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a

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 ir).

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
techniques were used as a means of characterizing the aerosol produced. The
data obtained were compared to the Nukiyama-Tanasawa equation c-haracter-
igi the process, and the applicat4 on of the cold gas technique to a practical

munition device was considered.

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

( 1 e aerosol produced by the compressed-atr-operated
labo-ratory device can be characterized for most of the nossle designs con-
sidered by the Nukiyama-Tanasawa relationship,

(4 -the parameter most significantly affecting the atomisation
:process for a given liquid is the volume ratio of liquid to gas,

fhe four sampling techniques examined presented varying
4degrees of correlation to each other, and to the value predicted by the
3qukiyani.-Tanasawa relationshi f'he swinging-arm technique appeared to
be tne most suitable on the basis accuracy and ease of operation.

(4 The cold gai atomization technique considered did not
appear to be practic le for incorporation into a chemical munition because
4of low liquid capacity s technique, however, provides a means of, pro.
Aduc ng, without chom Lk decoposition, an arosol having the desired
cha-acteristic3s.
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COLD GAS ATOMIZATION OF LOW VOLATILITY LIQUIDS

I, INTRODUCTION.

A.,O ,

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

B. Background.

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

Although some performane dat of the venturi-type thermal
generator in dilsom tg a oAnvol le OW agent had beon obtaied, no
correlation was *#tbished betwen the 0porating conditions of the device
and the aerosol produc*. Through _mner design changes in th* unit., the
aerosols producod Eave ranged from an aerosol consisting primarily of
particles ot from l0p to 200p in d ter to an aerosol biving from 50%
to 70%. by weight, of particles less than lO in diarter.

During previous exprrr iinsttn with this test device, rnaur~e
mat of the ve raes bWloS z Wrtaul- I produ cIng the desired arosol
was qut. difficult. The bterneMance of such vuables as Sao-fow rat,
fuelblock Wznqa preenars, ad temperflre, for ezal., did not permit
tha desired control of pnformien. Moreover, variations in the aersol
producd coud -* be 0,614-1 beamos of ether dnvce-operaton or

Acwxth1y, the vwk rWIAa-Wu heroin - (1) to
trnae the vada~ies t)M Mlilay stint SalMIsa fiht tsu Is-,
titsof 0ig Sm t.rfln. *Ad (3) to evaoua* the variou"s flronle

smag 140e wsia Ab hnK as i disW 1 aOO t1ef 0!1arr101,W
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equipped with various nozsle configurations (figures 1 and 2, appendix).

The field of compressed-air liquid atomisation is one in Which
considerable effort has been expended. Many investigators have examined
the mecl nsm of aerosol formation, sampling, and evaluation, and 4 broad
review of the subject may be found in the literature. 2 It is generally agreed,
however, that some of the more important factors governing atomization in-
clude the ratio of liquid to Za relative velocity of liquid to gas, and the
physical properties of the liquid and gas.

Review of the literature pertinent to atoniisation indicated the
gereral apylicability of an empirical equation derived by Nukiyama and

Do +597 (vr) RL00(1

where

DO  - Sauter mean diameter, microns

v z velocity difference between liquid and gas, m/tec

L  = volume of liquid per unit time, rol/ sec

volume of gas per unit time, ml/sec

p r density 4 liquid, gm/ml

u visccsity of liquld, poise

q = surface teuion of llquid, dywms/sq cm

Genially verified by tes. an other inuttgsors was a
limiting Tio a. QLjQoi tho Validity of te ar velocities of
sonic &a sonic Sases, ad the inependenWe 0f os.l conflgration- * 3,4,5
In detern the atomilstiou charflrlwtice oi & mossl deIg* eomneht
dlfferet from those prevlosly mnied, it ws beolevvd that I. (1)
could still be uU Oed. Theeree, the anur--s= t sad the the&oticel his
nlicance of the equaio pWa tes wre secnay.



Inherent in determinAng the paranmetre 4eariibing an aeroaol
distributior, for example, Sauter mean diameter (DO) or mass trLedlan
diameter *MD), are the errors associated with sampling and the -tatistical
error c any slide particle analysis. The technique of simply passing a
nmicroscope slide through the atomized jet issuing fromt a nozzle has been

rather successful in sampling the aerosol produced. Because of decreasing
impaction efficiency with decreasing particle size, however, any calculation
of D O using this technique would be fallaciously high If a uignificant quantity
of the mass is less than 10p& in size. Moreover, the problems of obtaining
a st&tistically valid particle-size distribution from sles are recogrz~ed,
and only a sufficiently large sample will adequately characterize the larger
or tail end of a distribution that signlfie-antly influences any value of Do or
) MD. As an aid in reducing the aforementioned errors, other techniques
of aerosol sampling were used to supplement the single wavd slie. These
techniques used floor slides and air-sampling filters after specific periode
of stirred settling.

As a convenient procedure in calculating experimental value%
of Do from equation (1), a graphical solution requiring two charts was
prepared. Equation (1) reduce4 to:

Do x: b + (cX) 1 . 6 W

where

c 597 0.4 (ZB)

a X 1000 Q/.(30)

Rearranging (2) and putting it into logartthmc tor n

log (Do-b) - log C + 1. 5 log a (2D)

By substitutin the physicsl comstas of the Id, bis (I-
.thylhxyl)hydrogen pbosphite, equlam (0A4 tm be rearranged, &d b
versus v can be plotted (figre 3, appendix).

7



Similarly, equation (2D) can be plotted as (Do-b) versus (1000

QL/QG) (figdre 4, appendix). Thus, knowing v (and b) and the ratio (1000
QL/%) Do can ba interpolated directly. The above relation was calculated
for liquid temperatures of Z 0 C representing temperat acnditilois, d fbz
70 C, representing the general temperature level during winter experimenta-
tion.

U. EXPERI)ENTAT1ON.

A. Test Chamber.

The aerosol-dissemination chamber used in this program measures
16 by 16 by 14-feet -and hs -&-volume of 471ovu n, T.he -crmber is equipped
with compressedaL&ir tanks and has facilities for the measurement of pressure,
flow rate, and temperature.

The chamber floor is marked in a symmetrical, circular, floor-
grid pattern for positioning the microscope slides utilised in aerosol evalu-
ation (figure 5, appendix). Various geometric patterns consisting of a snialler
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 wLal.

B. Materials and Equipment.

I. Aerosol-anplin and Ueasur!Bg Devices.

a. ira Devices.

Filter equipment consisted of two filters as a pair at the Z-,
4-, and 6-foot levels on a pole. Generally, three such sampling poles were
utilised. A Cenco Cat. No. 93970 vacuum pump was used for the six
samplers on each dolo. Critical orifices controlled the air flow through
each filter. One layer of 50 Vitron IIZ and 50% Vitron 106, manufactured
by Glass Fibers, Inc., was used for sampling. In soxne experiments, liquid
bubblers for vapor sampling were used in series behind the filters.

Bome success has been attained by other Investigators in
is aNiM the aerosol jpoducod by an aftmIsr device by simply exposing
a microscope *Iid 1 the issuing jet. I # Z, 401, es tis priaucple, a

, 8



device called an Impactmeter was designed. It rotated slides under an open
1 -inch-wide slot positioned at the approximate center of the atomising jet
(figure 6, appendix). The slides were rotated at approximately 3 ft/sec under
the slot.

Based on the same principle was a swinging arm, which moved
laterally across the aerosol issuing from the atomizing nozzle. Three
microscope glide# were mounted on the arm so that the Center Ad points
midway between the center and circumference of the aerosol stream were
crossed. The velocity of the arm was approximately 3 It/sec.

C. Floor Slides4
-- ~~ - - -I _ - - 1 Wl

Standard 3-inch by 1 -inch microscope slides were used for particle
analysis and material balances. The particles deposited on the floor slides
were bounted and measured by a device described in a previous repott.6

2. Atomizing Device and Nosles.

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

3. Instrumentation.

Pressure measurements were accomplishod by a Sanborn Model
1Z7 recorder &&d various commercial gaues. Compressed, air-flow rates
were determined by the use of a 1.inch, sh"p-edged orifir e in a 2-inch
standard pipe with pressure tape conziectsd to a U-tube manometer. Liquid-
flow rates wore deternined from data of the duration and quantity of feed.

4. V-Agnt lmuat..

Th+ iOM used in aU e1perimenlttion was bis(Zd-thlhoxyl)
hydrogen phosphite.

C. Pocduro.

1. Co , ess.-r Atomisation,

A dYU simila ia desIgn to a multicompartment thermal goner-
sw sad l.qlppd wtk nOs4 of vaimos ;oafguzte. aV used In the
cOmn~rOslnd-i,,atowis-Atloa at #6 Uquid. ,ir-flow ra*i were detewtAa

' :I



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

The atomizing device was suspended from the ceiling of the
chamber, and the aerosol produced was directed vertically dovnward, During
aerosol production, the Impactmeter and arm-sampling devices were utiliaed
both in conjunction with the floor slides and separaely in duplicate periftentm
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 lOI in size. Upon removal from the chamber, the floor slides were ex-
amined for particle-size measurements and later chemically analysed 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 used for particle-sise analysis were cleaned
and processed by May'a method 7 prior to ule. Droplet-spread factors (the
ratio of the diameter of the droplet as a sphere in the air to the diameter
of the same droplet while on the glUs slid) were also determined by Mayts
method. These experimental data compared within SS of data obtained by
a completely different technique. 8

2. Galculations.

a. Particle Size.

As noted i4 fi gure 5, appendix, there were 45 sampling slide
positions. Each slide was examined, and a minimum number of 500 par-
ticles were counted and measured. The device used in particle counting and
in the microscope-projection mapification was ajwsd to the particles
could be separated Into 17 intervals accoMaj to wise. Ths projted
magnification was 300 power, which permitted measuremet of ptrtcles from
41& to 1 7* in intervals of approximatey 10& each.

The samne total area on the sl*s w"& examined, and in those in-
stances where a larger slide area was a sessy to znalva n the IMUM
of 500 particles, the data weore adjusted to an oqual area heals. In flowe 5,
appendix the solid circular Us e S ft we om 4eWed. " Wag
represented by the li des witMan them. Ft eu lte, the .io os f

10



ring I reprezont the annular area between circles having radii extending to
the midpoint between ring,0 and ring I and between ring 1 and ring 2. All
the slide particle-sie data of a ring were rnutiplie by a factor corresponding
to the ratio of annuli areas. The factors for the 3- by ! 4ch slides are shown

in table I.

TABLA 1

F ACOR FOR
PARTILSIJZZ CALOVIATION

Annulus Area Area

Ring apor factor

Iq in.

0 113 113 1.0

1 905 113 1.0

2 3054 38Z 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 mdjutment for th. slie area oxaminad and
floor axrea tofee , the m bers of partikles in each slix Isterval were
totaled. The tot&Isa d the correoad.lg Upawtkl.-sise-iaterval midpoint
wore the bsis for c-alcul -ao of D o from the goneral .outn

Do Z nd3  (3)

where

a z the mwnber of particles in a else inerval

d the midpoint diameter of a six* intarvl

11



The same general type of calculation *a. uu'd when other geo-
metric' patterns of floor slides were utilised. In determining Do from the
Impactmeter and arm-sampling slides, the counting data obtained were totaled,
and Do was calculated directly.

b. Material Balance.

Upon completion of slide particle analysis, the floor and wall slides
were chemically analyzed for liquid agent. The total material on all 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 area corresponding to the ring. The quantity of agent in each anu-
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 airborne 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

I. Aerosol Particle-Size Analysis.

The aerosol data obtained from the compressed-air atomizing
cievice are plotted in figures 8, 9, and 10, appendix, as is the value Of Do

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 OL
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 presentation. The exact type of distribution was
not determineds, but the experimental data were closely apprx e by the
logarithmic-nornal curve. The aerosol d ta illustrated in figures 9 and 100
appendix, were also closely approxinmated by a logarithmic -normal distribu-
tion.

2. Material Balance.

The experimental data obtainod in performing the chamber
material balanes are shown in table 28

t1
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III. A-PPLICATIOVI 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/QL ratio required to produce a given aerosol and then to calculate the nec-
essary relative volumes of liquid and gasi For example, in figure 8, appendix,
a ratio of %/QL = 4000 was required to produce an aerosol with a Do value of
Z0A. 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 401L wla produced at a
flow rate of 5-rl/sec with the experimental systiom. Do and MUD were as-
sumed to be appr3;m ely equal'in-this lstkveyirrvwp ¢te-size dis-
tribution. U QL were 5 mI/sec then QC would have to be (4000 x 5) or Z0,000
ml/sec at ambient 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-
sure#) and munition wall thickness (calculated by hoop tension) were deter-
mined. Similar calculations were performed in analyzing the systom with
nosales irmilar to those in figure Z, appendix, items a and b, which could
produce an aerosol with a Do of 40p (QQ/QL x.2000) and a D of 904L (%Q/QL.-
1000). In these latter two examples D was also assumed to be equivalent to
)AMD, although, more rigorously, iiD should be calculated from the particle-
size-distribution data that yielded the value of DO. Generally, the-experimental
data indicated that UMAiID o was from I. 0 to I. 2 in the Do range of ISI to 200O.
The results of these calculations are showm in table 3 and indicate the imprac-
ticability of the munition system for the production of aerosols because of the
low liquid capaity. The use of a gas other than compressed air, for example,
helium or carbon dioxide, or the use of nonsles of other designs may prove
rmore practicable.

IV. DJObW.PA

The characteristics of the aerosols produced by the atomising
device, for most of the nossles considered, agree wel with th. Do values
predicted by the Nuklynsa-Tanasawa equation. The porformance data of all
nosslou indicated a limiting ratio of appto3xmately QG/ 1000 QL x 5. Larger
walues of the ratio did not produce particles smalle than I to I *, a fact

that confirms *al"ier data of other inyestigators. The performance of the
*mau vUtari and ColletWW noss, -e,* yi*Wd valis of Do that are
Consistently lower than expected at QGi 1000 QL ratlos less than S. The data

i4
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of both nozzles are well beyond the estimated experimental error. Since the
coiled-tube-nozzle design is rather unconvention&l, abnormal results might
have been expected but data of the small venturi nozzle are contrary to earlier
findings .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 0 L " 1, a very slight change in the ratio causes a
large variation in Do . The experimental precision in the measurement of %.
and QL 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
particles existing in the aerosol distributions. If a more represen,ative num"--
ber of the larger particles had been observed and counted, the Do values shown
would have been greater.

The same general type of statistical error probably existed in the
range of Q 0 /1000 QL : 5. Tn this region of relatively small particles, <)p,
insufficient very small particles actually impacted on the slides of the Ir -
pactmeter, thus influencing the experimental Do towards a value greater than
the Nukiyama-Tanasawa predicted value. If these data were to be adjusted on
the basis of the quastity of liquid airborne as shown in table Z, the values of
Do would be decreased as much as 1%. Also, this series of experiments was
performed in colder weather and, as seen in figure 3, appendix, the decrease
from summer to winter temperatures increased the theoretical value of Do
approximately 15%.

Generally, the data presented in figure 8, appendix, indicate
reasonable sampling validity of any of the four rechnies- used. Floor.-slide
sampling would be expected to yield the most representative deft. Tho 45.
and I 6-floor slid. patterns indicated good greewmotd bnetw both the pKtern
and the Nukiyama-Tanasawa predicted vah, .pactmotwr data appeared
more variable, wherea, the swingin&garm-1ld, ta appear*d to be more
consistent. Possibly, the manner of savpiag mad. it feasible to take a more
representative aerosol-particle sample with the swinging-arm tochnique than
with the Ipctmptor.

It is obvioou from table 2 that sampli g by the floor-,slide
technaues accounted for suli y more than hlf the total Uqd disseminated.

16



From the apparent correlation of the experimental data to the theoretical in-
formation shown in figures 8, 9, and l0 appendix, it is believed that the e-
perimental values obtained were reasonably representative of the entire
aerosol produced.

V. CONCLUOIONS.

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 Nukiyamna-Tanasawa relationship.

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

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 atomization 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.

B
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PARTIAL PLOT OF NUKIYAMA-TANASAWA
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Dim en sioi~s: NOTE: Blocks indicate 45-slide
a = 12-in. radius d = 72-in, radius pattern. Solid blocks
b= 24-in, radius 0 = 96-in. radi.us indicate 16-slide pattern

c = 48-in, radius f = 120-in, radius
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FIGURE 6

IMPACTMETER SHOWING ROTATING SLIDES AND COVER SLOT
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4- FIGURE 7

AL A Q AS CIFU AT ATMOOPHERIC CONDITIONS AS A
FaCTION OF CIUMBER AND Am,,r=D PRzwuR=
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