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Abstract

Although it is known that the development of cavitation (super cavitation) in a nozzle of pressure atomizers pro-
motes liquid jet atomization, our knowledge on various dimensionless numbers, such as the cavitation number ¢ and
the Reynolds number Re, on cavitation and jets is still rudimentary. We do not know which dimensionless number
can be used to quantitatively predict the formation of super cavitation in various nozzles. In this study, effects of
various dimensionless numbers on cavitation in plain orifice atomizers and liquid jets are investigated. To examine
the effects of ¢ and Re on cavitation and jets, water temperature and flow rates are varied to adjust o and Re to de-
sired values. Nozzles of different upstream widths and length-to-diameter ratios L/D are used to examine the effects
of flow contraction on cavitation and whether or not various dimensionless numbers can be used to predict the for-
mation of super cavitation. As a result, we confirm that (1) cavitation length L.,/L and associated jet are not
strongly affected by Re but by o, (2) the thickness of the cavitation zone increases with the ratio C, of the cross-
sectional area upstream of the nozzle to that of the nozzle due to the decrease in contraction coefficient C,, (3) the
formation of super cavitation in nozzles with different C, and L/D is predicted not by the conventional cavitation
numbers, such as 6, 6, and o, but by the modified cavitation number o, (= C.*[2(Py—P,)/pV*+AL/D;+1]) in which
effects of the flow contraction and the frictional pressure drop in a nozzle are taken into account.

Introduction

It is known through a number of experiments [1-11] that cavitation takes place in the nozzle of pressure atomizers,
and it affects the atomization of discharged liquid jets. Visualizations of cavitation in nozzles [2-6] confirm that liquid
jet atomization is enhanced when cavitation is fully developed in a nozzle, i.e., in super cavitation regime [3, 6]. An
indicator which can be used to predict the formation of super cavitation is, therefore, useful for the design of pres-
sure atomizers. Various dimensionless numbers, such as the cavitation numbers and the Reynolds number Re, have
been used as parameters on cavitation in nozzles [1, 2, 4-10]. Various cavitation numbers G, o,, o3 and &, of differ-
ent definitions have been proposed and used, which implies that we do not know which one can be utilized to quan-
titatively predict the development of cavitation in nozzles with different sizes and shapes. In this study cavitating
flows of various fluid properties flowing through nozzles of plain orifice atomizers with various sizes and different
upstream widths or length-to-diameter ratios L/D are visualized to investigate the effect of the cavitation and Rey-
nolds numbers on cavitation and jets. Whether or not the dimensionless numbers can be used to predict the forma-
tion of super cavitation is also examined.

Experimental Setup

A schematic of the experimental setup is shown in Fig. 1(a). Filtered tap water was supplied from the plunger pump
and discharged from a two-dimensional (2D) or a cylindrical nozzle of a plain orifice atomizer into ambient air at
atmospheric pressure P,. The liquid flow rate was measured using flowmeters. The uncertainty in measured flow
rate was less than 3.7 %. The injection pressure P, was measured at 100 mm upstream the nozzle using Bourdon
pressure gauges. Images of cavitation and jet were taken using a digital camera (Nikon, D70, 2000 x 3008 pixels),
various lenses and a flash lamp (Nissin Electronic, MS-1000 and LH-15M, duration = 4 us). The concentration of
oxygen dissolved in the water was measured using a dissolved oxygen probe (Hach company, HQ30d) and was
about 9 mg/L. As shown in Fig. 1(b), a 2D nozzle consists of two acrylic flat plates and two stainless steel thin flat
plates, by which sharp-edges are formed at the nozzle inlet. The width W (For simplicity it is sometimes written as
D.), length L and thickness ¢ of the 2D nozzles and the width W, of the upstream regions are varied. The diameter D,
of the upstream region and the nozzle length L are varied for cylindrical nozzles (Fig. 1(c)).
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Figure 1. Experimental setup and nozzles

Which is Dominant Reynolds Number or Cavitation Number?

Since cavitating flow is affected by the sharpness of the nozzle edge, a single 2D nozzle of W =4 mm, L = 16 mm
and 7 = 1 mm is used (L/W = 4). The Re increases with water temperature 7; since kinematic viscosity v of water de-
creases with increasing 7;, while ¢ does not change a lot by varying 7;. To examine the influences of ¢ and Re on cavi-
tation and jet, observations are carried out under various 7; (293 < T; < 333 K) and the liquid flow rates [6]. The ¢ and
Re are defined by

- 44
G:—Pb P; . Re=—- (192)
0.5pV v

where P, is the back pressure, P, the vapor saturation pressure, p the liquid density, }” the mean liquid velocity in the
nozzle, v the liquid kinematic viscosity, respectively. In the experiment Re is varied from 40000 to 162000, while o is
changed from 0.46 to 1.6.

Regimes of cavitating flow and jet near the nozzle are summarized in Fig. 2(a) (7, =293 K, W =4 mm, L/W =
4). At c > 1.2 cavitation is not observed and the jet is wavy jet. For 0.75 < ¢ < 1.2 cavitation bubble clouds appear
in the separated boundary layer at the upper half of the nozzle (developing cavitation) and a jet remains wavy jet.
For 0.55 < o <0.75 cavitation zone extends from the inlet to just above the nozzle exit (normalized cavitation length
L./L = 0.7-1, super cavitation) and atomization is promoted, i.e., ligaments and droplets appear and the spray angle
increases (spray). In the nozzles of L/W = 4, long cavitation films attached to the side wall are formed, and cavita-
tion clouds are intermittently shed to induce ligament formation. At ¢ < 0.55 hydraulic flip is formed [6].

Cavitation and jet regimes are shown in Figs. 2(b) and (c), respectively. The spray region on the jet regime map cor-
responds to the super cavitation region on the cavitation regime map, which indicates that the formation of super cavita-
tion enhances atomization. Since the transition from developing to super cavitation does not strongly depend on Re but
on o, the transition from wavy jet to spray also depend on o.
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Figure 2. Cavitation in a 2D nozzle and jet (W =4 mm, L/W =4, C,=8)
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Figure 3. Relation of L./L and Re and that of L/L and o (W =4 mm, L/W = 4)

The effects of Re and ¢ on the normalized cavitation lengths L.,/L are shown in Figs. 3 (a) and (b), respectively.
The results indicates that Re does not affect L.,/L, and L., /L for different T can be predicted quantitatively using the
cavitation number G in the case of a 2D nozzle of L/W = 4.

Cavitation Numbers

Pressure distribution along the axis of a nozzle is illustrated in Fig. 4. It should be pointed out that cavitation
appears in the vena contracta. In addition to o defined by Eq. (1), various cavitation numbers have been proposed
and used. Bergwerk [1], Soteriou et al. [4] and many other researchers [7-9] used o,, Nurick [10] and Payri et al.
[11] used o3, and Hiroyasu et al. [2] proposed oy. They are defined as

PP PP P -P,
o, = u b , c, = u v , Gy = c > v (3’4’ 5)
P}J_Pv Pu_Pb ch /2

where 7, is the contraction velocity. Hiroyasu et al. used the Bernoulli's equation and derived the following form of
oy By not ignoring the friction loss and following the definition of o, we define the modified cavitation number G,:

- - - P, —P
c, =C? i PV2+ML LW)+1 -1=0.36 Pb—P;+1 -1, o,=C? u+k—l‘+1 6,7)
0.5pV Dy 0.5pV

where A is the friction factor, Dy the hydraulic equivalent diameter of a nozzle, and C. (= V' / V.) the contraction
coefficient. It is noted that the effects of flow contraction on cavitation is taken into account only in 65 and G..

Whether or not the cavitation numbers can quantitatively predict the formation of super cavitation in nozzles
with different shapes, however, has not been verified yet.

Effects of Flow Contraction

Since C, of a nozzle is expressed as a function of the ratio C, between the cross-sectional area upstream of the
nozzle to that of the nozzle, C, may affect cavitation. Cavitation in nozzles with different C, (C, = 1.5-8.1 for 2D
nozzles, C, = 4-100 for cylindrical nozzles) are visualized in Ref. [12]. As a result, it is found that cavitation in noz-
zles with different C, exhibit almost the same regime transition, while the inception and the transition to super cavi-
tation in a nozzle of smaller C, occur at smaller . At C, = 1.5 hydraulic flip does not appear even at very large flow
rates. Images of cavitation near the inlet edge of 2D nozzles with different C, are shown in Fig. 5. The thickness
W.., of the cavitation zone increases with C,. When W, is large, V. at vena contracta is large and the pressure P, at
vena contracta is low. This is the reason why super cavitation is formed at smaller ¢ in the case of smaller C,. The
result clearly shows that flow contraction plays an important role in cavitation.

In the following, the Blasius equation is used to evaluate A, while the factor of 1.15 is multiplied in the case of
2D nozzle of W/t = 4. The values of C. for 2D nozzles are calculated using measured W,,,, while those for cylindri-
cal nozzles are given as a function of C, (C.=0.61 for C, > 10, and C, = 0.625 for C, = 4).

Figure 6 shows the relation between L.,/L and the cavitation numbers. The result confirms that only o, has a
potential to qualitatively predict the formation of super cavitation (0.7 < L.,,/L <1 at .= 0.8).
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Figure 6. Relation between cavitation length L.,,/L and various cavitation numbers

Effects of Length-To-Diameter Ratio

The effects of the length-to diameter ratio L/D (L/W in the case of 2D nozzles) on the discharge coefficient [13],
spray-tip penetration and spray angle [14], droplet size of a spray [15], critical cavitation number o, at which cavita-
tion is fully developed [1] have been examined, and cavitation in nozzles with various L/D has been reported [3, 5,
12, 16, 17]. Cavitation in short nozzles (L/D < 3) and 2D nozzles, and the mechanism of how cavitation induces
ligament formation have not been clarified yet. In this study, cavitation in 2D and cylindrical nozzles with various
L/D (L/D =2, 4, 8) are visualized and a simultaneous and high-speed visualization of cavitation and jet is conducted.

Images of cavitation and jets are shown in Fig. 7. As shown in Fig. 7 (a), spray angle is larger and no cavitation
film is formed at super cavitation conditions in the short nozzle (L/W = 2). In the 2D and cylindrical nozzles with
L/D > 8, no hydraulic flip is formed. By the simultaneous and high-speed visualization of cavitation and the associ-
ated jet, we found that ligament formation is induced by the collapse of cavitation clouds near the exit not only for
L/W=416] and L/D = 4 (a cylindrical nozzle) [18] but also for the short and the long nozzles (L/W = 2 and 8).

As shown in Fig. 8, The relation between measured spray angle 0 and cavitation length L, clarifies that the in-
crease in 0 not occurs at 0.7 < L.,,/L < 1 but at (L—L,,)/D < 1.
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Figure 8. Relation between cavitation length L., and spray angle 6

Potential of the Modified Cavitation Number

To examine whether or not the modified cavitation number G, can be applied to short and long nozzles, the rela-
tion between L., /L and ¢ and that between L.,/L and o, are shown in Figs. 9(a) and (b), respectively. The result
confirms that ¢, can be applied to short and long nozzles since it takes into account the frictional pressure drop in
nozzles. As shown in Figs. 9(c) and (d), o, gives better prediction for cavitation length L.,/D than that without tak-
ing into account the friction term in Eq. (7). Figure 9(e) clearly indicates that (L—L.,,)/D lies between 0 and 1 at . =
0.8, at which spray angle 0 increases (as shown in Fig. 8(c)).
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Figure 9. Relation between cavitation length L., and cavitation numbers

Conclusions

Cavitating flows of different fluid properties flowing through a two-dimensional (2D) or a cylindrical nozzle
with various shapes and lengths are visualized to investigate the effects of various dimensionless numbers on cavita-
tion in nozzles. The effects of the cavitation number ¢ and the Reynolds number Re are examined by varying the
flow rates and water temperature 7. The effects of flow contraction on the development of cavitation are studied
using nozzles with different upstream widths W,. The influences of the length-to-diameter ratio L/D of a nozzle on
cavitation are investigated. As a result, the following conclusions are obtained: (1) Re does not affect cavitation
length L.,/L, (2) L.,/L for different fluid properties can be predicted quantitatively using ¢ in the case of a 2D nozzle of
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a plain orifice atomizer, (3) the thickness of the cavitation zone increases with the ratio C, of the cross-sectional area
upstream of the nozzle to that of the nozzle due to the decrease in contraction coefficient C., (4) the conventional
cavitation numbers o, 6, and 5 cannot predict the cavitation length L.,/L in nozzles with different upstream widths W,
(5) the modified cavitation number c. which takes into account the effects of flow contraction and friction loss can
predict qualitatively the formation of super cavitation in nozzles of plain orifice atomizers with different W, and L/D,
(6) ligament formation is induced by the collapse of cavitation clouds near the nozzle exit not only for standard noz-
zle length of L/W = 4 but also for short and long nozzles of L/W =2 and 8.

Nomenclature

C. contraction coefficient (= V'/ V)
C, ratio between the cross-sectional area upstream of nozzle and that of nozzle
D diameter (or width in the cases of 2D nozzles)
Dy hydraulic equivalent diameter of nozzle
streamwise length of nozzle
v Streamwise length of cavitation zone
P pressure
P, back pressure
P, contraction pressure (pressure at vena contracta)
p, pressure at a upstream region
p, vapor saturation pressure
Re  Reynolds number
t thickness
T liquid temperature
14 mean liquid velocity in nozzle
V. contraction velocity (at vena contracta)
w width of nozzle
W.., width (thickness) of cavitation zone from nozzle wall
A friction factor
\% kinematic viscosity of liquid
0 spray angle (angle of liquid jet near the nozzle exit)
(SH spray angle in the condition with no cavitation
p density of liquid
c cavitation number (defined by Eq. (1))
o cavitation number used by Bergwerk (defined by Eq. (3))
o3 cavitation number used by Nurick (defined by Eq. (4))
G modified cavitation number (defined by Eq. (7))
Ox cavitation number defined by Hiroyasu (defined by Egs. (5) and (6))

Subscripts

c contraction (vena contracta)
cav  cavitation zone

u upstream region
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