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S Y S T E M A T I C  I N V E S T I G A T I O N  OF THE DESIGN PARAMETERS
OF A SL IT  AEROSOL CONCENTRATOR

1.0 INTRODUCT ION

The particle concen tration principle Is used by the
Depa rtment of the Army irs t h e  X 14l 9 Alarm and the XM2 Sampl er.
The concen trator operates on the impacti on principle, removing
large particles from the air stream by Inert i al separation.
However , the particles are not Impacted on a solid surface
but are d i r e c t e d  in to  a reg ion of l o w - f l o w  a i r . Th i s  l o w - f l o w
ai r  Is then d i r e c t e d  to the par ticle assay device.

The pre sent concentrator has been developed from a single
circular nozzle concept into a mu l t inozzle array which reduces
the energy requirem ents when hi gh -flo w rates are desired .
Al though this unit per form s satisfactorily, a sli t-type concen-
trator has the potential advantag e of a sim pl er const ruction
and attendant reduction of both fabrication costs and ma inten-
an ce c o s t s .

The scope of this contra ct was to conduct a systematic
Invest i gation of the design , fabrication and evalu ation of a
slit air-to - air aerosol concentrator. Factors which were to
be considered in determ ining an opt imum de sign were stability
of operation , criticalness of physical dimensions , slo pe o f
particula te separa tion , concentration ratio , economy of
maintenance and cost in produ ction of q u a n t i t i e s  up to 1 ,000
units.

The concentrator design shall have an input flow rate of
1 ,000 t/m in. with a maximum of 30 cm of water total pressure
drop. The 50% separation charact eristic (cutpoint) shall be
for aerosol of 2.5 ~~ with a specific gravity of 1.25. The
Out p ut flow rate containing the particles greater than the SOS
cutpo int shall be between 10 and 15 t/m tn . The concentrator
will have an inlet or pre -impactor designed to minimize the
entrance of particle s of 15 urn or greater In size into the
concentrator.

A fter thorough Investigation of the various design para-
meters , a proposed design of the slit concentrator was submitted
to the Government for a pprova l .  Having rece ived approval  of
the des ign , four Ident ical  concent ra to rs  were fab r i ca ted ,
te sted and d e l i v e r e d  to the Government for further eva lua t i on .
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1

2.0 PRELIMINARY INVENST IGATION

2. 1 Descri p tion p_f a C~~nc_ent~r a~t_or

As described in the int roduc tion , a concentrator operates
on the p r i n c i p l e  of inertial separation. Figure A - i shows the
pr i n c i p l e  of operation of a concentrator. Air flows through
the inlet nozzle and is divided into two fra ctions , Q0 and Qc•
La rge p a rticles w i l l  be impacted by their in ertia iri tb the dead
a ir space or low - flow region of the receiver nozzle and be
re m o v e d by 

~~ 
(con centration flow). The ratio Q’/Q (. Is called

the concentration factor , since a l l  the large particles have
been concentrated into 

~~ 
Ty pical values of Qi/Q

~ 
a re  f rom

4 to 10.

Part of the small p a rticles w i l l  al so be In Oc ; this
fraction is 

~~~~~ 
I n order to more completely separate the

s m a l l  particles from the large, a sec ond concentrating stage is
added. The flow Q

~ 
from the first stage is subjected to this

secon d concent r ating stage. The overall concentration factor
is then the product ot the facto rs for both stages. For example ,
if the concent ration t act o r for each stage i s 8 , the overall
concentration factor is 64. Small particle contamination in
the large par t i c l e  stream has been reduced to about 1.5 percent
after pr cess ing by b o t h stages.

Some of the c r i t i c a l  parameters of a concentrator are
nozz le shape and nozzle s l i t  width for both Inl et and receiver
nozzle. A l s o , the sp ac i ng between the nozzles is c r i t i c a l .
Ratios of flow rates an not so c r i t i c a l , but must be maintained
w i t n i n  certain va l ue s . When a two -stage concent rator is used ,
balance of the flow rat e s between stages i s very cri t i c a l .

2.2 Literatu re R ev i ew

In o rd sr to help l e v e l i p  .~ d esiq n concept f~~~r a sl it -type
aerosol conc entr a tor . .i review of the literature on impactor
concentrators and v i r t u a l  im 2ac tor s was conducted. Most of the
references c’ted are conç~ çned with s l i t  j~~sac tors or impactors
in gen eral. Onl y Forn ey t~~

) and 100 et al~~~
) deal with concen-

trators; with Forney specifically on sl~~ concen trators.

The performance of an impactor is generall y shown by
plotting p article collection ef fi ciency, E . vers us the square
root of the Stokes number , (Stk)~~. The Stokes number is defined
as the ratio of the particle stopping distance to the half width
or the radius of the impactor throat ,

10
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V 0 
a i r  v t~ l o ci ty i t  t h r  t h ,  ‘ a t

0 P d ’  I t le di d l i u s t t rp

W - j e t  wld t fi o r  ~J i a m e t t ,

H oist t h i s  s - s h a p e d  curv e , the 50% ~ut p o i n t  of the imp a ctor
can be d e termined. The ‘,teep tiess of the curve determines the
sha rpn ess of the c u t p o i n t .

A good t h t o r e t i c a l tn a~~’ - i s  of ifli p ac tor performance is
pre~ en~~ 4 by M a r ( l e  and  1 iu~ 

1~ ) and i s summar i zed in the book
by L i u ’’’ . I n  t~~c s t u d y ,  the  1nspa ~~t o r s  w e r e  c h a r a c t e r i z e d  by
th re e  d i m e n s i o n l e s s  p a r a ’ i r t e r s - - S / W , T / W , and Re - - w h e r e  S a jet-
to- pl ate d i s t a n c e .  W jet width or diameter , I jet throat
length and Re i.t Re y ’~~ lds Numb er based on the hydraulic
d tam e t e~ of the jet , 0Pi (0h 

a W for round jets , 0h 2W for
rectangu l ar lets). In ~.~n e ’al , the theoretical pe rformance
curves ar~ s i m i l a r  in shape and the po s ition of the curves on
the (Stk)~~ a * is remains i e l a t i v e l y constant provided the para-
met er s are he ld to the l u l l o w i n q  ,sppro xl ma t e values (for rectan-
gula r jet s):

5/W 1 to 1.5
11W 0.5 to 1
Re a ‘~OO to 15 ,000

Accordin , to M a ip h , the agreement between theoretica l and
ex per im enta l is very good for both round and rectangular impactors
if the i usi p actor inl et cond itions , shape, and Reynolds Number are
si m i l a r .  A g lance throu gh th e literature shows that exper imental
resu lts can vary widely a~ shown in the follow ing table. Presen ted
are the approxim a te ( s t i  ) values at the 5O~ cu tp ol nt of the
impa c tors.

it 
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INV [STI GATOR ( S tk J ~
Ma rp l e and Liu (Theoretical ) 0.7
For ney 0.36
L u n d g r e n  0 .6
Mercer and Chow 0.85
W ille ke (Sierra Hi Vol) 0.7
Coo per and Spie lman 0.45

This varia tion in performance shows that an impactor wi l l
p er form a ccording to theoretical values onl y I f designed in
accordance w i th the th eo retical m odel.

Aerosol characteristics can inf l u ence the c~~l ibration of
impa ctors , as discussed by Jd e n i C k e  and Bl i ff o rd t6 ) . They
hav e made calculations showing that aerosols must have a
standard deviation (~~~~~) 

of ~~ in order for calibrations of
impac to r s to be real i stic. For aerosols with a larger o , c a l l -
b r a t i c n s  w i l l  result in an s-sha p ed curve and with a slope not
as steep as that predicted by theo ry. However , the value o f the
50~ cutp oi nt w i l l  not be affected. The shape of the cu rve can
a l s o  be a f f e c t e d  by u s i n g  s uch m o n o d i s p e r s e  a e r o s o l s  such as
po l y st~~rene spheres which conta i n some fra ct i on o f  doublet
par t i ’es. Even 2~ of doublet ~ ir t i c l e s  w i l l  produce an s-
sha~ ei c ur v e .

The pe r f o r ’a n c e  o ’ imp a ct rs i s  a l so a ’fected by va rious
oth e r parameters as d i s c u s S e d  h~ Marp l e and Pi T l e k e  In reference
7 . The i n l e t  should be tap ered or con i c a l  in order for the
p a r t i c l e s  to acc e le ra t e to th * i l u i d v * l ~~c i t ~ in the throat of
the n ;zle. O b s t r u c t i o n .  i t th i i n let wh i ch cause the flow to
ap p r o a ch the nn :zle ~o ri? o n t a l l y  it ~~e (ts the ir np a cto r performance.

Fo rn ey (5) ras des ig ned a ~a~~i i b l e  s l i t  concentr a to ç p atterned
ift er the v a r i a b l e  s l i t  im p a c t or o~ Coo per and Spiel ma n ’3~ .Es s e n t i a l l y  t h i s  is a standard i - p a c t o r  sliced in half; a verticle
wa l l  C a~~5 ~ tf ne ha l’ the s l i t  a nd the impaction plate or virtual
;~~~‘ f aci . The ta p er rd half of t he  s l i t i s mov e a t le so that the
sl~~t width , .~~ . can be ..ari ed. ~et m a i n t a i n  a constant S/W.
Reyn o lds numb er i~~ h e ld c onst a nt by h ol d i n g  the total flow
constant. The ln str w r e nt is c a l i b r a t e d  Pv us ing a single size
aerosol and vary ing the s l i t  w idth.

• Neither the v a r i a b l e  s l i t  impactor not the conc pntrator
perf orm acco r ding to the ory. For example , the (Stk~~’ at the
5O~ cutpoint for the concentrator of Forney is 0.36 wh ile
theory puts it at 0.7. Also , the slope of the curv e i s  1 . 32
while theor y puts it at about 1.05.
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Poss ib l y some disa greement may be due to the f a t  that the
length ot the sli t  was .ery short (2 cm) . The theory was
derived for a s l i t  with very large aspect ratio (L/w).

2. 3 Des ijn Conc epts

In L iu ’ s b ook~~
7
~~, Marple and Wil l eke have written a section

entitled ‘~Iner t i al Im pactors: Theory, Design , and Use ’ . In
this ar t i c l e  they describe a procedure for designing a sl i t
impac tor. Basicall y, one must choose a 50% particle cutpoint
diameter and a jet Reynolds number. From a nomogram the jet
width , W , and the flow rate per unit length of the jet , 0/1,
can be deteremined. Total length of the sl i t  can be calculated.

Tak ing 2.5 micro m eter s as the 50% cutpo i nt , and a Reynolds
nu ;~ber o f 3,000 , then from the nomogram , W 0.16 cm , OIL 15,
and L 66. ’ cm for a fl ow rate of 1 ,000 ~/min. This length
is rath er excessive if the ufl I t  is to be as small in size as
practical (even if the s l i t  is t ro ~ en iown into several par~~ l e l
s l i t s ) .  C h oos i r g a va l ue of 10 .000 for the Reynolds number gives
a value for W of 0.3 cm , OIL a 50 , and 1 = 20 cm. This length
oi s l i t  is more reasonable as a s t a rt i ng point for design of a
s l i t  concent rat or .

T a k i n g  some conve n ient size, s u c h  as 1/8” : 0.317 cm , the
fol l o w i n g  va l ue s can he de te r ~~ined :

w 0 .317 cm
OIL

I a 18.87 c
Ar ea 5.98 cm

• 2187 cm/sec
Re = 11 .800

In order to incorporate this s l i t  length into the most
compa ct uni t , .ariou s a rran gements were conceived and are
pre sented in fi gu r es A- ? to A- A . Other arrangements are also
poss i ble. The arran l ement shown in figure A-4 appears to be
advantageous f~~r at least two reasons: (1) it is the most
compact and; (2) the sl i ’  has an i n f i n i t e  aspect ratio.

3.0 DESIGN CONCEPTS INVESTI GATED

S in ce there was very l i t t l e  in the literature regarding
s l i t  c o n c e n t r a t o r s ,  it was decided to design , fa bricate and
test b ri e f l y various arrangements and shapes of nozzles In
orde r to determine which would perform the best. In all cases ,
only sing le-stage un i ts were cons i dered in order to s implify
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des ign , fab r i c a t i o n  and test i ng. An y desi gn which performed
satis fa ctoril y as a s i ngle - stage unit could read ’ly be incorp-
Orated into a two .sta~Ie concent rator.

Two criter i a used in det er in i ng whether a de siun was
acce ptable were (1) steepness of slope of the particulate
separation curve; and (2) particulate impaction or loss in the
concentration or l a r g e - p a r t i c l e  flow channel. Losses in the
s m a l l - p a r t i c l e  flow chann el were of l i t t l e  concern in this study .

Fi gure A -5 shows the c r i t i c a l  parts of a concentrator and
the nomenclature to be used in id enti f y ing these dimens ion s in
t hi s  report.

3.1 A n n u l a r  S l i t  Concent ratu r

t i g u r e  A -6 shows a schematic o ’ ann u l a r  sl it concentrator 1.
A i r  How ent e red the c i r c u l a r  i n l e t  s l i t  nozzle downward. The
1a r - ; e - p a r t i c l e  flow c o n t i n ue d downward wh i l e  the sm a l l - p a r t i c l e
flow wa s d l r e c t ’ .I ra~~i a l l y outw ~ r~~. The inlet s l i t  w i dth was
O . 3t6 cm , ~~~~~~~ an a r e a  o~ 6. 99 cm - I n l e t  fl ow ‘ate was 1000 £ / m i n .

F i ~u r~’ A - -
. shows dt- t a  i i s of a r - n  ~ I a r s l i t  cu .c en tra tor 2.

‘h i s  C oncent r at o r was .,r, s i r - i l a  in de si~~n and operation to
b ut w ith some mod i ’ i c e - on ~n t he noz:lr ~ shape.

A nn~~l~~r s l i t  Conc e nt r ator i s shown in fi gu re A-8. This
conce n t r a t o r  wa ’ appr o~~im a t e 1 .  10.2 cm in diameter w ith inlet
a i ’  ~ l - :’w in g ra d~~a I 1 v : w r r t .  ‘ he  l a r g e - p a r t i c l e  flow continued
r i d i a l l y  i nw a r l to ~he c n t ’ r  and then down , wh i l e  the small-
par t i c i . -  f l o w was d i rec .- .i c i r c u m f . .r e n t i a l l y downw ard. The
i n l e t  n oz zl e s l i t  w , d t n  was ai j .st ahle as was the receiver
no.’z1~ s l i t  w id h . -~ i r  ‘1o w w a ~ 1000 / n i in .

Othe r no:zl e shap es wer e fa~-r ica tud for annular sl it
concentrator 3 and t~ c~ ed. Th e~ . a re shown in figure A -9.
i ar ~~OuS m o d i f i c a t i o n s  were dISO made in  the large -particle or
conc en t rator fl o w  channel m d  a r m- depict ed in fi gur e A - l O  and
7 - 1 1

3.2 Str ai 9ht ~ l i t  oncentr a tor

A strai ght s l i t  conce n t ra tor was desi gned and fabricated
as shown In f i~~u ’e A - l2. Wide steps were m i l l e d  in thick
m a t e r i a l  down to the des ir ed thic kn ess , T or I~~. T h e n  t h e
i n l e t  and receiver nozzle slits were m i l l e d  to the appropr iate
width and length. This c o n c e n t r a t o r  wou ld  be one of t he s i m p l e s t
and least costl y to make. The s p a c i n g  be tween  the no z z l e s  cou ld
be r eadily var i ed. Othe r variables such as I or W required
p erman ent alte r ation or making up a new p l a t e .  The length of
the Inlet s l i t  was 7.62 cm and the width was 0.196 cm. It was
rie sig ned for a flow rate of about 210 ./m in.

14
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3. 3 M o d i f i e d 5 r ~fl~~ Si lt Onc~~~t ra t o r

Because of heavy aerosol losses near the ends of the s l i t s
in the s t ra ight s l i t  c o n c e n t r a t o r  d e s c r i b e d  in 3 . 2 , a u n i q u e
des i gn was conce ived , des i gned and fabr icated. T h i s  d e s i g n i s
shown in figures A-l3 and A-l4. The slits are made by drilling
two holes of appropriate size, se parated by the approximate
lengt h of the sl i t  desired , then m i l l i n g  out a slit connecting
t he holes. The rel a tionship between the slit width and end
holes was arbitrarily chosen. Fo r the inlet n o z z l e  d /W 1.54 ,
while for the receiver nozzl e d D/W 1. 87. The ratio of
d D/d • 1 .26 , a value w hich is tHe ‘ame as the ratio of receiver
no z z l e  d i a m e t e r  to i n l e t  nozzle diameter in circular nozzle
concentrators. This concentrato r was designed for a flow rate
of about 125 ~/mi n .

As shown in fi g ur e A - 1 3 , both the k nle t  and receiver nozzles
protrude from their respective plates. Thi s design featur e was
borrowed from ci r c u l a r  nozzle concentrators because it reduces
ae roso l l o s s e s .

Another v a ! i a t i n of the mo di f i ed straight s l i t  concentrator
was designed and f a b r i c a t e d .  This is shown in fi gure A - 1 5. The
n o z z le s Pm .’pe and f l o w  p a t t e r n s  a re  the same as shown in figure
A - l 3 . ‘his unit was designed for a flow rate of about 900 1/mm .

4.0 SELECTED ‘FS I GN

Upon completion of testing a l l  the un i t s  descr ibed in
Section 3 . it was obvious that the modified straight sl i t  was
su perio r as far as aerosol losses were concerned and at least
equal to others in the slope of separation curve. There fore ,
it was selected as the desi gn to be systematically tested.

A sin g le stage concentrator was designed which could be
used for this systematic investigation . It w a s  de s igned so
that both the in l et and receiver nozzles could be readily
rep lac ed. The in let and receive r nozzles would be precisely
al igned when the concentrator was assembled. Spacing between
the inlet and receiver nozzles could be readily varied and
determined exactl y.

5 .0 TEST PROCEDURES

5. 1 ~~L~~n~~~~~~~~ d 1~ is

The laboratory generated aerosols used in the tests were
gene ra ted  f rom a l c o h ol s o l u t i o n s  of uranine or uran ine-methy lene
b lue  of v a r i o u s  c o n c e n t r a t i o n s .  These p a r t i c l e s  were generated
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w i t h  the ERC Sp inn i ng  D i s k  A e r o s o l  Genera to r  and have a a
of about 1.15. Thi s aerosol generator is equipped with a $adio-
acti ve source which reduces the charge on the aerosol particles
to that closel y approximating the equilibrium Boltzman distri-
but ion.

• To measure the aerosol di s t r i b u t i o n  for these tests ,
a bsolute filters were used downstream of the concentrator
unit. Part l cu l at e s in the flow streams are collected on
these filters, which are then anal yzed by standard fluorescence
techniques. The various parts of the concentrator are rinsed
of t and this solution is also anal yzed fluorometrically. This
a n a l ysis gives the fract i onal distribut i on of the total amount
of aerosol sampled or ingested by the concent rator.

A e r o s o l  s i z e  is  deterr - incd u sing an o p t i c a l  m i c r o s c o p e .
A l l  aeroso l sizes in t h i s  report refe , to particles of 1.25
spec i f i c g r av i ty.

5.2 Flow Me a su re m ent s

A i r flow m easureme nts were made with calibrated rotometers,
gas m e t e r s , and/or a calibrated orifice meter.

6.0 TEST RESULTS

6.1 A n n u l a r  S l i t  Concentrators

6.1. 1 A n n u l a r  S l i t  Concentrator 1

This design i~ shown in fi gure A - 6. T his unit was
tested onl y briefl y because of h i i h  losses. Part of the
reason for these hi gh losses was that the unit had a very
audible sound (wh i stle) emanating from it. Va rious minor
modifications fail ed to eliminate this Sound.

6. 1 .2 Annular S l i t  Concentrator 2

As shown in figure A - i . th i s design is only slightly
dif ferent than that of annular s l i t  concentrator 1 . This
design change was made in hopes of reducing the aerosol losses
and e l i m i n a t i n g  the character i stic sound. The characteristic
sound was eliminated but losse s were higher than In unit 1.

-,ar l ou s m inor modifications failed to reduce these losses.

6 . 1. 3 An n u l a r Sl it C o n c e n t r a t o r  3

A third design of an annular sl it concentrator is
shown In figure A-8 . This design is different from 1 and 2
in th at the air flows radiall y inward through the inlet nozzle.

16
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Th is unit was tested more thoroughl y be cause
ae rosol losses were substantiall y lower than 1 and 2. In
attempts to bring these losses down to an acceptabl e level ,
a n umber of changes in the nozzle shape were mad e and tested
as shown in figure A-9. Also a number of modifica tions were
ma de in the large-particle flow chann el (figures A -l O and A-i l )
in attempt s to reduce aerosol losses in this region. However ,
none of these changes reduced the losses to an acceptable level.
Losses in this design were especiall y heavy for lar ger aerosol
s i z e s .

6.2 StraiIht s i i t c oncen  trator

The s t r a i g h t  s l i t  c o n c e n t r a t o r  d es i g n  is  shown in f i gu re
A -1 2. This unit also had losses that were sub s tanta il ly l ower
than some of the annul ar s l i t  concentrators. (t was tested
over a range of parameters but none of the changes reduced the
losses to an accepta ble lev el. T he slope of the particulate
separation curve was shallow . In dicating poor cut off character—
i sti c s .

6.3 Modified Straight Slit Concentrator

The design for the mod ified strai ght slit (sometimes called
t he  “dum bbell ” slit) concentrator Is shown in figures A -l3 and
A - l4 . The unit showed marked superiority in both aerosol l osses
an d slope of separation curve. Losses near the ends of the
sl its was greatly reduced.

S ince this design had a very short slit and , therefore ,
a low flow rate (12 5 t/mi n ) another unit was fabricated as
shown in figure A -l 5. Th is unit had a flow rate of 900 t/min ,
nea r the desired flow rate of 1000 t/min. However , i t  had a
very loud , l o w - p i t c h e d  so und at a l l  f l ow  ra tes .  This  persisted
even a f t e r  v a r i o u s  minor  m o d i f i c a t i o n s .  The so und wa s finally
e l im ina ted  by b l o c k i n g  of f  the c ross  s l i t s ,  thus having just
one s traight s l i t .

Ano ther unit with one long straight slit was fabricated
an d briefl y tested. Although the results of tests on this
un i t  were not  a s good as  the r e s u l t s  for the shorter  s l i t
uni t  ( f i g u r e  A - l 4 ) ,  they w ere encou rag ing enough to decide to
use th i s  des ign  for  a s y s t e m a t i c  i n v e s t i g a t i o n  of the var ious
design parameters.

6 . 3 . 1  Sys temat i c  T e s t  P lan Data

As described In Section 4, a concen tr a tor un it was
des igned  and f a b r i c a t e d  to s y s t e m a t i c a l l y  tes t  the design
paramet e rs  of the s l i t  concen t ra to r .  Table B- i shows a list of
some of the va ria bles which affect concentrator performance.

17
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Nozz le length is a variable only in that it determines
the total volumetr ic flow rate for any given nozzl e slit width
an d velocity. Another factor which may affect concentrator
per fo rmance is t he angle of fl u i d  approach to the inlet nozzle.

Ini t i a l l y  it was decided to test the variables which
most a f f e c t  concen t ra to r  pe r fo rmance .  T hese a re nozz le  ve l oc ity
(v), ae rosol size (D0), inlet nozzle width (w) and receiver
nozzle wid th (WD). Of the remaining variabl es , some have
numeri cal rel atTonships to each other as determined by previous
work , while others will be assigned arbitrary values. These
are shown in tabl e B-2.

Initially a test matrix was set up as shown in table
8-3. After this matrix was completed , it was decided to
conduct additional tests in order to better deteremine the
effect of velocity and the effect of receiver nozz ’e width.
An additional test matrix was set up as shown in table 8-4.
Some of the resul ts of the init i a l  matrix fit Into this second
matr ix. Some tests were also conducted at WR /W of 2.50 , not
included in eith er matrix.

The results of these tests are shown in tables B-S
to 8-8. The total aerosol sampled was divided as follows:

1) That which was In the concentration or large -
parti cle flow stream.

2) That which was Impacted or lost and could be
re-ent rained into the concentration flow.

3 )  That which was in the penetration or sm a ll-
p article flow s tream .

4) That which was impacted or lost and could be
re -entrained into the penet ration flow.

The percentage of aerosol in the penetration flow stream and
pen et r at i on losses is not shown since this f~ act 1on was of
l i t t l e  interest to the Government.

The tables also show the calculated values of the
impac t i on parameter , . . for each test. From each group of
tests, paired values of efficiency (concentration) and
impa ction parameter can be used to determine mathematically
a li near equation which w i l l  best r~ present the relationship
between these two variables. The relationship can be expressed
In the form of the regression equation V = a + bX , where b is
the slope of the line and a is the V intercept. V In this
c a s e  I s t h e e f f ic i e n c y a n d  X I s ~

- . From this equation , one
can det ermine the value of the impaction parameter at 50%
efficiency, the slope of the particle separation curve, and
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the geometr ic s tandard dev ia t i on  
~~~~~

. The 50% particle cutpo lnt
size can be calculated from the Impact Ion parameter equati on.

It was noted that concentration losses were higher
Inside the end holes of the receiver nozzle than inside the
stra ight portion of the slit. Penetration losses are also
higher near the end holes. A series of tests was performed to
determine the e f f e c t  of changin g the end hole diameter (d R) of
the receiver nozzle. The pe rtinent data for this series
( S e r i e s  B- i )  is presented in tab le  B-9.  The resu l t s  of this
ser ies  of t e s t s  are presented  in tab le  B- iD .

Tes t  Ser ies  D was  per formed to determine the best
value of the spacing (5) between the inlet and receiver nozz le.
Tabl e 8-1 1 lists the pertinent data for this series. Table
B-1 2 presents  the r esu l t s  of Tes t  Ser ies  D.

Test  Ser ies E was conducted to determine the best
value for the inlet nozzle throat length (T). Table B- l3
l i sts the pe rtinent data for this series. The results of this
tes t  se r ies  is p resented  In tab le  8 - 14 .

Tab le  8 -15  shows the a i r  f l ow  c a l i b r a t i o n  for three
inlet nozzles.

6.3.2 Data Analysis

6.3.2.1 Graphical Ana iisis

F igure A - 1 6 shows the air flow calibration
for three inlet nozzles . Points for all three nozzles are
all represented by one straight line.

In the grap hical analys is generally only
the f o l l o w i n g  pa rd meter  v a l u e s  were used to determine mean
va lues  for p l o t t i n g  purpos e s ~

W a .254 , .317 and .381 cm
WR / W  a 1.50 , 1 .75 and 2.00
Velocity • 3500 , 4900 and 6000 cm/sec

The exception is in figure A -19, where values of WR/W of 1.00,
1.20 , and 2.50 were also used.

Figures A - i 7 , A -lB and A-19 show the effect
of nozzle width , nozzle velocity and WR/W on mean concen tra ti on I 

-

losses. There Is no trend in concentration losses with changes
in nozzle width. There is a trend showing decreasing losses
with Increasing nozzle velocity for the velocities tested.
There is a defin ite minimum in concentration losses at WR/W of
about 2.00.
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Figures A-20 , A -2 l and A-22 show the effect
of nozzle width , nozzle velocity and Wp/W on the mean slope
of the pa r t i cu l a t e  s e p a r a t i o n  cu rve. There appears to be no
trend in the slope of the separati on curve with changes in
nozzle w idth or change s in W p /W. It appears that there is a
po ssible trend of decreasing slope with in creasing nozzle
veloc ity, at least for large r value s of WR /W. A high value
f o r  s l o p e  is desirable for sharp particle separation.

6.3.2.2 Statistical Analy sis

The s tatistical analy sis used for the data
is analysis of ~ar 1ance. This analysis deter ’”lnes whi ch
variables hav e a significant effect on performance of the
concen t ra to r , or whether there is inter-action between the
variables.

~ab les B -l 6 th rough B-20 are various analysi s
of variance of the geometric standard deviation , o of ~~, taken
from tables 8-5 through 8-8. Table B-2 1 is a variance analysis
of the mean concentration loss.

The I dentificati on of the headings for the
las t part of each table is as follows:

Souce - source of variation
SS - sum of squares
DI - degrees of freedom
MS - mean square
VR - va ri ance ratio

- I f ac to r at  95~ conf idence lev el
1Q 9 9  - F factor at 99t confidence level

Table 8-16 shows that a comb ination of V and
W has an effect at the 9S~ level. Tables B-l 9 and B-20 Indicate
that W R /W ha s  an effect on 

~ 
of 4~ at the 95% level. Table 8-21

indicates that W R /W e ffects the concentration 1osses at the 95%
l e v e l .

7 .0 FINAL DESIGN , S L I T  C O N C E N T R A T O R

7.1 Design Recommen dations

7.1.1 General

The concentrator will have an inlet flow rate of
1000 t/min with an output flow rate containing the particle
greater than the 50% cutp oi nt of 15 t/niin. The nozz les  w i ll
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be of a s l it design. The concentrator will be a two-stage
unit , with the concentratin g ratio of each stage being appro-
ximatel y 8:1. The 50% cutpoint will be for 2.5 micrometer
particles having a specific gravity of 1.25.

With the exception of the nozzle design , the concen-
trator will be of the same desi gn and int erchangeable with
the units supplied to Bendix Corporation , Env ironmental and
Process Instrument s Div ision. ERC was a subcontractor to
Bendix on Contract Number DAAA 1S-77-C -000 9, ‘Concen trator !
Collector Improvements for XM2 and XM 19 Sampler. ”

7.1.2 Inlet and Pre-tmpactor

This portion of the concentrator w ill remove larger
particle s from the ai r stream enter Ing the concentrator. The
pre -impactor will have an approximate 50% cutpoint for 15
micrometer particles.

The design of the pre-impactor will be the same as ,
and interchangeable with , the units supplied to Bendix Corp-
oration. (See paragraph 2 of 7.1.1 ).

7.1 .3 Nozzle Configuration

Nozzle configuratio n Is deterem ined primarily from
data anal ysis (Section 6.3.2).

7 .1.3 .1 In l et Nozzle Shape

See figure A -23.

7.1 .3.2 Inlet Nozz le Ve ir c It y (VJ

According to the cont ract specifi cations,
the maximum allowable pre ssure drop Is 12 inches of water
(30.5 cm). Therefore, the first stage pressure deop must be
limited to about 9 inches (23 cm) or a velocity of about 5400
cm/sec (see fi gure A- 16). The inlet nozzle velocity must also
be correlated w ith the sl it width to obtain the appropriate
50% cutpoint. Analysis of the data showed the follow ing:

1 . Concentration losses

a. Graphical: trend toward decreasin g losses with
increasing velocity.

b. Statistical: V not signi fi cant.

2. Slope of curve , graphical: possible trend toward
decreasing slope with increasing velocity.
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.. ~, of ~ , s t a t i ’ ~ti i~~1 :  V s i g n i f i c a n t  onl y in combination
w~ th W.

Recommend ation: V In the range of 4800-5200 cm/sec.

1 . 1 .3 . 3  Inlet I4ozz le  S li t  W1d th~ W

The inlet no zzle slit width must be correlated
w i th veloc i ty to ob tai n the appropriate 50% cutpo lnt. Analysis
of the data showed the following:

1 . Concentration losses

a. Graphical: no trend
b . Statistical: W not si gn i f i c a n t

2. Slope of curve, graphical: no trend

3. a of j~, s t a t i s t i c a l :  W is s i g n i f i c a n t  at the 95%
l~ ve l .

Recommendation: W in the range of 0.25 - 0.27 cm.

7.1.3.4 !n let Nozzle Length , I

This must be determined from the nozzle width ,
velocity and inlet flow rate relationship. For example:

Q 1000 t/min
0.254 cm ~d a 0 .39 1  cm )

V 5000 cm/sec

6
Are a A , ot inlet no zfle - 

500 60 3.333 cm~

The leng th of the i n l e t  sh t e x i l u s i v e  of the end holes ts :

3 .333 - ~ x 3 14 (.39l )2,4a - - — -- - a 12 .18 cm

~ hu’, be~ n dr t j n e~j as th . d i s t a n c e  f r om ~. unt er to  cen ter  of
the e~~ n- : 1e~ . Th~~i:

1 * 12.18 + .391 a 12.57 cm (4.95”)

This single slit could be repla ced by two parallel slits of area
equa l to the single slit.

7 .l.3.~ In l e t Nozz]e End Hole Diameter , d

There is  no exper imenta l  data on th is.  For
all nozzles tested , d a 1.55 W.
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7.1.3.6 Inlet Nozzle Throat Length , T

Analysis of data from Test Series E showed
the f o l l o w i n g :

1 . Concentration losses: trend toward lowest losses
at T • 1.5 W.

2. ~ of ~: trend towa rd lowest values at T • 1.5 W.
Recom Mendation: T • 1 .5 W

7.1 .3.7 Receiver Nozzle Shape

See figure A-24.

7 .1.3.8 Re ceiver Nozzle Width , W R

Anal ysis of the data showed the following:

1 . Concentration losses

a. Graphical: trend toward lowest losses at
W 0 - 2.O W

b . Statistical: W R/W is significant at the 95%
level.

2 . S l o pe of cu rve , grap h i cal: no trend.

3. a of ,, statistical: W R /W is significant at the
level.

Recommendation: W R 2.0 W

7. 1.3.9 Receiver Nozz le Len gth , 1R

The re is no experimental data on this. For
all nozzles tested , 1R *

7 .1. 3 . 10  R e c e i ~~~r ~oz:1c~ End Hole Diameter L4R

Anal ysis of data from Test Series B-l showed
the following:

1. Concentration losses: trend toward lowest losses at
d p ~.76 W.

2. a of ~‘: no trend.
Recom Mendation: d R a 2.76 W
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7 . 1 . 3 . 1 1  Rece i ve r  N o z z l e  Throat  Length , TR

* 
There Is no experimental data on this. For

al l  nozz l es  tes ted  T R a 0.254 cm.

7.1 .3 .12 ~p acin g Petween Inlet & Receive r
Nozz ’es , S

Anal ysis of data from Test Series 0 showed
the following:

1 . Concent ration losses: trend toward lowest losses
at S W.

2. ~ of ,: no trend.
Recom M endation: S * W.

7 .1.4 Inlet Nozzl e Width - Velocit y Relationshi p

In or der to dete rm ine this exact relationship, an
inlet and ;~ece iver nozzle were fabricated following the design
recommendations in Section 7 .1,3. The pertinent data Is shown
in tabl e B-22.

A series of tests (Series G) was conducted , the
r e s u l t s  of wh i ch  are shown in tabl e B-23. Dup l icate tests were
run for five aero sol sizes , at two velocities. Calculated
values are shown (assuming a linear relationship between percent
concentration and the impaction parameter).

From the results of this series of tests , a value of
.254 cm for the inlet nozzle slit width requires a velocity
of 5000 cm/sec to give a 50% cutpoint of 2.5 micrometer
par ticles of 1.25 specific gravity. Th i s Is the slit width
that will be used for the final units. The length , 1, using
two parallel slits , wil l  be 6.009 cm for each slit. This will
also be the length of the receiver s li ts , 1R~ 

The slits will
be spaced at 4.445 cm apart , center -to-center. All other
dimensions will be as described in table 8-22.

7 .2 Fabrication and Modifi cation

After the final design was approved , one concentrator
was fabricated and tested. This unit was tested and found to
have poor performance. The 50% cutpo Int was too high and
aeroso l  l osses  were cons ide rab ly  higher than hoped for .  Af ter
some expe r imen ta t i on  it was detere mi ned that  at leas t  some of
the poor pe rformance was due to interaction between the two
parall el slits of the first stage.
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The two parallel slits of the first stage were replaced
with a single slit of the same width , W , but somewhat shorter
in length than the combined length of the two slits. This
was done to reduce the 50% cutpotnt to the desired 2.5
mIcrometers. Al so the nozzles of the second stage were changed
to the same shape as the first stage nozzles , since most of the
losses had been on the second stage. Originally, the second
stage no zzles had been of the Bendix design (See 7.1.1) . Tests
with this unit Indic ated that the concentrator now had very
near the desired perfo rmance.

All of the tests up to this p oint were conducted without
the preimpactor attached . The preimpactor is designed to
prevent parti cles of 15 micromete rs diameter or larger from
ente ring the concentrator. The preimpactor was attached to
the concen trator and tests conducted for various particle
sizes.

The preimpactor had a very pronounced effect on the perfor-
mance of the concentrator . It caused sharp flU ctuations in
the p ressure  drop of the unit of about 0.5 inches of wa te r .
Thes e f l u c t u a t i o n s  were accom pan ied  by a popping or bubbl ing
noise. (The noise is reminiscent of an errat ically burning
gas flame in a furnace.) With the preimp a ctor attached , t he
cutpo lnt of the concentrator was altered ; it was inc reased
to approximatel y 4.5 mIcrometers. The concentration losses
were not appr eciably affected by the addition of the preimpactor.

Aft er a number of modi f ications , a configu ration was arrived
at whic h performed satisfactorily. The concentrator is shown
in figu res A -25 and A-26 . The changes which were necessary
f o r  sa tisfactory performance are as follows:

1. Posit ionIng a 6 Inch (15 cm) diameter plate about
3.8 cm upstream of the first stage in let nozzle, forcing all
of the air stream to approach the nozzle at an angle.

2. T h i s  requi red the a d d i t i o n  of a 25 cm d iameter  and
7.6 cm high chamber to the Inlet section , and

3. Locating the flow control holes between the first
and second s tage c l o s e r  to and on l ines pa ra l l e l  to the
rec eiver nozzle to reduce losses.

7.3 Data on Final Desl gn of Nozzles

Tab le  8 -2 4  shows the data on the f i r s t  s tage n o z z le s .
Table B-25 shows the data on t he second stage nozzles.
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7.4 Test Results

A f t e r  f a b r i c a t i o n  of the four conce n t ra to r s , they were
tested t~ determine their Individual operating characteristics.
For all of the units , the pressure drop at the designed flow
rate of 1000 l i t er s  per minute was 11 .2  inches • 28.4 cm of
water . Presented in table 8-26 are the aerosol separation
char ac teristics of the units. Conce ntrat or 2 was not tested
because it had been shi pped for testing to the Government.

Fo r each concentr ator , duplicate tests were conducted for
three aerosol sizes near the 50% cutpo lnt. These six tests
were then used to compute the 50% cut point and slope of the
separation curve (See Sect ion 6.3.1). Tests with larger size
a e r o s o l s  were a l s o  conduc ted  to de te rmin e  the 50% cut po in t
of the pre impactor. These results are also presented In
table 8-26.
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T A B L E  8-3. !NIT ~~AL TE ST MATR IX

W .l~~8 3 .~~)4 W .381
W R / W

1 .0 1 .2  l .~~~ - 1 .0  1 .2 1.5 1.0 1.2 1 .5

177:1 _

V c 
_ _ _ _  1

__ _

_ _ 
_ _ _

• wa c c e- lect e d to p r o v i d e  an approximate 51)~ cutp ol nt for
2.5 urn p a r t i c l e s .

V A w as a lower v e l o c i t ,- than V B .

w a s  a h i g h e r  v p 1 O ~~~ t y  ha n

Eac P- ~ squa r e repre se nt s a m i n i m u m  of ~ t e s t s ,  each  tes t  w i t h
a d i f f erent si ze aeroso l . Aerosol size was selected in the
range of 25~ -90t eff i ciency.
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TABLE B- 4 .  SECOND T EST MATRIX

W • .254  W . 3 1 7  W .381
W R /W W R /W W R /W

1 . 5  1.75 2.0 
~~~~~~~~~~~~~~~~~ 1.~ 1 . 7 ~ 2 . 0

V 3

a 3500 cm/sec

V 2 4900 cm /sec

V 3 6000 cm / s e c

Each square represents a m i n i m u m  of 3 tests , eac h test with a
different size aerosol . Aerosol size was selected in the
range of ~5t~ 90~ e f f i c i e n c y .
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TABLE 8-16 - -~~~ V A K I A N L E  A N A L Y 5 I S  A

Colu m n ~.roup

(w R /w )) 
-a 1.00 V 1 

- 2600 cm/sec W 1 a- 0.198 cm

(W R / W ) 2 - L 2 0  V 2 a- 3500 cm/sec a- 0.254 cm

(w R / W ) 3 - 1 .50 V 3 a- 4900 cm / sec

(W R / W ).1 ( W R / W ) 2 (W R 1 W) 3

V 1 1 .97  1 . 7 4  1 . 7 2  1 .87  1 . 7 1  1.46 10 .47

V 2 1.88 1 . 7 7  1 .84 2 .02  1.80 1 .93 11 .24

V 3 1.92 1 . 7 1  1.83 1 .83  1 .66 1 .80 10 .75

T o t a l  5 . 7 7  5 .22  5 .39  5 . 7 2  5 . 1 7  5 .1 9  32 .46

S o u r c e  P1 ~~~ ~~~

W R /W .04 2 .020 4.00 6 . 94

V .05 2 .025 s .oo 6 .94

W .00 1 .00 .00 7 . 7 )

V .06 4 .015 3.00 6 . 39

w .03 2 .01 5 3.00 6 .9 &

V a- W .08 2 .040 8.00 6.94

W R /W a- V . W .02 4 . 005

Combina tion of V . W are s i g n i f i c ant at the 95% lev el.
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T A B L E  6- 1 7  1 VARIANCE AN ALYSIS B

____ 
Gr ou~a-

(W R / W ) 1 * 1.00 W
1 .381 cm V 1 - 3500 cm/sec 

—

( W
R /W )z 

1.20 W
2 

a .254 cm V
2 

s 4900 cm/sec

(W ft /W) 3 a 1.50 W
3 
. .198 cm

( W
R

/ W )
1 

( w 8/w~~ (W
8

/ W )
3

V
.! _

1.83 2.05 1.86 2.0 1 1.82 2.40 1 1 .97

W
2 

1.77 1.7 1 2.02 1 .83 1 .93 1.80 11 .06

1.88 1.92 1.84 1 .83 1.80 1.66 10 .9 3

Tot a l 5.48 5.68 5 .72 5.67 5.55 5 .8f 33.96

P1 ~1 L.~~95 !~~99
.01 2 .005 .28 6~ 94 18

.01 1 . O t O  .56 7 . 7 1

w .11 2 .055 3.06 6 .94 18

W R
/W . V .01 2 .005 

- .28 ~ .94 18

W 8
/W , w .09 4 .023 1.28 6.39

v. w .16 2 .080 4.44 6.94 18

W 8/W , V . W .07 4 .018

Nothing S ign i f i can t
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TABLE B -lB V A R I A N C E  A N ALYSIS C

c ~ i u~~n 
- 

~!-.!-2i~’.2~ a-

(W N /W ) 1 
a 1.50 W 1 

• .254 cm V 1 
* 3500 cm/Sec

(w 8 / w )~ . 1 .75 W 2 
a .317 cm V2 

• 4900 cm/sec

( W N /W ) 3 
• 2.00 W

3 
. .381 cm V 3 6000 cu/sec

- 

(W R / W ) 1 (W
R /w)2 

- 

(W
R/w) 3

!i 12JAL
1 .93 1.80 1 . 4 3  1.49 1.75 1.53 1 .44 1.53 1 .6014.50

1 .47 1.33 1.65 1.46 1 .47 1.71 1.58 1.44 1.76 13.87

W 1.82 2.40 1 .93 1.47 1.46 1.73 1.62 1.49 1.53 15.45 a-
3

Tota l  5 .22  5 .53  5.01 4 .42  4 .68  4.97 4.64 4.46 4.89 43.82

~.9.IIL&.& P1
W 1/W 

.22 2 .1 10 3.52 4.46

y .02 2 .01 0 .32 4.46

w .1 4 2 .070 2.24 4.46

W N /W . V .11 4 .028 .90 3.84

w .36 4 .080 2.56 3.84

V .  V 
.19 4 .048 1.54 3.84

.25 8 .031

Nothing S ig nificant
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TABLE 8- 19 
~ 

V A R I A N C E  A N A L Y S I S  D

( W R / W ) l • 1.00 V 1 3500 cm /sec

~
‘R’

~
’
~
2 

1 .20  V
2 

a- 4900 cm/sec

(W
8/W )3 

a- 1.50

( W R /W) 4 
a- 1 .75

(w~ /w) 5 2.00 (W • . 254  cm)

(wR /W)6 • 2 .50

(W
R

/ W )
i 

(W
R

/ W )
2 

(W
R

/ W )
3 

(W
R

/ W )
4 ~~R~~~~5 

( W R / w )
~ TOTAL

V 1 1 . 7 7  2 .02 1.93 1.49 1 .44  2 .24  10 .89

V 2 1 .7 1  1.83 1.80 1 .7 5  1.53 2 . 04 10.6f 
a

To t a l  3 .48 3.85 3 . 7 3  3 .24  2 .97 4 .28 21 .55

P1 ~~~~~
W R /W .54 5 .108 10.00 5.05 11.0

V .00 1 .000 .00 6.61 1~~.3

V .09 5 .0108

W R
/W IS signific a nt at the 95% level.
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TABL E B— 20 
~4 VARIANCE ANALYSIS  E

ç

(W R / W ) l a- 1.50 V 1 • 3500 cm/sec

( W R / W ) 2 a- 1 . 7 5  V 2 a- 4900 cm/ sec

(W R/ W ) 3 a- 2.00 V 3 a- 6000 cm/sec

(W R / w ) 4 a- 2 .50
(W a- .254 cm)

( W R / W ) l (W R / w ) 2 (W R / W ) 3 (W R / W) 4 Total

V 1 1.93 1.49 L44 2.24 7.10

V 2 1.80 1.75 1.53 2. 04 7 . 12

V 3 1 .43 1.53 1.60 2.25 6.81

Total 5.16 4.77 4 .57 6.53 21 .03

Source DF MS YR E0~ 95 ~~~~~~~~~~~~~~

W
R
/W .78 3 .260 7.8 4.76 9.78

V .0 1 2 .005 .150

V .20 6 .033

W
R
/W is significant at the 95% level.
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T A B L E  B-21. M E A N  C O N C E N T R AT I O N  LOSS V A R I A N C E  A N A L Y S I S

Column Now 6r0u2

(W u / W ) i 1.50 a- .254 cm V 1 * 3500 cm/sec

(W
R
/ W)

? 

a- 1.75 W
2 
• .3 17 cm V 2 • 4900 cm /sec C

( W R / W ) 3 a- 2 .00  a .38 1 cni V 3 6000 cm/s.c

( W
R
/W
~~ 

(W
R
/W)

? 
(W

R /W) 3

lotal

6.2 2.0 0.6 1.0 0.9 0.9 1.2 0.5 0.3 13.6

W
2 1.3 2.1 4.4 0.9 1 .1 0.7 0.3 0.3 0.1 11.2

2.2 3.6 1.4 1.2 1 .1 0.5 0.3 0.3 0.1 10.9

Total 9.7 7.7 6.4 3.1 3.1 2.1 1.8 1 .1 0.7 35.7

Sourcs SS MS V R 
______  

Fp g 9

W
8
/V 24.83 2 12.42 6.90 4.46 8.65

W 0.49 2 0.25 0.14 4.46 8.65

V 1.62 2 0.81 0.45 4.46 8.65

W g /W . W 0.27 4 0.07 0.04 3.84 7.01

W .V 8.83 4 2 .2 1  1 .23 3.84 7.01

W R /W .V 0.65 4 0.16 0.09 3.84 7.01
a 

- 

w i w w v  14.40 8 1.80

W R ,W Is significant at the 95% level.
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T A B L E  8-22. C O N C EN T R A T O R  D A T A  F O R  S E R I E S  G TESTS

L 1 R a- 6 . 3 5  cm
W a- .254 cm
d • .391 cm
T .381 cm

a- .508 cm
dR a- .704 cm

• T R a- .254 cm

5 • .259 cm 4
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TABLE 8 -24 .  DATA ON F INAL DESIGN OF FIRST STAGE NOZZLES a-

I a a- 4 . 5 6 6 ’ 11 .60  cm
W a 

~~~~~~~~~~ 
a- .2 54 cm

T a .150 • .381 cm
T/W a- 1.50 

-

d a . 154 ”  a- .391 cm
d/ W a- .154
S • .100 .254 cm
S / W  • 1.00

W R a- .200” a- .508 cm
W R/W* 2.00

• .100” a- .254 cm 4

a- . 2 7 7 ”  • .704 cm

dR
/W a- 2 .77

2Area of Inlet n o z z l e  -a 3.087 cm
Velocity through in l et nozzles • 5400 cm/sec

I

_



TABLE B-25 .  DA’T A ON F INAL DESI GN OF SECOND STAGE NOZZLES

1
a- 1R .486~ - 1 . 2 3  ~w

W .0/ 8  - 198 cm
1 a- .063 .160 cm
1/W a- 0 . 8 1
d a- 125 .317 cm
d/W a- 1.60

5 a- .082” .2 08 -cm

S/W a- 1.05
a- .157 ” a- .3 99 cm

W R /W a- 2.01
a Q 7 7  a- .196 cm

d R 
a- .21 3 ” a- . 5 4 1  cm

* 

d R /W a- 2 . 7 3

a- 
Area of In let nozzle .339 cm 2

Velocity through i n l e t  nozzle a- 6 100 c m / s e c

a
E s t i m a t e d  a- sin ce the exact f l o w  ra te  has not been determined.
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Aberdeen Prov ing  Gro und , ND 21010

Co~~ande r
CS Army Foreign Science 6 Technology Center
At m : DRXST-CXZ 1
1~~~ () Seventh Street , NE
Ch~a-r 1ottes v jllc . VA 2 2 9 0 1
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Aberdeen Proving Ground , ND 21010
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Co~~ ja-ndj~r~~ 
—

US Army Ordnance & Chemical Center & School
At t :~: ATSL—CL—CD 1
Aberdeen Proving ca-round, ND 21 005
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U S . -~ rri v T,~ct ia-nd Fviluat ion Coi aand
A ttn: :o~:T F— FA I
Ah rdeen Proving Ground , ND 21005

:~FrARTMYN T OF THE NAVY a-

Chief ~‘f N - , v a - 1  Re,ea rch
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~~,Ii’ 4 4 1  1
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Ar lln gt.’n , VA 2221 7
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