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ABSTRACT

Studies are presented to characterize a new nebulizer developed

for direct atomic absorption analysis of extremely complex clinical

and environmental materials. Important parameters are described

concerning the design and performance of “high solids” spectrochemical

nebulizers based on the Babington principle. A new sir’iplified design is

presented and mechanisms of undesirable sample wastage are considered .

Data are presented conct~rning the effect of impaction on conventional and

“hi gh solids ” ae rosol generation.

INDE X HEADINGS : Nebulizer; Direct determination : High solids analysis:

Atomic absorption .

*Prcscnt address: Department of Chemistry, Kansas State University

Manhat tan , Kansas 66506 .
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IN TRODUCTIO N -

“Clog free” production of high density , finely dispersed aerosols

from solutions and slurries of elevated salt concentration , high solids

content , and increased viscosity has recently been described for spectro—

chemical  sample introduction by Fry and Denton (1). The Babington prin-

cipl e of aerosol generation (2,3) was adapted for direct atomi c absorption

analysis (using high solids burner heads) of sampl es as complex as sea

water , urine , whole blood , evaporated milk concentrate , and tomato sauce

(1). The superior tolerance of this approach to “high solids ” slurries

is a direct result of eliminating the conventional requirement that

the sample must pass through a small bore capillary tube. Ability of

the material to pass through the relatively unrestricted sample delivery

pumping system was found to be the pri~nary limi tation on the complexity

of materials that can be directly analyzed (1) by the new procedure .

The improved sample handling capabil ity is achieved without significant

sacri fice of precision or concentration sensitivity when compared with I -

conventional capillary pneumatic approaches (1). This relatively

“preparation free” sample introduction technique for analytical atomi c

spectroscopy can presently be considered to be in the beginning stages

of development. Once design and operational characteristics are well

e s t a b l i s h e d , this convenient approach to high solids a tomi zation holds

great promise for application in agricul tural , clinical , environmental ,

•
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and industrial analytical situations. The purpose of this paper is

to outline design considerations and characterize the parameters that

govern the performance of this new high solids sample introduction

approach at its present state of development . Data leading to the

simp lification of design are presented , and mechanisms of undesirable

sample wastage are explored. Data are presented concerning the effect

of impacti on on conventional and high solids aerosal generation.

I .  E X P E R I M E N T A L

A. Apparatus. A previously described (1) atomic absorption

spectrometer , 10 cm. high solids sing le slot air-acetylene burner

head , 10 cm tri ple slot Boling burner head , Varian-~Techtron (Springvale ,

Vi c., Australia) and Jarrell Ash (Wal tham , Mass.) capillary pneumatic

nebulizers , Beckman (Fullerton , Calif.) total consumption burner operated

as premix nebulizer , “HYDROSPHERE” (Babington principle) model respira-

tory nebulizer system (Owens Illino i s — Toledo , Ohio), and specially

developed Babington principle nebulizer chamber (cylindrical) with

variable fl ow peristal tic pump sample delivery system were used in the

course of these investi gations. Quick interchange connections to the

premix chamber were provided for the nebulizer mountings . Provision

was made in the cylindrical nebulizer chamber for accommodation of a

variety of configurations for aerosol generation involving the Babington

principle. Fig. 1 diagrams the “ HYDROSPHERE ” system with a sl ight

modification; other configurations constructed and evaluated in this

study are i l lustrated in Fi gs . 2 - 6. All configurations shown represent

adaptations of the Babirtgton prin cip le which involves flowing a thin

..—
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film of sampl e over the surface of a pressurized sphere or hemisphere

insert. Interruption of the sampl e film at the point of an ori fice

by the high velocity exi t of oxi dant gas serves to generate the aerosol .

Since the sample is not required to pass through this ori fice , clogging

does not occur even for the mos t compl ex materials (See Fig. 7) when

the systems diagrammed in Fi gs. 2, 5, and 6 ~~re used . Small (< 5iim) aerosol

droplets (4) are carried by the gas stream to the premi x chamber of the

burner. Larger droplets and sample runoff from that portion of the

samp le film not flowing across the orifice either exit via the drain

(Figs. 2, 5 , 6,and 7) or may be collected for reci r culat ion (Fi g. 1,

Fig. 3, and Fig 4). Recirculation was evaluated in several confi gurations

for the purpose of conserving soluti on. The glass nebulizer spheres

indicated in Fi gs. 1 - 4 were adapted from the Hydrosphere system formerly

available from Owens Illinois (Toledo , Ohio) and presently available

from McGaw Respiratory Therapy (Irvine , Calif.). The compression fi tting

designs of Figs. 5 ~nd 6 rep r esen t a conven ient pro to type approach al.lowing

rapid interchange of a variety of improved metal nebulizer inserts .

The 6 mm insert was constructed by rounding and polish ing one end of

a 6mm o . d .  rod u~ leg an eng ine lathe.  Lathe poi i shing  was done w i t h

emory cloth and fine steel wool to achieve an average surface roughness

of 8 t im or be t t er as judged by Cene~al Electric Roughness Standards , and

as measured by p ro f i l ome t ry .  The rod was then cut to a length of 19 mm

and drilled from the “cut ” end at a diameter of 5.5 mm to a depth of

18.5 mm using care to avoid d r i l l i ng  throug h the rounded end . A conven-

t iona l drill hit was used . The desired orifice was machined in the side

of the rod 3 mm below the rounded end . This was done by holding the

incert horizontill y with a “vee” clamp insert in a machine vise. The

I 
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0.6 1 mm hole was mac h ined using a RA L M IKE (So . P lainfield , N . J .)  sensi—

tive hand drill feed fitted into a Bridgeport milling machine according

to standard procedure. The 3 nun inserts were constructed in similar fashion

ut i l izing a 6 mm base and 2.5 mm i.d. dimension with the orifice machined

1.5 nun below the rounded end . The inserts are seated conveniently in

the modified compression or Swagelock (Solon, Ohio) fitting holder. The

above nehulizer inserts have been made out of brass, and then electro-

plated with nickel to improve corrosion resistance. Stainless steel

inserts have also been constructed . Non—wetted materials such as Teflon

are not recommended for the nebulizer insert since aqueous samples tend

to bead up on such surfaces rather than form a suitable film. Following

initial cleaning, the flowing sample and solvent stream keeps the nebulizer

insert sufficiently clean to maintain a thin film flow of material indefin—

itely (the nebulizer insert in this laboratory has not required cleaning in

over a year for all high solids samples analyzed (1)). The spray chamber

walls should , however , be periodically rinsed (with disinfectant if desired)

following analysis of large numbers of biological samples such as blood

to prevent buildup and spoilage. The d imensions given above are generally

not critical. Tolerances of ± 10% on the d imensions given should generally
he sufficient unless specific exception is noted in the above text .

B. Procedure. The atomic absorption of cadmium at 228.8 am was

iit H~~~~ to stud’, the e f f e c t  of na rameters governing nehuli ;~cr per—

formance . ihe Cd h o l l o w  cathode was oper at ed at 5 mA , the  spectral

handpass was 0.6 nm , and the overall instrumental response time was “~0.6

sec. Cadmium was chosen for its simple spectrum , the high volatil-

ity of its salts and its freedom from oxide formation and Ionization
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effects. These properties make the atomic absorption of this element

-In a 10 cm premixed air—acety lene flame relatively independent of

instrumental parameters such as redox character and viewing position

in the flame . Nebulizer performance under a wide range of condit ions

was thereby more readily and independently assessed. The nominal viewing

position was 6 mm (beam center) above the burner head. Whenever

oxidant (nebulizer) gas fl ow rates were varied , fuel ad jus tmen t  was

made to achieve a constant flame stoichiometry . Studies were also

performed to ensure that the vertical absorbanc~ profile had not been

significan tly altered. Oxidant gas flow rate measurements were corrected

for pressure drop across the nebulizer ori fice. Volumetric determination

of aspiration rates and pump deliver y rates were made when appropriate .

The sample delivery tube and corresponding inlet to the cylindrical

chamber  (Fi gs . 5, 6, and 7 ) were th r eaded to faci l i t a t e  ex te rnal adjust—

ment of the sampl e delivery gap (distance between the end of the delivery

tube and the top of the pressurized nebulize r hemisphere).

II. RESULTS AND DISCUSSION

A. Operating Range. A series of Babington nebulizer inserts in—

cluding 0.13 mm , 0.20 mm , 0.34 nun, 0.61 mm , and 0.71 mm single hole orifices

were constructed and the resultant operating range of oxidant flow rate

evaluated . The 0.13 mm , 0.20 mm , and 0.34 mm orifices produced extended

low flow rate operation (down to < 1 L/min). The wide dynamic operating

range of these orifices also extended to the normal operating range of slot

burners (> 5 L/min), but pressures in excess of 100 psi. were required

to drive the nebulizer in this higher range. The 0.71 mm insert orifice

was found to operate at much higher flow rates (> 10 L/min) with reduced

I
-~~
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pressure requirements , however the sensitivity was degraded and the

operating range did not extend sufficiently low enough. The 0.61 mm

orifice optimally covered the normal (8—15 L/min) slot burner range

(Fig. 8) using pressures of 14—40 psi , so the other orifices (0.13 mm ,

0.20 mm , 0.34 mm , and 0.71 mm) were not considered further in these

atomic absorption studies. The smaller ones may prove useful , however ,

in low flow rate applications such as d.c. and high frequency electrical

plasmas for emission spectroscopy.

Although Fig. 8 bears out the previously reported (1) sensitivity

advantage of the Varian—Techtron nebulizer (when analyzing “clean”

aqueous solutions), the metal version of high solids nebulizer diagrammed

in Figs. 5 and 6 are seen in the present studies to have a superior

operating range of oxidant flow rate (Fig. 8). The effects of Fig. 8

are primarily related to nebulizer performance. Aspiration rate

measurements indicate that the Varian—Techtron nebulizer does not convert

sample to aerosol form (aspiration ceases) below 4 L/min or above 20 L/min.

However , the metal high solids nebulizer performance extended to flow

rates below 3 L/min. The upper limit for both configurations (Fig. 4 and

Fig. 5) of nebulizer based on the Babington principle was the high pressures

required to exceed 40 L/min for the 0.61 mm orifice d iameter utilized .

This was also the  r eason fo r not pu rsuing the Beckman 0
2 

— II ., total

consumption burner (as a premix nebulizer) higher than 9 L/min F The

pressure required at 35 L/min was 120 psi. for the 0.61 mm Babington

orifice. Fig. 8 indicates that no sensitivity improvement is realized

above 15 L/min for the high solids nebulizer due to the attainment of

constant aerosol density at higher flow rates. Owens — Illinois indicates

-.--~~~--~~ ~~~~~~~~. ~~.. - ii: ~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~
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tha t this constan t aerosol density is maintained wel.~ beyond 100 Lfinin (5);

however , the r ;Inge above 30 L/min is generall y not of gr eat in te rest in

spectrochemical applications. The higher flow aerosol range of the high

solids nebul i zer is , however , usefi’l between 15 and 25 L/min for several

slot burners such as the triple slot Bolin q head and Instrumentation

Laboratories CAT No. 24036-03 high solids single slot nitrous oxide —

acetylene burner. The extra larg e dimensions of the slot openin ç~s of

these two burner heads make them somewhat dangerous (from a flashback

standpoint) when operated in the optimum flow range (10 L/min) of the

conventional . Varian—Techtron nebulizer unless auxiliary oxidant is

provided. An extra margin of safety is allowed without use of auxiliary

oxidant for these specialized burner heads by operating the new high

solids nebulizer in the higher fl ow aerosol region between 15 and 25 L/min

where the performance is generally improved as compared to the Varian —

Techtron nebulizer (Fig. 8). A safer high solids air— acetylene head (1)

was , however , used in the present investigat ions. The nebulizers were there-

fore operated at 12 L/mi n for all subsequent studies not concerned with

operationa l range.

At flow rates below 2 L/min, the pressure in the 0.61 mm orifice

high solids nebul i zers evaluated in these studies is no longer sufficient

to rupture the sample film at hiqh enouqh velocity to generate sicinificant

aerosoL. The earlier lren.tl(,ned smal 1 or or~ I ices ui 11 further extend -1i~

flow rate performance fo r  app l.Icat ions in  p lasm a emission spectrometers

howeve r, this was not deemed necessary for the present slot burner studies.

A 0.61 mm single hole orifice was therefore us~~ for all subsequent flame

~

I
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st udies . The large dynamic opera t i n g  range of the Bablngton approach

represents an advantage in term s of applicability to a wider variety of

sp ectrocheinical situa t ions  and reduced suscept ibi l i ty  to gas f low rate

er rors .

B. Nebuliz er Efficiency . Fig. 9 illustrates the effect of the sample

uptake rate on the steady state (unlimi ted sample available) concentration

sensitivity of spectrochemical analysis for several nebulizer configura-

tions. Despite the superior operating range , superior tolerance of complex

materials , and adequate sensitivity realized with the new high solids

approach , Fig. 9 illustrates the principal drawback (low efficiency in

terms of sample consumption) of this nebulizer in comparison to the

capillary pneumatic system . Al though good concentration sensitivity is

achieved utilizing the metal adaptation of the Babington principle , Fig. 9

shows that 20-50 mL/min of sample must be delivered to realize that

sensitivity at the present state of development of the high solids

nebulizer approach. Capillary (premix) nebulizers are normally operated

at 5 mL/min. Fig. 9 also illustrates , however, that the non-recirculated

6 mm metal version (Fi gs. ~ ~nd 6) of high solids nebulizer renresents a dramatic

e f f i c i e n c y  improvement over the 16 mm glass respiratory nebulizers including

eve n the most e f f i c i e n t l y rec i rcula ted version ( tha t  of Fig. 4). Further

reduction of the metal hemisphere d ianter to 3 mm , however , did not further

improve th e efficien cy or operating range.
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Fig. 9 also illustrates a hydrodynamic effect of the metal high

solids nebulizer. At solution uptake rates below 40 mL/min , a sample

delivery gap o f 5 mm leads to discrete “dropping’ of the sample onto

the nebulizer insert. Once a discrete drop is formed , its surface

tension appears too great to be overcone as it strikes the top of the

p ressurized nebulizer hemisphere. Film formation is thereby inhibited

and aerosol formation is subsequently depressed . Narrowing the sample

delivery gap prevents “dropp ing” by favoring unbroken “streaming” of the

sample onto the nebulizer hemisphere surface. Film formation is more

highly favored in this case.

Fig. lofurther demonstrates that- ”dropping ” phenomena tend to be

encountered at eithe r excessively low sample delivery rates or large

sample delivery gaps . The most profitable way to avoid this problem

is to maintain a sample delivery gap < 2 mm which will still allow

ready passage of all high solids sampl es discussed previously (1).

c. Minimum Sampl e Size Requirements . Fig. 9 is concerned with

the spectrochemical response to unl imited sample as a function of up-

take rate. Fig. 11, howeve r, illustrates the effect of pipetting limited

discrete quantities of sol ution into the sampling cone of the high solids

nebulizer configuration of Figs . 5 and 6 as a funct ion  of so’ution ~iptake rate.

Fig . p demonstrates that , although 40-50 mL/min is the optimum uptake

rate when 2 m L sample are available , slower uptake rates maximize the

transient spectrochemical response to smaller samples . In fact a 25—30%

sacrifice of concentration sensitivity may be highly desirable with the

LI
~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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new high solids approach in order to operate at 20-25 mL/min. Fig . 11

indicates that a 500 jiL sample w ill (at this uptake rate) give a cor-
responding transient response (0.19 absorbance units) similar to the con-

centration sensitivity advertised for a Perkin Elmer nebul i zer (see

Fig. 
~

) .

It should also be noted that the popular steady-state type of ab-

sorbance response may also be readily produced usinci 1 mL of sample and
a lesser (12 mL /min ) upta ke rate to cilve a 5 sec (reduced sensitivity )

steady-sta te reading of 0.21 absorbance units (see Fig. U); 2 mL will

give a 10 sec reading of 0.2 A , etc. These reduced steady-state concen-

tration sensitivities , however, still compare favorably with the range

(0.18-0.24 A) listed for capillary pneumatic nebulizers by Jarrell Ash

and Perkin Elme r Corporation except that about 5 mL/min and 0.4 mL of

sample is used wi th the capillary approach to give a 5 sec steady-state

reading. Under these favorable condition s , the required steady-state

sample size for the new high solids nebulizer is only 2.5 times more than

the required amount for steady-state sampl i ng with capillary pneumatic

nebul i zers .

Trans i en t  sampl i ng , however , represents a somewhat d i f f e r e n t  s i tua t ion.

In this case , Fig. 12 illustrates that , when al l perti nent parameters are

optimi zed , the capillary pneumatic nebulizer approaches its maximum con-

centration se~isitivity with samples as small as 0.1 mL compared to 1 mL

required for the meta l adaptation of the Babinqton approach (non-recirculated)

and 7 mL for the most efficiently recirculated respiratory glass version.

- - -~~ - 
.~

_1_~ 
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Fig. 13 represents an operational curve used in the laboratory for

selecti on of uptake rates for the metal high solids nebul izer once a sample

size is chosen for transient scznpling. If a 1 mL sample size i s chosen,

then 40 mL/mi n will produce an optimum transient of 0.3 A/ppm Cd. The

same 1 mL sampl e may alternativel y be used at 12 mL/min (Fig. ii) to

produce a 5 sec steady state at “-. 30% less sensitivity .

Table I summari zes the sample size requirements of the spec t ro—

chemical adapation s of the Babington principle developed in these studies
for the production of aerosols from “high solid s ” material s. The table

demonstrates that a 500-fold overall improvement in sample size require-

ment h~s been achieved in these studies in comparison with the original

respiratory nebuli zer approach.

0. ~tc chinni .~
; 
~ of Sample Wastage. Tue d i f f e r en c e  in sarnpl.e size require—

nients (Table I) for the configurations of Fig. 3 and 4 suggest that re-

circulati on is only significantly -beneficial if it is carried out in

such a way as to collect both the larger spray droplets (that settle

out in the chamber) and the nebulizer sphere runoff. This suggests that,

although sphere or hemisphere runoff (back and sides) plays a role , a

major mechanism of sample waste is through the large spray droplets pro-

duced in addition to small (< 5 um) aerosol droplets. These larger

spray droplets settle out and are either recirculated (Figs. 1 and 4) or

exit via the drain (Figs. 2 , 3, 5, and 6 ) .  In the interest of simnlifying

the design , reduc ing memory and sampl e cross contami nati on effects, and

in considera ti on of the earlier report (1) of particle size fractionation

tha t ~iiay occur in some high solids samp les , recirculation has now been
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abandoned in favor of the approach shown in Figs. 5 , 6 , and 7. The real

improvement of the smaller metal hemisphere wi th non-recessed orifice

is seen in the 30-fold difference in resul ts (Table I) for the confiaura-

tions of Figures 2 , 5 and 6. Al though the 1 mL sanpie size of the high

solids transient or 5 sec steady-state approach at its present stage of

developiient (Figs. 5, 6 and 7) is larger than the 0.1 mL reouired for

transient sampl i ng (0.4 mL for a 5 sec steady state) by the capillary

pneumatic nebulize r, a 1 mL sample size requirement is still reasonable

for many analytical situations where sample complexity (e.g. Fig. 7)

precludes the use of more conventional nebul i zers.

E. Impactor Effects. Fig. 14 illustrates the effect of impactor

gap on spectrochemical concentration sensitivity . The Varian—Techtron

capillary nebulizer is seen to require very critical adjustment (
~ 0.2 mm)

in comparison to the high solids nebulizer. In fact, the Varian—Techtron

(adjustable impactor model ) capillary pneumatic nebul izer seems to deri ve

its sensitivity advantage (compared to the other commercial canillary nebulizers

evaluated) from the precise nature of adjustment provided for the impactor

bead gap. Many con-wercial designs do not include the capability of making

such precision adjustments. It may , therefore, not be possible to readily

achieve the peak sensitivity shown in Fig. 14 on a routine dail y basis

for capillary pneumatic nebulizers unless a precision externally adjustable

model is available. In contrast , the high solids nebulizer functions

alm ost as well ~‘f thout any impac tot at all as it does when the thonctor  is

adju sted w i t h  the  greatest of care (see Fig. 14).

— _ -- - -  -~~~ 
~~

--
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F. New Design. On the basis of the above data , the latest

nebul izer de sign (Fig. 6) has been simplified . The earlier (1) externally

adjustable impactor (based on an internal rotary—translational motion

converter) has been eliminated in favor of the simple imnactor mount

(of Fig. 6) which is much easier to construct and is only adjustable

when the chamber is dismantled .

III. CONCLUSIONS

The high solids spectrochemical nebulizer based on the Babington

principle represents a system of similar concentration sensitivity ,

similar precision, superior operating range, simpler design, and far

superior sample handling (high solids) capability as compared to the

capillary pneumatic approach. h igh density, finely dispersed aeroso1~

may he produced from solutions and slurries of elevated salt concentration ,

high solids content , and increased viscosity (1). The parameter to be

inproveci on , h owever , is the required samp le size. Althounh the present

1 mL t r an s i e nt  signal represents a consider~ihle improvemen t over earlier

high solids adaptations of the Babington princinle , further imnrovements

are needed to reduce the sample size requirements. Evidence has been

presented to indicate that a primary mechanism of samnie wastage is

production of an increased percentage of larger spray droplets that

settle out in the premix chamber. At its present state of development ,

the high solids anproach nay be optimally used as an auxiliary nebulizer

for analysis of those materials (“ 1 riL) which are too complex to pass

through the capillary orifice of a standard pneumatic nebulizer. The

- — - - -~ --- --



_ _  ~~~~~~~~~~~~~~~~ . 

_

~~~~~~~~~

— 14—

high solids approach diagrammed in Fig. 5 and implemented in Fig. 7 is

proving to be a simple and convenient “clog—free~
’approach to spectro—

chemical sample introduction of highly complex clinical and environmental

materials when suffic ient sample is available. A newer simplified design

has been presented (2~ig. 6) which is easier to implement without any

sacrifice in performance.

-

S 

—-——--



LITE RATURE CITED

(1) R. C. Fry and M. B. Denton , Anal Chem . 49, 141 3 (1977).

(2) R. S. Babington , U. S. Patents : 3,421 ,692; 3,421 ,699; 3,425,
058; 3,425,059; and 3,504,859.

(3) R. S. Babington , Popular Science , ~~~~~~~~~ 102 (1973).

(4) M. Litt and D. E. Swift , Am. Rev. Respir. Dis. 105, 308 (1972).

(5) Owens — Illinois , technical data sheet , Consumer and Technical
Products Group, Toledo , Ohio (1974).

;I~~

£ 
- - - —— —---~ 6 - 

- -~~~~——---_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -~~~~ -5- 
— 

- S

—.5------

Table I. Sample Size Requirements of Several Spectrochemical
Adaptations of the Babin~jton Principle.

Minimum Sample
Size

Configuration Figure No. (mL )

3 mm metal hemisphere (configured as in 6)
6 mm m e t a l  hem isphere 6 1

6 mm metal hemisphere 5 1

16 mm glass (recirculated)
sphere 4 7

16 mm glass (recirculated)
sphere 3 22

16 mm glass sphere 2 30

dual 16 mm glass (‘~HYDROSPHERE”)spheres 1 500 

- 5 - - ~-~~~~~~~~~~~~~ - --~~~~~~~~~~~
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Fig. 1. Complete “HYDROSPHERE” Respiratory Nebulizer Configuration

(Babington Pri nciple). 
- 

-

a. single post aerosol generator (16 mm glass sphere with

recessed ori fice -- 0.61 mm hole): b . doubl e post aerosol

generator (two 0.43 mm recessed holes); c ,d. oxidant gas

inlets (rear entry -- not shown); e. modified , sample

change port.

Fig. 2. Fl ow—Throug h Adaptation of “HYDROSPHERE” (Babington Principl e

Nebulizer for Spectrochemica l Analysis.

a. sing le post aerosol generator mount from “HY DROSPHERE ”

system; b. 16 mm pressurized glass sphere with recessed

orifice (0.61 mm hole); c. 3 mm plasti c impaction sphere ,

fi xed position; d. cylindrical Plexig las housing for

nebulize r inserts based on the I3abington principle.

Fig. 3. Recirculated Fl ow-Throug h Adaptati on of “~ui R0SPHERE”

(Babington Principle) Nebulizer .

Simpl i fied cross—sectional view : a. single post aerosol

generator from “HYDROSPHERE” system ; b. conical reservoir

(nylon ) for sampl e entry and nebu lizer runoff recirculation ;

c. samp le entry (fill) channel ; d. nebu lizer delivery

t channel (from reservoir); e. two-way valve ; f. sample

exit (empty) after reading obtained .



- -

Fig. 4. Increased Recirculation Efficiency Flow-Through Adaptation of

“HYDROSPHERE” (Babington Principle) Nebulizer.

Simp lified cross-sectional view : a. sing le post aerosol

generator from “HYDRO SPHERE” system ; b. “half cone” (nyl on)

for runoff collection (drains into reservoir , c); c. conical

reservoir (Plexig las ; sealed to container side) for sampl e

entry and runoff collection from chamber walls (condensed

large droplets) as well as nebulizer sphere ; d. conical

Pl exi glas ceiling to minimi ze large droplet hangup . Conical

shape al l ows condensed droplets to flow more readily down

to ,~‘ecircu lation reservoir (C); e. s ample entry (fi l l) channel ;

f. nebulizer del i very channel (from reservoir); g. two-way

valve ; h. sampl e exit (empty) after reading obtained.

Fig. 5. Improved Flow-Through Adaptation of the Babington Principle

for Spectrochemical Analysis (No Recirculati on).

a. i nterchangeable 6 mm o.d. or 3 mm o.d. pressurized ôlosed-

end polished meta l tube nebulizer insert with non-recessed

orifice (0.61 mm hole); b. 3 mm plastic impaction sphere

(translational movement possible); c. mounting block

with i nternal rotary-translational motion converter for

iinpactor movement; d. sample delivery tube (2.38 n~ii i.d.);

e. modifi ed compression “elhow fitting; f. externa l ad-

justment for impaction gap; g. set screw to hold compression

elbow in place .

Li 
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Fig. 6. Improved Flow—Through Adaptation with Simplified Impactor and

Mounting and Safety “Pop Off” Plug.

a. Nebulizer insert (same as in rig. 5); b. simplified

impactor mount (“on stream’ external adjustment no longer

necessary): c. newly simplified nebulizer insert mount

utilizing Swagelock “Tee” fitting~ d. solid rod (structural

- support); and e. newly added “pop off” safety plug in case

of burner  f lashback.  
-

Fig. 7. Finel y Disper sed To mato Sauce Ae rosol Emana t ing from 10 cm

Slot Burner.

Direct aerosol production (using system diagrammed in Fig. 5)

is seen to be easily accomplished without system clogging.

Burner is shown without flame buring to demonstrate high

density finely dispersed aerosol . The same result is

achieved with  the system diagrammed in Fig. 6.

Fig. 8. Nebulizer Operating Range .

0 Varian.-Techtron cap illary nebulizer ;  1~ H ig h sol ids

nebulizer , 6 mm metal  ( from Fig.  5) ;  K High solids
nebulizer, 16 mm glass respiratory (from Fig. 4);

A Beckman total consumption burner as premix

nebulizer.

_ _  - ---I
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Fi g. ~ . Nebul i 7e C I ~i iency Cor~ipa ri son.

0 Vari an—Techtron capillary nebu lizer; A Hig h solids

nebu lizer , 6 mm metal , non-recirculated , 5 mm gap;

Q High solids nebulizer , 6 mm metal , non recirculated ,

0.6 mm gap; ~ High solids nebulizer , 16 mm glass res-

pirato ry, recirculation of all excess (f r ouL z?ig. 4).

Fig. 10. Sample Delivery Gap Effects .

Sample Del i very Rate: A 53 mL/min;O 21 mL/min;D 10 mL/min;

~ 4.5 mL/min .

Fig. 11. Sample Size and Uptake Rate Requirements .

Sample Size : —— unlimited ;Q ~ mL;~~ 1 mL;A 0.5 mL;D 0.2 mL;

t~ 0.1 mL. -

Fi g.12. Comparison of Minimum Required Sample Volume.

o Varian Techtron capillary nebu lizer ;

A Jarrell Ash (Hetco) capillar y nebulizer ;

o High solids nebulizer , 6 mm meta l,non—recirculated (Figs. 5 and 6):

~ Hig h solids nebulizer , 16 mm gl ass respiratory ,
recirculation of all excess (from Fig.4).

Fig. 1-3. Operational Curve of Sample Vo l ume—Uptake Rate (Optimum) .

Note that the ordinate represents flow rate. This figure

does not reflect on the sensitivity at a given volume.

FigS 14. Impactor Effects . - 

-

o Varian—Techtron capillary nebu lizer ;

O Hig h solids nebulizer (F!g~ 5)

—— - -S_-S.-- - - 5___•_ —~ —————— Si



- —.._• 
.- -,-—•~~•_-—-—--.~ 

- 
-~~~~~~~~ 

_
~~

_ _
~~~~

_ _
~~~~~~~_-~ __ -• 

~~~~~~~~~~~~~~~~~~~~

• • S - .

~~~~~~~~~~~

OPERATING LEVEL / 
/

S A M P L E

~~L4LL.1//

I

_ 
_ _  

_________
~~~~~~ _ _ _ _ _ _ _ _ _  ______ ___ ________ __ _ _ _ _ _



_• . —. - . — r 5 - _• -~--’~~ 
S . 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V 7 ~~~~~~~~~~~~~~~~~~~~~~~~ 

-~~
F 5 -

~~~~- - - -_ --_ — - -_ 
- 

- ~~~~~~_ _ •
5~~~~~~~~~_ 

—-—.—-———- ----— --V-- - - - -  - S

(I)

hi
~r )

1’ 
V



- 
~~~~~~~~~~~~~ 

---i__ V - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-.-_

-

_ _ _ _

_ -

~~~~~~~~~~~~

.1. 
~j

JL_!L $~~~~I

W a :  o
1-

/

(F)
a: 0

Ui
(\1

11D ’
~~ 1ic; -

4 4  -*

03
r~r —3 _

•~s ~~~~~‘

C

2: ~~~~~~~
0— 02
L~~~~~~~

0 
~~~~CD
lii

4

I—

_ _ _ _ _ _  _ _ _  5-



_ _ _ _  _ _  
_ _ _ _ _ _ _ _ _ _ _  —

< ... - -.~~ 1 —~ a:
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ !3 ~-z

j~~~j ~

________________________ 
_ _ _

IL
z

0 ~~ Cf)
Ui

__i z
0

~~~

I

I 

_ S_JI I ~~ :~~~~1I TT



—- -~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
SS

~
SS 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
-_.,

~
,_—-_,-- —

~
--.

~~~—— —T:__ -
~ ~~~~~~~~~~~~ ~~~~~V 

-  

__ _ _

W._J 2:
‘-T-r~~~~~~ 

a:yp

I I~ ~It 1~t

H

0 
-

~~~~~

<C

0~w I—
W 7

.~~ 
U)

0
— ( !,

L~~~J ~~~~~~~~~~~~~~~~~~~~~~~~~~~

-
-

_ _  ___________- -_ _ _ _ _ _ _ _



- -VS V~5- - 
_•V~~~~~~~~~~~~ 57 V - 

- - -V--_-:--

~~~~~~~~~~~~ 

-

~~

V • —1 _J 0::
— h o w

I I w Z
- I I o °

- 
~~~~~~~~~~~~~ 

~~~

w ~
1°

1w
’-. 

- 5 _ _ • 5~_V•5_5-~~~V . -V~~~ VSV~Si ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-S — ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ V VS~



• 

- 

- 
- 

.~~
:- 

• 
.. .

.~~Yph.
.
~IP 

~~~~~~~~~~~~~~~~~~~~~ 

•

~ ~~~~~~~~~~~~~~~ 

-. --
. .. 

-

~~~

• 

~ 
-:

~~~~
.

. : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~—~ t 

..

t ii ‘

~~~~

‘

II’ 
~~~~~~~~~~~~~~~~~ 

~~~~~~

—~ ‘y’ ,~ —
,, 

~ ,,

4 ~ .,

. 

~~~~~~~~~~ 1b.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V . a~:t~ f’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~U1.~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~• ~~
‘. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
- ~~~~~~~~~~~~~~~~ L~~~~~~ -

- - ~ -
_

~J . .

-7: • 7 .

t ,_,
~

_.t
- .

-.

- V .
V. - —

ç; . f % ~
.:

~~ - V .

~~
‘ .~~~ .. .. -

Pr. - V
.

- 
• . V

. f 
-

V .

• I
- 

• 
~~~~~~~~~~ • -:- V .  4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V .
.-

,

V - i~~~-~~~
.- -

~~~: - ~~~

if 
V - 

V
~
.. ~~~~~~~~~~~~~~~~~~~~~~~~~

S . .  

‘ - - 
,I

~~~~ 

~~~~~ ..~.

.

~~~. 

. 

c .
~~~

.~ 
~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

_ .1 ~ 
. S I  ~~~-4 . ... .4 ’ V



I

il l 

- 

V 

V

:: ,.~t >- <zi hi hi
- ..J

~3. ~~ -Jz
z

D~~~~~~ 
.~~ ~~~

U, 

- 

~~~ — 0
0 > C-) 

~~ 
0 0

V _
~~ ._ J _ _ J .J_ ~ - -~. - - — ~~ .- ---

wdd ,33NVg~ OS 8V P3



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - -  
~- ~~~~~~~~~~~~~~ ‘~~~

5 - -  - -- 

1- V - - V S  
- ~~.

0
- o

0
-

o -
~~- 0  ~to

I S..-

I -J
- E

I 0
— In

c~J

\ hi
I- V

cg

~~~~~~
__

0 1-
~~~~~~~~~~ 

Q-

0

b

~~~~~~~~~~~~~

0

I-

1

3 . 0
In

, 
~~~~~~~~~~~~~~~~~~~~~ ~~ s-fl

In ‘~
. 

‘0 N —

-~~ 0 0 C 6 6

wdd / 33NV~~J O S 8 V  p3



__ 5_~5V ~~~~~ —-- -—-r-’-—-,- S5-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5~~~~~~ 5_S~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i

1

E
E

5—

1 . U )

I 0

V I >-
4 Lii
I . t o

/ -J
Lii
0

‘1 w
-J

V . I 0~

U)

I p

( I’, £0 —
0 0 0 6 o o

wdd , 33 NVO~JOS~~V P3

~~i~
V_
~~IiIIIiV_ -



- -V — - 

fl ’

-

~~~~~~~~~~~ 

V

H 

1
/
) 

- 

0

/.: 

~~

14
I—

I I  I” D
_ J I  -J

0

-

V 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(I)

w d d  / 33NV8~ OS~~~ pa

- - —S  
(I

_ _ _ _ _  

VS - - --
~~~
--



Pu’.- -

. 

_

~ 

- -V - V.—

-J

E

- o

hi
- - I  - N

V 
_ U)

wdd / 3 DNVG~~O S O V  PD 
- I —

-

~~~~~~~~ 

- -5- V - -V~~~~~~~~
_ - 

_ 



- 
- - - -~~~~~~ ‘~~~~- i ’  ~~~~~~~~~~ 

~~VV ~ 5 - V 5~~

E
S.-

n 0
N

w
N
(F) V

w
-J
0~

(F,

• 0
hi

U,
‘

~~ 
_ o  

—

‘ 
U)
hi
a

L , , 
~ ~ I ~ ~

0 0
0

(U!W/ 1W ) 
. 

V

31V~J 3)IVldfl NOtifflOS IA 4 f l V~JI1dO

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I

-
to

0

I _ ro
L —S.

V ir E

1~ 
-

~~~~~~~~~~~~~~~~~

In a:
0 -

V (1 ~-
- 

/0 0
b

0
V 

- - J  
~~

wdd /33~~~g?j Q5~~V PD

V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~~~~ II1IJ~~~T:~~



~~~~5-W ~~~~f lV 5~~~ ~~~‘!n’ 5-wr5-
~~ -v-—-5I, — - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
- 4 7 2 : G AN : 7 l 6 : ~~iai

78u472—608

TECHNICAL REPORT D I ST RI B U T I ON L1~~T, UEN —

NC!.

Copies Copies

Offi ce of Nava l Research Defense Documentation Center
800 North Quincy Street Building 5 , Cameron Station
Arli ngton , Vi rginia 22217 Alexandria , Virginia 22314 12
A ttn : Code 472 2

U.S. Army Research Office
ONI( Branch Office P.O. Box 1211
536 S. Cla rk Street Research Triangle Park , N.C. 27709
Chicago , Illi nois 60605 Attn: CRD—AA— IP
Attn: Dr. George Sandoz I

Naval Ocean Systems Center
ONR Br anch Office San Diego , California 92152
715 B toadway A ttn: Mr. Joe McCartney
New Y r k , New York 10003
Attn: Scientific Dept. 1 Naval Weapon s Center

Chi na Lake , California 93555
ONR branch Office Attn: Dr. A. B. Amster
1030 1:ist Green Street Chemistry Division
Pasndt nn , California 91106
A ttn: Dr. R. J. Marcus 1 Naval Civil Engineering Laboratory

Port Hue neine , California 93401
ONR A ”e a Office A ttn: Dr. R. W. Drisko
One H.tll idie Plaza , Suite 601
San Fra nci sco , Californi a 94102 Professor K . E. Woeh ier
Attn: D-. P. A. M i l l e r  1 Department of Ph ysics & Chemistry

Naval Postgraduate School
ONR B:anch Office Monte rey, Cal i f ornia 93940
Bu i ld ng 114 , Sectio n D
666 Sjinmer Street Dr. A. L. Slafkosk y
Bos toi , Massach usetts 02210 Scientific Advisor
Attn: Dr. L. H. Peeb les 1 Commanda nt of the Marine Corps

(Code RD—l)
Direc :or , Naval Rese arch Laboratory Washing ton , D .C. 20380
Washi ngton , D.C . 20390
A ttn: Code 6100 1 Office of Naval Research

800 N. Quincy Street
The A s sistant Secretary Arling ton , V irginia 22217

of ~he Navy (R ,E&S) Attn: Dr. Richard S. Miller
Depart ment of the Navy
Room ~E736 , Pen tagon Nava l Ship Research and Developmen t
Washi ng ton , D.C. 20350 1 Center

Annapolis , Maryla nd 21401
Commander , Na val Air Systems Command Attn: Dr. C. Bosmaj ian
Depart ment of the Navy Applied Chemistry Division
Washington , D.C. 20360
At tn: Code 310C (H. Rosenwasser) 1 Naval Ocean Systems Center

San Diego , California 91232
.~ttn: Dr. S. Yannn ~at~i , ~-1arine

Sciences Divi sion

- I

5- VS -V.5-- VS ~~~~~~~~ -~~ ~~~~~~~~~~ —~~~~ 5-VS V5- — — - 5---- — _ _ _ _



F~~ 
~~~~~~~~~~~~~~~ 

_
- -_V - - ~~5-VV~V ~~~~~~~~~~~~~~~ ~~~~r ’ - ~~~~~’ ;

iu ,F —
~~~~~~~~~ — — — ~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~

- - - 
- V5-5~~V S- 5~~~ ~~~ - - 

- 
- V

- - 

672:GAN: 7ll~:tam
- 78u472—608

- 
TECHNICAL REPORT DISTRIBUTTCN LIST ,_ OSJC

~~~~~.

Copies - Copies

Dr. M . ~B. Dp~(~n 
- Dr. K. Wilson

Uni ver si~q’of Arizona Univer sity of California , San Diego
Depar t~p(n t’. of Chemis try Department of Chemistry
Tucson , ArNona 85721 1 

- 
La Jolla , California 1

Dr. R.  A.  Os te ryoung  Dr. A. Z i r i n o
Colorado State University Naval Und ers ea Cc-r~ter
Depar tm ent of Chem istry San D i d - g o , C a l ij e r n i a  92132 - 1

Fort Colli ns , Colo rado 80521 1
Dr. John Duffin

Dr. B. R. Kowaiski United States Naval Postgraduate
Univ ersity of Washington School
Department of Chemistry Monterey, Cal if orn ia 93940 1
Sea tt le , Wa sh i n g t on .98105 1

Dr. C. M. Hiefije
Dr. S. P. Per one - Department of Chemistry
Purdu e University Indiana University
Departm ent of Chemistry Bloomington , Indiana 47401 1
Laf ayette , Indiana 47907 1

Dr. Vic tor L. Rehn
Naval We apons Center
Cod e 3813 -

Chin a Lake , Califor nia 93555 1

- Dr. Christie C. Enke
Dr. D . L . Venezk y M ichi gan State University
Nav al Research Laboratory Department of Chemistry
Code 6 130 Eas t Lansi ng , M ichigan 48824 1
Washi ngton , D.C. 20375 1 -

Dr. Kent Eisentrau t , MBT
Dr.- H. Frei ser Air Force Materials Laboratory
Universi ty of Arizona Wr ight—Patterson AFB , Ohio 45433 1
Depa rtment of Chemistry V

Tuscon , Arizona 85721 Wal ter C Cox , Code 3632
Naval Underwater Syste ms Center

Dr. Fred Saa lf e ld Building 148
Naval Research Laboratory Newport , Rhode Is land 02840 1
Code 6110
W a shing ton , D.C. 20375 1 -

Dr. E. Che rnoff •

Mas sachusetts Institute of . 
- 

V

Technology •

Depar tm en t of Ma the ma t ics V

Cambridge , Massach usetts 02139 1

i

- _ - - -~~~~ V V S - - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~




