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Theoretical Analysis on the Swirl Type Nozzle (1)

—Effects of Forces on the Droplet Formation—
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I. Introduction

Kinetic force applied in the swirl type
nozzle will be divided into two directional
forces(*5:6) by passing the liquid through
tangential passages of the swirl groove; the
longitudinal force and the tangential force.

The longitudinal force will produce the tur-
bulence in the liquid which causes aerody-
namic wave motion resulting from an inter-
play with surface tension, also it will give rise
to air friction when it impacts the air into

which the liquid is injected.

To

The tangential force will act directly
against surface tension of the liquid in a late-
ral direction, and it will disintegrate the liquid
partially at the outer surface of the ligament
as the centrifugal force which is produced
from an interplay of the tangential force and
the ligament radius.

If the kinetic force is larger than the sur-
face tension and the viscosity of the liquid,
the disintegration will be developed by the
combined effects of those forces in some

modes as shown in Figure 1(1).

*Dept. of Agri. Machinery Eng., Chungnam Univ. (S KE8#)
**Dept. of Agri. Engng., Kyushu Univ., Japan (i} A#8)
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Ii. Theories on the tangential force and the

longitudinal force

A. The Tangential Force

The tangential force acts mainly against
surface tension of the ligament in a lateral
direction as shear force(?) corresponding to
the magnitude of the tangential velocity
inside the ligament as shown in Figures 1(2)

and (3).

Tt

(3)

Figure 1. Features of ligaments.

A column [Figure 1(2)] will be produced
in the initial stage at the tip of the orifice and
then the column will be changed into a
spherical form [Figure 1(3)] if surface tension
is balanced with the applied force.

The
calculated in Eq.(1) for the column and Eq.

balanced forces (or pressure) are

(2) for the spherical form respectively.
Column; d%P=2%g¢

P=_— (1)
d

P=—0 (2)

where, p = pressure applied from the outside

force

[N
i

diameter of the particle or the
column

0 = surface tension

In the assumption that the frictional loss
does not happen in the nozzle, Bernoulli’s
theorem derives the following equation on the

same elevation level,

v 2 2
—2"'21"“*"'21"'_‘1 =Z +——
Y Y 2g 2g
P Vv v.? v.>?

"o o _ _ot of
Y 2g 2 2g
2 2 2
P = 7V0 = ’yvot 7VOQ (3)
° 2 2g 2g
7Vot2

% in Eq.(3) corresponding to the
tangential force equals P as described in

Egs.(1) or (2).

2
20 MWy »d-= 480 o

Column;
d % 7vot2
4g0,
Vor = 6.) 172 (4)
v 2 8go
Sphere; — LALY: ->d= g 7 Of
2g 7Vot
8go 1
= (——y1/2
Vor= (g ) (5)
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where, P = gage pressure
V,, = velocity at the orifice
7 = specific weight of liquid
g = acceleration of the gravity
Vot = tangential component of V °

V¢ = longitudinal component of V o

If the tangential force is assumed to be
centrifugal force as shown in Figure 2, it only
encounters to the surface tension force of the
liquid at right outside the tip of the orifice in
order to tear the ligament up partially at the
outer surface of the ligament, its marginal

value is derived as Eq.(6).
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Figure 2. Centrifugal force to surface tension force.

B. The Longitudinal Force

The longitudinal velocity is essential to all
atomizers not only for disintegration of the
bulk liquid but also for transportation of the
resulting droplets to the targets. The longitu-
dinal velocity has a function to arise the

turbulence in the liquid which causes aero-
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dynamic wave motion resulting from an inter-
play with surface tension.

When the liquid is ejected from the orifice,
the liquid ligament will immediately be acted
on by two opposing forces; the surface ten-
sion force and the shear stress due to the
viscosity which tend to draw the liquid
back to its original position against the aero-
dynamic forces which tend to push or cut the
liquid outward in the right front of the ori-
fice.

If the aerodynamic forces exceed the phy-
sical forces of the liquid, unstable waves will
be produced and later break up into fine
droplets.

In the method which the liquid ligament
contacts with the aerodynamic forces, two
types are assumed as shown in Figure 3;
one is a straight column emitting in a parallel
with the aerodynamic forces being in the
opposite direction and the other is a wavy
column arising from an interaction of aero-
dynamic forces with surface tension with an

angle of 84 to the nozzle axis.

1). The Straight Column

If the straight column contacts with aero-
dynamic forces directly in the opposite direc-
tion as shown in Figure 3(1), it is nearly im-
possible to cut some middle points of the
column with the induced force from aero-
dynamic forces in a perpendicular direction
because the column is issued continuously
from the orifice with constant velocity or

acceleration to be moved forwards.

2) The Wavy Column
If the wavy column [Figure 3(2)] keeps
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moving in an oblique direction with the angle
of 8, to the direction of the aerodynamic
forces, the velocity difference between the
emitting liquid and the still air can be taken
by the liquid velocity as the relative velocity
Ve

Assuming that the column is a static solid,
an oblique cutting phenomenon can be ex-
plained by a balance of the physical forces
of the liquid opposed to the aerodynamic
forces.

The reacting forces resulting from the
still air when it is impacted by the liquid jet

are expressed in two axes,

Fo (Vg)

Fa(Ve)

(1) Straight column

(2) Wavy column

Figure 8. Enlarged phenomena contacting of the
ligaments with the aerodynamic force.

Fax= pa Vax Qa (7)

Since Q, is the unit volume and V_
equals to Vacosed and also V,_ equals to
Vgcost 3, Eq.(7) is reformed in the unit force

per the unit area,

Q
[

=p,V, cosd 4

=p, VY cos? 4 (8)
In the same manner of Egs.(7) and (8).

Oy =PaVay
= paVasinGd
=0,V sin0d cosf 4 (9)

where, 0y =X-axis stress
ay =Y-axis stress
p, =ambient air density (specific
mass)
Va=relativc velocity of the still air to
the liquid velocity
V, =liquid velocity
6 4 =directional angle of the liquid
flow to the nozzle axis
V= X-axial component of V,
Vay=Y-axiaI component of Va
Therefore, the reacting shear stress acts as

follows,

1

T =—(-p, V, cos? @ at paVQsiancosﬁd)
2
sin2¢

1
= -—2—paVQ(sin0dc050d - coszod) sin2¢

1
=— -2—paV;Z (cos? Odhsinedcos()d)
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sin2(90-0 ) (10)

when the directional angle 6 d is zero, the ma-

ximum value is gotten,
ro=-Llpv (11)
LT3 PaVe

However Egs.(10) and (11) are not avail-
able in the practical application because
cutting phenomenon is a perpendicular cut
occurring at the middle point of the liquid
jet, the results of which become the same as
the straight column.

Since the oblique cut can not be achieved
in the middle points of the ligament on the
condition of the constant velocity of the liga-
ment moving continuously forwards, the
direct cut with an oblique angle 4 is sugges-
tive in the actual phenomenon.

The unit aerodynamic force 7, acts ob-
liquely along to the elliptic cross-sectional
area S of the ligament as shown in Figure
4(1) and Eq.(12).

A

Fa .
T, = — -, since S =

F
Fasind 4 a
a Ql; .
Facos84 \/\ N 4

sinod ’

Io
(1) N

Ve

A,
Vocos8q =V,

(2) (3)

Figure 4. Acrodynamic forces to the ligament.
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T, = ——A—smﬂd, also since = paVQcosOd

T, = P, Vg sinfy cosfl 4 (12)

where, F a =aerodynamic forces
A = cross-sectional area of the
ligament
The maximum value of Ty is calculated

when 8 4 equals 45°,

Ta, max., 0 4=45° =pa V, sin45 cos45

1
=_2~pavg (13)

The motion of flow at the nozzle orifice
is assumed to be a turbulent flow which is an
entirely chaotic motion of fluid masses
through the orifice length in every direction.
However shearing stress 7 has been suggested
by Boussinesq(s) to cover usually the com-
bined situation of both viscous action and tur-

bulent action.

w )dV
T = +n__
H dy

. )AV
ke
Vy —Vy +Ar
= ) ——F—
r
w )l 1 dpP
= -+ _— ——, —
nAr 4p ae

{ro*—*) — [ro” — (r+41)’] }

(+)1 1 dp
”"Ar'4p TR

(2r.Ar + Ar?)

w+n) 1 dP 0 A
= —_— —— +
T & (2r+ Ar)
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where, V = absolute viscosity
n = mechanical viscosity
(eddy viscosity)
dv

—- = velocity gradient of temporal
mean velocity
ro = radius of the orifice

dp
——= pressure drop per the length of

df of the pipe
dP AP
(—=—2—, £ = length of the

dg
orifice)

The shear stress is changeable according to
the position and the flow velocity, and so the
maximum value can be arranged when the

value of (2r + Ar) approaches to 2r,.

1 dP
Ty, max.~ W+ "7)‘4; T (2ro)

2

Therefore the unit physical force 79 of

= (P*’?);;“ (14)

the ligament is derived from the sum of the

surface tension force To and the shear force

Ty

TQ= Ta+7‘“

ro AP
=0+ (p+n)— .— (15)
2u L
where, 0 = surface tension
Equating two Egs. (12) and (15),
1o AP

p,Vysind yeosl ;=0 + (v + ")"27'_2_

orw+n2 2y (s
= |0+ + S
2 pasin20d prn u R
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AP
In Eq.(lG),T is replaced by the following
equation, which means the pressure drop per
the length of £ due to passing of the liquid

through the orifice,

12802Q  8pRQ
P=—— ==

ndy e’

also since Q = 1rr02 Vo,
Eg. (16) is reformed,

o 8u8Q
Vy=———— o+ W+ n)— ——]
p,sin20 4 U mrg
Vo=———J0+(u+ e V
0 pasin29d[ (v tm) o o Vel
"
Vg = [o+w+n)—V, ]

P,sin20 4 To

p,5in20
—3—2—¢Vq—4(u+n) Ve=o

To

1 2
Vg =0f—p,sin204 — 4w +n) —]~1(17)
2 To

This equation shows that the directional
angle of 64 affects the marginal longitudinal
velocity Vg, so greatly that it can cut the

ligament directly when Py T 2 and p are

07
constants, and the marginal velocity reaches
to the minimum value when 6 4 = 45°.

The velocity of V, relates to the frequency
f of the distrubance and the wavelength X of
drop formation.

Vy=fA
N=tVg or f =V (18)
g8 A

substituting Eq. (17) into Eq. (18)
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A= g
P, L
f[—sin204 — 4(u + 1) —]
2 To

(19)

This equation shows that the wavelength
A decreases with either increase of the am-
bient air density p, or decrease of the surface
tension and also decrease of the viscosity.

Dombrowski(?) reported that the distur-
bance frequency f rapidly increased with
cither increase of the ambient air density or
increase of the liquid velocity, and also
Bouse(!) suggested the regression equations
for the minimum and maximum disturbance

frequencies for tap water,

finin. = 1130 + 0.5465f  — 256.2%0gP —
0.0558f, QogP

fnax.= 1746 + 1.065f, — 458.4%0gP  +
0.2172f fRogP

(20)
where, fmin. or fmax. = the minimum or
maximum distur-
bance frequency
f,, = the calculated Weber’s frequency

in Hz

fn = the dynamic pressure in kPa

The volume of the droplet due to only
the longitudinal flow without the tangential

flow is predicted as follows;

4

D
— 7 (—)% = Myl A
3 (2) o

D3 = 61'02 A

LD = (6rg?) 313 (21)
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t1l. Applications of theories and discussion

If the tap water is taken as a pesticidal
carrier, the marginal values of the tangential
velocity will be predicted according to Eq.(4)
for columns and Eq.(5) for spheres depending

on the droplet sizes as Table 1.
() in Table 1 is the calculated value of

the orifice velocity corresponding to the tan-
gential velocity at the spray angle of 45°
giving the marginal value by Eq.(22).

v Vot
©  sin 45°

Vot

—_— 22
0.7071 (22)

In practical applications, the tangential
velocity to affect the droplet size is very small
and limited as a shear function comparatively
beyond the magnitude of the longitudinal
velocity.

Therefore the effects of the tangential
force are useful in the low pressure atomiz-
ing devices as shown in Figure 5 in which the
marginal tangential velocity was plotted
against the droplet diameter of water.

Illustrative example 1 to determine the
marginal velocity under the conditions with

consideration of centrifugal force;

Liquid: water at 30°C
surface tension, 0 = 7.248 x 103
kg/m
density, p=101.53 kg.sec?
fm*
orifice radius, ro =1 mm =1 x
10%m
[Solution]
-3
VZ(L)1/2=(7.248x10 1/2
P 101.53
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Table 1. The marginal values of the tangential velocity depending on the droplet size of water.

(unit; m/s)
(u(ljn) 100 200 300 400 500 600 700 800 900 1000
1.69 1.19 0.97 0.84 0.75 0.69 0.64 0.60 0.56 0.53
Column
(2.39) (1.69) (1.88) (1.19) (1.07) (0.97)  (0.90) (0.84) (0.79)  (0.75)
2.39 1.69 1.38 1.19 1.07 0.97 0.90 0.84 0.79 0.75
Sphere -
(3.38)  (2.39) (1.95) (1.69) (1.51) (1.38) (1.28) (1.19) (L13) (L07)

Conditions; t=30"C
0=7.248 x 10" kg/m
¥=995.7 kg/m3

g=9.8 m/sec2
2.5
22.1 5
E
2
§ 1.7 |
> h
g sphere
s 1.3
BT
Zoot
g} 9
s column
0.5
J‘ ' ' ! 1 a1
2 4 6 8 10

Droplet diameter of water (xlO2 um)

Figure 5. The marginal values of the tangential
velocity corresponding to the droplet size
of water.

V> 8.449x107 m/s

This phenomenon may cause to produce
the satellite droplet in the practical applica-
tions because the velocity in this illustrative
example is very small value in comparison
with the marginal tangential velocities in

Table 1.
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Illustrative example 2 to determine the
marginal longitudinal velocity in accordance
with variation of the directional angle of the
liquid flow to the nozzle axis under the li-

quid conditions;

air density, p, = 0.1188 kg.sec2 /m?
water surface tension, 0 = 7.248 x 10'3kg/m
water viscosity, ¢ = 81.6 x IO'Gkg.se:c/m2

water mechanical viscosity as estimated,
n=np, n=20

orifice diameter, dg =2 x 10-3 m
orifice length, £=1x 103 m
and then check the disturbance frequency in

the above conditions.

[Solution]
= pa : £ -1
Vo=0 [—sm?@d— 4 +n)—)
2 o

0.007248
0.0594(sin20 ;) — 0.0068544

The results are as shown in Figure 6 that
the marginal longitudinal velocity V, is very

sensitive in effects to atomization depending
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on the degree of the directional angle of the
ligament to the nozzle axis, since both the
water viscosity and the air density are very
low values.

Substituting Weber’s wavelength equationm
into Eq.(18), the disturbance frequency
f was calculated on the basis of the marginal
longitudinal velocity corresponding to the
directional angle 84, and the disturbance
frequency was also plotted against the direc-
tional angle in Figure 6.

Figure 6 shows that the marginal longitudi-
nal velocity and the disturbance frequency
are very sensitive to the degree of the direc-
tional angle on the same tendencies in which
V, and f increase together with decrease of
the directional angle.

The marginal velocity of 15 m/s which was

suggested by Weber(") approaches approxima-

24 2.4

20| -42.0

16 |- 415

Marginal longitudinal velocity, V, (m/s)
o
I8
o
Disturbance frequency, f (kHz)

3 4 5 6 7
Directional angle, 8 d(° )

Figure 6. Variations of V, and f with 0, for tap
water and a 2 mm orifice diameter.

tely to the directional angle of 3°40' in this
example.

Illustrative example 3 to determine the
marginal longitudinal velocity and the distur-
bance frequency in accordance with the va-
riation of the ratio (Qldo) of orifice length
2 to orifice diameter d, in the same condi-
tions of the example 2 with the exception
that the orifice diameter is 184 ym and the

directional angle is 4°.

[Solution]
From Eq.(17),

v 0.007248
£ 0.00826848 — 0.0068544(%/r;)

The marginal longitudinal velocity was
plotted against the ratio of the orifice length

12 12
1w} {10
= 8T
E 8 - -t E
> =
£ g
g 6} 16 3
© g
> &
E £ g

o
=}
e 4 ~44 2
& L
° 2
- a
£ Vg
% 2 42
=

- L 1

0.2 0.3 0.4 0.5 0.6

Orifice length/orifice dia., ?‘j—-
(+]

Figure 7. Variations of V, and f with g—for tap

()
water and a 184 um orifice diameter.
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Figure 8. Marginal velocities of Vg and Vi with
variations of diameter of column or
droplet from 180 to 1000 um.

to the orifice diameter, and also the distur-

bance frequency was plotted against the same
ratio as used in the calculation of the marginal
longitudinal velocity in Figure 7.

The marginal longitudinal velocity and the
disturbance frequency increase with increase
of the ratio, which implies that the frictional
loss increases with increase of the ratio of
®/d,).

Illustrative example 4 to describe the re-
lationship between the marginal longitudinal
velocity and the marginal tangential velocity

on the droplet size under the conditions;

liquid temperature, t = 30°C
orifice length, £=0.10 mm
directional angle, 8 4 = 4°

mechanical viscosity as estimated, n = ny,
n=20

[Solution]

Egs. (4), (5) and (17) were used to com-
pute the marginal longitudinal velocity V,
and the marginal tangential velocity V, de-
pending on the droplet sizes from 180 ym to
1000 ym, and the calculated values were same
as shown in Figure 8.

The marginal tangential velocities were
very limited with low values of about 2 m/s

as compared to the marginal longitudinal
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velocities being comparatively high values,
especially on smaller droplets.

Therefore, good atomization needs com-
paratively high values of the longitudinal force
as compared with low values of the tangential
foce so as to produce the desirable size drop-

lets.

IV. Conclusion

Two mechanical forces resulting from the
functions of the swirl groove and the swirl
chamber — the longitudinal direction force
and the tangential direction force — had
their own characteristics in the processes of
disintegration.

Although tangential forces seemed to act
on the ligament of the droplet emitting from
the nozzle as shear force, the magnitudes were
limited to be less than 2.4 m/s on the criterion
of the water droplet diameter of 100 ym,

which could be computed from the derived

equation:

v t=(_83")1/2
o
dy
The longitudinal forces were estimated to
affect atomization sensitively according to the
directional angle of the flow to the nozzle
axis and the magnitudes were relatively high

values as compared with the tangential forces,

1 L
Vo =0 [pysin20g — 4w +m) —] N
To
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