APPENDIX: ERROR ANALYSIS

To evaluate the amount of the error induced in the dif-
fusivity values by the multiple differentiations and integra-
tions that were performed numerically on the experimental
data, the computational scheme was used to analyze some
artificial data with a known constant diffusivity. The data
were generated by solving the special case of Equation (6)
in cylindrical coordinates in which v, D, and p were all con-
stant. Equation (6) then can be reduced to

k] 1 1 3 9pa 92
—pa=—| ——7T—+—pa (A1)
dz a r gr ar 922
where a = vz;p
The appropriate boundary conditions are
dpa
— = = —pA
ar or (A2)
r=1 [ r=1

lim [pal = pamean
Z-> %

The set of Equations (Al) and (A2) has the solution as
given by Bernard and Wilhelm (20),
PA(T: z) == PAmean

i [ aela — (a2 4 48,2) 172
n=0 Ioz(ﬂnRo) (0‘2 + 4 .31»2)1/2

] Jo(Bar) (A3)

where the 8, are the roots of
] 1 ( ﬁnRo ) =0

Equation (A3) was used to generate concentration profiles
for various values of a« = v;p. This data was then analyzed
by the numerical scheme that was devised for the evaluation
of Equation (10) and the resulting values of D,(r*) com-
pared with the theoretical value that had been used to gen-
erate the data. The entire process was repeated twice with
random error of 0 to 10% and 0 to 20% being added to the
concentration values. This was done to simulate the presence
of experimental error in the actual data. The results of these
computations are shown in Figure 17 for one particular value
of o, and the deviation at each radial position is indicated.
These results demonstrate that the numerical procedure has
the greatest deviation at the center of the bed and near the
edges. This is expected since the denominator of Equation (10)
approaches zero in these regions.

As can be seen from Figure 17, the addition of random
error does not cause rapid generation of instabilities in the
computed results, and up to 20% error in the concentration
data can be handled by the program.

(A4)

The Flow Characteristics of Swirl
(Centrifugal) Spray Pressure Nozzles with

Low Viscosity Liquids

NORMAN DOMBROWSKI and DAVID HASSON
Imperial College, London, England

A study has been made of the mechanics of flow of low viscosity liquids through swirl spray
nozzles. Discharge coefficients and spray angles have been measured for a series of nozzles
designed to systematically determine dimensional effects not predicted by frictionless theory,
in particular the effect of the ratios of swirl chamber diameter to orifice diameter and of ori-
fice length to orifice diameter. It was found that a unique relationship exists between dis-
charge coefficient and spray angle dependent only upon the value of the orifice length/diam-
eter ratio. This result has been explained on the basis of an ideal flow theory extended to
take into account the frictional decay of the vortex motion. A general expression has been
derived which permits correlation of the flow characteristics of nozzles covering a wide range

of designs.

Swirl (or centrifugal) spray pressure nozzles are prob-
ably the commonest type of atomizer to be found in indus-
try and numerous fundamental studies have been carried
out in order to relate the spray angle and discharge coeffi-
cient to the nozzle dimensions. However, except under
very limited conditions none of the present theories is
sufficiently reliable and for most applications design meth-

Norman Dombrowski is at The University, Leeds, England. David
Hasson is at The Technion, Haifa, Israel.
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ods follow empirical lines.

Published data is inadequate to allow accurate assess-
ments to be made of the effect of nozzle dimensions on
the flow characteristics, information on the spray angle
being particularly meager. Further data have therefore
been collected using a series of about 80 accurately manu-
factured nozzles. A theory is presented which extends the
range of existing design methods for low viscosity liquids
and allows the correlation of the flow characteristics of a
range of nozzle designs.
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Fig. 1. Schematic diagram of a swirl spray nozzle.

THEORIES OF FLOW THROUGH SWIRL SPRAY NOZZLES

In a swirl spray nozzle, liquid is introduced through
tangential or helical passages into a swirl chamber from
which it emerges through a final orifice with a tangential
velocity component (Figure 1). As a consequence of the
vortex flow, a hollow air core is formed concentric with
the nozzle axis. The outflowing thin conical sheet attenu-
ates rapidly, becomes unstable and disintegrates into drops.

The motion within the swirl chamber is complex. Taylor
(1) has shown that although the motion in the main
stream can be considered irrotational, the viscous effect of
the retarded boundary layer is far from negligible. The
liquid in contact with the atomiser walls cannot rotate
fast enough to hold it in a circular path against the radial
pressure gradient balancing the centrifugal motion and
consequently, a current directed towards the orifice is set
up through the surface layer.

The analysis has been extended and refined by other
workers (2 to 4) and it has been shown (3) that outward
flow may also occur through a boundary layer around the
air core. Experimental studies (5 to 7) have also revealed
that under certain conditions reverse axial flow can take
place in the upper part of the nozzle. At this stage, theo-
ries of flow of real fluids are not readily applicable for
design purposes. However, for low viscosity liquids, useful
information as to the controlling parameters can be ob-
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Fig. 2. Variation of 9 and Ko with A according to various theories.

tained on the basis of ideal flow.

Theories assuming frictionless flow are based on the
equations of continuity, conservation of angular momen-
tum, and of conservation of energy.

The most satisfactory solution of these equations has
been obtained by Taylor (8) who found that Kq = Ka{y}
and 8 = 6{x, y, z.} The relationship of Taylor’s functions
with the dimensions of the nozzle is obtained by equating
the flow at entry with the flow at exit, that is

Q= AVs = 7R2 UpKq (1)
It can be easily shown that the effective radius correspond-
dp
f 1
607

N
D:-H"-

Fig. 3. Design features of experimental nozzle. (D3/dy, = 9,
Ls/dix = 3). (flow number range, Imperial gal./hr./~/lb./sq. in., =
1—10).
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ing to the velocity Vs in the swirl grooves is Ry = Ry —
dw/2
Hence from Equation (1)

V3 = constant X Ry ! (2)
Combining Equations (1) and (2) gives

7Kq _ A A 3)

4y DgDM
It is thus seen that for the flow of an ideal fluid, both
the discharge coeflicient Kq and the spray cone angle 4
are unique functions of the nozzle parameter A and inde-
pendent of the inlet pressure.*

Figure 2 shows the functional relationships between A,
9, and Kq of Taylor and a number of other workers. The
differences originate in the simplifying assumptions made,
some of which are invalid (9).

DESIGN OF EXPERIMENTAL SWIRL SPRAY NOZZLES

Published data indicate that nozzle dimensions, other than
those already expressed by the ideal theory parameter A, affect
the flow characteristics, but apparent inconsistencies make it
impossible to establish any useful relationships; moreover,
information on the initial spray angle as defined by theory is
sparse, since most investigators have only measured the effec-
tive angle of the spray some distance from the nozzle. Further

DIFFUSE ENTRY AT LOW
GROOVE LENGTH /WIDTH
RATIO

APPROX. TANGENTIAL ENTRY
AT HIGH GROOVE LENGTH/
WIDTH RATIO

Fig. 5. Influence of groove length/width ratio on flow in swirl
chamber.

data have therefore been collected using a series of accurately
manufactured nozzles.

The nozzle type, selected for investigation, is illustrated in
Figure 3 and its assembly is shown in Figure 4.

Although circular grooves are easier to drill to within spe-
cified limits of accuracy, this advantage is outweighed by the
practical difficulties in obtaining holes which are truly tan-
gential to the chamber. Noncircular grooves were therefore
selected, a square cross section being arbitrarily chosen. The

TABLE la. SCHEME OF SYSTEMATIC SERIES OF SWIRL SPRAY NOZZLES

Ds in. + 0,001 0.081

0.120

N 3 6

9 3

Du 2w
D2 Dy 2"

A(*=5%)

0.51 2.67 0.117 0.232

0.354 0.117 0.232 0.354

0.51 5.33 0.117 0.484

0.722 0.117 0.484 0.722

0.354 0.722

0.91 0.354 0.722 0.91

) )O(

to pressure gauge

Fig. 4. Nozzle assembled in holder.

# Most authors have correlated their results against A’ = (A;/D:2Ds)
which implies that in Equation (2) the radius of the inlet vortex is Rs
rather than Rw. This approximation is valid only for dw << Ds.
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value of the groove length/width ratio (Ls/dy) must be suffi-
ciently large to ensure that the liquid enters the chamber tan-
gentially and not by diffuse flow, as illustrated in Figure 5. It
must not, however, be too large, since the gain in circulation
may be offset by frictional loss. A pilot experiment was there-
fore carried out to determine the value of the optimum ratio
at which frictional losses are a minimum (that is maximum
angle, minimum discharge coefficient). The results indicated
an optimum value of Ls/dy of 3 and this value was chosen
for the design of the subseqent nozzles. The swirl chamber
diameter/groove width ratio can similarly be expected to affect
the circulation generated in the liquid entering the swirl
chamber. From a study of commonly used dimensions it was
decided to maintain D3/dy, constant at the value of 9.

A series of 81 nozzles was manufactured to allow deter-
mination of the effects of the variables A, Dy, Dy/Ds, and
L/Ds at the levels shown in Table 1. Two sets of the 0.081 in.
orifice diameter nozzles were manufactured to assess deviations
due to unavoidable manufacturing imperfections. Five nozzles,
additional to the series, were also made in order to examine
the effect of large orifice diameters and to extend the range
into smaller values of A.

The flow characteristics of a swirl spray nozzle are greatly
influenced by the precision of its manufacture. The dimen-
sions were measured to - 0.001 in. and nozzles were discarded
with orifice eccentricity (Figure 6b) greater than 0.03 in. and
mean tangent errors (Figure 6a) greater than 0.004 in. The
inner surfaces were carefully polished and the grooves and
orifices carefully examined for burrs and machining marks.
The dimensions of the nozzles are given elsewhere (9).

July, 1969




E/C

ORIFICE
ECCENTRICITY

TANGENT ERRORS
(a) (b)

spray hozzles.

Fig. 6. Asymmetry faults in swirl spray nozzles.

Layout of Apparstus and Method of Measurement
of Flow Characteristics

The tests consisted of measuring the flow rate and spray
angle for each nozzle at a pressure of 50, 100, and 150 Ib./
sq.in. gauge, using water at room temperature.

The layout of the apparatus is shown in Figure 7. The lig-
uid was ejected by applying compressed air, the pressure being
accurately controlled by a reducing valve. The ejection pressure
was measured, according to standard practice, at a point just
outside the nozzle holder. In order to confirm that this pressure
represented the total head of the liquid just upstream of the
swirl grooves, it was compared in a few cases with the stagnant
liquid pressure obtained at a point inside the nozzle holder,
shown in Figure 4. The difference was found to be negligibly
small, being less than 1 Ib./sq.in. at the highest flow rates.

Nozzle output was measured by weighing a vessel contain-

ANGLE DEFINED
BY THEORY

1
!

EFFECTIVE SPRAY

ANGLE

Fig. 8. Spray angle defined by theory.

where similar levels have been involved and subsequent
discussion will therefore be restricted to pressures of 100
1b./sq.in. gauge with the small D, effects being neglected.

Values of Kq and @ are plotted against A in Figures 9
and 10 respectively. Each experimental point represents
an arithmetic mean of values obtained from three nozzles
having the same nominal A, Dy/D;, and L/D,, two of the
nozzles being nominal replicates. It is seen that the points
are segregated according to the value of Dy/D; and L/D,
the discharge coefficient increasing with increasing Dy/Ds
and diminishing L/D, while the spray angle diminishes
with both increasing Dy/D; and L/D,. Values of Kq and
¢ are either above or below the Taylor ideal theory curve,
depending on the magnitude of Dy/D; and L/D,. This
is not in accord with the generalization which is some-
times made, that the discharge coefficient is always higher
while the angle is always lower than predicted by theory.
In fact, the measured flow characteristics are much closer
to the theoretical curve than might have been anticipated
from the data of previous workers (see Figure 18).

0-55
ing the l‘iquid‘cpllected for a known time. The spray was |1(;,0 b /;q,.-n. l ‘
caught with minimum loss using a covered funnel having a PM .. 53 80
circular inlet, into which the liquid was directed. The funnel 050} Nz 4
was pivoted and could be swivelled quickly to its spray collect- o 12 s
ing position, Repeat tests, including experiments in which o C9 B
the same nozzle was dismantled and reassembled, showed 0-451 0.51 -
satisfactory agreement, the reproducibility being well within 1
1%.
The spray angles were obtained from photographic negatives, 0.0k |
taken at an exposure time of 1/30 sec. The angle measured is ]
the one defined by theory, namely the maximum angle formed *
by tangents to the curving sheet in the vicinity of the orifice s
(Figure 8). This may differ considerably from the profile of o o8 7
the spray curtain or the spatial distribution of the drops which 5
are affected by the ambient conditions. o
0. - -
RESULTS o 30
Radcliffe (10) has studied the effects of differential 8
ejection pressure, orifice diameter, and liquid properties 0-25f .
on the flow characteristics of swirl spray nozzles and cor- )
related his results by dimensional analysis. His curves, re- p
drawn to express Kq as a function of Reynolds number T 0-20}F 8
(defined by DyU,pr/9), predict small variations at high b
Reynolds numbers. This is confirmed in the present work o
015} ; 1
VENT SWIRL SPRAY NOZZLE /’/7
PRESSURE CONTROL'Y_ 0-10p 7
REDUCING VALVE VENT \< (I]¢—-CAMERA /IDEAL FLOW (TAYLOR)
WATER TAP
COLLECTING 0-0o5F 7]
U 2y
| L Il i i 2
FEED VESSEL \WBEA'f:]NNCGE 0 0-2 04 06 . 0-8 1-0 12 14
NOZZLE PARAMETER A
Fig. 7. Layout of apparatus. Fig. 9. Variation of Kq with A,
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A point of theoretical importance is discovered by plot-
ting the discharge coeflicient of each nozzle against its
spray angle (Figure 11). It is found that for a given value
of L/D,, a unique relationship exists between Kq and 6,
independent of the variable Dy/D,. This signifies that the
variables A and Dy /D, are combined in one parameter.
The additional nozzles of low A and high D, (Table 1b),

TaBLE 1b. ApprrioNar. NozZzLES

Dy L
Ds A Do Doy N
0.120 0.036 2.83 0.126 3
0.120 0.062 2.77 0.133 3
0.120 0.078 2.73 0.126 3
0.189 0.118 2.67 0.128 3
0.265 0.124 2.66 0.135 3

belonging to the group L/D; =~ 0.125, have been in-
cluded in Figure 11 and are seen to be consistent with
the other points. These results can be explained as follows:

For an ideal liquid, conservation of angular momentum
gives rise to a potential (or free) vortex so that

VR = constant (4)

Numerous experimental investigations of the vortex mo-
tion of real fluids in cyclones [for example (11)] have
established that the tangential velocity variation is best
represented by the relationship,

VR" = constant (5)

where n is a fraction for which values between 0.5 to
0.84 have been quoted. This excludes the narrow region
in the vicinity of the air core where n is almost —1.

It is therefore reasonable to conclude that an analysis
of the flow inside a swirl spray nozzle, employing Equation
(5) in place of Equation (4), should provide a more re-
alistic indication of the controlling parameters. On this
basis it can be shown (9) that
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Kq = Kq {A(Du/D;)*~™} (6)
and

0 = 6 {A(Dy/Dy)' "} (7)

The analysis thus shows the nozzle variables A and
Du/D; to f‘:e combined in one parameter as suggested
by the experimental results of Figure 11, although the
extent of variation of each flow characteristic with Dy/Ds
depends on the magnitude of the frictional index n. The
relationships between the flow variables for the case n =
% is compared with that for an ideal fluid (n = 1) in
Figure 12.

In comparing theory with experiment it is assumed that
the same value of n applies to all nozzles of a particular
type of design. To find n, the experimental results of Fig-
ures 9 and 10 have been replotted against A(Dy/D;)17 7,
using various values of n. The best correlation was ob-
tained with n = 0.4 to 0.6 and the value 0.5 was selected.

Figures 13 and 14 show the plots of Kq and @ respec-
tively against A(Dy/D;)% and it is seen that the points
are now segregated only according to the value of L/D,.
Comparison with the theoretical curves for n = % shows
that the observed discharge coefficients are lower and the
observed spray angles higher than predicted.

Velocity losses occurring in the orifice are indicated by
the variations of the flow characteristics with L/D,. It is
found that both Kg and 6 are diminished as L/D, is in-
creased (Figures 13 and 14). These variations cannot be
ascribed to an effect of L/D; on the friction in the vortex
as measured by n, since a change in the value of n would
result in Kq and 6 respectively altering in opposite direc-
tions.

The reduction of Kq with increasing L/D, implies a
frictional loss in axial velocity and would be followed by
an increase in the corresponding spray angle, had the
tangential velocity remained constant. The observed de-
crease in spray angle signifies that in fact the tangential
velocity is also diminished proportionately to a greater

0-60 T T T T T T

T
100 Ib/sq.in
25 oM
=01 —
0-55 Nz
D

0125 +A © @ -----
051 X ® B-——n-
091 + e
4 ADDITIONAL NOZZLES

L . -0 N
/Dg 0-126 - 0-135

27 53 80

0-50

0-45

DM/D 2:66 —2-83
2
0-40

030

" —

. IDEAL FLOW
/ (TAYLOR)

0-25F

DISCHARGE COEFFICIENT Kqg
[o]
w
a

015

o010t LN 4

0-05 1 L 1 1 1 i W
50 60 70 80 20 100 110 120 130

SPRAY ANGLE ©

Relation between Ko and Q.
Fig. 11. Relation between Kq and 4.

July, 1969



FULL LINES—IDEAL FLOW, TAYLOR{Nn=1)
BROKEN LINES-FRICTIONAL FLOW(n=1/2)

1-0 Ly T T T T T T T 5
\ \\ =] 7
L\ T~ COS & 2N
N 2 2
\\ z i
0-8fF I\ N g q4
S s
N <
ojn " \ N 1
VNN RN >
v \ \ N >
O 06 / X \ 13 =
¥) \ N \ ozo
~ N
5 F \ < N
x Ve <
< \NVZ \ A N
N O4r \\ \ P
x B 4 \\ DIVALANGE \ -
/ A=\ \
4 a2 N\ Ka \
021 7/ A ~ i1
/ ~ N
/ \\ \\
/ <~ X
i Ny
o 1 A 1 1 1 L 1 1 0
o} 0-2 0-4 0-6 0-8 10
Yy

Fig. 12. Relations between flow variables.

extent than the axial component.

Frictional effects of this type should be manifested by
pressure losses through the nozzle. An estimate of these
losses can be obtained from the air-core data reported by
Ellis (12). Values of Ky for water flow, have been calcu-
lated from the easily derived relationship:

(8)

and the results indicate that for A < 1, Ky < 0.8. Stephens
(13) has measured the total head of water at the orifice
of a large nozzle of A = 0.05 and found approximately
two thirds of the inlet pressure to be lost through friction
that is Ky = 0.575. Static pressure measurements obtained
by Ellis with small nozzles, indicate that pressure losses
occur at entry to the swirl chamber, in the chamber, and
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Dy

in the orifice. His results show that at low values of A,

entry losses contribute an appreciable proportion of the

total loss but are negligible above a value of about 0.25.
Confirmation of these trends is indicated by some mea-

surements made by the authors, by means of high speed

photography, of the velocity of the coherent sheet. The

results showed that for values of A of about 0.1, Ky is less

than 0.6 while for values of A of about 1, Ky is approxi-

mately 0.9.

Application of Results to Design of Swirl Spray Nozzles
The success of the modified theory allows the use of
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Fig. 16. Comparison of observed and calculated discharge coeffi-
cients.

simple empirical corrections for L/Ds.

The actual spray angle is directly obtained from the
theoretical curve for n = % (Figure 14), the nozzle
parameter being modified to Bo[A(Dy/D;)1/2]2/3, This
modified parameter is then used to obtain an apparent dis-
charge coefficient, K¢/, from Figure 13, which is linearly
related to the true discharge coefficient, Kq, according to:

KQ = BK * KQ,_' 005 (9)

Values of By and Bx are plotted in Figure 15.

Figure 16a shows comparisons between the observed
values of Kq and values calculated according to the ideal
theory for each of the 81 nozzles while Figure 16b shows
comparisons with values calculated according to the modi-
fied theory. The corresponding plots for § are given in
Figure 17. It will be seen that calculations taking into
account the effects of Dy/D, and L/Dj give more satis-
factory agreement, in particular for the spray angle.

Comparison between Results of Various Workers

To compare the results obtained by various workers,
the discharge coefficients of nozzles having approximately
similar values of Du/Dy and L/D; have been plotted
against A in Figure 18. Details of the nozzle designs are
given in Figure 19.

Figure 18 shows that the results of each author fall on
a different curve. There is no identity even between
Doble’s (14) two curves relating to nozzles which are
equal in all respects, except for the shape of the swirl
grooves (circular in one case, rectangular in the other).

The sets of nozzles used in the various experimental in-
vestigations differed from each other in their overall
geometry (Figure 19), and from comparisons of their flow
characteristics, it is evident that there are large variations
in frictional effects among nozzles of different designs. At
present, it is not clear which particular nozzle dimensions
are responsible. The ratios of several dimensions which
may affect the flow characteristics, such as L,/d,, and
Ds/d,,, have been changed unsystematically, and the qual-
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Fig. 18. Variations of Kq with A for nozzles of various designs.

ity of surface finish, a further variable, may have differed.
However, assuming that the main frictional difference be-
tween nozzles of various designs is in the vortex decay, as
measured by n, it is found that the results of the various
workers, covering a wider range of variables than is em-
ployed for Figure 18, can be made to coincide by selecting
an appropriate value of n for each nozzle design. Figure
20 shows discharge coefficients plotted on this basis. Since
variations in L/D, from 0 to 1 have only a small effect on
the discharge coefficient, no attempt has been made to
segregate the discharge coefficients according to L/D;
levels.

Radcliffe’s (10) data for his nonstandard atomizers
cannot, in general, be made to fall on a single curve by
applying the new parameter. However, the nozzle design
he used was fundamentally different, the inlet grooves
being offset from the swirl chamber periphery (Figure
19f). This is in contrast to the other and more usual de-
signs, (Figures 4, 192 to e¢) where care is taken to make
the outer edge of the inlet grooves tangential to the
periphery so as to minimize inlet flow disturbances. The
data of Ellis (12) and Doble which show a wide scatter
have also been excluded. The nozzles used by Ellis were
reexamined by the present authors and a number were
found to give nonuniform sprays and spray sheets of non-
circular cross section; the scatter of Doble’s results might
be due to errors in manufacture, the quoted nozzle dimen-
sions appearing to be specified and not measured values.

Here it may be noted that Doumas and Laster (I5)
obtained agreement between their observed discharge co-
efficients and those calculated according to the ideal flow
theory by modifying empirically the nozzle parameter A’
to A’(Dy/Dy)*. The latter resembles the present authors’
analytically derived parameter A(Dwm/D,)*. However,
there is no theoretical justification for replacing A by &7,
especially as in their nozzles the ratio 4/A” reached the
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high value of 1.6. The agreement with the ideal theory
curve obtained by their correlation is by no means gen-
eral; none of the other experimental curves coincides with
the theoretical one, whether A(Dy/D5)% or A’(Dy/Ds) 2
is used.

The significance of the new correlation becomes evident
when spray angle data are examined (Figure 21).* Re-
ferring, for instance, to Watson’s results (16) in Figures
20 and 21, it will be seen that the same value of n gives
agreement for both discharge coefficient and spray angle.

Thus, for all practical purposes, the method of calcula-
tion suggested above may be applied to all nozzle de-
signs, the only modification necessary being to adjust the
value of n in the expression for the effective nozzle param-
eter,
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NOTATION
A; = total area of swirl grooves
B, = correction factor for the effect of L/D, on the

spray angle

Bk = correction factor for the effect of L/D, on the
discharge coefficient
b = length of parallel portion of swirl chamber
C, = air-core coefficient in Harvey and Hermandorfer’s
analysis
D, = orifice diameter
D; = swirl chamber diameter
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Fig. 21. Correlation of spray angles.

* Gpray angles are more sensitive than discharge coefficients to small
variations ot L/D2, and the curves are therefore segregated to within
narrow limits ot this variable,

The data of Doumas and Laster have not been utilized since the
angles were measured by a_ volume-distribution method and therefore
differ from that defined by theory,
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Dy = mean diameter of inlet vortex in swirl chamber =

D, — dy

dy, = width of rectangular swirl groove
dp, = depth of rectangular swirl groove
K, = area coefficient
Ky = velocity coefficient
Ko = discharge coefficient
Kq" = apparent discharge coefficient
L = orifice length
L, = length of swirl grooves
N = number of swirl grooves
n = index of the frictional decay in vortex motion
Q = volume flow rate
R = radius at any point inside swirl spray nozzle
R, = orifice radius
R; = swirl chamber radius
Ry = mean radius of inlet vortex in swirl chamber
19 = air core radius in the orifice
74 = air core radius measured at the orifice exit plane
Up = velocity corresponding to the total head
up = axial velocity in the orifice
\% = tangential velocity at any radius R inside nozzle
Vs == tangential velocity at entry to the swirl chamber
x = dimensionless axial velocity ratio u5/U,
y = dimensionless circulation ratio, constant/ReU, or
constant/Ry"U,
z = dimensionless air-core ratio 7,/R,
Greek Letters
A = dimensionless group of nozzle dimensions
As/ D2DM
&’ = dimensionless group of nozzle dimensions
As/ D2D3
8 = cone angle of swirl chamber
] = absolute liquid viscosity
6 = spray cone angle
pr = liquid density
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