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The effects of the physical properties and volume flow rate of liquids on the surface 
area of sprays produced by a pressure type of atomizing nozzle were determined experi- 
mentally. The specific surface area of the sprays is correlated by an equation of two dimen- 
sionless groups in terms of the variables surface tension to the -1.0 power, kinematic 
viscosity to the -0.4 power, and volume flow rate to the 2.4 power. The volume flow rate 
is correlated by an equation of two dimensionless groups containing the variables viscosity 
to the 0.17 power, density to the -0.58 power, and spray pressure to the 0.42 power. 
The conversion of compression energy to surface-area energy appears to be constant at 
approximately 0.1%. 

The purpose of this investigation was 
to determine the effect of physical 
properties and flow rates of liquids on 
the surface area of sprays produced by a 
commercial pressure type of atomizer by 
means of an optical sampling technique 
developed by Gumprecht and Sliepcevich 
(1, 3). This technique is based on the 
light-scattering properties of spherical 
particles. The method consists of measur- 
ing continuously the intensity of the 
transmitted light beam through a dis- 
persion of droplets as they settle differ- 
entially under the influence of gravity 
through a known settling distance. The 
size distribution of the spray is calculated 
from the light-intensity measurements by 
means of a modified form of the Lambert- 
Beer transmission equation and Stokes's 
Law. The size of the spray chamber 
employed and the turbulence generated 
in the chamber during the spray period 
restrict the use of the technique to 
drops 40p or less in diameter. The changes 
in the drop-size distribution of the spray 
caused by the turbulence during the 
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spray period are corrected for by an 
empirical procedure of extrapolation to 
zero volume sprayed. The surface area 
for drops greater than 40p is estimated 
by means of an empirical distribution 
equation. 

The specific surface area of the sprays 
is correlated as a function of the physical 
properties and volume flow rate of the 
liquid. The volume flow rate is correlated 
as a function of the spray pressure and 
the physical properties of the liquid. 

The optical sampling technique was 
selected in preference to the more common 
sampling techniques in order to avoid the 
large sampling errors inherent in mechan- 
ical devices such as slides, cups, and 
probes. These errors are dependent on 
the size of the drops, the size and shape 
of the sampling device, and the flow 
pattern a t  the sampler (6), and the 
magnitude of the error is difficult to 
predict primarily because the flow pattern 
is not always known. 

EXPERIMENTAL EQUIPMENT 

A block diagram of the experimental 
equipment is shown in Figure 1. The 
components of the equipment are a spray 
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chamber, a pump unit to supply liquid to 
the nozzle, a constant-intensity light source, 
and an optical and electrical system to 
measure and record the intensity of the 
light beam transmitted through the dis- 
persion of drops undergoing settling in the 
spray chamber. 

The spray chamber, constructed of %-in. 
plywood, is 3 by 3 by 10 ft., with a volume 
of 2.55 by lo6 cc. The floor area of the 
chamber is covered by a removable draw- 
board. The settling height from the top 
of the chamber to the light beam is 279 
cm. and the length of the path of the light 
beam through the dispersion of drops in 
the chamber is 89.5 cm. 

The pump unit, shown in Figure 2, is 
capable of delivering a maximum volume 
of 350 cc. a t  a maximum rate of 32 cc./sec. 
at pressures up to 3,000 lb./sq. in. The 
volume of liquid delivered to the nozzle is 
determined by the position of a calibrated, 
adjustable screw stop in the positive dis- 
placement cylinder. Mercury is used as an 
intermediate fluid to prevent contamination 
of the liquid being sprayed by the oil. 

The light source consists of a 6-volt 
automobile-headlight bulb. It is modulated 
a t  a frequency of 300 cycles/sec. by means 
of a rotating perforated disk having ten 
%-in. holes equally spaced on a 4 in.-diam. 
circle. An essentially parallel and mono- 
chromatic light beam is obtained by means 
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Fig. 1. Block diagram of equipment. Fig. 2. Pump unit. 
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Fig. 3. Dimensional sketch of nozzles. 

of a collimating lens system and inter- 
ference type of filter which pas a peak 
transmission at  4,700 .& f 50A. 

The light detector consists of a lens- 
pinhole optical system which focuses the 
light beam on the cathode of a type-929 
vacuum phototube. The half angle of the 
cone which the detector subtends with the 
drops at any point in the light beam is 
0.92'. The a.c. signal developed by the 
phototube is amplified and then rectified 
to a d.c. voltage, which is applied to a 
strip-chart recorder. The deflection of the 
recorder is a linear function of the intensity 
of the light beam focused onto the photo- 
tube. 

EXPERIMENTAL PROCEDURE 

Determination of the drop-size distribu- 
tion of sprays by the lightrscattering method 
requires two types of measurements, the 
continuous measurement of the intensity of 
the light beam transmitted through the dis- 
persion of spray drops setting in the chamber 
and the measurement of the amount of 
liquid that drops out of the system during 
the spray period. 

Prior to a run the chamber is saturated 
by spraying liquid into the closed chamber 
and allowing the drops to settle to the floor 
of the chamber. A light-transmission run 
is made by spraying a known volume of 
liquid into the chamber and continuously 
recording the intensity of the light beam 
transmitted through the dispersion as the 
drops settle differentially after the spray 
period. 

The amount of liquid that drops out of 
the system during the spray period is 
determined by collecting and weighing the 
liquid on a tared piece of absorbent paper 
placed on the removable drawboard a t  the 
bottom of the chamber. For each liquid and 
flow rate a series of light-transmission and 
drop-out runs is made by varying the 
volume of liquid sprayed into the chamber. 

Three pressure-type swirl-chamber nozzles 
manufactured by the Kopp Nozzle Products 
Company were used. The majority of the 
runs were made with a nozzle rated by the 
manufacturer at  0.75 gal. of water/hr. and 
60" cone angle when spraying a t  a pressure 
of 100 lb./sq. in. One liquid, water, was 
sprayed with two other nozzles of the same 
rated capacity but having rated cone angles 
of 30" and 80" respectively. Sketches of 
these nozzles and dimensions given by the 
manufacturer are shown in Figure 3. The 
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measured dimensions for the orifice diam- 
eters are given in Table 5. 

Six liquids were used in this study, the 
physical properties and volume flow rates 
of which are given in Table 1. Atomization 
was achieved for all liquids and flow rates 
reported in the study; the minimum spray- 
ing pressure used being 500 lb./sq. in. 

THEORY 

The intensity of a parallel mono- 
chromatic light beam I which passes 
through a dispersion of heterogeneous 
drop sizes of diameter D is given by the 
following equation (2) : 

In I = In I, - ~ ~ w R K , N D 2  dD (1) 

The ratio between the total scattering 
cross section and the geometric cross 
section of the drop K ,  is known as the 
Mie theory total scattering coe$cient (7). 
The total scattering coefficient is a com- 
plex function of the drop size, the 
refractive index of the drop with respect 
to the surrounding medium, and the 
wave length of the incident beam as 
shown in Figure 7 (3, 7). The term R, a 
correction factor to the total scattering 
coefficient, expresses the fraction of the 
total amount of light scattered by a drop 
which is excluded from the view of the 
light-measuring device (2). In general R 
is a function of the half angle 8 ,  which 
the device subtends with the drops; the 
parameter a (circumference of the drop 
divided by the wave length of the incident 
light) ; and the relative refractivp index. 
N is the derivative with respect to D 
of the cumulative drop-size distribution 
function per unit volume of dispersion. 
(The dimensions of N are length-4.) 

For a dispersion of drops undergoing 
differential settling under t r a n q ~ l  con- 
ditions, the size range of drops removed 
from the path of the light beam during 
an interval of time t can be computed 
from Stokes's Law: 

Differentiation of Equation (I) with 
respect to time and substituting for D 
in terms of time yields 
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Fig. 4. Effective fraction vs. volume sprayed. 

The quantity RK,N can be calculated 
from the light-transmission data of 
I vs. t at any time t .  For a known settling 
height the diameter D can be calculated 
from Stokes's Law at any time t .  There- 
fore, the term RK,N is obtained as a 
function of the drop diameter D. Finally, 
since R and K ,  are known functions of 
D, N can be calculated as a function of 
D to obtain the size-frequency-distribu- 
tion curve. The surface- and volume- 
distribution curves are obtained by 
multiplying the ordinate of the size- 
frequency curve by the square and cube 
of the corresponding diameter respec- 
tively. Equations (2) and (3) are valid 
provided that (1) the drops are initially 
uniformly dispersed throughout the vol- 
ume of the system, (2) settling is under 
tranquil conditions, and (3) there is no 
interception, coalescence, or evaporation 
of drops during the settling process. For 
the concentration of drops encountered 
in this study, the effects of multiple 
scattering are negligible. 

I n  practice it is difficult to produce a 
heterogeneous dispersion of drops that is 
initially uniformly dispersed and to fulfill 
the condition required by Equation (3) 
that the drops settle under tranquil con- 
ditions. The turbulence generated in the 
chamber during the spray period by the 
high-velocity jet emerging from the 
spray nozzle provides the mixing action 
necessary to disperse the drops formed 
by the nozzle throughout the volume of 
the chamber. Observations of the drops 
by means of a Tyndall beam indicated 
that essentially tranquil conditions are 
obtained in the chamber within 45 to 
60 sec. from the end of the spray period. 

Page 419 



Fig. 5. Size-frequency distribution curve for water. 

Fig. 6. R vs. D for 0 = 0.92", X = 0.47 fi. 

Fig. 7. The scattering coefficient as a function of (Y for water. 

For the purposes of computation, zero 
settling time was taken as the time a t  
which spraying ceased and Stokes's Law 
was assumed to be valid for drops up to 
40 p in diameter. 

The turbulence during the spray 
period causes some attenuation of all 
drop sizes owing to coalescence, impinge- 
ment on the walls of the chamber, and 
evaporation. In addition, drops are lost 
by settling to t,he bottom of the chamber 
during the spray period. The extent of 
these phenomena for a given spray 

condition is a function of the spraying 
time or the volume sprayed. Thus, the 
observed drop-size distribution after the 
completion of the spray period depends 
on the volume sprayed or time of spray- 
ing; however, it  is not implied that the 
drop-size distribution produced by the 
nozzle depends on the volume sprayed. 
A dependence of size distribution on 
volume sprayed exists only during the 
initial transient period at spray start-up, 
the time involved here is only a fraction 
of a second, which is negligible when 

compared with spraying times varying 
from 16 to 150 sec. The size, surface, and 
volume-frequency distribution curves cal- 
culated from the light-transmission data 
for the various volumes sprayed for a 
given spray condition must therefore be 
corrected for the changes in drop sizes 
that occur during, and as a result of, the 
spray period. 

An empirical procedure based on the 
drop-out measurements previously de- 
scribed was developed to make the 
required correction. These measurements 
provide a quantitative measure of the 
mass of liquid that drops out of the 
system during the spray period as a 
function of the volume sprayed. A mass 
balance for the system during the spray 
period is written as follows: 

(mass sprayed) = (mass in suspension) + (mass impinging on walls) + (mass 
that drops out) + (mass evaporated) 

m, = m,, i- m, + ma + me (4) 

Equation (4) rearranged with all measur- 
able quantities on one side of the equation 
becomes 

The term on the left-hand side of 
equation is defined as the efective fraction. 
A few typical experimental curves illus- 
trating the relationship between the 
effective fraction and the volume sprayed 
are shown in Figure 4. It is noted that 
the effective fraction approaches unity 
as the volume sprayed approaches zero 
and by extrapolation the curves appear 
to intersect the ordinate a t  an effective 
fraction of unity for zero volume sprayed. 
Experimental measurements of the mass 
of liquid that drops out of the system 
during the spray period indicate that the 
drop out approaches zero as thc mass 
sprayed approaches some small value E. 

The numerator of the right side of 
Equation ( 5 )  must also approach E as 
the mass sprayed approaches E. A 
consideration of the physical significance 
of the terms in the numerator and the 
experimental conditions leads to the 
following conclusions. As the mass 
sprayed approaches E, there is insuficient 
turbulence generated in the chamber to 
deposit liquid on the walls of the chamber, 
and the term m, approaches zero. 

The mass that evaporates from the 
drops approaches XE as m, approaches E, 

where x is some sinall fraction of E. 

Therefore, the mass remaining in suspen- 
sion m,,, approaches ~ ( 1  - x) as m, 
approaches e. Experimental evidence, 
given under Results, indicates that the 
atmosphere of the chamber is saturated 
by spraying before a series of runs is 
made and that the magnitude of the 
evaporation term is negligibly small. 

The changes in drop-size distribution 
caused by coalescence or interception 
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during the spray period are a function of 
(1) the degree of turbulence during the 
spray period, (2) the product of the 
concentrations of the drops undergoing 
coalescence or interception, and (3)  the 
size of these drops. Decreasing'the mass 
sprayed, and therefore the concentration 
of drops, reduces the changes in drop size 
caused by coalescence or interception to 
a negligible factor as the mass sprayed 
approaches zero. These factors as well 
as the changes in drop size caused by 
coalescence or interception during the 
differential settling period are discussed 
briefly under Results. 

Thus, a t  an effective fraction of one 
the changes in drop-size distribution that 
occur during the spray period as a result 
of coalescence or interception, impinge- 
ment on the walls, and drop out are 
minimized. The effect of evaporation is 
minimized by saturating the chamber 
prior to an experiment. 

In  the present investigation it was 
desired to characterize the spray in terms 
of the specific surface area. The specific 
surface area for drops up to 40 p in 
diameter for the various volumes sprayed 
at a given spray condition is obtained by 
integrating the surface-frequency distri- 
bution curves. The correction to the 
specific-surface-area values for drops up 
to 40 p in diameter is made by plotting 
those values against their corresponding 
effective fractions and extrapolating the 
curve to effcctive fraction equal to 1. 
For the liquids and operating conditions 
studied, the relationship between the 
specific surface area and the effective 
fraction is found to be linear. 

The specific surface area of drops 
greater than 40 p is estimated by the 
following empirical procedure. The vol- 
ume-frequency distribution curves for 
each volume sprayed in a series of runs 
for the same liquid and spray pressure 
are integrated to obtain the volume- 
fraction curves as a function of the drop 
diameter. The volume fraction is defined 
as the volume of spray drops up to a 
given drop diameter per unit of volume 
sprayed. A cross plot is then made of the 
values of the volume fraction for various 
constant drop diameters vs. the effective 
fraction corresponding to the volume 
sprayed. The values of the volume 
fraction a t  a constant drop diameter are 
found to be linear functions of the effective 
fraction and are readily extrapolated to 
effective fraction equal to 1 to correct 
for the changes in drop sizes that occur 
during the spray period. For the liquids 
investigated, the logarithm of the cor- 
rected volume fraction is a linear function 
of the reciprocal of the diameter in the 
region between 15 and 40 p.  

It was assumed that the logarithm of 
the corrected volume fraction for drop 
diameters greater than 40 p continued 
as a linear function of the reciprocal of 
the diameter. Drop-size data reported by 
other investigators (4, 9, I S )  for different 

TABLE 1 
LIQUID I'HYSICAL PROPERTIES AND FLOW RATES 

Liquid and nozzle 

Distilled water 
Nozzle 0.75-30 deg. 
Nozzle 0.75-60 deg. 
Nozzle 0.75-80 deg. 

Nozzle 0.75-60 deg. 
Kerosene 

Butyl cellosolve 

0.91 
0.91 
0.91 

1.63 
1.68 

2.99 
2.99 

P, 
g./cc. 

1 . 0  
1 .0  
1 . 0  

0.807 
0.808 

0,900 
0,900 

y, Refractive 
dynes/cm. index 

70.0 1.33 
70.0 1.33 
70.0 1.33 

28.0 1.52 
28.0 1.52 

29.9 1.42 
29.9 1.42 

Volume 
rate, 

cc./sec. 

1.83 
2.10 
2.04 

1.53 
2.07 

2.10 
2.49 

Spray 
pressure, 
Ib./sq. in. 

2,000 
2,000 
2,000 

700 
1,500 

1,400 
2,100 

Ethylene glycol 17.8 1.112 50.0 1.43 2.52 1,400 
17.8 1.112 50.0 1.43 2.90 2,000 

Diethylene glycol 29.1 1.118 47.5 1.43 3.10 1,800 

Propylene glycol 45.5 1.034 38.0 1.43 2.96 1,150 

nozzles also exhibit a linear relationship 
between the logarithm of the volume 
fraction and the reciprocal of the diameter 
in the region of larger drop diameters. 

The analytical expression for the linear 
relationship between the logarithm of the 
volume fraction and the reciprocal of the 
drop diameter is 

The volume of drops up to any dia,meter 
in terms of the volume-frequency distri- 
bution curve is 

V D  = ' X 10-'2V, 6 

Substituting for V D  from Equation (7) 
in Equation (6), differentiating with 
respect to D ,  and dividing by the density 
of the liquid p gives: 

7r X 10-'V,ND2 dD 
VP 

(8) 
-6  X 104aebe"/D dD - - 

PD3 
Since the integral of the left-hand side of 
Equation (8) is equal to the specific 
surface area, the specific surface area of 
drops greater than 40 p in diameter is 
obtained by integrating Equation (8) 
between the limits of D equal to 40 p 
and D,. 

6 X 104eh s,,, = ~- 
P 

D, is determined from the value of the 
abscissa at which the extrapolated 
straight line intersects the volume frac- 

TABLE 2 
SAMPLE CALCtJLATIoN FOR DISTILLED FVATER 

Nozzle: 0.75- 60 deg. 

ElaDsed 

Pressure: 2,000 lb./sq. in. Volume sprayed: 50.0 cc. 
Run 2,039A 2,039B 2,040 

time, Deflection f.i 512 D, P 
sec. M t, t,,,, taOp tavg X 10-4A M Ma,, R K , N  RK,N R K t N  

23 
46 
69 
92 

115 
138 
183 
252 
321 
413 
504 
595 
687 
778 
859 

1,031 
1,260 

sec. sec. 

59.0 
66.0 23 34.5 5.9 
66.0 23 57.5 7.6 
72.0 23 80.5 9.0 
76.0 23 103.5 10.2 
79.5 23 126.5 11.2 
86.0 45 160.5 12.7 
94.5 69 217.5 14.8 

101.0 69 286.5 16.9 
109.0 92 367 19.2 
115.0 91 459 21.4 
121.0 91 550 23.5 
126.3 92 641 25.3 
129.3 91 733 27.1 
131.2 81 819 28.6 
132.5 172 945 30.8 
132.8 229 1,146 33.9 

0.7 4 .0  
2 .5  3 . 0  
5 . 8  6.0 

10.9 4.0 
17.8 3 .5  
32.4 6 . 5  
69.9 8 . 5  

138.5 6 .5  
257 8 .0  
450 6.0 
710 6 .0  

1,040 5 . 3  
1,450 3.0 
1,910 1 .9  
2,750 1 . 3  
4,450 0 .3  

61.0 
64.5 
69.0 
74.0 
77.8 
82.8 
90.3 
97.3 

105.0 
11'2.0 
118.0 
123.7 
127.8 
130.3 
131.9 
132.7 

5.15 
22.3 
25.9 
35.2 
57.3 
96.6 

136.0 
216 
268 
40 1 
471 
3 79 
348 
160 

45 

7.0 
16.0 
22.7 
39.1 
55.0 
85.0 

136.0 
199 
307 
391 
40 1 
325 
348 
r33 

73 

10.0 
18.0 
29.0 
42.0 
68.0 

104.0 
149.0 
234 
298 
363 
377 
439 
44 1 
344 
148 

40.1 
33.9 
29.9 
27.1 
24.0 
20.6 
18.0 
15.9 
14.2 
13.0 
12.0 
11.2 
10.6 
9.9 
9.0 
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tioBequal to 1. It should be noted that 
this procedure does not predict the 
maximum drop size present in the spray 
but does give an accurate estimate of the 
surface area of the drops above 40 1.1 in 
diameter. 

The specific surface area of the spray 
is the sum of the specific surface for 
drops up to 40 1.1 corrected by extrapolat- 
ing to effective fraction equal to 1 and 
the specific surface area of drops greater 
than 40 1.1 estimated by means of Equa- 
tion (9). 

The corrected volume, surface, and 
size-frequency curves of the spray are 
obtained by differentiation of the corrected 
volume-fraction-vs.-diameter curve. 

SIZE- SURFACE- AND VOLUME-DISTRIBUTION 
CURVES 

The data from the series of runs made 
with water a t  a spray pressure of 2,000 
Ib./sq. in. with nozzle 0.75 to 60 deg. are 
used to illustrate the method of computa- 
tion and extrapolating procedures. The 
physical properties of the air for these 
runs are viscosity, 1.8 X 10-4 poise, and 
density, 0.0011 g./cc. 

The quantities RK,N as a function of 
the drop diameter are calculated for a 
set of duplicate runs by means of Equa- 
tions (2) and (3). The original light- 
transmission curves of recorder deflection 
vs. elapsed time from the end of spray 
are divided into small time increments so 
that the original curve may be represented 
by a series of straight-line segments of 
slope AM/At .  Since the deflection of the 
recorder is linear with the intensity of the 
light beam, the recorder deflection may 
be substituted for the light intensity in 
Equation (3). 

The equations for the water runs are 

D = 304(t,,,)-1’2 (2a) 
The average values indicated in the 
in the equations for the recorder deflection 

Volume 
sprayed, 

cc. 

300 

200 

100 

75 

50 

8 

0.00 

0.00 

0.00 

0.00 

0.00 
0.00 

10 

0.001 

0.001 

0.002 

0.002 

0.002 
0.003 

and the time are the arithmetic average 
for the particular increment of the curve. 
The calculations for run 2,0398, in 
which 50 cc. of water was sprayed are 
summarized in Table 2. The values of 
RK,N for the duplicate runs are also 
listed. The dotted line in Figure 5 
indicates the relationship between RK,N 
and the diameter. The size-frequency 
distribution curve, the solid line, is 
obtained by dividing the ordinate values 
of the RK,N curve by the values RK, 
for the diameters corresponding to the 
particular ordinate values. The relation- 
ships between R and D and K ,  and a 

are shown in Figures 6 and 7 respectively 
(1, 2 ) .  

The surface-area and volume distri- 
bution curves are obtained by multiply- 
ing the ordinate values of the size- 
frequenci curve by the square and cube 
respectively of the corresponding diam- 
eter. The specific surface area of the 
spray for drops up to 40 p in diameter is 
obtained by integrating the surface-area 
distribution curve and multiplying the 
result by the quantity (V ,  X lO-*)/Vp. 
The volume fractions of the spray up to 
a given drop diameter are obtained by 
partial integrations of the volume dis- 

Fig. 8. Specific surface area vs. effective fraction for water spray. 

TABLE 3 
SUMMARY OF CALCULATION FOR DISTILLED WATER 

Nozzle: 0.75-60 deg. Pressure: 2,000 lb./sq. in. 
Volume fractions up to diameter D, p 

S,ta, Effective 
12 14 16 20 24 32 40 sq. cm./g. fraction 

0.010 0.019 0.028 0.047 0.067 0.110 0.155 425 0.450 

0.009 0.021 0.035 0.062 0.090 0.148 0.205 551 4.485 

0.011 0.027 0.046 0.087 0.130 0.219 0.300 787 0.600 

0.013 0.036 0.062 0.116 0.173 0.288 0.387 1.025 0.675 

0.016 0.044 0.072 0.134 0.201 0.336 0.462 1,232 0.770 
0.024 0.063 0.103 0.196 0.292 0.485 0.665 1,800 1.000 

S>to = 406 
S = 2,206 
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tribution curve. The calculations for the 
series of water runs a t  2,000 lb./sq. in. 
are summarized in Table 3. 

The extrapolation of the specific 
surface area for drops up to 40 p to an 
effective fraction equal to 1 is shown in 
Figure 8. 

A similar plot for the volume fractions 
taken from Table 3 is shown in Figure 9. 
The corrected values of the volume 
fractions up to various diameters, ob- 
tained by extrapolation of the curves to 
an  effective fraction equal to 1 in Figure 
9, are tabulated in the last line of Table 3. 
The relationship between the corrected 
volume fraction and reciprocal of the 
diameter is shown in Figure 10. The 
dotted-line extrapolation of the straight- 
line region intercepts the volume fraction 
at unity a t  a value of 1/D equal to 0.0165 
or a value of the maximum diameter 
D, equal to 60.5 p. The slope of this 
line a and the constant b are -48.0 and 
0.792 respectively. Equation (9) for 
estimating the specific surface area of 
drops greater than 40 p in diameter 
becomes 

= 6 X 104e0.792 

The value of S,ro by this equation is 406 
sq. cm./g. The specific surface area of 
the spray, the sum of the corrected 
specific surface area for drops up to 40 1.1, 
and S,40 is 2,206 sq. cm./g. 

T h e  co r rec t ed  vol  u me-distribution 
curve, obtained by differentiation of the 
corrected volume-fraction-vs.-diameter 
curve of Figure 10 is shown in Figure 11. 
The corrected surface-area distribution 
and size-frequency curves, obtained by 
dividing the ordinate of the curve in 
Figure 11 by the diameter and the square 
of the diameter respectively, are shown 
in Figures 12 and 13. It should be noted 
that integration of the corrected surface 
distribution curve in Figure 12 up to 
40 p gives a value of 1,865 sq. cm./g., 
which compares favorably with the 
value of 1,800 sq. cm./g. obtained by 
direct extrapolation of the specific surface 
area for drops up to 40 p from Figure 8. 

The corrected volume fractions and 
specific surface areas of the sprays for 
the liquids investigated are summarized 
in Table 4. 

CORRELATION OF DATA 

The specific surface area of the sprays 
is correlated empirically with the aid 
of dimensional analysis. For a given 
nozzle of a specific design it is possible 
to express the specific surface area as a 
function of the flow rate, liquid physical 
properties, and a single parameter for the 
nozzle. The relationship is of the following 
form : 
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Fig. 9. Volume fraction vs. effective fraction for water spray. 

Fig. 10. Corrected volume fraction vs. reciprocal of diameter for water. 
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Fig. 11. Corrected volume distribution curve for water. Fig. 12. Corrected surface-area distribution curve for water spray. 

TABLE 4 
SUMMARY OF CORRECTED VOLUME FRACTIONS AND SPECIFIC SURFACE AREAS OF SPRAYS 

Spray Corrected volume fractions up to diameter D, p 
Nozzle and liquid Pressure, S<40, S>40, 

lb./sq. in. 2 4 5 8 10 12 14 16 20 24 32 40 sq.cm./g.sq.cm./g. 

Distilled water 
Nozzle-0.75-30 deg. 1,000 - - - - 0.000 0.006 0.033 0.065 0.150 0.200 0.352 0.525 1,360 539 
Nozzle-0.75-60 deg. 2,000 - - - 0.00 0.003 0.024 0.063 0.103 0.196 0.292 0.485 0.665 1,800 406 
Nozzk-O.75-80 deg. 2,000 - - - - 0.000 0.020 0.070 0.225 0.300 0.400 0.717 0.950 2,500 70 

Nozzle 0.75-60 deg. 
Kerosene 700 0.00 0.004 0.013 0.035 0.058 0.089 0.120 0.140 0.195 0.245 0.343 0.420 1,975 

Butyl cellosolve 1,400 - - - 0.00 - 0.021 - 0.092 0.165 0.230 0.405 0.525 1,630 
2,200 - - - 0.00 0.000 0.013 0.095 0.147 0.245 0.325 0.468 0.610 2,250 

1,500 0.00 0.020 0.055 0.115 - 0.182 - 0.220 0.264 0.310 0.415 0.540 3,500 

Ethylene glycol 1,400 - 0.00 0.012 0.035 - 0.100 - 0.149 0.193 0.247 0.345 0.455 1,500 
2,000 - 0.00 0.005 0.024 - 0.098 - 0.163 0.255 0.335 0.480 0.623 2,010 

Diethylene glycol 1,800 - 0.006 0.032 0.050 - 0.120 0.167 - 0.410 0.495 0.60 0.680 2,400 
Propylene glycol 1,150 - 0.00 - 0.025 - 0.054 - 0.070 0.094 0,110 0.140 0,190 970 

,4 general equation to  include the effects 
of internal nozzle design leads to addi- 
tional dimensionless groups. For swirl- 
chamber nozzles of the grooved-core type, 
the number, size, shape, and pitch of the 
grooves; the size and shape of the swirl- 
chamber; and the length and diameter of 
the orifice have to be Considered. The 
feasibility of a general correlation of this 
type however is doubtful because of the 
lack of complete geometric similarity for 
commercial nozzles of the same type but 
of different rated capacities. 

In this investigation, since the range 
of the density variable is small (0.80 to 
1.0 g./cc.), it is assumed that the flow 
conditions may be characterized by the 
kinematic viscosity, instead of the density 
and viscosity as in Equation (10). This 
assumption leads to the following simpli- 
fied relationship: 

The values of the dimensionless groups 
for Equation (11) are given in Table 5* 
and are plotted in Figure 14. 

*Tables 6 and fi are deposited as document 5300 
with the American Documentation Institute, Photo- 
duplication Service, Library of Congress, Washington 
2;2, D. C. ,  and may be obtained for $1.25 for photo- 
prints or 35-nim. microfilm. 
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Fig. 13. Corrected size-frequency distribution curve for water. 

The volume flow rate is correlated as a 
function of the pressure drop, viscosity, 
density, and orifice diameter. The rela- 
tionship obtained is 

The values of the dimensionless groups 
for Equation (12) are given in Table 5 
and are plotted in Figure 15. An alter- 
native correlation of the volume flow 
rate can be made in terms of the coeffi- 
cient of discharge for the nozzle vs. a 

Reynolds number based on the diameter 
of the nozzle orifice. However, it should 
be noted that ether procedure is empirical. 

The equality of the exponents for the 
Reynolds number for the surface-area 
and volume-flow-rate correlations (Fig- 
ures 14 and 15) leads to the following 
relation between the compression energy 
in the fluid supplied to the nozzle and 
the conversion to surface-area energy: 

(13) 
AP 

P 
sr = 1.04 x 10-~ - 
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Fig. 14. Correlation of specific surface area and operating variables. 

Fig. 15. Correlation of nozzle flow rate and operating variables. 

Fig. 16. Conversion of potential energy to surface-area energy. 
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Equation (13) can be anticipated from 
the general Bernoulli equation by ex- 
pressing the kinetic energy and irre- 
versibilities as a fraction of the pressure 
drop. The data obtained with a nozzle of 
0.75 to 60 deg., plotted according to 
Equation (13), :we shown in Figure 16. 

RESULTS 

The deviation of the data for nozzle 
0.75-80 deg. from the correlation lines 
in Figures 14 and 1 5 4 s  due to the 
noncircular shape of the orifice and the 
difficulty of assigning a correct value for 
the diameter of the orifice. A high value 
for the diameter magnifies the error in 
the surface area and pressure dimension- 
less groups on Equations 11 and 12. The 
deviation of the data for the butyl 
cellosolve sprays from the surface-area- 
correlation line in Figure 14 is due to low 
values of the specific surface area, 
Additional experiments indicate that the 
butyl cellosolve vapor reacted with the 
paint on the interior walls of the spray 
chamber, which caused the smaller 
drops to evaporate during the settling 
period. 

The low value of the propylene glycol 
point is probably due to a low value of 
the specific surface and represents the 
limit of the experimental technique for 
the present equipment. This spray 
contained such a large percentage of 
drops greater than 40 p in diameter that 
the extrapolations to effective fraction 
equal to 1 could not be done very 
accurately. The same difficulty was 
encountered in attempting to take data 
for the liquids a t  flow rates lower than 
those reported. 

An attempt to check the surface-area 
values obtained from the present study 
by means of a high-speed photographic 
technique (15) was not successful. The 
available equipment could not resolve 
the droplets because of the high velocity 
of discharge from the nozzle orifice. Any 
other method which depends on collecting 
a sample of the settling spray would 
necessarily involve corrections similar 
to those employed in this study. 

The effects of the initial humidity in 
the spray chamber on the size-frequency 
distribution curves and the corrected 
volume fractions of the spray obtained 
by extrapolation to an effective fraction 
of 1 are shown in Figures 17 and 18. 

The curves in Figure 17 show the 
relative size-frequency distribution curves 
obtained for runs in which the same 
quantity of water was sprayed into the 
chamber a t  three different conditions of 
initial humidity. The upper curve is the 
result of spraying into the chamber and 
keeping the door closed between runs, 
which was the normal experimental 
procedure; the middle curve of opening 
the chamber door and turning on a 
%-in. compressed air line a t  the top of 
the chamber for approximately 1 min. 
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between runs; the lower curve of opening 
the chamber door and directing the air 
stream of an electric fan into the chamber 
for approximately 3 min. The curves 
show that the evaporation of the smaller 
drops is greater the lower the initial 
humidity. It is seen from the lower curve 
that the initial humidity was so low that 
all drops between 8 and 13 p evaporated 
completely. Obviously under these con- 
ditions it is impossible to extrapolate to 
effective fraction equal to 1 in order to 
obtain the true distribution of drops 
produced by the nozzle. 

Figure 18 shows the results of two 
series of runs a t  the same conditions 
except for the initial humidity of the 
chamber. The solid lines represent runs 
made a t  an initial humidity equivalent 
to the upper curve of Figure 17 and the 
dotted line equivalent to the middle 
curve of Figure 17. The volume fractions 
extrapolate to within 3% of the same 
values. These results are believed to be 
within the range of experimental error. 
These tests indicate that the closed 
chamber should be saturated by spraying 
in order to minimize the loss of drops by 
evaporation during the spray and settling 
periods. For small departures from the 
saturated conditions, the results indicate 
that the extrapolation of the volume 
fraction to effective fraction equal to 1 
may correct for some of the losses caused 
by evaporation. 

The phenomena of interceptions of 
small drops by larger drops and the 
coalescence of smaller drops by diffusion 
during the differential settling period can 
give rise to errors in the calculated values 
of the number of drops from Equation (3). 
Equation (3)  assumes that the removal 
of the surface area from the light beam 
a t  any time is due only to drops leaving 
the light beam as a result of settling 
process. If the rate of removal of surface 
area from the light beam by interception 
and coalescence is appreciable, i t  would 
cause the calculated values of the number 
of drops to be higher for the larger drop 
sizes and lower for the smaller drop sizes. 

Calculations based on Langmuir’s work 
on interception (5) and Smoluchowski’s 
expression for coalescence (10) indicate 
that the orders of magnitude of these 
phenomena for the most concentrated 
sprays encountered in this study are 
not serious. For the most concentrated 
spray produced in this study in terms of 
drops per unit of volume of dispersion 
approximation calculations indicate that 
the interception process causes a rate of 
removal of surface area of less than 5% 
of the rate of removal of surface area by 
the settling process and for the coalescence 
phenomena the corresponding value is 
less than 0.1%. 

More important, however, is the fact 
that the degree of both these phenomena 
is a function of the product of the con- 
centration of the drops under any inter- 
ception or coalescence. Thus, decreasing 
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Fig. 17. Size-frequency curves for water at various degrees of initial humidity. 

Fig. 18. Comparison of extrapolation for different degrees of initial chamber humidity. 

Fig. 19. Logarithmic-probability type of plot of spray data. 
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the volume of material sprayed into the 
chamber and then extrapolating the 
calculated results to an effective fraction 
equal to 1 minimizes the effects on these 
phenomena to a negligible value. This 
reasoning also applies to the changes in 
the dropsize distributions that occur 
during the spray period. 

The errors introduced by the convec- 
tion currents in the transition period 
following the end of the spray period and 
the assumption that Stokes’s Law is 
valid from the end of the spray period 
are difficult to assess quantitatively. It 
is estimated the use of Stokes’s Law 
results in underestimating the diameter 
by 3% in the region of 10 p and less than 
1% in the region of 5 p .  The use of 
Stokes’s Law instead of the Stokes- 
Cunningham equation for the smaller 
drops results in an error of less than 
-2% in the value of the specific surface 
area for drops up to 40 p. 

The use of the Rosin-Raimmler (8) and 
logarithmic-probability equations to esti- 
mate the surface area contributed by 
drops greater than 40 p yields values for 
the specific surface area of the sprays 
which were within 1% of those obtained 
by the procedure used in this study. A few 
typical curves, shown in Figure 19, 
illustrate the fit of the drop-size distribu- 
tion data to the log-probability distribu- 
tion equation. 

The quantitative effects (of the physical 
properties of liquids on the rrpecific surface 
area are in accord with deductions from 
theoretical considerations (4) which indi- 
cate that the drop-size of the spray 
should increase with surface tension and 
viscosity or kinematic viscosity. Data 
reported by Turner and Moulton (12) 
for grooved-core nozzles indicate that 
the logarithmic mean dhmeter varies 
directly as the 0.813 power of the surface 
tension and the 0.159 power of the 
viscosity. For their data the logarithmic 
diameter is approximately inversely pro- 
portional to the specific surface area. 
Thus the dependence of the specific 
surface area for their data on surface 
tension and viscosity is approximately to 
the -0.7 and -0.2 power, respectively. 
For the present study the dependence is 
to the - 1.0 and 0.4 power, respectively. 
The effect of the volume flow rate on the 
specific surface area appears to be greater 
for this nozzle than that reported by 
previous investigators. Data reported by 
Rupe (9), Lloyd (6), Tate and Marshall 
(II), and Houghton (4)‘ indicate expo- 
nents ranging from 0.3 to 0.80 on the 
flow rate vs. an exponent of 2.4 for the 
nozzle used in this study. 

ALTERNATIVE FLOW-RATE CORRELATION 

The usual method for correlating flow 
rate with spray pressure iis by means of 
the nozzle discharge coefficient defined 
as follows: 

In  terms of the correlation presented 
above, Equation (12) and Figure 15, 

4 
~[(2 .81  X 10-4)(2g,)]1’2 K =  

Typical values for the discharge coeffi- 
cient for nozzle 0.75 to 60 deg. are given 
in Table 6.* 

Since the discharge coefficient varies 
with the flow rate and the physical 
properties of the fluid, i t  is evident that 
viscous forces are not negligible over the 
range of variables covered by this study 
(11). 

NOTATION 

h =  

I =  

I0 = 

k =  

a 
equation VD/V = e ( a / D + b )  

b 
tion a t  point VD/V = 1.0 

D = drop diameter, p 
D, = maximum drop diameter ob- 

tained by extrapolation of the 
corrected volume fraction 

Do = orifice diameter of spray nozzle, 
cm. 

d, d’, f, g = exponents for dimensionless 
groups in Equations (11) and (12) 
settling height from top of spray 
chamber to center of light beam, 

= slope of empirical volume fraction 

= intercept of volume fraction equa- 

N = derivative with respect to D of 
the cumulative drop-size distri- 
bution function per unit of 
volume of dispersion, em.? 

AP = spray pressure, lb./sq. in. 
q 

R 

S 

= volume flow rate through spray 
nozzle, cc./sec. 

= correction factor to the total light- 
scattering coefficient 

= specific surface area of the spray 
equal to the sum of the extrapo- 
lated value of S,4, and 
sq. cm./g. 

S,40 = specific surface area of spray for 
drops up to 40 p obtained by 
integration of surface-area-fre- 
quency curve 

S>40 = specific surface area of spray for 
drops greater than 40 p estimated 
by means of Equation (9) 

t = elapsed settling time from the 
end of the spray period, sec. 

V o  = volume of spray chamber, cc. 
V D  = volume of spray drops up to a 

V = volume of liquid sprayed into the 

a = light-scattering-coefficient pa- 

y = surface tension of liquid, dynes/ 

X = wave length of incident light 

p = viscosity, poise 
(pL - pa) = density difference between 

the drops and surrounding medi- 
um g./cc. 

x = fraction of liquid evaporated 

diameter D, cc. 

spray chamber, cc. 

rameter equal to nD/X 

cm. 

beam, em. 

cm. from spray drips during the 
intensity of light beam after tra- 
versing through a dispersion of 

spray period 

drops through a path-length of LITERATURE CITED 
1 cm. 

dispersion of drops in the spray 
1. Gumprecht, R. 0. and C. M. Sliepce- 
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intensity Of light beam without a vich, J .  Phys. Chem., 57, 90 (1953). 
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chamber 
$tokes’s Law equation constant 
equal to [18h/gL(pL - p,)]’/z 

k’, k”, k”’ = constants in dimensionless 
equations (11) and (12). 

K ,  = Mie theory total scattering co- 
efficient 

I = length of light beam through a 
dispersion of drops, cm. 

M = recorder deflection, a linear func- 
tion of the light intensity, I 

md = mass of liquid that drops out of 
the spray chamber and onto a 
removable drawboard at the 
bottom of the chamber during the 
spray period 

m, = mass of liquid that evaporates 
from the spray drops during the 
spray period 

mi, = mass of liquid that remains in 
suspension in the form of drops 
a t  the end of the spray period 

m, = mass of liquid sprayed 
m, = mass of liquid that impinges on 

the walls of the spray chamber 
during the spray period 

*See footnote on page 424. 
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