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DIGEST

The object of the work described in this report was to study the
factors affecting the atomization of nonvolatile liquids with cold gas (com-

prea%r).

Bis(2~-ethylhexyl)hydrogen phosphite was atomized by compressed
air using a device similar in design to a multicompartment thermal generator
and equipped with various nozzle configurations. Several different sampling
techiniques were used &s a means of characterizing the aerosol produced. The
data obtained were compared to the Nukiyama-Tanasawa equation character-
iring the process, and the application of the cold gas technique to a practical
munition device was considered.

As a result of the investigation conducted, the following conclusions
were drawn:

@. ‘f%e aerosol prodﬁced by the compressed-air-operated
laboratory device can be characterized for most of the nossle designs con-
sidered by the Nukiyama-Tanasawa relationlhip)

(23. | '?;e parameter most significantly affecting the atomisation
Pprocess for & given liquid is the volume ratio of liquid to gas,

(}) Fhe four sampling techniques examined presented varying
<egr ees of correlation to ¢ach other and to the value predicted by the

Nukiyama-Tanasawa relationship,\The swinging-arm technique appeared to
‘e tne most suitable on the basis_of accuracy and ease of operation.

({ The cold gas atomization technique considered did not
appear to be practicaple for incorporation into a chemical munition because
©of low liquid capacitypsiris technique, however, provides & means of pro-
<ucing, without chemit)] decomposition, an aerosol having the desired
<haracteristics.
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COLD GAS ATOMIZATION OF LOW VOLATILITY LIQUIDS

L, INTRODUGTION.

A, Object.

The object of the work described in this report was to study the
factors affecting the atomization of nonvolatile liquidl with cold gas (com-
pressed air).

B. Background.

In the operation of a thermal generator, a liquid is inserted into
the hot gas stremm produced by a burning pyrotechnic. The hot gas is directed
at Thigh velocity through a noxxle that may be of either venturi or straight-
tube design. The liquid injected into the gas stream in the noxxle iz thus both
atomixed and vaporized. The vapor thus produced subsequently condenses
in the atmosphere to produce an aerosol.

Although some performance data of the venturi-type thermal
generator in disseminating a nonvolatile CW agent had been obtained, no
coxrremtion was sstablished beatween the operating conditions of the device
and the aeromol produced. Through minor design changes in the unit, the
aex-osols produced bave ranged from an asrosol consisting primarily of
particies of from 10g to 200§ in dizsmeter to an serosol l:?vin; from 50%
to 70%, by weight, of particles less than 104 in diamater.

During previous sxpsrimantation with this test device, messure-
memnt of the variables belisved importaet in producing the desired asrosol
was quite difficult, The Interdependencs of such varisbles as gas-flow rate,
fusl-block burning pressurs, and temperasturs, for example, did not permit
the demired contxol of performance. Morsover, variations in the aerosol
produced could mot be erishlished becmizs of either device-operation or
sex0iol-assennnent tachnigues.

Accordingly, the work reperisd hersin was initinted (1) to da-
terzalne the variables that significantly alfsct stomixation without the in-
finene of kigh w ﬁmpwwﬁ; and {2) io svaluasts the various ssyosol-

1plim  Appliad {0 thass sarosol-producing Mn;g A
sexies of mﬁw wis conducted with & cold-gas {compressed-air)
stoanizing device using the mwmﬁnmmmm

ia o



equipped with various nozzle configurations (figures 1 and 2, appendix).

The field of compressed-air liquid atomization is one in which
considerable effort has been expended. Many investigators have examined
the mechanism of aerosol formation, sampling, and evaluation, and a broad
review of the subject may be found in the literature.’ It is generally sgreed,
however, that some of the more¢ important factors governing atomization in-
clude the ratio of liquid to gas, relative velocity of liquid to gas, and the
physical properties of the liquid and gas.

Review of the literature pertinent to atoniization indicated the
ger=ral ap j»licability of an empirical equation derived by Nukiyama and

Tanasiwas:
D, - 585Y0 . co9 VH 0.45 cooo ar \1-5.
P | % ) (1)
where
D, = Sauter mean diameter, microns

v = velocity difference between liquid and gas, m/sec

volume of liquid per unit time, ml/sec

D
-
W

volume of gas per unit time, ml/sec

f

p = density uf liquid, gm/mil
u = visccsity of liquid, poise
C = surface tension of liquid, dynas/sq cm

Generally verifisd by thess and other inveutigators was a
limiting ratio of Qg /QG, the validity of the equation for velocities of ub-

sonic and sonic gases, and the independence of nosxle configurations.is%s3; 4.5

In detsrmining the atomisation characteristice of a nossle design somewhat
different from those previously examined, it we.s belisved that equation (1)
could still be utilised. Therefore, the meksurememt and the theoretical sig-
nificance of the equation paraineters were necessary.



Inherent in determinjng the parameters describing an aerosol
distributior, ifor example, Sauter mean diameter (D) or mass median
diameter ,MMD), are the errors assiciated with sampling and the statistical
error ¢ any slide particle analysis. The technique of simply passing a
microscope slide through the atomized jet issuing fromm a noxzle has been
rather successful in sampling the aerosol produced. Because of decreasing
impaction efficiency with decreasing particle size, however, any calculation
of Dg using this technique would be fallaciously high if & significant quantity
oi the mass is less than 10p in size. Moreover, the problems of obtaining
a statistically valid particle-size distribution from slides are recognized,
and only a sufficiently large sample will adequately characterize the larger
or tail end of a distribution that signifi~antly influences any value of D, or
MMD. Ag an aid in reducing the aforementioned errors, other techniques
of aerosol sampling were used to supplement the single waved slide. These
techniques used floor slides and air-sampling filters after specific periods
of stirred settling.

As a convenient proéedurc in calculating experimental values
of Do from equition (1), a graphical solution requiring two charts was
prepared. Equation (1) reduces to:

Do = b+ (i) 5 (2)
where

b = 385Y0 (24)

c = 597M 048 (2B)

a = 1000Qp/Qq (2C)

Rearranging equation {(2) and putting it into logarithmic form:
log (D ~b)=logc +1.5l0g 2 (2D)
By substituting the physical constants of the liquid, bis (2-

ethylhexyl)hydrogen phosphite, equation (2A) can be rearranged, and b
versus v can be plotted (figure 3, appendix).



Similarly, equation (2D) can be plotted as (D,~b) versus (1000
QL/Q@G) (figare 4, appendix). Thus, knowing v {and b) and the ratio (1000
QL/ Qq), D¢ can Lz interpolated directly, The above relation was calculated
for liquid temperatures of 20°C representing temperaty conditions, and for
7°C, representing the general temperature level during winter experimenta-
tion.,

. EXPERIMENTATION.

A. Test Chamber.

The aerosol-dissemination chamber used in this program measures
16 by 16 by 12-feet and has avolume of 87«<cu'm. The chmmber is equipped
with compressed-air tanks and has facilities for the measurement of pressure,
flow rate, and temperature.

The chamber floor is marked in & symmetrical, circular, floor-
grid pattern for positioning the microscope slides utilized in aerosol evalu-
ation (figure 5, appendix). Various geometric patterns consisting of a smialler
number of slide positions were derived from this basic pattern. Nine posi-
tions were marked on the chamber walls. These positions were in the center
of nine equal wall areas on the lower half of each wall,

B. Materials and Equipment.

1.  Aerosol-S8ampling and Measuring Devices.

a. Air-Sampling Devices.

Filter equipment consisted of two filters as a pair at the 2-,
4-, and 0-foot levels on & pole. Generally, three such sampling poles were
utilixed, A Cenco Cat. No. 93970 vacuumn pump was used for the six
samplers on each pole. Critical orifices controlled the air flow through
each filte>:. Ome layer of 50% Vitron 112 and 50% Vitron 106, manufactured
by Glass Fibers, Inc., was used for sampling. In some experiments, liquid
bubblers for vapor sampling were used in series behind the filters.

b. Irgpc' Mctmaeter.

Some success his been attained by other investigators in

sampling the asrosol produced by an ttomuhgsdcvicc by simply exposing
a microscops slide in the issuing j-t‘ 2:3,4:5 Based on this principle, a
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device called an Impactmeter was designed. It rotated slides under an open

1 -inch-wide slot positioned at the approximate center of the atomisging jet
{figure 6, appendix). The slides were rotated at approximately 3 ft/sec under
the slot.

Based on the same principle was a awinging arm, which moved
laterally across the aerosol issuing from the atomizing nozsle. Three
_microscope slides were mounted cn the arm so that the center and points
. midway between the center and circumference of the aerosol stream were
: crossed. The velocity of the arm was approximately 3 ft/sec.

i

c. Floor Slidcu

Standard 3-inch by l-inch microscope slides were used for particle
analysis and material balances. The particles deposited on the floor slides
were tounted and measured by a device described in a previous reportﬁ'

2. Atomizin‘_Device and ﬁoulu.

The device used for the compressed-air atomisation is illus- .
trated in figure 1, appendix. The various nossle designs are shown in figure

Z: Wu -

3. Instruinentation.

Pressure measurements were accomplished by a Sanborn Model
127 recorder and various commercial gauges. Gompressed-air-flow rates
wers determined by the use of a 1l -inch, sharp-edged orifice in & 2-inch
standard pipe with pressure taps connectsd to a U-tube manometer. Liquid-
flow ratos were deterniined from data of the duration and quantity of feed.

4. V-Agent Eimulant,

Ths liquid used in all experimentation was bis(2-ethylhexyl) ;o
hydrogen phosphits.

C. Procedure.

1. Compressed-Air Atomisation,

A device similar in design to a3 muliicompartment thermal gener-
ator and equipped with mossles of yarious configurations was used in the
compressed-air atomisation of $ié liquid. Air-flow rates were determined

!
4
b
1
vy
%




prior to experimentation as a function of chamber pressure and liquid-feed
pressure. Plotting these data permitted interpolation of aix -flow rates for
any operational condition (figure 7, appendix).

The atomizing device was suspended from the ceiling of the
chamber, and the aeroeol produced was directed vertically downward, During
aerosol production, the Impactmeter and arm-sampling devices were utilized
both in conjunction with the floor slides and separately in duplicate experiments
Upon completion of dissemination the aerosol was subject to stirred settling for
a period of 30 minutes. Filter samples were obtained during the last 3 minutes
of this period. Based on spherical-particle-settling laws, air-sampling data
at this particular time indicated that the quantity of material was generally less
than 10y in size. Upon removal from the chamber, the floor slides were ex-
amined for particle-size measurements and later chemically analyzed for ma-
terial-balance calculations. The material-balance calculations were supple-
mented by the air-filter data and additional slides were placed on the chamber
walls.

All glass slides und for particle-size analysis were cleaned
and processed by May's method? prior to use. Droplet-spread factors (the
ratio of the diameter of the droplet as a sphere in the air to the diameter
of the same dropist while on the glass slide) were also determined by May's
method. These experimentsl data compared within 5% of data obtained by
a completely different technique. 8

2. Ct@gnhtioni.

&. Particle Sixe.

As noted ia figure 5, appendix, there were 45 sampling slide
positions. KEach slide was examined, and & minimum number of 500 par-
ticles were counted and measured. The device used in particle counting and
in the microscope-projection magnification was adjusted to the particles
could be separauted into 17 intervals accordiag to sise. The projected
magnification was 300 power, which permitted measursmant of particles from
44 to 1754 in intervals of approximately 10u sach.

The same totxl ares on the slides was sxamined, and in those in~
stances where a larger slide ares was necessary $0 maintain the minimum
of 500 particles, the data were adjusted to an equal area basis. In figure 5,

appendix, the solid circular lines depicting annuli were congidered as being
represented by the slides within them. For example, the eight slides of

10



ring 1 repreaent the annular area between circles having radii extending to

the midpoint between ring 0 and ring 1 and between ring 1 and ring 2. All

the slide particle-size data of & ring were multiplied by a factor corrdasponding
to the ratio of annuli areas. The factors for the 3- by l<nch slides are shown
in table 1. |

TABLY 1

AREA FACTOR FOR
PARTICLE-SIZE CALCULATION

0 113 113 1.0

1 905 113 1.0

2 | 3054 | 382 | 3.38

3 7240 905 8.0

4 10,860 1360 | 12.0 |
5 11,270 1410 12. 5

6 | 3420 356 7.6

Upon completion of adjustment for the slide srea examined and
floor area represented, the numbers of particles in each sixe interval were
totaled. The totals and the corrssponding particle~sise-interval midpoint
wers the basis for calculation of D, from the general equation:

Znd

R e
where -
n x the number of particles in a size interval -t

d x the midpoint diameter of a sise intarval

11
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The same general type of calculation wa. ue~d when other geo-
metric patterns of floor slides were utilized. In determining D, from the
Impactmeter and arm-sampling slides, the counting data obtained were totaled,
and D, was calculated directly. '

b. M‘atre»rial Balance.

Upon completion of slide particle analysis, the floor and wail slides
were cherically analyzed for liquid agent. The total material on ali slides of
a grid ring was divided by the total area of the same slides yielding a concen-
tration per square inch. This value of floor concentration was representative of
the annulus aiea corresponding to the ring. The quantity of agent in each annu-
lus area was summed to give the total quantity on the floor.

The same general type of calculation was performed for the slides
positioned on the chamber walls. The liquid airbsrne at 30 minutes was cal-
culated directly from filter-sample analysis and sampling flow-rate data.
Agent recovery was the percentage value of the liquid recovered, divided by
the total liquid disseminated.

D. Results.

1. Aerosol Particle-Size Anilynis.

The aerosol data obtained from the compressed-air atomizing
device are plotted in figures 8, 9, and 10, appendix, as is the value of D,
as predicted by the Nukiyama-Tanasawa equation from the operating conditions.
Also shown for purposes of comparison in figure 8, appendix, are the values
of Do as computed from the Impactmeter, arm, and the 45- and 16-floor
slide patterns. The generalized aerosol distributions, as a function of Qy,
in ml/sec taken from the data in figure 8, appendix, are plotted in figure 11,
appendix. A logarithmic-normal distribution. was assumed for the aerosol
distributions for purposes of pressntation. The exact type of distribution was
not determined, but the experimental data were closely approximated by the
logarithmic-normal curve. Ths aerosol data illustrated in figures 9 and 10,
appendix, were also closely approximated by a logarithmic-normal distribu-
tion. , .

2. Material Balance.

The sxperimental data obtained in performing the chamber
material balances are shown in table 2.

12 |
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II. APPLICATION OF ATOMIZATION EXPERIMENTATION.

Based on the experimental data, it was of interest to determine the
basic design of a compressed-air munition device capable of producing specific
types of aerosols. The general procedure followed was to determine the
QG/Qy, ratio required to produce a given aerosol and then to calculate the nec-
essary relative volumes of liquid and gas. For example, in figure 8, appendix,
a ratio of Q/Q), = 4000 was required to produce an aerosol with a Dy value of
20p. From figure 4, appendix, an aerosol distribution with an MMD value (cu-
mulative mass of 50%) of 20 was interpolated. This aerosol distribution, - -
which has 95% of its mass in particles smaller than 40u, was produced at a
flow rate of 5-ml/sec with the experimental system. D, and MMD were as-
sumed to be approximsately equal in-this relstively narrow particle-size dis-
tribution. If Q3 were 5 ml/sec then Qg would have to be (4000 x 5) or 20,000
ml/sec at mbient conditions.

A munition device with a total available volume of 1000 ml was
assumed, and the relative volumes of liquid and gas (at various holding pres-
sures) and munition wall thickness {calculated by hoop tension) were deter-
mined, Similar calculations were performed in analyzing the system with
nossles similar to those in figure 2, appendix, items a and b, which could
produce an serosol with a D, of 40p (QG/QL = 2000) and & D, of 90) (Qg/QL,.=
1000). Inthese latter two e:umplac was also assumed to be equivalent to
MMD, although, more rigorously, M)fD should be calculated from the particle-
size-distribution data that yielded the value of D,. Generally, the:expsrimental
data indicated that MMD/D, was from 1.0 to 1, 3 in the D, range of 15u to 200p,
The results of these calculations are shovm in table 3 and indicate the imprac-
ticability of the munition system for the production of aerosols because of the
low liquid capacity. The use of a gas other than compressed air, for example,
helium ox carbon dioxide, or the use of nonsles of other designs may prove

more practicable.

The characteristics of the asrosols produced by the atomising
device, for most of the nossles considered, agree well with the D, values
predicted by the Nukiyamx-Tanasawa equation. The performance data of all
nosxzles indicated & limiting ratio of approximately Qg/1000 Q;, = 5. Larger
values of the ratio did not produce particles smaller than 13p to 15, a fact
that confirms earlier data of other investigators. 3 The performance of the
small venturi and colled-tube nossles, however, yields values of D, that are
consistently lower than expected at Qg/1000 Qy ratics less than 5. ®The data

14
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of both nozzles are well beyond the estimated experimental error. Since the
coiled-tube-nozzle design is rather unconventionzl, abnormal results might
have beep expected but data of the small venturi nozzle are contrary to earlier
£indings.5 Although no firm explanation can be proposed, it is believed that the
flow conditions within the nozzle, i.e., velocity changes, and the magnitude and
position of standing pressure waves, may have been contributing factors.

The variation of some of the experimental points illustrated in
figures 8, 9, and 10, appendix, is partially the result of experimental error,
In the re; .on of QG/1000 Qp, = 1, a very slight change in the ratio causes a - -
large variation in Dy, The experimental precision in the measurement of
and Qp was such that closer agreement could not be attained, and, therefore,
the variation could be expected. It will be noticed that the points in this region
also fall below the Nukiyama-Tanasawa curve rather than on both sides. It is
believed that this condition is caused by incomplete measurement of the larger
particies existing in the aerosol distributions. If a more represeniative num-.
ber of the larger particles had been observed and counted, the D, values shown
would have been greater.

The same gener;l type of statistical error probably existed in the
range of Q¢/1000 Q. In this region of relatively small particles, <30,
insufficient very lmtll pnrtxclea actually impacted on the slides of the Im-
pactmeter, thus influencing the experimental Dy towards a value gresatexr than
the Nukiyama-Tanasawa predicted value. If these data were to be adjusted on
the basis of the quantity of liquid airborne as shown in table 2, the values of
D, would be decreased as much as 15%. Also, this series of experiments was
performed in colder weather and, as ssen in figure 3, appendix, the decrease
from summer to winter temperatures increased the theoretical yalue of D,
approximately 15%.

Generally, the data presented in figure 8, appendix, indicate
reasonable sampling validity of any of the four techniques used. Floor-slide
sampling would be expected to yisld the most representative data. The 45-
and 16-floor slide patterns indicated good greement between both the pxitern
and the Nukiyama-Tanasawa predicted valueé. Impactmeter data appeared
more variable, whereas, the swinging-arm-slide data appeared to be more
consistent. Possibly, the manner of sampling made it feasible to take a more
represantative asrosol-particle sample with the swinging-arm technique than
with the Impactmsetar.

It is obvious from table 2 that sampling by the floor-slide
techniques accounted for slightly more than half the total liquid disseminated.
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From the apparent correlation of the experimental data to the theoretical in-
formation shown in figures 8, 9, and 10, appendix, it is believed that the ex-
perimental values obtained were reasonably representative of the entire
aerosol produced.

V. CONCLUSIONS.

s | As a result of the investigation conducted, the following conclusions
were drawn:

1. The aerosol produced by the compressed-air-operated
laboratory device can be characterized for most of the nozzle designs con-
sidered by the Nukiyama-Tanasawa relationship.

2. The parameter mor. significantly affecting the atom-
ization process for a given liquid is the volume ratio of liquid to gas.

e e e e mm i i A - ek P e e A -

3. The four sampling techniques examined presented
varying degrees of correlation to each other and to the value predicted by the
Nukiyama-Tanasawa relation. The swinging-arm technique appeared to be
most suitable on the basis of accuracy and ease of operation,

4. The cold gas atomixzation technique considered did not
appear to be practicable for incorporation into a chemical munition because of
low liquid capacity; this technique, however, provides a means of producing,
without chemical decomposition, an aerosol having the desired characteristics.
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FIGURE !
LABORATORY THERMAL GENERATOR, E-37
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Gas Flow

* in, i.d.,

(o) 2 ins long.

i‘ in, ie.de,

6 inq lohg.

Alternate feed
positions,

(b)

0,126 in. throat,
8 1‘0 lm'
§° taper.

()

0,250 in, throat,
3 in, long,

5° taper,

(a)

(o)

£ in, 1.4,, 2 in, long R in, copper
twin feed inletss H | tmu ‘

Axrrows indiocate positiom of liquid
Dravings are to scale,

FIGURE 2

NOZZLE DESIGNS
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it W s

Dimensiomns: NOTE: Blocks indicate 45-slide
a = 12«in, radius d = 72«in, radius pattern, Solid blocks
b = 24-in, radius ¢ = 96-in, radius indicate 16-slide pattern,
¢ = 48~in, radius f =120-in, radius |

FIGURE 5

CHAMBER FLOOR-SLIDE GRID PATTERN
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FIGURE 6

IMPACTMETER SHOWING ROTATING SLIDES AND COVER SLOT
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