the various regimes to be elucidated. However, a plot of this type for
the spiralling case (i.e., break-up length versus either Re or We) produces no conclusive trend. For
different viscosity fluids, break-up length can either increase or decrease over the same range of Re
or We as shown in Table 2. If a plot of dimensionless break-up length versus Fr=Rb is considered, a
general trend does emerge. Since only break-up lengths for M1 and M2 can be measured with
confidence (Table 2), only these are plotted in Fig. 9. The data seem to indicate that break-up
length passes through a minimum at Fr=Rb � 1 and eventually reaches a plateau at Fr=Rb � 1:7–
2. Jet break-up is due to capillary pinch off over this entire range of Fr=Rb (Figs. 2 and 3). This
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Table 2

Table of normalised break-up lengths for experiments using 0.001-m orifice and predictions from the linear instability

model

Visc.· 10�3

(Pa s)

N We Rb Re Inviscid break-up length

divided by initial jet radius

Experimental

value (±SD)

Model

prediction

Break-up

mode

1 50 4.3 3.5 410.3 50.2± 4.8 45.0 M1

1 100 4.5 1.8 421.4 45.6± 4.2 47.6 M1

1 200 5.5 1.0 465.8 43.8± 6.2 55.2 M1

1.8 50 5.5 3.8 247.2 52.6± 2.9 50.2 M1

1.8 100 6.1 2.0 259.6 50.2± 5.0 53.6 M1

1.8 200 6.9 1.1 275.0 62.8± 7.0 61.2 M2

4.5 50 4.9 3.3 92.3 51.8± 2.6 46.8 M1

4.5 100 5.1 1.8 97.5 49.6± 3.3 50.2 M1

4.5 200 6.0 1.0 105.0 58.0± 6.0 65.2 M2

6.9 50 3.9 3.1 56.1 35.0± 3.3 44.2 M1

6.9 100 4.9 1.7 62.3 44.6± 3.8 49.2 M1

6.9 200 5.6 0.9 66.7 62.2± 6.8 57.0 M2

6.9 250 6.2 0.8 70.2 72.2± 7.8 64.6 M2

13.6 180 3.3 0.7 25.4 45.2± 3.6 45.8 M1

13.6 200 3.6 0.7 26.8 52.8± 3.6 48.4 M1

13.6 250 4.1 0.6 28.4 57.6± 6.8 53.6 M2

13.6 290 4.3 0.53 29.1 81.6± 5.9 56.0 M2
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result is important since it appears that the increase of exit velocity due to centrifugal forces has a
noticeable effect on the break-up length of the jet, despite having a weaker influence on the actual
mode of break-up. Additionally, increasing the rotation rate results in a more curved jet trajectory
as described by Wallwork et al. (2002).
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3.1.2. Effect of operating parameters upon jet exit angle
Fig. 10 shows that upon decreasing the Rossby number (i.e., increasing the rotation rate) the jet

exit angle, a (i.e., the angle between the centre line of the jet and the tangent at the orifice) is no
longer orthogonal. This was taken as an assumption in the theoretical work by Wallwork et al.
(2002) and Decent et al. (2002), together with the assumption of solid body rotation of fluid in the
rotating can. A series of controlled experiments carried out using particle image velocimetry (PIV)
showed that the assumption of solid-body rotation of fluid in the can was valid. A likely expla-
nation for the changing jet exit angle is deviation caused by the creation of a thin viscous
boundary layer at the can surface created from the action of the air close to the spinning can. This
boundary layer only influences the jet very close to the can surface since the Reynolds number of
the air is of the order of several thousand and the diffusion of vorticity from this boundary layer is
very slow. The observed jet trajectories and break-up modes are not dependent upon a long
timescale, as might be expected if the airflow was important because this diffusion of vorticity
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would gradually envelope the jet. Also, the paper of Wallwork et al. (2002) found excellent
agreement between theoretical and experimental descriptions for the jet trajectory over the same
parameter ranges as used here. This evidence indicates that the air flow is unimportant in these
experiments but is likely to have more influence on the industrial scale where the ranges of
rotation rate and Re of both fluid and air are much larger.

3.1.3. Theoretical prediction of break-up length
The theoretical break-up lengths estimated from the linear stability analysis are given in Table

2. Full details of this analysis are given in Wallwork et al. (2002) which for the sake of brevity is
summarised here. The equation for the non-dimensionalised break-up length s� is
AI1ðk�ðs�ÞR0ðs�ÞÞ
iðk�ðs�Þu0ðs�Þ � xðs�ÞÞ expðik

�ðs�Þs�=eÞ
����

���� ¼ R0ðs�Þ; ð4Þ
where the break-up occurs at s ¼ s� and s is the non-dimensionalised arclength along the jet. Here
R is the non-dimensionalised radius of the jet, e is the ratio of the orifice to the radius of the can
and u0 is the non-dimensionalised jet velocity at its centreline. The equations for u0ðsÞ and R0ðsÞ
are given by the following differential equations and initial conditions:
u0 ¼ 1

�
þ X 2 þ 2X þ Z2

Rb2
þ 2

We
1

�
� 1

R0

��1=2

; ð5Þ

dR0

ds
¼ �WeR2

0ððX þ 1ÞXs þ ZZsÞ
Rb2ð2WeR0u20 þ 1Þ ; ð6Þ

d2Z
ds2

¼ WeR0Xs

WeR0u20 � 1

2u0
Rb

�
þ ZXs � ðX þ 1ÞZs

Rb2

�
; ð7Þ

X 2
s þ Z2

s ¼ 1; ð8Þ
u0ðs ¼ 0Þ ¼ R0ðs ¼ 0Þ ¼ Xsðs ¼ 0Þ ¼ 1 ð9Þ
and
X ðs ¼ 0Þ ¼ Zðs ¼ 0Þ ¼ Zsðs ¼ 0Þ ¼ 0: ð10Þ

X and Z are orthogonal co-ordinates which describe the centre-line of the jet trajectory
[X ðs; tÞ þ s0, 0, Zðs; tÞ in the Cartesian co-ordinate system]. The wavenumber kðsÞ and the fre-
quency xðsÞ are related by the eigenvalue relationship:
iðx� ku0Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

We
1

R2
0

� k2
� �

k
I1ðkR0Þ
I0ðkR0Þ

s
¼ 0; ð11Þ
where Ii are modified Bessel functions of order i. Given a streamwise velocity component at the
orifice at s ¼ 0
Uð1þ 2ReðAÞ cosðxtÞ � 2ImðAÞ sinðxtÞÞ ð12Þ

so that A measures the amplitude of the wave-like velocity perturbation to the steady state and t is
time, the above non-linear algebraic eigenvalue relationship (12) may be solved to find the
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Fig. 11. Comparison of experimental and theoretical break-up lengths for various Reynolds numbers.
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(complex) wavenumber k as a function of the arclength s along the jet. Then k�ðsÞ is the most
unstable of all the possible solutions for kðsÞ i.e., the one with the most negative imaginary part.
By solving the break-up equation for s�, the dimensional break-up is then equal to s0s�.

The general trend predicted by this theory in Wallwork et al. (2002) was for the dimensionless
break-up length to increase with either We or Re. Fig. 11 shows better agreement between the
experimental and theoretical prediction of break-up length for small Reynolds numbers, i.e., in
the case of more viscous jets but this is not the case for less viscous jets which are at conditions
closer to those assumed in the analysis. The experimental observations described in this paper
indicate that modelling of these phenomena therefore requires a full non-linear analysis. Recent
work by Parau et al. (2003) details a non-linear spatial instability analysis of the process by the
numerical computation of the one-dimensional equations. They arrive at a model which can
predict the evolution of disturbances on the jet surface and hence the size of the main and satellite
droplets can be derived.

The reduction in surface tension of the fluid caused by the addition of n-butanol to the fluid
causes the break-up length of the jet to reduce in the case of less viscous jets. Nonetheless the
break-up mode was not dissimilar from the reference case, i.e., pure distilled water. The opposite
effect was observed for the most viscous fluids used. The jets became more elongated and tenuous
which resulted in multiple break-up of the jet into different size droplets.
3.2. Mean drop size and size distributions

To minimize the time required for the analysis of one population of drop sizes, it is desirable to
measure as few droplets as possible. However, the number must be sufficient to give a repre-
sentative sample, which is dependent upon the width of the drop size distribution and this must be
assessed. Wu et al. (1995) reported using 40–200 droplets from experimental studies since their
analysis was limited by the relatively small number of droplets formed. In another study by
McCreery and Stoots (1996), each drop diameter distribution was based on as many as 10,000
individual drop measurements. In this study, preliminary drop size analysis was carried out by
assessing 50, 100 and 200 droplets by means of image analysis software (Qwin 500, Leica). No
significant variation was seen from the three sample sizes, as the difference in mean diameters



Table 3

Effect of sample size on mean drop diameter

Mean diameter (mm) Sample size

50 drops 100 drops 200 drops

d10 0.996 0.985 0.956

d32 1.057 1.082 1.077

d43 1.069 1.097 1.094
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Fig. 12. Effect of the sample size on volume density function. For size classes based on a geometric series ratio of

1.142:0.001 m orifice: Rb ¼ 0:98 (200 rpm); Oh ¼ 0:0036 (g ¼ 0:001 Pa s, q ¼ 998:1 kgm�3).
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calculated from two consecutive samples was smaller than 5%, as shown in Table 3. Fig. 12 shows
that the volume density distribution plots virtually overlap. It should be noted that to obtain the
largest population, between 150 and 200 frames are required. Two image size settings were used
i.e., 512· 480 pixels and 256 · 480 pixels for respective frame rates of 500 and 250 frames per
second. The accuracy of the measurements depended on the minimum drop size which could be
measured by the software. This was between 5 and 7 pixels which translates as approximately
1· 10�4 m in absolute length. Only the first and immediate neighbouring droplets, particularly
near the onset of break-up, were used. This is to minimize any optical effects as the jet in some
cases falls significantly out of the horizontal plane containing the orifice due to gravitational
forces. The size distribution plots shown here were obtained by assessing at least 200 individual
droplets.
3.2.1. Effects of operating parameters and break-up mode on drop size distribution

Examples of drop size distributions obtained for break-up modes M1–M4 are shown in Figs.
13–16, respectively. For M1 as shown in Fig. 13, the drop size distributions produced are uni-
modal, with the median drop size decreasing with increasing rotation rate. For M2 break-up, the
drop size distributions are unsurprisingly bimodal, with the smallest peak indicating the size of the
satellite droplets and the larger peak indicating the size of the main droplets (Fig. 14). Increasing
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the rotation rate resulted in a shift of both main and satellite drop size distributions to smaller size
ranges. For both modes M1 and M2, the primary drops are of sizes of the order of 1.5–3.5 times
the jet diameter. Rayleigh (1878) stated that for straight jets, primary drop size would be of the
order of a few times the jet diameter assuming that no satellite droplets were formed, as restated
by Chigier and Reitz (1995).

The break-up mode M3 produced significant satellite droplets and the size was in the same
order of magnitude as the orifice size from which the jet emerged, as shown in Fig. 15. Increasing
the rotation rate again, resulted in an increase in number of satellite droplets formation at the
expense of the main droplets. The sizes of the satellites droplets approach those of the main
droplets.

As shown in Fig. 14, mode M2 break-up produces the largest ratio of primary droplets
to orifice diameter than compared with other modes. This is due to the fact that in mode M2
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break-up, the liquid thread between the primary droplets joins with one of the primary droplets
when breaking off from the jet, instead of detaching to form another drop. In mode M3 break-up,
these liquid threads detach from both primary droplets and shrink to from smaller satellite
droplets. Hence in mode M3, the largest satellite droplets are produced. It is important to note
that some drop collisions and merging of droplets were also observed, particularly in mechanisms
where droplets are formed singly (modes M1 and M2). These collisions occasionally produced
very large droplets up to approximately four times the diameter of the orifice. However, for modes
where droplets were created by simultaneous multiple break-up (modes M3 and M4), this effect
was not observed. Table 4 gives a summary of the drop sizes produced in each mode.

Fig. 16 shows that mode M4 break-up (represented by open round and square symbols) is
dominated by the formation of satellite droplets as a result of the disintegration of the entire jet as
it thins. A unimodal drop size distribution is produced. The effect of changing the orifice size from
0.001 to 0.003 m resulted in very different size distributions due to the change in break-up mode



Table 4

Drop sizes for each mode of break-up

Primary drop size (mm) Satellite drop size (mm) No. of satellite drops/10

primary drops formed

Mode 1 2:36 d 6 2:6 0:726 d 6 0:85 3–4

Mode 2 4:76 d 6 6:3 1:36 d 6 2:0 6–12

Mode 3 3:36 d 6 5:7 1:76 d 6 2:5 6–17

Mode 4 1:66 d 6 1:9 1:06 d 6 1:1 51–88
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from M4 to M3; M4 break-up gives a unimodal distribution whilst mode M3 break-up remains
bimodal.
3.2.2. Effect of system parameters on drop sizes

The effect of viscosity on drop size can be seen in Fig. 17. With increasing Ohnesorge number
(increasing viscosity), the size of the primary and satellite droplets decreases. Teng et al. (1995)
also found that primary drop sizes were dependant on Ohnesorge number from a linear analysis.
As viscosity increases, viscous forces act to damp out surface perturbations on the jet and retard
wave growth. This allows the jet to remain intact for longer, increasing break-up length and
eventually breaking up into droplets that are smaller in size.

Fig. 18 shows the effect of changing Rb on the drop size. In all break-up modes, increasing the
rate of rotation (decreasing Rb) significantly reduces the main drop sizes (typically between 30%
and 62%), although the satellite droplets were only marginally affected. The size distribution plots
(Figs. 13–16) also confirm this. Narrower size distributions can also be expected at higher rota-
tional rates.

An increase in the rotation rate always results in an increase of jet exit velocity and a more
curved jet trajectory, which also causes a thinning of the jet as seen by Wong et al. (2003). Jets that
are rotating at a high rotation rate produce smaller droplets. This rotation increased the growth
rate to such an extent that it significantly reduced the length of break-up, which means that the
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waves had less space to develop and thus a smaller wave amplitude at break-up produces a smaller
drop.

Fig. 19 shows the effect of jet exit velocity on both primary and satellite drop sizes. There is no
monotonic relationship between drop size and exit velocity from the results obtained in this work.
The primary drop sizes generally increase as the exit velocity increases between 0.3 and 0.9 m s�1.
However, the trend then reverses for exit velocities between 0.9 and 1.05 m s�1. The satellite
droplets appear to reduce in size slightly. Based on the data available at present, a qualitative
explanation is given here. For low exit velocities (small Reynolds numbers), the growth rate is
determined by a balance of surface tension and viscous forces alone, while inertial forces are
insignificant. As the exit velocity increases, the inertial forces become increasingly important and
act to promote the growth rate of the disturbance. As the disturbance is convected by the mean
flow, a further increase of jet exit velocity can result in the convection becoming fast enough to
sweep disturbances away before they can grow, hence produce smaller droplets (Eggers, 1997).
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4. Conclusions

A parametric study of the break-up and drop formation of curved liquid jets spun from a
rotating can under ambient conditions was made. Over the range of experimental conditions, the
mechanism of jet break-up falls in one of four different modes (M1–M4). Of all the parameters
studied, liquid dynamic viscosity and jet exit velocity have the strongest influence on break-up
mode which can be predicted from a plot of Oh versus We. The influence of rotation rate is more
subtle since the influence on break-up mode is weak but there is a stronger influence on break-up
length. Increasing the rotation rate (decreasing Rb) results in the trajectory of the jets becoming
more curved and an increase in jet exit velocity due to centrifugal forces. At low Oh the break-up
mode changes from M1 to M2 over a range of Fr=Rb � 1 which appears to correspond to an
approximate minimum in the break-up lengths measured for M1/M2 break-up. This is related to
an increase in jet exit velocity. At high Oh, M3 and M4 modes can exist for all the rotation rates
studied.

Break-up lengths obtained from the experiments and from the linear model of Wallwork et al.
(2002) and Decent et al. (2002) showed that break-up length of the jet is a complex function of the
system parameters. The experimental data showed that use of the linear model is insufficient to
predict break-up length in mode M1 and M2. A full non-linear theoretical analysis is needed.

Unimodal drop size distributions were obtained for M1 break-up and bimodal distributions
were obtained for M2 break-up. Merging of droplets was observed in these two modes of break-
up, and this resulted in the largest droplets being produced. The effect of increasing rotation rate
showed a progressive decrease in the size of the larger (main) droplets whilst the size of the smaller
(satellite) droplets were not significantly changed.
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