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A revised mode l for droplet acceleration in an anal ytical flame or

plasma accurately predicts experinsental [~’ observed behavior i n  an a i r -

acetylene flame . The princ i p.sl modifi cation ineolves a spati alLy chang ing

flame rise vel ocit y .

_ 
_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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



S••• S~~•~~~ ”~ ~~~~~~~~~~~~~~~ — -‘ ~~‘~~~~~~ V’ ~~~~~~~~~~~~ - , -- - V

F —- Ir
ABSTRACT

The experimentally observed velocity of an aerosol droplet in an air-

acetylene flame is compared to the velocity calculated through a new mathe-

matical model. The experimental droplet velocity is measured by means of 
V

f -- stroboscopic photography of a stream of individual droplets sent into a

flame at a known frequency and traveling very reproducible trajectories.

Because the temporal spacing between these droplets is known, a measure 
I

of the instantaneous droplet location enables their velocity to be cal- V

culated. The droplet acceleration model was modified by incorporating

into it a spatially changing flame rise velocity, which was assumed con-

stant in earlier treatments. Excellent agreement has been found between

calculated and measured droplet acceleration in the flame.
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iNTRODUCT I ON
‘IV~JV~/L#V~/V~,/V\ V 4

i
An aerosol droplet of sample solution , directed i n t o  an a n a l y t i c a l

flam e or plasma , wi ll rapid ly accelerate toward the moving gas velocity.

The rate and degree of approach of the drp let to the flame gas velocity

is important both fundam enta  1 ly  and p r a c  t i cal l v  i is analytical spectrometry .

For example , the differential ve locity between the droplet and the flame

(or resulting p a r t i c l e  and the flame) governs whether or not convective

mass transport is signific ant i n  desolvation and vaporization . Also , drop-

let acceleration affects t h e  eventual distribution of analyte atoms through-

out the flame, w h i c h  in turn  influences analytical sensitivity, precision S

and working curve l inearity .

In particular , the horizontal acceleration of droplets as they enter

a flame has been shown to be responsible for some of t h e  lateral spread j - -

of atom populat ions (1) . ~1o,’~ i m p o r t a n t  lv , t h e  vertica l acceleration of

aerosol droplet s determines the distribution of analyte atom s above the

burner, and therefore contributes to the optimal viewing height in the

flame. It is also this vertical acceleration which determines the amount

of time before a droplet (or particle) reaches the flame gas ve locity, 
V

at which  t ime convect ive ma ‘;s t ransport ht -corie s neg l i g i b l e  in  i ts  i n f l u e n c e

on the a tomizat ion processes. -

A mat hemat ical  expre s~ on h a s  been f o r m u l a t e d  to model the  vert ical

acceleration of aerosol droplets in a f l ame  or p lasma ( 2 ) .  h owever , the -~ S

t i me-dependent droplet ve l oc i t y  ca lcu la t ed  throug h t h i s  expres sion doe s

not accurately predict the v e l o c i t y  ac tual ly  observed . The 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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apparent oversight in t h i s  p r ev i ou s  work (2,3) i s  that  f lam e rise ve loc i ty

was assumed to be constant across the burner . Unfor tuna tel y ,  this assumption

leads to greater  theoret ical than observed droplet accelerat ion ; in  the  ex-

perimental test of t h e mode l , droplet ’-~ were injected i n to  the flam e in a

direction perpend icular to i t s  flowing ax is , so they  experienced a s p a t i a l  l~
U

changing flame v e l o c i t y . Mor t -o v & -r , iii the present study i t  was found that

the measure d droplet d o e  t t y  i t s  t h e  f l . c i e  is affected significantly 
~Y V

the droplet introduct ion ra te .  At droplet introduction rates greater th an

2KHz , the dr op let s  bunch t o~ eth e  r , f o r m i n g  a quasi --cent m uon s st ream of

solut ion . The f l a m e  then must  a c c e l er a t e  the en t i re  stream instead of

individua l entities . t h e r e b ’. l e ad ing  to J i f ? s S r t V~n~ bo l sa v i  or than expected

for acceleration of s n~ Ic dr op let  ~~~. 1 si the  o ros s ’ ut  paper , the agreement

between theoretical and e x p e r i m e n t a l  r e su l t s  is improved by incorporating

a measured , spatially c h a n g i n g  t l a m e  rise velocity into the accelerat ion

expression , and by con t ro l  I i  ca refu l l v  t h e  d rop l et  in t rodu ct ion  ra te .

Significantly, theoretical results art’ shown to compare quite favorably

with th e measured droplet v e l o c i t y  over the entire droplet I ifet inc i n  t he

f lame .

1’IIEORY
wwv~.

The droplet acce leration e x p r t ’~ sion i s  de r ived  f r om ~owton ’s Se~ond

Law , a=F/in , where a is the aced  c - s - i t  ion of the dro p let s, as s t h o i  1’ n.1s5 , 
- S

F i s the al gebraic ssms of f o r ce s  ~sc t  ing on t h e  drop l et s in  th~’ flame. There

arc two such forces: t he  v i s c o u s  d t - ae  of t !u- ~~~j cj f l g  f lam e gases w h i c h  ~~
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S p
to accelerate the droplets , and gravitationa l attract lost , which tends to

retard them . For a lo u -sit ar flam e ant! sI h e r l  cal d roplet — , v iscous drag

can be expressed by St eKe ’s 1,as~ as: 3nrld (V — V 1 ) where n is the average

viscosity of t he  f l t ’ i s ’  ga ses . d i s  t h e  d i ameter of the d r oplet s , and V

and are the v~~loc i t  i t ’S of t h e  f l a m e  and dropl et  , respectively. Gray—

i tat  ional a t t ra c t  ion i s  mg,  h h e r - o  g i s  t h e  g s - av i t a t  iona l constant .

Unfor tunate ly ,  droplet  d i a - i o t e r  and mas~. are not constant in the flame

because of orsg ousi ~ d t -so I va t ot t . Therefore • t ime—dep endent relations for I 
-

droplet mass and d i a m e t e r  inn s be i n c o r p o r a t e d  i n t o  the  forc goin~ t reat —

ment . The time dependenc e of droplet  sire dot- ing desolvat ion  has been

determined (4) to ho , d~ d~ - kt , wh er e  d i s  the drop let  diameter at time

t after its entry into t he  f l a m e , d0 i s  the initi a l droplet diameter , and

k is the desolvat ton rate constant. U pon s u b s t i t u t i o n  of the two t ime—

dependent forces into Nci~ron ’s Second law , the droplet  accelerat ion  ex-

pression bec omes:

a lSq (V - Va) 
-

- kt )

where p is the d e n s i t y  of t I e  a er o so l  d rop  let

In an earner treatm ent (~
‘) , this exp ression was integrated to calculate

the droplet velocit y in  use flame . Itowever , direct integration is v a l i d  only

if one assumes the f lam e v e l o c i ty  to he constant over the entire ~i fetimo ~ 
r

the droplet. We have fouu t t h a t  t h i s  ass~nnpt ion is  not val  Id , -‘cpe Ia’ l y

when a droplet generator (-Il is  used to  i n jec t  the aerosol dro1- .lets into

the flame. In this s it u a t i on , used to t e st  the proposed r :odel , droplet s

are introduced into the flame in a dir ectIon perpendIcular  t o  the flame

I ~~~~~~~~~~~~~~ ~~~~~~ 1. —
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flow and therefore experience a parobolic flame rise velocity gradient as

they penetrate into the flame. Consequently, to obtain agreement between

the proposed model and results obtained using the droplet generator, one

should determine experimentally the flame velocity profile , relate this

profile to the time-dependent horizontal droplet position , and then inte-

grate the acceleration expression . Unfortunately, such a procedure leads

to a fourth-order dependence of acceleration on flame ri se velocity, making

integration difficult and l aborious. Instead , a numerical approach was

chosen in the present study. In this approach, the acceleration expression

is directly evaluated at very small time intervals using an experimentally

mapped flame rise velocity .

EXPERIMENTAL
W~WvW/Wb

In the measurement of droplet velocities, a droplet generator is used 
V

to inject into the flame uniform—sized aerosol droplets with reproducible ,

isochronal spacing (4,5). Because of this reproducibility, a single high-

intensity flash photograph reveals the trajectory and spatial re1ationsh~p

of droplets in the flame, from which their instantaneous and spatially

dependent velocities can be deduced. Figure 1 of reference 4 shows such

a single-flash photograph, with a droplet introduction rate of 1000 drop-

lets per second.

In the present study, droplets were introduced into the flame in a

slightly downward direction in order to establish a zero—vertical-velocit

V droplet location. Experimentally, vertical droplet positions were o”t~~ned

_ _ _ _  - i ~~~~~~~~~~ i S ~~~~~~~~~~~~~~~~ 
- - 
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by direct measurements above this reference droplet . Of course , small

variations in individua L drop le t  p o s i t i o n s  e x i st  because of air current s

about the apparatus . There fore , droplet pos i t ions  from several photographs

were averaged to o b t a i n  an exper imenta l  cu rve of d roplet p o s i t i o n  versus

drop let residence t ime in the flam e (Fi gure 1). Each droplet position in

Figure 1 represents the average of f i v e  d i f f e r e n t  photographs in which al l

droplet generator and fla’-e conditions ~ere the same. Error bars in Figure

1 represent 95% confidence limits , indicating that less than 6°~ error exists

in assigning droplet positions. If necessary , the magnitude of this error

could be decreased by averag ing additional photographs or by shielding ti-sc

experimental apparatus from ambient air currents.

The time-dependent horizontal position of thE droplets in the flame

was also measured from the single-flash photographs. Coupled with knowledge

of the rise velocity of the flame as a function of position across the

burner (horizontal flame rise—velocit y profile) , this measurement enables

one to calculate the flame velocity that each droplet experiences as it V

traverses the flame. The met hod of obtaining flame rise-velocity profiles

is described elsewhere (6). The rise-velocity profile for the air-acetylene

flame used in this study is show n in Figure 2. Asterisks in Figure 2

represent the flame rise velocity values measured at a particular burner 
V

location. Again, error bars show the 95% confidence limits . Not suiprising ly.

the relationship between rise velocity and position across the flame was S

found to fit a second-order polynomial expression with a correlation co-

efficient of 0.98. The smooth parabolic curve (dotted), obtained from

this po1yn~nia1 express ion, is what one would expect from Poiseuille ’s 

V~ - * V~~~~ VV VVV V V I~~~~~ V VS VV 5S V V VV V V V V V V V VVV5~~V VV _ V - -  - 
— -.-~~~~~~~~~ ~~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~
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equation for a laminar flow system . The velocity of the flame that each

droplet experiences w i t h  r c-~pect to ~— pat i a l  p o s i t ion  can he e a s i L y  found

fr ~~ th is polyn om ial (or from Fig .  2 ) ,  and direc t eva l u a t i o n  of the aced-

e r a t i o n expression at short t ime i n t e r v a l s  then becomes poss ib l e .  -

A l OOppm barium chlor ide  solution (densi ty  1.0 g /inL) was used in

the droplet generator reservoir. The initial droplet diameter was mecsured j i

to be 68 ± ~ ~.im , us ing the  Mg() technique (7). Droplet introduction rates

were kept below 2KH z i n orde r to m i n i m i z e  the  slip-stream effect (8). F l a m e V 
V

gas viscosity was calculated to he 660 m i c r o p o i s e , using s ta t i s t ica l  mech- 4
V 

anics, for a flame tempei-ature of 2450K (9). This average flame tempera-

ture was measured over the flame region of study using t he  sod i um l i ne - V
reversal technique (10).

RESULTS AM) DISCUSSION
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

The random spatial distribution of droplets produced by a conventional V

nebulizer makes it unlikely that one droplet will strongly affect the ac-

F celeration or velocity of another. h owever, with the droplet generator used

in the present study, droplets follow identical trajectories through the

flame and can affect each other by developing a sli p-stream (8) . Under- 
V 

-

standably, this slip-stream effect is most marked when droplets are closel y

spaced; visual changes in droplet velocity (spacing) are evident at drop I V

introduction frequencies greater than 2KHz. Because this slip-stream ef-

fect, if pron ounced , tends to shield each droplet somewhat from the viscous V

forces of the flowing flame gases, upward droplet acceleration is somncwh~~ 
V

lowered at high droplet introduction rates. 
-

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~: T~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V
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This reduction in acceleration is evident by examinat ion of Figure 3,

in which all experimental conditions were the same except for the droplet

introduction rate. At an introd uction rate of 2.8KHz , droplets approach

the f lam e veloci ty  more s iowiy than at l.6K 11:’ . To o b t a i n  a mea sure  of

droplet velocity consistent with  the  deve loped t h e o r e t i ca l  mode l , a low

droplet int roduction rate (I .6K H z) wa s en 1 loyed in the pr esent study . At

thi s rate , the s l i p-stream effect should be neg l ig ib le  (8) .

Fi gure 4 compares droplet v e l o c i ty  curves ca lcu la ted  through the ac-

celeration expression with one obtaip ed exper imenta l ly  at a droplet intro-

duction rate of 1.6KHz . The upper theoretical curve (dot-dash) represents

the droplet ve loc i ty  ca lcu lated  assum ing a constant flame rise velocity of

10 .0 rn / s .  The lowe r curve (dotted) was ca lcu la ted  by incorporating the
S spatially changing f l a m e  rise velocity (ca. Fig.  2) in to the accelera t ion

V expression and evaluating it as sm a l l , d i sc rete t ime intervals. As expected,

V the predicted acceleration is too great  when a constant  average flame rise

vel ocity is assumed. In con tras t , the curve i ncorporating a spatiall y

changing flame rise veloci ty  (dotted) agrees wi th in  experimental error

with observed velocities over the entire lifet ime of a desolvating drop-

let. Clearly, a spa t ia l ly  changing f lame rise velocity must be considered

in order to accurately model droplet acceleration when a drop let generator

is used for nebulization . In conventional nebulizer systems, however,

droplets usually enter the flame vertically and a constant flame rise

velocity in the acceleration expression should provide close agreemen t

with observed ~behavior.

Additional but small imporvement in the drop let acceleration mode l is

possible. For example , the e x i s t i n g  exp re s s ion  does not take into accou-~

~~ V V V V V V ~~~~~~~~~ - V ~~~~~~~~~~~ V VV V V~~~~~~~~V:V ~~~~~~~~~~~~ a
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the change in density which occurs as droplets desolvate and become more S

concentrated. Also , a chang ing f lame v iscos i ty  could be incorporated

into the model. Such a change probably occurs as a result of changing

flame temperature and water vapor concentration in the vicinity of the

drop - ts. Inspection of the acceleration expression reveals that both 
V

of these modifications would improve agreement with experiment . Finally,

~.t is not yet certain that the effect of one droplet on another is completely

removed at the droplet introduction rate employed in this work . In order

to measure the true droplet trajectory (velocity) in the flame, one would

have to inject a single droplet and monitor its path with a high—speed

motion camera. - V

In our view, the improved agreement between experiment and theory

which the above three modifications would yield does not justify the sub-

stantial complications which they would introduce into both the existing

model and its verification . In most cases, the agreement obtained in this

study would be sufficient to predict both the spatial distribution of atoms

in an analytical flame and the amount of time required for introduced drop-

lets (or particles) to reach the flam e rise velocity.
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FIGUR E LEGENDS

Figure 1. Droplet trajectarv in the flame, In itial droplet diameter

a 68 urn. m t  E~dtR- t ion ra te ~ 1. ~k IIz . I rr or bars i nd i ca t e

± 95% conti~tenct’ limi ts .

Figure 2. SpatIal velocity profile in sto ichiornetric (fuel/~x 1dant 0.13)

air/ acetylene flame. Ast~~~~ F — . represent measured v e l o c i t  ics ;

dotted 1 inc is curve obtnincd from second-or der f i t  (correlat ion

c o f f i c l e n t

Figure 3. Measured drop l et velocity in the air-acetylene flame . All

droplet genera to r  and flame condi t ion s are the same , except

for th e  drop l et  i ut r o d ~tct  ion ra te ,  
V

o introductIon rate 2 .8KHz

* m t  roduct  Ion rate = I .6KHz

Figure 4. ComparIson of nieasured droplet ve loc i t y  wi th  th at  ca l cu la te d

through the acceleration expressit~n (Eq. 1).

* measured

ca l cu la te d  assuming r i s e  velocity is coi~stant across

- flame.

calculated using hor izon ta l ly  changing f~ rne rise

velocity.
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