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The problem of producing sprays 
of 1,iquid droplets by atomization 
is finding increasing importance in 
chemical engineering processes. 
This is especially t r u e  fo r  the  pro- 
cess of spray drying, wherein one 
important method of produdng 
sprays \is by means of spinning 
disks. These atomizers produce 
liquid breakup by centrifugally ac- 
celerating a liquid to high velocity 
as it discharges from the disk 
pefiiphery. 

Spinmning-, o r  cmtr i f  ugal-disk, 
atomizers are  built in a variety of 
designs, the simplest being a flat, 
smooth disk. More complicated de- 
signs may include concentric sets 
of vanes, two or  three plates or 
cups separated by perforated bands, 
etc. Pictures and drawings of 
various types may be found in 
'references 2 and 10. 

Although many designs of disk 
atomizers have been proposed for  
spray-drying applications, quanti- 
tative information on the perform- 
ance characteristics of even the  
simplest type of atomizer is lack- 
ing. This paper is a report of an 
investigation of the performance 
characteristics of disk atomizers of 
the straight, radial-vaned type. The 
purpose of ithe investigation was to 
determine how the weight and drop- 
size distribubions of water sprays 
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were influenced by the diameter, 
speed, vane dimensions and num- 
ber of the disk and by feed rate. 
High-speed photography was used 
in an effort to  study the mechan- 
ism of atomization. 

PREVIOUS WORK 
Weight Distribution. Some quantita- 

tive data on the weight distributions 
or trajectories of sprays from vaned- 
disk atomizers have been reported by 
Adler and Marshall(2) and Fried- 
man et aL(10). The data of Adler 
and Marshall were in the form of 
complete weight distributions, sam- 
pling being done in a plane 3 ft. be- 
low the plane of the disk. Friedman 
et al. reported their data in terms 
of the distance to which 50% of the 
spray was thrown before dropping 
10 in. Adler and Marshall found that 
a t  low feed rates and peripheral 
speeds the spray was thrown farther 
as either feed rate or peripheral 
speed was increased. At higher values 
of the variables the spray was af- 
fected only slightly by feed rate but 
decreased in distance thrown with in- 
creasing peripheral speed. Friedman 
et al. reported that the distance to 
which 50% of the spray was thrown 
increased continuously with both peri- 
pheral speed and feed rate over the 
range of variables studied. 

Drop-Size Distribution. Limited data 
on drop-size distribution for vaned 
disks were reported by Adler and 
Marshall(2) and by Friedman et al. 
( 1 0 ) .  Wallman and Blyth(l8) re- 
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ported drop-size data on spray-dried 
sodium silticate obtained from a pilot 
plant spray dryer with vaned-disk 
atomizers. 

Adler and Marshall presented drop- 
size-distribution data for sprays of 
water from (1) smooth disks, (2) 
one straight, radial-vaned disk, and 
(3) several curved-vane disks at one 
feed rate and disk speed. The drop- 
size data appeared to plot linearly 
on arithmetic normal probability pa- 
per. No significant differences in the 
drop-size distributions among these 
disks were observed. 

Friedman e t  al. studying the ef- 
fects of disk speed, feed rate, disk 
diameter, and liquid properties on 
drop-size distribution found that drop 
size decreased as disk speed increased, 
but increased as feed rate increased. 
They did not definitely establish the 
effect of disk diameter on drop size. 
Their results were correlated in terms 
of the Sauter mean drop diameter as 
a function of the operating and liquid 
variables in dimensionless groups as 
follows : 

r 
NT2 

- 
x v s  --= 0.4 (---)"'" r 

where x,, is the Sauter mean di- 
ameter. The uniformity of the sprays 
obtained was reported in terms of the 
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so-called Hatch dispersion coefficient 
defined as the ratio of xs0 to z15.8.1 
where x50 is the mass or volume 
median diameter, and x15,87 is the 
diameter which includes 15.87% of 
the mass or volume of the spray, and 
~ ~ ~ > x ~ ~ , ~ ~ .  The Hatch dispersi,on co- 
efficient, a, was correlated with gv8 
as follows: 

a = 3.3 @vs)o'l 

This is based on only a twofold range 
of a. Friedman e t  al. also proposed a 
correlation for the maximum drop 
size, which had the same form as 
Equation (1) except that the coeffi- 
cient 0.4 was replaced by 1.2; i.e., 
the maximum drop size was suggested 
to  be three times the Sauter mean di- 
ameter. 

Wallman and Blyth(l8) studied 
the atomization from smooth and 
vaned disks by determining the parti- 
cle-size distribution of spray-dried 
sodium silicate atomized with disk 
atomizers. They found particle size 
to decrease as centrifugal force was 
increased and proposed that centri- 
fugal force, rather than peripheral 
speed, was the factor governing parti- 
cle size. However, no correlation of 
drop-size distributions was proposed. 

Mechanism of Atomization. The 
manner in which sprays are  formed 
from a bulk of liquid has been the 
subject of numerous reports in the  
l i terathe.  The greatest amount of 
work on the mechanism of atomiza- 
tion has been done in connection 
w'ith pressure nozzles(4 t o  9,12 ,  
1 3 , 1 6 ) .  

Since discussions of the mechan- 
ism of atomization by disks have 
been reviewed adequately by vari- 
ous investigrutors(2, 3,  10, 11, 14, 
and 19), this subject will not be 
reviewed again here; however, the  
essential conclusions a re  presented 
below. 

THEORETICAL CONSIDERATIONS 

The practice of atomization by 
spinning disks #is well ahead of 
both theory and the results of ex- 
perimental studies. Theoretical pre- 
dictions of drop-size distributions 
require a knowledge of the atomiza- 
tion mechanism ,involved. It is gen- 
mally believed that  three distinct 
factors influence the mechanism of 
atomization by spinning disks. 
Two of these involve liquid proper- 
ties, and the third involves inlter- 
action 'with the atmosphere sur- 
rounding the  abmizer. 

One mechanism f o r  spinning- 
disk atomization postulates that the 
liquid, by wetting the surface of 
the disk, is held to  the disk by ad- 
hesiion tension and flows to the  
disk periphery to  form a torus (on 

a b 
FIG. 1. VANED DISKS: ( a )  TYPICAL VANED-DISK USED IN STUDY; ( b )  LUCITE 

EXPERIMENTAL VANED DISK. 

smooth disks) which, because of 
the surface tension of the liquid, 
resists disintegration. Centrifugal 
force acting on the torus is op- 
posed by the surface-tension force. 
When the centrifugal force be- 
comes great enough (owing to 
either increased liquid mass or in- 
creased speed) to overcome the 
liquid-surface-tension force, liquid 
drops are  torn from the torus and 
thrown from the ,disk periphery. 
As the liquid-feed rate increases, 
this mechanism goes through the 
regimes of direct drop formation, 
ligament for'mation, and finally 
film formabion. 

A second mechanism postulates 
that  liquid 'traveling a t  a high 
velocity over the disk and along 
the vanes develops turbulence. A t  
the disk periphery the liquid is 
discharged at high velocity and at 
the same time is released from the 
confinement of the vanes. The in- 
ternal stresses tin the  liquid stream 
caused by the velocity fluctuations 
and turbulence produce disintegra- 
tion of the liquid stream. 

A third possible mechantism is 
tha t  a high relative velocity be- 
tween the liquid and the atmos- 
phere creates friction, which con- 
tributes to the disintegration of 
the liquid. 

Although each of these mechan- 
isms for atomization from spinning 
disks is possible, in  the usual in- 
dustrial range of operating con- 
ditions breakup probably is due to  
a combination of the  mechanisms. 
It is also probable that  the con- 
trolling mechantism may change 
with a change in the operating con- 
ditions. 

In view of the complexities in- 
volved in predicting theoretically 
the performance characteristics of 
vaned-disk atomizers, this study 
was restricted to an  empirical cor- 
relation of weight distributions and 
drop-size distributions as functions 
of operating and disk variables. 
The correlations were interpreted 
in the light of the foregoing sug- 
gested mechanisms. 

EXPERIMENTAL EQUIPMENT A N D  
PROCEDURES 

Atomization Equipment. The twelve 
experimental disks used in this in- 
vestigation were of a simple straight- 
vaned design as shown in Figure 1. 
The ranges of disk variables were as 
follows: (1) diameter, 2 to 8 in.; (2) 
number of vanes, 8 to 24; (3) vane 
height, 0.22 to  1.28 in.; and (4) vane 
length, 0.38 to 2.5 in. Table 1 gives 
the dimensions of all the disks 
studied. 

Disk 
v-1 
v-2 
v-3 
v-4 
v-5 
V-6 
v-7 
v-8 
v-9 
v-10 
v-11 
v-12 

TABLE  DIMENSIONS OE EXPERIMENTAL DISKS 

Diameter, Vane Height, Vane Length, 
in. in. in. 

3.75 
5.0 
8.0 
5.0 
5.0 
8.0 
5.0 
5.0 
5.0 
5.0 
5.0 
2.0 

0.375 
0.375 
0.312 
0.656 
1.281 
0.375 
0.375 
0.375 
0.375 
0.375 
0.375 
0.219 

0.375 
1.00 
2.50 
1 .00 
1.00 
2.50 
0.625 
1.625 
1.00 
1.00 
1.00 
0.50 

Number of 
vanes 

24 
24 
24 
24 
24 
24 
24 
24 
20 
16 
8 

24 
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The experimental disks were mount- 
ed on a vertical, belt-driven shaft, 
Figure 2, driven by a 3 hp., 3,450 
rev./min. motor. Disk speed was 
varied by changing the ratios of the 
motor and disk pulley diameters. Disk 
speeds ranged between 700 and 10,000 
rev./min. and were measured with a 
Strobotac. 

The feed rate ranged from 5 to 
60 lb./min. The water was fed uni- 
formly t o  the disk through an annu- 
lar distributor, the thickness of the 
annular ring being 1/32 in. 

The atomization equipment was lo- 
cated in one corner of a 12- by 16-ft. 
room. All sampling was done in the 
sector-shaped area indicated in Fig- 
ure 3. 

Disk V-12 was operated a t  speeds 
of from 10,000 to 35,000 rev./min. by 
an  air  turbine mounted on a frame, as 
shown in Figure 4, and surrounded 
by a barricade. The capacity of this 
unit was less than 1 lb./min. of water. 

Weight Distribution Determinations. 
The weight-sampling unit consisted 
of a sheet metal pan in the form of 
an 18" section taken from a circle of 
10-ft. radius. The pan was divided 
into compartments by arcs a t  radial 
intervals of 1 ft., each compartment 
being provided with a drain. The pan 
was mounted horizontally 3 ft. below 
the disk with the apex of the sec- 
tion plumb with the disk shaft. 

Weight-distribution data were ob- 
tained by collecting and measuring 
the amount of spray which entered 
each compartment during a timed in- 
terval. The total volume of liquid 
atomized during this time was ob- 
tained from a rotameter reading. F o r  
a uniform spray distribution, one 
twentieth of the total volume fell in 
the 18" section. Hence from the total 
volume and the volumes of spray fall- 
ing in the sampling compartments up 
to 10 ft., the volume of spray thrown 
further than 10 ft. was estimated. 
From these volumes the distribution 
of the spray weight in the horizontal 
plane 3 ft.  below the atomizer was 
established. 

Drop-Size-Distribution Determinations. 
Spray-droplet samples were obtained 
by collection in sample cells by the 
method discussed by Rupe(l5) and 
used by Adler and Marshall(2) and 
Tate and Marshall(l7). In this meth- 
od spray droplets fell into a sampIe 
cell filled with a fluid in which all 
droplets settled t o  a common plane. 
The collected group of drops in each 
sample cell was photomicrographed 
and the images were counted and 
classified. The sample cells were 
fitted with optically flat glass bot- 
toms to permit the use of transmitted 
light for photography. 

The immersion fluid employed in 
this investigation was Stoddard solv- 
ent. In order to obtain completely 
opaque images for photography, the 
water was dyed black with 3% nigro- 
sine dye. The dyed water had essen- 

tially the same physicaI properties 
as  water, except for a slightly lower 
surface tension. 

The drop samples for a particular 
spray were obtained by positioning 
ten sample cells in the horizontal 
plane where the spray-weight distri- 
bution was determined. From data on 
the previously determined weight dis- 
tribution for the spray, the sample 
cells were positioned in the center of 
areas each of which included 10% 
by weight of the spray. Thus the 
sample cells were positioned a t  radi! 
which included 5,15,25 . . . 95 wt. qc 
of the spray. 

The sample cells were exposed to 
the spray by remote control. Each 
cell was enclosed in a narrow, shal- 
low box with a sliding, slotted top 
which acted as a shutter. The opera- 
tor, on a cat-walk above the spray, 
exposed the cell t o  the spray by pull- 
ing the shutter top with a fine string. 

After the ten sample cells had been 
exposed, they were removed to be 
photographed. Ten photomicrographs 
a t  35X were taken of each sample 
cell without duplication of area. The 
photomicrographs, on 5 by 7 film, 
generally averaged about 100 drops/ 
negative, although as many as  1,500 
or as few as  25 dropsinegative were 
obtained in some instances, depend- 
ing on the size and concentration o f  
the drops in the cell. 

The drop images on the negatives 
were counted and classified according 
to size by means of the scanning-type 
drop counter developed a t  the Uni- 
versity of Wisconsin ( I  ) . With the 
aid of this counter the photomicro- 
graphs were analyzed a t  the rate of 
150/day, and for this investigation, 
a total of 5,200 photomicrographs 
were scanned and 572,000 drops 
counted. 

CALCULATION AND CORRELA- 
TION PROCEDURES 
Weight Distributian. One hundred 

and seventeen weightidistribution 
expeniments were made by the pro- 
cedure described above. From each 
of these runs the cumulative vol- 
ume, o r  weight percentages, of 
spray falling within radial in- 
crements of 1 f t .  were established. 
These cumulative percentages were 
then plotted as the weight distri- 
bution for that  run. Typical plots 
of this type may be observed in 
Figure 18 of reference 2. 

The variables influencing weight 
distribution were disk speed (1,500 
to  9,800 rev./min.), feed r a t e  (10 
to 50 lbJmin.1, and the disk di- 
mensions listed in Table 1. It was 
desired to correlate the data t o  
show how these variables influenced 
the cumulaitive weight percentage 
of spray falling within any given 
spray radius, R. 

It was decided that the most use- 
f u l  type of generalized weight- 
diistribution correlation would be a 

cumulalSve distribution plot on 
either arithmetic- or log-probability 
coordinates with the nonprobability 
coordinate involving a grouping of 
the spray radius and variables, and 
the probability coordinate repre- 
senting the cumulative weight per- 
cenitage of spray included within 
the radial distance from the disk. 

This correlation was made for  
the entire weight distribution ob- 
tained for each experimental run. 
The general procedure f o r  corre- 
lating each variable was to plot 
values of spray rad'ius, R, a t  cumu- 
lative percentages of 20, 40, 60, and 
80 as a function of the particular 
variable under study. From such 
plots, Ez as a function of each vari- 
able was obtained, and these func- 
tional relations are shown in Fig- 
ure 5a and b.  

Drop-Size Distribution. The data 
from each drop-size-distribution 
r u n  consisted of the number of 
drops counted in each of twenty 
equal-size classes (of 30 p. each) 
for each of ten samples ltaken from 
.the spray produced during the run 
(see Table 6 of reference 10a). The 
total number of drops at each sam- 
ple point averaged 1,100 or the 
total counted in a run was about 
11,000. 

The attempt was made t o  pre- 
sent the drop-size data by an over- 
all distribution which was repre- 
sentative of the entire spray from 
which the samples were taken. 

Drop-size-distribution data may 
be based on the number, volume, 
or surface area of the drops iin a 
spray, each basis being useful for  
a different purpose. It was felt 
tha t  volume representation would 
probably be most useful, and hence 
the drop-size distribution on a vol- 
ume basis was calculated for  each 
of the ten droplet samples. Since 
the samples were representative of 
equal volume fractions of the spray, 
combination of the ten individual 
volume distnibutions into an over- 
all distribution for the entire spray 
was merely a matter of averaging 
the individual sample distributions. 

The variables to  be correlated 
with drop-size distribution were 
disk speed (3,000 to 9,800 rev.1 
min.) , feed rate (20 t o  50 IbJmin.), 
and disk dimensions (Table 1). 
The method of correlation used dif- 
fered from the usual method of 
correlating drop-size data in terms 
of a mean drop slize and a standard 
deviation o r  dispersion coefficient 
[cf., Equation (1) and (2)]; 
rather, a generalized correlation 
for all points on the distribution 
curves was attempted. Thus t h e  
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FIG. 2. ANNULAR FEEDING DEVICE: 

DRIVE. 
DISK IN POSITION, MOTOR, AND BELT 

effects of the pertinent variables 
on the drop diameter, x, at cumu- 
lative volume percentages of 20, 40, 
60, and 80 were correlated and 
then grouped to form a general 
correlation (Figure l l a  and b )  . 

All the drop-size distributions 
were found to plot very nearly as 
straight lines on square root-nor- 
ma1 probabibty coordinates. This 
type of distribution was first re- 
ported by Tate and Marshall (17) 
for pressure nozzles. Distinct curva- 
ture was observed for  plots on 
either arithmetic- o r  log-normal 
probability coordinates. 

EXPERIWNTAL RESULTS 

FIG. 3. LAYOUT OF EXPERIMENTAL 
AREA. 

travel of the spray, was related to 
the pertinent variables as follows : 

For disk speed, N ,  in the range 
of 1,500 to 9,800 rev./min., 
R N-Q.16 

For feed rakes, w, in the ranges 

For disk diameters, D,  from 3.75 

For vane heights, b,  from 0.376 

of 10 to 50 IbJrnin., R'~0-25  

to 8 in., R-BQ.2' 

Weight Distribution. The correla- t o  1.28 in., R " b - Q J 2  

tion of weight-dsistribution data Increasing the number of vanes 
showed that  the weight distribution from 8 to 24 showed no significant 
of sprays from vaned disks, ex- variation of spray trajectory. 
pressed as R, the radial distance of A variation of vane length from 

16 

14 

12 

10 

4 

2 

0 

FIG. 4. AIR-DRIVEN 2-IN.-DIAM. DISK 
IN BARRICADE. 

0.375 t o  1,63 in. revealed no defi- 
nite trend in the weight-distribu- 
tion data. 

On the basis of the foregoing 
relaljionships, a generalized graphi- 
cal correlation involving disk speed, 
N ,  feed rate, w, and disk diameter, 
D, was developed by plotting the 
group RNQ.16 D-0.21  w-0.25 vs. the 
cumulative weight or volume per- 
centage of the spray included in R 
on normal probability paper. This 
correlation is shown in Figure 5a 
and b. The data fell around a 
straight line having the constants 

dian value, Q, = 2.3 = standard 
deviation. 

Figure 5a and b is  based upon 
the following units for the ordi- 
nate values : R = ft., N = rw./min., 
D = in., w = 1b.lmin. 

(RN0.16 0 - 0 . 2 1  w - 0 . 2 5 ) m  = 7.7 = me- 

Drop-Size Distribution. The drop- 
size-distribution data were ob- 
ta&ned from fifty-two experimental 

)I 0 I I I0 20 40 60 80 90 99 
CUMULATIVE WEIGHT PER CENT OF SPRAY 

INCLUDED IN R 

FIG. 6a. FIG. 5b.  
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FIG. 6. TYPICAL PLOT OF EFFECT OF 
DISK PERIPHERAL SPEED ON DROP 
SIZE CORRESPONDING TO 60 CUMU- 

LATIVE PER CENT. 

runs wherein about 572,000 drops 
were measured and counted. Analy- 
sis of the data showed that the 
variables affected the drop-size dis- 

tribution of sprays produced by 
vaned disks as follows: 

F o r  a disk-speed range of 3,000 
to 9,800 rev./min. drop size varied 
inversely with disk speed t o  the 
0.82 power. 

For disk diameters ranging from 
3.75 to 8 tin., drop size varied in- 
versely with disk diameter to the 
0.85 power. 

The fact that disk speed and di- 
ameter had essentially the same 
effect on drop-size distributions 
suggested that the distributions 
were influenced by the peripheral 
speed of the disks. Figure 6 is a 
typical plot for two feed rates of 
drop size vs. peripheral speed for  
the peripheral-speed range of 50 to 
300 ft.lsec. The slope of the curves 
is -0.83. 

For feed rates in the range of 
20 to 50 lb./min., the drop size 
varied with feed rate to the 0.24 

4 6 
m 5 

4 
'g 3 

c x 2  3 

1.5 
2 

4 0 6 0  
w, LB PERMIN. 

m 4 0 6 0  1.5 

4 0 6 0  
w, LB PER MIN. 

0 DISK V-l 
0 DISK V-2 --RAGE SLOPE * 0.24 
0 DISK W3 

FIG. 7. TYPICAL PLOT OF EFFECT OF FEED RATE ON 
DROP SIZE AT VARIOUS CUMULATIVE PERCENTAGES. 

power. Figure 7 shows typical 
curves of $he variation of drop size 
with feed rate. Drop diameters 
which include 20, 40, 60, and 80% 
by volume of the spray multiplied 
by N0.82 are plotted vs. feed rate 
for three vaned disks of different 
diameters. 

A variation of vane height from 
0.375 to 1.28 in. showed that drop 
size varied with vane height to the 
-0.12 power. 

Increasing the number of vanes 
from 8 to 20 showed that drop 
size varied with vane number to  
the -0.15 power. 

Since vane height and number 
had essentially the same effect, lit 
seemed reasonable to conclude that 
the drop-size distributions were 
probably influenced by the total 
wetted periphery for liquid dis- 
charge from the disk: however, 
the data on this &ect scattered so 
much that a significant correlation 
cannot be proposed a+ this time. 
Therefore, the inclusion of wetted 
periphery in the general correla- 
tion of drop size must be regarded 

FIG. 8. EXAMPLE OF INCONCLUSIVE EFFECT O F  VANE 
LENGTH ON DROP SIZE AT VARIOUS CUMULATIVE 

PERCENTAGES. 
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as tentative, but apparently, the 
effect is small. 

Figure 8 shows typical plots of 
all the data on the effect of vane 
length on the drop size for a range 
of vane lengths from 0.376 to  1.63 
in. The effect is inconclusive. Addi- 
tional data involving a wider varia- 
tion in vane length should be con- 
sidered before a quantitative stake- 
ment can be made concerning the 
effect of this variable on drop size. 

The dimensional group of varia- 
bles involving feed rate, w; periph- 
eral speed, N D ;  and superficial 
total wetted periphery for liquid 
discharge, L, = nb,  was combined 
with drop diameter, x, to give the 
ordinate for a generalized drop- 
size-distribution correlation as fol- 
laws : 

y = x (ND)0’83 (n5,0*12/~0’24 (3) 

The experimental data were com- 
bined into the dimensional group 
given by this equation and plotted 
on square root-normal probability 
coordinates as shown in Figure 
lla and b. The data fell on a path 
about a straight line having con- 
stants 

2 w-0.241 m = 92.5 X 10 
2 u,, = 49.0 X 10 

where m refers to  the median value. 
The scale of the ordinate and the 

values of the constants for the 
straight line are  based upon the 
following units for the variables: 
x = microns, N D  = hlmin. ,  nb  = 
in., w = Ib./min. 

DISCUSSION OiF RESULTS 
Weight Distribution. The general- 

ized weight-distribution correlation 
(shown in Figure 5a and b )  indi- 
cates how disk speed, feed rate, and 
disk diameter influence weight dis- 
tribution or spray trajectory. The 
correlation is valid only in the  
ranges of the variables studied in  
this investigation. Data obtained 
for disk speeds as low as 500 rev./ 
min. did not follow the correla- 
tion, as Figure 10 shows. This was 
due to the fact that  the liquid did 
not atomize completely and tended 
to  pour off the disk in continuous 
streams. Limited data for a 2-in.- 
diam. disk (V-12) rotating a t  
about 13,000 rev./min. and fed a t  
a rate of about 0.3 Ib./min. also 
failed to agree with the correla- 
tion (Figure 9 ) .  However, the  lat- 

Vol. 1, No. 2 

CUMULAT~M VOWME PERCENT OF SPRAY 
LESS THAN x .  

FIG. lla. 

CUMULATIVE VOLUME PERCENT OF SPRAY 
LESS THAN x .  

FIG. llb. 

ter  condition of fine atomization 
made collection of the spray very 
difficult. 

The trajectory data of Adler and 
Marshall(2) and Friedman et  al. 
(10) for straight- and curved- 
vaned disks were plotted in terms 
of the generalized correlation in 
Figure 11. The data of the former 
authors for the straight-vaned disk 
were fitted well by the correlation; 
the data for the curved-vaned disks 
were slightly low. The fact that  
Friedman et  al. did their weight- 
distribution samplling in a plane 
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10 in. below the atomizer instead of 
36 in., as ‘in this study, may account 
in part for their data for the 
straight-vaned disk falling below 
the correlation of this study. 

In the investigation by Friedman 
et al. of the influence of variables 
on weight distribution, (it was 
found that spray trajectory varied 
directly with disk speed, feed rate, 
and disk diameter all t o  the 0.25 
power. While their results agreed 
with the results of this study inso- 
f a r  as the effects of feed rate and 
disk diameter are concerned, there 
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was no agreement on the effect of 
disk speed. There lis no apparent 
reason for this disagreemenrt. Off- 
hand, it would seem logical that  
higher disk speeds also act to pro- 
duce smaller drops, or a finer spray. 
Since small drops decelerate more 
rapidly than large ones, the spray 
trajectory should not increase with 
speed, but may even decrease, as 
found in this investigation (See 
also Figure 17 of reference 2) .  

Because air currents and objeds 
in the spray chamber were observed 
to cause billowing of the spray-air 
mass, i t  is believed that the abso- 
lute values of spray trajectory 
which can be predicted by the gen- 
eralized weight-distribution corre- 
lation may be unique for the ex- 
perimental setup used in this in- 
vestigation. However, the correla- 
tion should prove useful in other 
disk - atomization setups using 
straight-vaned disks for prediction 
of how an established weight dis- 
tribution should be influenced by 
disk speed, feed rate, and disk 
diameter. 

One application of the weight- 
distribution correlation is the pre- 
dict'ion of the required diameter of 
a spray tower to  perform a given 
operation such as spray drying. In 
this connection, i t  is evident that 
the correlation of Figure 5a and b 
is conservative ; i.e., presumably 
the spray from a disk in a spray 
dryer will not travel outward as 
f a r  as this correlation would pre- 
dict. This is true for two reasons: 
(1) the drops are  undergoing dry- 
ing with a reduction in density 
which reduces their distance of 
travel, and (2) downward air  cur- 
rents in the dryer would disturb 
the spray trajectory. As a conserva- 
tive estimate, however, i t  is possi- 
ble to write, on the basis of the 
correlation in Figure 5a and b, the 
following empirical expression for 
the radial distance to which 99% 
of the spray will travel: 

(4) 
12 Do*21 womZ5 RQQ = --- 

\ ,  

No.16 
Rss is the radial distance in feet, 
which includes 99% of the mass 
of the spray. 

A comparison of this equation 
with an existing installation is of 
interest. A spray dryer atomizing 
80 1bJmin. from an %in. disk oper- 
ating at 10,000 rev.lmin. is per- 
forming satisfactorily in a 20-ft.- 
diam. chamber. These data substi- 
tuted in Equa'tion (4) predict a 
radius, RS9, of about 12.5 ft .  or a 
25-ft.-diam. chamber confirming the 
conclusion that Equation (4) is con- 

servative for spray-dryerdiameter 
estimates. 

Drop-Size Distribution. In Figure 
l la  and b are plotted the drop- 
size-distribution daka for eleven 
experimental disks in the form of 
a generalized correlation. This cor- 
relation shows how disk peripheral 
speed, feed rate, and wetted 
periphery of the disk vanes af- 
fect the drop-size distributions of 
sprays produced by vaned-disk 
atomizers. 

Exkension of the correlation to  
higher disk speeds, lower feed 
rates and smaller disks was indi- 
cated as feasible from drop-size 
data on a 2in.-diam. disk (V-12) 
a t  feed rates of less than 1 lb./min. 
and a t  speeds up to 32,500 rev./min. 
This is shown in Figure 12, where 
the drop-size data for these con- 
ditions have been plotted to com- 
pare with the general correlation 
of Figure l l a  and b. 

This generalized correlation can 

CUMULATIVE VOLUME % LESS THAN x 

FIG. 12. EXTENSION OF DROP-SIZE CORRELATION TO HIGHER DISK SPEEDS. 

FIG. 13. 
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FIG. 14. 

FIG. 15. COMPARISON BETWEEN DROP 
COUNTER AND MANUAL COUNTS. 

be used within the experimental 
range to predict within 25% or 
better the drop-size distributions 
of sprays produced by straight- 
vaned disks. The correlation can 
also be used to determine trends in 
spray uniformity. The reciprocal 
of the  difference between the drop 
diameter which included 84.12 vol- 
ume % of the spray and that which 
included 50.0 volume '% {is a meas- 
ure of spray uniformity. In  terms 
of variables studied, uniformity 
may be expressed as 

6 = 2.04 x lov4 ( ? r ~ ~ ) 0 - 8 3  

(5) 
( ~ ~ 1 0 .  12/w0.24 

This relation shows that  spray 
uniformity increases as peripheral 
speed increases, as total wetted 
periphery for  discharge increases, 
and as feed rate decreases. These 
effects are all confirmed by ex- 
perience. 

Drop-sfize-distribution data for 
vaned-d'isk atomizers reported in 
the literature are meager. Only the 
data of Adler and Marshall(2) and 
Friedman et al. (10) were available 
for comparison with the general- 
ized correlation. I n  order to  de- 
termine the applicability of the 
correlation to the literature data, 
they were put in the form required 
by the dcimensional group of Equa- 
tion (3) and plotted in Figure 13. 

The data supplied by Adler and 
Marshall for both straight- and 
curved-vaned disks compared well 
with the correlation; however, the 
data of Friedman et  al. fell below 
the correlation of this study. This 
disagreement might be due to a 
number of causes, e.g., differences 
in drop-sampling procedures, dif- 
ferences dn total numbers of drops 
counted, etc. It was believed that  
sufficient drops were counted in 
this study to ensure reliable trends 
of the data. Further; reproduci- 
bility of the data appeared accept- 
able, as Figure 14 indicates. An- 
other factor lending confidence to 
the data of this study was the re- 
moval of the human error from 
the drop counting. The drop coun- 
ter used and described in reference 
1 gave consistently more reliable 
results than manual counting. This 
was checked many times. A typical 
comparison between a reliable 
manual count and the drop-counter 
count is shown in Figure 15. 

The investigation of Friedman 

et al.(lO) indicated that  the effect 
of disk speed on drop size was in 
the same direction as found in this 
work, but to a smaller degree Ccf. 
Equation (l)]. They reported that 
average drop size varied inversely 
with disk speed to the 0.6 power. 
They agreed as to  direction and 
order of magnitude of feed rate, 
finding drop size to increase di- 
rectly with feed rate to the 0.2 
power. Because of insufficient data, 
they tentatively proposed that  drop 
size varied inversely with disk di- 
ameter to the  -0.2, a much smaller 
variation than found in this study. 

In order t o  utilize better the 
drop - size - distribution comelabion 
given in Figure lla and b, per- 
fomance charts (Figures 16 and 
17) were prepared to show how 
the drop-size distribution varied 
with peripheral speed in one case 
and with feed rate in another. Fig- 
ure 16 shows the drop-size distribu- 
tion (volume basis) on a log-prob- 
ability plot fo r  disk peripheral 
speeds ranging from 50 to 300 ft.1 
see. These lines show how spray 
uniformity improves with disk 
speed. If plotted on square root- 
probability paper, the lines would 
be straight. A correction-factor 
curve for feed rate is given in the 
insert graph. A similar plot show- 
ing the  variation of distribution 
with feed rate is given in Figure 
17. Here a correction-f actor curve 
for peripheral speed is included. 
The correction for wetted periphery 
is small but can be tentatively in- 
cluded for  both charts on the basis 
that  the drop size varies with 
( n b )  -O 12. 

Atomization Mechanism. High-speed 
still and motion pictures were taken 
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FIG. 16. PERFORMANCE CHART FOR ESTIMATING THE EF- 
FECT OF PERIPHERAL SPEED ON DROP-SIZE DISTRIBUTION 

FROM VANED DISKS. 

FIG. 17. PERFORMANCE CHART FOR ESTIMATING THE EF- 
FECT OF FEED RATE ON DROP-SIZE DISTRIBUTION. 
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FIG. 18. HIGH-SPEED MOTION PICTURE FRAMES SHOWING COARSE LIGAMENTS 
FORMED AT LOW DISK SPEED; N = 640 REV./MIN., w = 30 LB./MIN. 

of the atomization action at the 
periphery of the vaned disks in an 
attempt to determine what mechan- 
isms were influencing the spray 
formation. Because the action above 
1,500 rev./min. was t oo  rapid to be 
stopped by the high-speed motion 
picture camera, the motion pictures 
were confined to shots of the disks 
operating a t  speeds of 700 and 
1,500 rev.imin. Hawever, high- 
speed still pictures were taken of 
the disks operating a t  5,000 rev./ 
min. 

The atomization action appeared 
to change as disk speed was in- 
creased from 700 to 5,000 rev./min. 
At  the low disk speeds liquid issued 
from the disk in heavy streams 
from each vane. P a r t  of the liquid 
seemed to flow along the lower disk 
plate as well as along the surface 
of the vanes. The liquid discharged 

from each vane retained its stream- 
shaped identity for some distance 
beyond the disk, where it then 
broke up. The breakup occurred as 
the end of the stream spread out 
into a sheet which flapped like a 
flag. Heavy ligaments extended 
from this sheet and also trailed 
from the main stream between the 
sheeted end and the  disk per3iphery. 
From the ligaments and from the 
sheet itself, irregular globs and 
drops of varied sizes were formed 
as shown in the high-speed movie 
frames of Figure 18. 

At  disk speeds of 1,500 rev./min., 
the  liquid streams issuing from the 
disk vanes appeared to be thinner 
than those at lower speeds. Liquid 
flow along the lower disk plate was 
less noticeable. The end of the dis- 
charged stream was formed into a 
thinner, filmlike sheet from which 

FIG. 19. HIGHSPEED MOTION PICTURE 
FRAMES SHOWING FILM FORMATION 

w x 30 LB./MIN. 

FOLLOWED BY LIGAMENT FORMATION 
AND COLLAPSE; N = 1,500 REV./MIN., 

ligaments were torn. At several 
intervals between the sheeted end 
of the stream and the disk periph- 
ery, eruptions occurred in the 
stream with the resultant forma- 
tiion of thin-walled, balloonlike 
films. These balloons were laced 
with heavier ribs of liquid and 
grew until they seemed to burst to  
foTm drops, as shown in the se- 
quence of high-speed movie frames 
in Figure 19 and the high-speed 
still in Figure 20a. 

High-speed still photographs of 
atomization a t  disk speeds of 5,000 
rev./min. showed that, instead of 
solid streams of liquid emerging 
from disk vanes, the liquid ap- 
peared to disintegrate from a film 
almost as soon as i t  was discharged 
(Figure 2 0 b ) .  The liquid flowed 
along the vertical surface of the 
vanes and appeared to touch the 
surface of the lower disk plate 
only to the extent of the width of 
the  film. Disintegration appeared 
to  be the result of the collapse of 
short ligaments extending from the 
filnis. No formation of globs of 
liquid from the films was observed. 

IIigh-speed photography a t  a 
fixed disk speed showed that  an in- 
crease in feed rate resulted in 
larger, less filmlike streams of 
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s,, = Sauter mean drop diameter 
ZJ = ordinate value on probabi1,ity 

plots 

FIG. 20. HIGH-SPEED PHOTOGRAPHS OF VANED DISKS ATOMIZING DYED WATER. 

liquid being discharged from each 
vane. The disintegration of such 
streams appeared to produce more 
globs of liquid and larger drops. An 
increase in vane height resulted in 
thinner, more filmlike streams of 
liquid being discharged from each 
vane. Such streams disintegrated 
to produce fewer large masses of 
liquid and smaller drops. 

Analysis of the high-speed pho- 
tographs indicated tha t  the atom- 
ization mechanism was to a large 
extent governed by liquid velocity, 
increases in which resulted in finer 
atomization. It was also observed 
that the quantity of liquid dis- 
charged per unit length of dis- 
charge periphery influenced atom- 
ization. The smaller the quantity 
of liquid, the finer the atomization. 
On the basis of these two observa- 
tions, it is believed that the liquid 
disintegration was largely the re- 
sult of turbulence of the high- 
velocity liquid stream as it left 
the vanes. In  this respect, the 
mechanism is similar to pressure- 
nozzle atomization. The friction 
created by the relative velocity of 
the liquid stream with t h e  sur- 
rounding air  probably had some 
effect on the breakup, but not a 
major one. 

The atomization mechanism for  
liquid disintegration from vaned- 
disk atomizers is rdec ted  in the 
generalized drop-size-distribution 
correlation, which stipulates that  
finer, more uniform sprays are pro- 
duced by an increase in peripheral 
speed, Le., increased liquid velocity, 
and by increased wetted periphery 
or  by decreased feed rate, both 
factors contributing to the forma- 
tion of thinner films of liquid. 
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NOTATION 
b = vane height 

D = disk diameter 
L, = superficial disk wetted periph- 

ery for  liquid discharge = nb 
I, = vane length 
N = rotational speed of disk 
n = number of vanes for  a disk 
r = disk radius 
R = spray radius or trajectory 
R,, = radial distance, including 

V ,  = disk peripheral speed, ft./sec. 
w = liquid feed rate, 1b.imin. 
x = drop diameter 

xe0 = drop diameter below which 
60% of the mass of the spray 
lies. 

99%of mass of spray. 

Greek Letters 
u = Hatch dispersion coefficient 
6 = measure of uniformity 
r = feed rate of liquid atomized 

based on wetted periphery, 
lb./ (min.) (ft.) 

(r = surface tension 
bW = standard deviation for  gen- 

eralized weight - distribution 
correlation 

G, = standard deviation for gen- 
eralized drop size 

p = liquid viscosity 
p = liquid density 

Subscripts 
m = median value 
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