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’HiINVESTIuATION OF HIGH EFFICIENCY PARTICULATE AIR FILTER
PLUGGING 8 COMBUSTION AEROSOLS

by

- D.-L. Fenton, M. Vi aunaJi, ,
w S Gregory, and R. A. Martin

ABSTRACT

. Exper1ments were’ conducted to 1nvest1gate h1gh eff1c1ency par-
‘ ¥t1cu1ate air (HEPA) filter plugging by combustion aerosols. These =
tests: were done to obtain emp1r1ca1 data to improve our modeling of"
~filter p1ugg1ng phenomena using.the Los A]amos National Laboratory
fire accident analy$is code FIRAC. Commerc1a11y available 0.61-m »
by 0.6l-m square filters were tested in a spec1ally designed facili-
Sty to'determine how airflow resistance varies with increased filter -
loading by combustion aerosols. Two organic fue]s normally found
in nuclear fuel cycle facilities, polystyrene (PS) and polymethyl-
- methacrylate (PMMA), were.burned under varied conditions ‘to gener-. .-
ate combustion aerosols. - The test facility included- a-combustor, a
. ,23-m-1ong duct, and a spec1a]1y designed gravimetric balance for
- determining the aerosol mass gain of the filters. T
Test results include correlations of HEPA filter res1stance ra— E
tios (actual resistance/initial resistance) with aerosol mass gain.
-The mass gain of plugged HEPA filters: was: found to correlate with
“the -airborne mass concentration of material in the size range great-
~er than approximately 2.0 um. “Also, the.fuel with a smaller soot
fraction, PMMA, produced filter plugging. at lower accumu]ated aero- ‘
- 50l mass depos1ts on. or: w1th1n the f1]ter :

f_I.? INTRODUCTION E o S o s

_ ngh-eff1c1ency partlcu]ate air (HEPA) filters are used common]y in nuc]ear -

reactor or fuel process1ng p]ant vent11at1on systems to protect the outs1de en-

vironment and plant workers from airborne radioactive particles. Additional ap-
plications include hospita]s,»where bacteria-free atmospheres are required for
operating rooms, and numerous other facilities where clean air is necessary.1 . e‘
Exposing a HEPA filter to heat and smoke s1gn1f1cant1y alters its operat1ngf

o characterrst1cs_ Th1s 1nvest1gat1on focuses on the characteristics’ related to -



fj_; f1]ter plugg1ng or the 1ncrease in pressure drop across a f1]ter as a resu]t of‘

.Jhethe collection .of particulate material on the filtration media. Such informa-

~tion is required to better understand how filters are plugged w1th combust1on— o
generated aerosols and will 1mprove our estimates of vent11at1on system response
to compartment f1res using an ex1st1ng Los A]amos fire- acc1dent ana]ys1s compu— “
ter code called FIRAC.

IT. OBJECTIVES

An exper1ment that prov1ded the required HEPA filter p]ugg1ng data and was
based on the combust1on of two. solid fuels was designed. The fuels we selected
‘1bracketed the part1c1e mater1a1 generation rate (the mass . fraction of ‘the solid

fuel that converts. to .aerosol part1c1es) that . would be expected in a typical nu-
‘clear fac1]1ty 2 The two fuels selected were po]ystyrene (PS) : and- po]ymethy]-
'methacrylate (PMMA) their. soot fractions are. nom1na]1y 0.33 and:0.021, respec-
tively. For these numbers, both the soot - and 1ow vapor pressure 11qu1ds are B
;e,1nc1uded 1n the aeroso]1zed combust1on product mass norma11zed by the unburned
fuel ‘mass for overvent11ated cond1t1ons.3 ‘We had six specific quest1ons.about
the. prob]em we investigated. . S o B
(1) what is the corre]at1on between accumu]ated combust1on part1cu1ate |
,',__-'massvon the HEPA filter and flow res1stance across the filter? '
A (2)@'Nhat is the effect of soot fract1on (as man1fested by fuel type) on
 HEPA- filter ‘plugging? A : - .
(3) what is the’ effect of the fuel mass burn1ng rate on HEPA f11ter plug-
‘ g1ng? _ v S R -
(4) How far do the aerosols penetrate w1th1n the f11trat1on medium? N
“(5) Does the HEPA filter upstream faceguard influence filter. plugging?
(6) What is the magn1tude of particle. depos1t1on within the duct upstream
- from the HEPA filter?
The exper1menta] work was ‘directed at answer1ng these quest1ons “The equ1pment .
1nc1uded a combustion chamber where the fuels. were burned, an airflow fac111ty ‘
| composed of -a fan and duct, and a spec1a11y des1gned gravimetric balance with an
accuracy of 2 to 3 g for measur1ng the accumu]ated mass collected by the HEPA

”f11ter




_FILTRATION AND PLUGaING THEOR‘J :

v t11trat1on 1nvo]ves the capture of a1rborne part1c1es by a f11ter S me
:Analys1s of part1c1e capture treats the med1um as a ]ong cy11nder folded upona

_"'1tse1f a number of t1mes.4 Short—range mechan1sms of part1c1e capture by:a- 1ong

4‘ﬁc1rcu1ar cy11nder 1nc1ude 1nert1a1 1mpact1on, 1ntercept1on, and d1ffus1on.4l§

AL Inert1a1 Impact1on _ R o L , .
CIf an 1nd1v1dua1 part1c1e mov1ng w1th un1form ve]oc1ty s 1ntroduced 1n a -

fluid ahead of a c1rcu1ar cy11nder, it ‘will tend to follow the stream11nes. How-;
';ever because the part1c1e necessar11y must-have: mass “the part1c1e mot1on may.
:';ﬁd1verge from that of the stream11ne and poss1b]y hit the circular cyllnder.;'The
actual dev1at1on of particle motion from the fluid streamlines” 1s greater for |
part1c1es of larger mass and for h1gher—ve]oc1ty flows.

B.. Intercept1on : : :
’ With the 1nert1a1 1mpact1on mechan1sm, 1t was assumed that: the part1c1e hasﬂ

fmass but no size, but in interception the assumpt1on made is that the. part1c1e .
'vhas no- mass butvhas-aif1n1te size. Thus, the particle approaching a- cy11nder
will not diverge from the fluid stream11nes.‘ Interceptlon of the particle w111

_occur when the distance. between the cylinder surface and, part1c1e center is’ not .
- greater- than ‘the rad1us of the partlcle.,;{- VLT R

c Diffusion LET IR
Part1c1es that are subm1cron in s1ze rare]y are. co]]ected by 1nert1a1 im= v-:r'

,pact1on or 1ntercept1on because they are smal] and can fo]]ow the stream11nes orf}'
move across them in a z1gzag way This z1gzag movement is caused by cont1nued
and 1rregu1ar bombardment of the molecules of the fluid and is: called Brown1an
mot ion. ‘The capture of aeroso]s by d1ffus1on 1s more ]1ke1y when the free o

~3stream veloc1ty 1s low’ and the part1c1es are very sma]] (d < 1 um)

D. Comb1nat1on of F11trat1on Mechan1sms o : _
. Real part1c1es have a def1n1te mass and size; hence, the 1nert1a1 impac- t7ﬁ”-'ﬁi
- ﬁ:t1on -and - 1ntercept1on mechan1sms do not: act 1ndependent1y It dis: more 11ke1ys;j.,
that two- or more- mechanlsms act in comb1nat10n, with one dom1nat1ng .over the
other. For example, with particles in ‘the micron size- range and larger, 1ner—f

} tial - 1mpact1on and interception will dom1nate whereas d1ffus1on As 11ke1y to-';'
m-5d0m1nate for.. subm1cron s1zed part1c1es. :




B, CEffects of High Temperature on Part1c1e Col]ect1on Mechan1sms

, The effect of high temperature on the part1c]e co]]ect1on mechan1sms was

studied by Thring and St.rauss.5 With an increase in temperature, the eff1—
ciency of collection by interception and inertia1,impaction”decrea§eswbut that
byvdiffusion increases. This increase in filtration efficiency by:diffusion is
a result of the increased level of Brownian motion at increased temperatures.

. F. Filter Resistance

The reéistance of HEPA filters to flow is defined”ass'”

w=.-°_ | o , (1)

. where aP is pressure drop across the filter in centimeters water gauge and Q is.

: ‘;fthe flow rate in cubic meters per hour. The relative resistance is defined to

‘be w/wo, whe_rewo is the clean filter resistance, APOIQO.
Based on the resistance of cylinders placed parallel to the flow, an
expression for the pressure drop i56

REL S e @

Arf

- where n is the coefficient of f]uidfdynamic-vfscosity (Newton-second per Square
meter), g8 is the packing density of fibers, Q is ‘the flow rate (cubic meters‘per
| secdnd); A is the face area of the7f11ter=(square meteré ), b is g1ven by
2 3\~ - |

‘ 1 : : . _
“(flha + 28 - %— - ﬁ) b 1s the filter. th1ckness (meters), and rf is the-mean

fiber radius (meters). The factor B is 1ncorporated because the fibers are per-
pendicular to the airflow. Usually, the value of B ranges from‘eO.S»to 1.5,
“In calculating the flow resistance of HEPA filters, the;parametersiﬂsed are
AP, pressure drop; o o o
Q, flow rate;
A, area; -
b, thickness of the filter;




n,n, coeff1c1ent of dynam1c v1sc051ty of the f]u1d
| 0, dens1ty of f1u1d ' Cho 0T S

'A: m1croscop1c mean free path of the f1u1d mo]ecu]es, and
mean - f1ber rad1us

: f’ . i - o ﬁﬁrv . B
: Dav1es did a d1mens1ona1 ana]ys1s coupled w1th expemments5 7 and gave the -

fo]]ow1ng express1on for ‘the pressure. drop.

AP = 16nQb'§ _ g -'1 “‘ 568 . S o (3)
- Ar ¢ R . C S . .
£ .

where the quantities nj; Q, b, B,_A,wand re are. defined the same as for Eq.- (2)?}”
Davies stated that Eq.. (3) is valid. for packing densities (B) less than 0 02.

For filters with higher pack1ng dens1t1es he gave the fo]]ow1ng express1on for
H pressure -drop.. '

'u‘ : . L5 T W-‘}:~”  3M | p‘ , : f ) . A"".
polsmlh a0 s
WAPfé~ ’ : S ‘ , o o S

' "where n; Q, b e, and A are same as for Eq (2), but ee-is the effecttue'f'
fiber rad1us | o ' -

‘5. Filter” P]ugq1ng e : - S ~;~3f“_’f

Filter p]ugg1ng 1nvo]ves the depos1t1on of solid part1c1es on. f1bers, wh1ch“
ﬁ"changes the filter's: operat1ona1_character1st1cs. This deposition causes an in-
crease in the flow resistante of the filter. There may be considerable-changes'
in the filtration characteristics while the deposition of solid partxc]es is

building up .and the filter is becom1ng plugged. The deposited particles may not
"'d1str1bute evenly over the surface of the fibers butvmay act as very fine fibers
k_ themselves by constructing chain structures, which resu]ts in an 1ncrease of

-~ filtration efficiency.

The change in flow resistance across ‘the filter because of p]ugg1ng depends
on the fo]]ow1ng factors. 7 ’ B



;‘(1);"Partic]e'Phase. Aerosols of liquid drop]ets wet: the: f11ter and may
draw fibers together by cap111ary act1on, 1ncrease pore s1ze, and
. decrease both filter resistance ‘and efficiency. Thus, liquid aero-

" cle aeroso]s. The penetrat1on of ]1qu1d aeroso]s has been found to

increase with t1me.6

(2) Particle Size. Smaller particles usually cause a higher flow resis-
tance than larger particles for a given total particulate mass.8

(3) Filter Structure. Depending on the filter structure, the particles
are deposited either on the face of the filter or inside it. The pen-

etrat1on of the particles 1nto the filter depends on the air ve]oc1ty
and f11ter structure. '

(4) Mass of Collected Particles. This.is related to the unit area of the :
. - filter. The pressure:drop across the filter increases with increas-
ing partlcle loading on the filter. It may be considered as the. sum

Ny of filter—pressure-drop and the pressure drop of a layer con51st1ng
| of - the depos1ted part1c]es.7

1. Dendrite Model. C. Tien et a].g'put‘forward a'theory'for the formae

tion and growth of particle dendrites on a collector placed ‘in an aerosol stream.t

The theory is based on (1) the finite’size and (2) the randomness of the loca-
“tion of particles (aerosols) in the fluid stream. Tien made’ the assumption that

| “the particle trajectoryfdepends only on thevbartic1e inertia and the drag_fdrce.;

Because of the finiteness of the partic]e size, shadoWing and chain.depo-
sition effects become important. wWhen a'particle is deposited on a fiber sur-
face, protrus1on above the surface occurs providing greater surface area than
before. There is greater chance for the capture of subsequent particles because
of the .increased surface area. When these subsequent‘part1c1es are captured by
particles that were deposated earlier, ‘a chainlike partic]e dendrite is formed.
This process proceeds with the dendrite having a greater surface than before and
consequently greater p0551b111ty of particle capture.

In this model of filter plugging, there is a region on the fiber surface
called a shadow where no particles can deposit. Thus, the capture of part1c]es
by the interception mechan1sm occurs, which implies the assumptlon that’ part1c1e
depos1ts do not disturb the airflow streamlines. ‘

sols will cause a smaller change in flow resistance than so]1d part1—”’h it*



“ ",;ﬁf_a f1]ter con51st1ng of f1bers and part1c1e dendr1tes

w Bergman et al loﬁassume that the pressure drops resu1t1ng:fromathe;

'f4”f11ter f1bers and the part1c1e"dendr1tes are 1ndependent and when adde 5

the. pressure drop across” the- filter. They derived- the fo]]ow1ng express1on'fo

VEquat1on (5) also can be used for a f11ter hav1ng two dxscrete f1ber s1zes._
The pressure drop, AP~ 0 is g1ven by '

156 , T
—"‘2 I o S (8)

" APO nVAb -
’ f

Lj"The parameters 1nvolved in: Eqgs. (5) and (6) are
f”:::- s coeff1c1ent of fluid dynam1c v1scos1ty, B

 ; N, f]u1d veloc1ty,‘
e, f11ter thickness;

”in, fiber radius; =
- -r, particle dendrite rad1us,' L
.ap, vo]ume fract1on of the trapped part1c]es, and

_ acs fiber vo1ume fract1on.-_ S : - Cog 3
Bergman et al. further_s1mp11f1ed‘Eq (5) for 1ow part1c1e 1oad1ng by neg]ec— :
tJng,the,nonl1near part.: Consequent]y, Eq.. (5) reduces to

SR ) N I R

Equat10n (7) pred1cts the increased pressure drop because of partlc]e 1oad1ng i
. w1l] be 1nverse1y proportvona] to the part1c]e 31ze.1*' ;




_Bergman ! a]llowa]so assumed that the
part1c1es form a deposit that 1ncreases the . .er(s s1ze w1thout chang1ng its-
shape. On 'the basis of dep051t geometry, they gave the fo]]ow1ng express1on

- for the increase in f1ber rad1us (R )

- F ‘ Tac oo et

where R, is the origina1»tiber’rédihs’and_agfahq;af are:theqsame as}before._

2 Increas1gg,r1ber Mode

(8)

Using S e ey

Ry B P g

for pressure drop, Eq. (8) can be Fearranged to yield =

(10)

- where #P s defined by Eq. (7)’"Combahﬁng'Eqé“"(S)'ahdA(IO) indicates that
, pressure drop for the 1ncreas1ng fiber . mode] 1s ]ess than the pressure drop for jh
the dendrite model with the same part1c1e vo]ume depos1ted on“the filter.
For filters ‘undergoing’ rea11st1c plugging: condltions Bergman et al. 10

state that the mechan1sms of the 1ncreas1ng f1ber and part1c1e dendr1te models

vm1ght act in comb1nat1on. At very. ]ow part1c]e load1ngs on the filter, the

-increasing fiber model g1ves a maJor contr1but1on, ‘but after a small- amount of
g '1oad1ng, the dendr1te model” preva1ls They concluded that the dendr1te and

”1ncreas1ng fiber mode]s are 11m1t1ng cases ‘of a more. general f11ter p]ugg1ng
mode]




3. PhenomenoTbgicé1 Model. Previous filter plugging tests with dry stear-
ic acid aerosoll1*12 strongly discredit the two models described earlier; evi- .
dence of discrepancies also is given in Bergman's work.10 Rather than trying :
to construct any realistic physical mechanism for the cause of plugging, we pro-
pose a phenomenological approach; namely, we assume the following relation.

wo = F (Mp) ’ (11)

where W is the resistance coefficient defined in Eq. (1) and W, s the value

of W for a clean filter. F is a monotonically increasing function of Mp, which
is the total mass of particulate accumulated on the filter, and is the relative
resistance. To satisfy the clean filter requirement, we must have

F (Mp =0)=1 . (}2)

We believe the folloking expfession should be adequate for all practical pur-
poses.

2
=1+ +
Faltad +ed , A (13)

where o and g are two coefficients determinéd by experimentation. Their evalu- -
ation forms the basis of the filter plugging test program.

IV. MODIFIED HEPA FILTER LOADING FACILITY

The existing HEPA filter loading facility was modified to accommodate the
requirements associated with combustion aerosol generation and filter plugging
experiments. The original filter loading facility is described in Ref. 11 and
Ref. 12. Specifically, the modifications included the addition of the solid fuel
combustor, the installation of a turbulent mixing grid, the construction and



1nsta11at10n of a metal duct, and the add1t1on of approx1mate1y 7 4 m. of
;stra1ght ouct upstream from the test f11ter 1ocat1on.
Size 5. HEPA f11ters, ‘which have a nominal-. a1rf10w capac1ty of 1690 m* /h

s:face d1mens1ons of 0.61 by 0.61 m, and a: depth of 0. 292 m, were tested in this.

~'1nvest1gat1on;13 The unplugged filters had a mass of approximately 16 kg.
-The Mine Safety Appliance Corporationymanufactured the HEPA filters tested.

A. Air-Handling Equipment and HEPA Filter Test Section

The air-handling equipment and HEPA filter test section are described in

‘ detail e]sewhere.11 12

We will discuss only the features used for»combust1on
-aerosol experiments. For example, 2.4 m of stainless-steel duct was insta]]éd '
immediately downstream from the HEPA filter pref1]ter to fac111tate add1t1on of

. the test fuel combustor.. A turbulence m1x1ng grid ‘was added at the. downstream
edge of this steel-duct to disperse the combustion products over the duct air-
flow.” The grid was composed of 2;2—cm-o;d. copper tubing spaced approximately

- 5.08:cm apartycenter to center.; | k '

| Two pressure measurements. were requ1red The first was the static pres-
sure drop across the HEPA filter. Four 'static pressure taps were located at the

pcenter of each duct wall 0.45 m upstream or: downstream from the filter face a

Dwyer vertical manometer capable of a 1- mm—w g. reso]ut1on was used. to measure

= the static pressure drop.v The second pressure measured was the centerline ve]o—

c1ty pressure; a Dwyer 1nc11ned manometer capable of a 0. 005- cm—w g. resolution
was used. The centerline ve10c1ty was measured w1th a p1tot—stat1c probe in the
vc1rcu1ar cross—section duct downstream from the HEPA. filter test sect1on. -Hori-
zontal and vertical traverses across the circular duct yielded velocity prof11es
“that were used to ca]cu]ate the vo]umetr1c flow rate of the air. A centerl1ne

“'_icoeff1c1ent that re]ates the vo]umetr1c a1rf]ow rate to the center11ne veloc1ty'#

1then was determ1ned Repeat1ng these ca]culat1ons for the vo]umetr1c f]ows e X~

“pected in a typ1ca1 HEPA filter p]ugg1ng test relates the centerline ve]oc1ty
-to the vo]umetr1c airflow rate. Figure 1 'shows the centerline coeff1c1ent as a
, ffunct1on of vo]umetr1c flow where the coeff1c1ent Y is. given by the equation’
faY 5‘0 8320 + 0. 00004618(Q) - 1. 065 x 107 Q R where Q is the volumetric flow
rate. The center11ne coeff1c1ent was used to determ1ne all:.the volumetrlc
a1rf1ows. ,_fﬁi : E : : ‘

10
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Air'temperature’measurements were made at five positions, and the inlet

' and outlet dry- and wet bulb temperatures were measured w1th a psychrometer.
hCopper-constantan (type T) thermocoup]es were used to measure the. temperature
of the airflow at the branch’ sectlon and- upstream and downstream of the test
HEPA filter. A thermocouple d1glta1 temperature 1nd1cator was used to mon1tor
- the thermocoup]es, which were accurate to +0.5 OC at'the 95% confidence level.

The measurements made at the f11ter test section 1nc1uded partlculate masszf,

'on the f11ter, pressure drop across the f11ter, part1cu1ate mass concentrat1on
" and part1c1e s1ze d1str1but1on."” C Co - :

-;vB Test Fue] Combust1on . _
" " The test fue]s (PS and PMMA) ‘were burned in a combustor des1gned at :

b4

Battelle Pac1f1c Northwest Laboratory. F1gure 2 is an assembly drawing of the s

,combustor.' The burner was pos1t1oned on the unders1de of the sta1n]ess—steel
d_duct 1mmed1ate1y downstream from the HEPA pref1]ter and secured by a f]anged
steel pipe sect1on us1ng e1ght 0. 79 cm—d1am bo]ts. -

"I ] L1 e
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Assemb]y draw1ng of the combustor. q

A maJor feature of the combustor is a cup. holder where the fuel was con-
"tained and heated, The chamber wal]s provided the capab111ty of perform1ng COﬂF -
~ bustion in a posit1ve pressure atmospheret(the duct 1nter1or) Fuel preheat ’
| a;temperatures were nominally 500°C and were achieved by a 400-W e]ectr1ca1“r1ng;f
“heater contro]]ed by a Chroma]ox on—off temperature contro]]er. %he f]ameHWaSK'
diffusion- contro]led, and the burning rate was regulated by adJust1ng the a1r-
flow rate to ‘the combustor by means of a valve and rotameter. A gate va]ve at )
the top of the burner (under the sta1n1ess stee] duct) was ma1nta1ned in the J_ -
full- -open pos1t1on after the f1re was. started o

12




: .[5const1tuents.x The combust1on:p

. quentially over a cycle: t1me of -about:3 min and thus was not able to character

>ombust1on'Product Character1zat1on e S : L
Character1zat1on of - the combust1on products 1nc1uded on]y%the par‘1cu1a

} cts were not mon1tored contlnuously, samp
"”were taken from t1me to ‘time andtwere cons1dered adequate. ' ..‘_5 .f,
Part1cu1ate mass concentrat1on (m1111grams per:cubic meter) was - determ1ned
with Anderson Mark- HI sta1n1ess—stee1, 1n-stack,v1nert1a1 1mpact0rs 1ncorpora—
1t1ng stra1ght nozzles These 1mpactors also -measured: aerodynamlc part1c1e diam-
eter (based on unit density spheres) through seven stages of partic]e co]]ect1on
fand a back-up f11ter Pre1mpactors for use-in conJunct1on w1th the’ 1mpactors
were’ determ1ned 'to be unnecessary for: th1s app11cat1on. ReaT t1me part1c1e s1z- -
':e1ng equ1pment a]so was used (a Royco Model 225 Aeroso] Part1c1e Counter and a_ ..
. TTSI Mode] 3030 ETectr1ca] Aerosol Ana]yzer) The reaT-t1me equ1pment was us

;fitrat1on var1at1on w1th the burn t1me The opt1ca] counter s1zed part1c]es s1—lj.
,"multaneously in all the ranges and thus was su1tab1e for mon1tor1ng chang1ng
E concentrat1ons However, ‘the E]ectr1ca1 Aerosol Ana]yzer sized particles se—

ize the aeroso] accurate]y In. contrast the 1hert1a1 impactors were operated y
“in such a manner {nozzle diameter and sampling time) to.sample over the ent1re¥fi
o fuel burn per1od——up to 20 m1n For this reason, the impactor size data were'tb'
"__‘chosen for app11cat1on to the HEPA filter p]ugg1ng studies. R

L Lv. EXPERIMENTAL PROCEDURES

The fuels. tested requ1red essent1a11y the same ‘test procedures, wh1ch are s Z?
o as fo]]ows - i S

(1) Each f11ter was exam1ned for hoTes by observ1ng it aga1nst a T1ght
source.i “The filter frame was checked for- squareness,.wh1ch was
necessary to prevent Teaks at the fTex1bTe duct HEPA fther flange. f‘

(éyl'The test fue] cups were weighed when empty and then with the fuel

3 5samp1e so that the mass was known for determ1n1ng the apparent burn—

, 1ng rate. The: cups were p]aced on a hot pTate w1th the temperature ‘
: “automat1ca11y kept at 500 % (932°F)
(3), An alum1num plate " (7 8 by 7.8 by 0.2 cm) was - attached to the bottom
' f'°f the HEPA f11ter be1ng tested to prov1de a smooth load ce]l contact:f'
po1nt '
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The HEPA f1]ter was placed on, the pneumat1c cy11nders, ra1sed and

-Lattached to the gravimetric. ba]ance ‘beam assemb]y with four screws

(5)

.The force transducer assembly was pos1t1oned under the filter and

bolted to the support structure. The d1rect current power ‘supply wasb-,

" adjusted to +15 Vdc, maintained at this level for all the filter

L (6)

tests, and never turned off. This was done to achieve steady-state

*operation of theupower‘suppTy; The pneumatic:cylinders then were

Towered

“The HEPA' f1]ter was nulled or baTanced by adJust1ng the counterwe1ghts
.on the grav1metr1c balance assemb]y. The filter was considered nuTTed -

if the output of. the transducer was in the range of 20 to 40 mv.

Calibrating the force transducer 1nvolved p1ac1ng known we1ghts on the

' ],nul]ed f1Tter and recordlng the output The output was- recorded from -

(8)

- (9)

two to four t1mes and then averaged for each known welght The ca11—_;
brat1on equat1on was determ1ned ‘at the concTus1on of the HEPA f11ter

_plugg1ng test.

The pneumat1c cylinders were raised, forc1ng the HEPA f1Tter agalnst
the stops. This was the f11ter S pos1t1on for. operation and particu-
late: Toad1ng The- f]ex1b1e,ducts then were clamped around the filter.

.The test fuel cup ring heater \within the combustor) was switched on,
~and the. Chromalox on-off: controller was adjusted to SOOOP Approx4‘

”51mate1y 40 min were,requ1red for the cup to achieve the set tempera-

(12)

ture. During this time interval, the fan‘prefilter was changed, all
electronic 1nstruments were rechecxed, and the pressure manometers

. were adjusted for. correct zeros.
. (lO)
ENCINE

The airflow fac111ty fan was turned on.
‘The barometr1c pressure was recorded and corrected for temperature and :

.local e1evat1on.

The airflow adjusting door located at the fan box was adjusted to

.yler the des1red ve]oc1ty pressure (voTumetr1c a1rf]ow) measured in

‘ ’the c1rcu1ar cross—sect1on duct downstream from the test HEPA filter.

C(13)

Temperatures at the inlet, at the branch downstream From combustor),

*upstream from test HEPA f11ter downstream from HEPA filter, and at
' the ex1t were recorded The stat1c pressure drop across the F1Tter
,a150=was recorded.




:};;n(14) The a1rflow fac1]1ty fan was turned off to start the flre

"”test cup was p]aced 1n the combustor cup ho]der, and the top gate _
Jigvalve was: opened . sT1ghtTy “No air was supp11ed to the combuster, -
_wh1ch al]owed vapors to accumuTate in the volume above the cup.: ”;

After 5——10 m1n the 1gn1ter coil was energ1zed electr1ca1]y. (Fuel

© vapor 1gn1t1on occurred most cons1stent1y in.this manner.) After )
_ ‘combustion was 1n1t1ated the top gate vaTve was . moved to full open .
o a»and the combust1on a1rf]ow was, adJusted to the requ1red fTow .
i'{?f' . ﬁ(O 00047 or 0. 0019 m /s) on the rotameter by means of a vaTve. N
- - (15)- The airflow fac111ty fan was sw1tched ‘on, .and the thermocoupTevtem;oﬂ -

_ ﬁperature measurements were recorded after ~10 m1n had elapsed
(16) The data acqu1s1t1on process 1nvoTved the ‘following items.
'_ or_The time at wh1ch the £1ame f1rst appeared was. recorded
.owaThe t1me at wh1ch the f]ame d1sappeared was recorded f
o. After fTame d1sappearance the top qate vaTve was closed, and the
'1n1et and exit. dry and wet bulb temperatures, HEPA f11ter stat1c
pressure drop, and veToc1ty pressure in tne c1rcu1ar cross—sect1on
_ "~ duct were recorded. ' .
. o The a1rfTow fac1l1ty fan was turned off the test HEPA f11ter was
" released from the f]ex1b1e duct, and the pneumat1c cy11nders were
:Towered " The force transducer zero output was recorded The HEPA )
filter was Towered careful]y onto the force transducer so that no
hor1zonta1 forces were present, and the output was recorded ~.Th he
HEPA filter welght ga1n measurerient was repeated four times. - o
-(17) The HEPA filter was returned 'to the test pos1t1on by ra151ng the
’ 3’pneumat1c ‘cylinders and re1nsta111ng the flex1ble duct o

;(18) The next fuel test cup was placed 1n51de the combustor and the vapors
were ignited as before. o ‘ o : o

(19) The above procedure was'repeated unt11 the voTumetr1c a1rflow rate
was reduced to one-half of the 1n1t1a1 f]ow rates. 845 m /m1n that
is, fully plugged conditions. This.condition was assumed as fuT]y '

nlugged, and the test was concluded.

_ The difference between procedures used for PS and PMMA combustwon 1nvoTves
the 1gn1t1on of the fuel and the number of cups burned between data record1ngs.
For PS the Agnition techn1que used the heatlng coil as descr1bed above. How-
ever - propane torch was used in place of the coil for 1gn1t1on for the PMMA




' : }tests.h

‘;ffue1 One cup of PS fue] was burned between data record1ngs whereas from three
. to f1ve cups “of PMMA fue] were burned to obtaln an- appropr1ate mass ga1n on the
'“"HEPA f11ter. ' = S . .

}-v:e;'EXPERIMENTAL?RESUL%S ,
Tab]e I is a summary of the cond1t1ons assoc1ated w1th _the combust1on of ‘

the test fue1s. The st01ch1ometr1c a1rflow rate was based on the g1ven fuel
,chemlstry and the apparent fue] ‘mass burn1ng rate observed dur1ng pre11m1nary

_ “The exper1menta1 resu]ts and: the analyses are presented for. the PS and PMMA
HEPA f11ter p]ugg1ng tests.k Separate sect1ons are used for the d1scu551ons be— o

'ff'cause of the d1fference 1n the soot fract1on w1th combust1on of the two fuels,

Physical: character1zat10n of . the part1cu1ate mater1a1 1s presented first; then
~the HEPA f11ter p]ugg1ng data are d1scussed Exper1mental results on smoke

'vi,htransport and depos1t1on [see quest1on (6) in Sec II]_are reported elsewhere

‘w}(Ref 1),

AL PS Combustion”and HEPA Filter P]ugg1ng

Cascade 1mpactors were used to measure both total part1cu1ate mass c0nCen_:ﬁﬁ o

'jtrat1on and - part1c]e s1ze on- the bas1s of aerodynam1c dlameter.lé' F1gure 3

’;—shows the PS part1c1e size measurements dvrect]y upstream from the HEPA filter f'ﬂltﬁ

L and g1ves the part1cu1ate mass concentrat1ons at the . same 10cat1on. Note that

“'uffor both the' high and 1ow mass burnlng rates the part1c1e s1ze d1str1but1on is

TABLE 1
TEST FUEL couausnou counmous :

Stoich‘—»

. ) i - jometric Ratio af Actual - .
T AV TR Chemcal .‘}_.COmbust“ionr CAirflow. . to Stoichiometric = = S
_— 'Fue'l : - Formu1a © Efficiency - Rate (m3/h)  _Airflow Rates . -Comments
. pS 'j;n St . 0.6 7.4 . 0.23°. - Low Burn Rate,
.-5:;-j_.(granu1ar) - R o ‘ , o " Underventilated .-
' 0.93 © . High Burn Rate,
o _ ) ~ .T-e 7 Underventilated -
CPMMA . ,:_VCHII,,5OO;I4' 0.9 e 40 : SRR T‘O.8‘5j o '_ Low. Burn Rate,

Underventilated

R :..2":-'1 " : Lo v;'imv'g‘ﬁis:u_rn R'at'e;.
S . - Qverventilated:.




~ 100, - ‘
. ' HIGH BURN: RATE
. @ .p,=013g/m?
;. 300~ | p, =017 g/m?
oo ~ LOW BURN RATE- oo
B , & pp,=0083g/m® . :
3 100 .. = I emo &
3 I~ ..__.o pp = 0078 g/m om on
YE . _ e &
Z 30 _  em
= S o z
By _ ,_-3‘0
L& : c_lo
03+
ol -
' 1.0 10. 50 90 99 999 :
CUMULATIVE PERCENT LESS 'I'HAN STATED SIZE - .

Po]ystyrene combust1on partwcu]ate mass- size d1str1but1on.

neariytthe'samevfor.partjc]esf]ess,than 2.0 um. However, for;particfe_diamefers
:greatermthan 2.0 um there is‘avsmgnificantljﬁgreater're1atiVe number of parti--
cles at the h1gher burning rate compared with the lower burn1ng rate.

The. part1cu1ate mass concentration data, in conjunction with the mass burn-

T ing rate data, imply .an important feature associated with PS combustion. This

vfeature;is that the total particulate mass concentration measured near the HEPA
filter is proportiona1"to the mass burning rate. This is established by ratio-

ing the average h1gh burning. rate to the average low” burn1ng rate in Tab]e II

v”land obta1n1ng the value 1.7. Ca]culat1ng the correspond1ng rat1o for- average

o vtota] part1cu1ate mass concentrat1ons using the data in Fig. 3 also g1ves 1.7.

The correspondence between the burn1ng rate and part1cu1ate mass concentrat1on
_1mp]1es a constant soot fraction for underventilated cond1t1ons. ' '
A summary of the resu]ts for both fuels is g1ven in Table II. These data-

'are the resu]t of burning many cups of fuel in each case, and thus. the mass

"burn1ng rates are average values. ‘The HEPA filters tested w1th PS had protec—
tive metal face screens (1- by 1- cm mesh size) with the exception of f11ters
number 6 and 7. The HEPA filters tested with PMMA all had the metal screens

| removed. o | - B




. . TABLE 11 o
SUMMWARY OF COMBUSTION PRODUCT PLUG3ING OF MEPA FILTERS..

Clean Static Apparent Mass rdm Particulate. Mass

- Test Pressure Drop Burning Rate Collected at Plugging?
Fuel  No. {om w.g.) (g/min) .~ - (g) .
PS 1 2.1 19.4 (high) - 527

B 2 21 21.3 (high) o a3
PS 3 2.1 15.4 {1ow) 1256
PS4 2.0 2.7 (high) 405
PS 5 2.1 C17.5 (low) © 1207
PS 6 2.1 22.9 (high) o a3
PS 7 2.1 "~ - 21.3 (high) 391

A 8 2.2 . .16 (high) . . 233

C PMMA 9 2.2 12.4 (low) - 257"
PR 10 2.2 . 15.6 (high) . 186 =
PMMA 11 22 . 13.4 (low .. 309 -

"»?Tﬁe_ﬂmmsjstmce ratio has a value of. 12.0 for each filter.

N The details of the p]ugg1ng process for each f11ter are shown in Fig. 4.
'f.The actual res1stance is normalized by the initial clean f1]ter res1stance
(wo Initial R in Fig. 4). The data show the influence of the PS mass burn--'
r1ng rate on the quant1ty of the part1cu1ate material col]ected that is neces-
sary for p]ugg1ng. ‘Fora- g1ven.combust1on.cond1t1on (fuel type and mass burn’ “
rate), the following functional form is seen to correlate the p]uggingﬁdata :

Wiy = (1 * oM+ ") o ‘,(_14)

where N/N is- the f11ter a1rf10w res1stance rat1o Mp is the accumulated par-

: t1cu1ate mass on. the 'HEPA. f11ter (grams), and the var1ab1es a and B are deter—
mined to g1ve the best f1t to the data. From F1g 4, the 1mportance of - the pro-
tective screen on HEPA f11ter plugg1ng can be seen to be neg11g1b1e. Tab]e III o
'Lshows the values for a and 8 for the combust1on cond1t1ons tested The resis- .
btance rat1o is observed to be a strong funct1on of the-linear: term in Mp——the B
va]ues are re]at1ve1y sma]] The f11ter p]ugg1ng coeff1c1ents given_in Table ILI
can be used in. the input data deck of the Los A]amos f1re acc1dent analysis com-
, puter code FIRAC 15 Th1s code is des1gned to mode] and pred1ct fire-induced
_‘f]ows and thermal and mater1a1 transport w1th1n comp]ex nuclear fue] cyc\e . ”

" facilities. .
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Vamatmn of resistance ratijo with accumulated |
mass’ for po]ystyrene combustwn.

TABLE III

. COMPILATION OF HEPA FILTER RESISTANCE - RATIO
FUNCTIONa COEFFICXENTS

Fuel Combustion :ECondition‘_‘_ ' o - . 8 _
PS oHighoy | f3$:0 022248 7" 0.64249 x 1075 .
PS Low 0, _ 0.0057105 ‘- 0.17108 x 107
PMMA Underventilated  90.0476796 --0.30826 x 1074
PMMA . Overventilated . 0.0641064 -0.57276 x 107
_dThe HEPA Tilter resistance ratio has a value of 12.0 Lfor each fiﬁ:er. '
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Part1c1e size- data can be used to exp1a1n the variation” in PS combust1on v-7f"“u"ﬁ

Ht?part1cu]ate mass necessary to p]ug the HEPA f11ters., From Table II, the mean o
'total mass collected by the filters when near]y p]ugged (res1stance ratqp = 12)1_.;f
“for the low and high burning rates are 1232 and 437 g, respect1ve1y Table IV~

s“presents particle size data for both fuels.v.These data were obtained using the
cascade impactors with samp]ing'during the combustion ‘of .individual cups.of
fuel. The quantities in Table IV include the‘particu1ate mass'concentration’for.
~ particles larger than 2.0 um (ppg),vthenparticulate mass concentration for par-

ticles smaller than 2.0 um (p _), the total fuel mass burned (Mf), and the mass

‘burning rate (mf). Comb1n1ngpihese into the rat1o opzM /mf yields.a parameter

that mod1f1es the concentration accord1ng to the combust1on rate. The ratio of

. this parameter for those part1c1es greater than 2.0 um g1ves the va]ue 2.7 when
the average value of this parameter for high mass burnlng rate 1s divided by the

“ Tow mass burning rate average value. When the correspond1ng rat1o for accumu- .

fv]ated particulate mass gains for the filter- at the flow- res1stance ratio value

 of 12.0 is computed us1ng the data of Table II the number is 2. 8. Numbers this -

close for- these two ratios 1nd1cate that the partlc]es greater than 2. 0 um in

d1ameter dom1nate the plugg1ng of the filter.: Part1cles less than 2. 0 um appar—_:vt
ently penetrate the filter med1um contr1but1ng to the mass of collected partl- .

 culate mater1a1 but contr1but1ng 11tt1e to 1ncrease the stat1c pressure drop

 TABLE IV |
COMBUSTION PARTICULATE MASS CHARACTERIZATION

o ‘Combustion >82 m <%S§m M m Come L
- Fuel - Condition (glm ) (g/m°) (g) ~ {g/min)  optMe/me  opsMs/ms -
“PS. . High 0y = r;o 051 o 0.074 - 186.6 ~f_p‘20;1 . 0.47° - .0.69
~ PS Higho, 0 0.059 ~ 0.050 223.8 . "22.2 0.59 . 0.50
PS  Low0," . . 0.012 - 0.08k 207.1 . 1L.7 - 0.2l 1.4
PS Low0, . 0.0094 =0-052“», 223.3: 5 +7°13.3 0.19- 0.87
PMMA - Underventilated 0.0022 0,014 - 600.5 . 12.0 . 0.1l 0.70
PMMA  Underventilated ~0.0027 0.013 ~ 600.0 11.5 0.14  © 0.68
PMMA  Overventilated  0.0018 ~ 0.0031 1003.5  12.3 ~ 0.15  0.25
0. . 1.7 .0

- PMMA" Overventilated ’7'0,0013f°h0}0035 ‘1000.

AL 030




ﬁfacross the f11ter. Remova] of the HEPA f11ters from the test apparatus SUPDOFtSIN
\Wmat" of fragile part1cu—

ﬁth1s speculatlon because the upstream face had a th1e
‘1ate mater1a1 that tended to fa]] away from the f1]ter even when d1sturbed by

. the' most carefu] hand11ng

: B PMMA Combust1on and HEPA F11ter Plugg1gg vi . _
o F1gure 5 g1ves ‘the particle. aerodynam1c d1ameter s1ze d1str1but1ons de-

"ifterm1ned by cascade 1mpactors d1rect1y upstream from the test HEPA" filter. With

“the combust1on ‘of the PMMA fue] the low burning rate particle: size distribu-
tions are cons1stent but the high burn1ng rate d1str1but1ons are apparently .
~-d1fferent. However the burn1ng rate does: 1nfluence the particile size: d1str1bu- S
'ition.hi_, L L _
A]so 1nd1cated in F1g 5 are the part1cu1ate mass - concentrat1ons associ-
' ated with each cond1t1on., In contrast to the PS combustion characteristics, the

‘-,'_average fuel mass burn rate (Tab]e II) is not corre]ated with the airborne aver-"

age particulate mass concentratjon, (See Fig. 5.) The mass burn rate ratio of
ujtheutwo conditions is only 0.9,'and the mass concentration'ratio is,greater"

ngh Burn Rate
e pp= 0049&/
N 0004 g/m ‘
300 | Low Burn Rate (Undervenhlat.ed)'
- s pp=0015 C
'.p,—OOng/m : ® o &
100 ¢ =
‘E ' L e esm®
S o @en
Y . . R
%wS.O__,’*—- S : . v o " w
L
3]
peg e P e«
[
£ 10 t o8 e«
' ' -
03 [
01 k — L T e
10 o1 507 80~ . 99 ‘99.9

Curm_xlative Per Cent lesS'Than Stated Size

' Flg. 5.
Po]ymethylethacry]ate combust1on part1cu1ate mass s1ze d1str1but1on.
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"9than”3’ Th1s-1s true because the ]ow burn rate corresponds to undervent1]ated
'combust1on cond1t1ons and the h1gh burn rate corresponds to overvent11ated ‘con=
d1t1ons-—the ‘soot” fract1ons are differert. [ ' 4 '

- .Four HEPA filters. were plugged with the: PMMA combust1on products, ,
Tab]es 111V and Fig. 6 show the resu1ts. A1l four of the HEPA filters had the

protect1ve metal screen removed, and the last filter (number’ 11) 1ncorporated

asbestos separators within the” f11trat10n media 1n p]ace of the a]um1num separa— - ”@j

tors used in all: the prev1ous filters. - Figure: 6 shows that HEPA f11ter ‘number
11 d1sp1ays essentially normal behavior regarding p]ugg1ng, 1nd1cat1ng that the
separator mater1a1 does not d1scern1b]y 1nf1uence the. p]ugg1ng character1st1cs

“for PMMA Combustion products Equat1on (14)- aga1n successfu]]y correlates the

f11ter resistance ratio in terms of M_ for the two PMMA combustion cond1t1ons
. ""Table IV suggests that ‘the parameter pﬁLM /m (wh1ch was successfu] with ...
the PS p]ugg1ng data) is not successfu] for the PMMA tests. The correspond1ng

7fparameter (p /m ) ratio with the undervent11ated values divided by the over-
='ventﬂated values y1e1ds the number 2.5. The average accumu]ated masses on the
f11ter caus1ng p]ugg1ng at a resistance rat1o of 12 are 210 and 283 for the

16.0
il

F‘llter No 10

80 © 120

R /INITIAL R

.40

| 0 8O . 160 240 320
. ACCUMULA’I‘ED MASS (g)

‘ : F1g. 6.f'..
Var1at1on of res1stance ratio’ w1th accumu]ated mass
po]ymethymethacry]ate combust1on 3



"}j;zovervent11ated ,o'undervent11ated mass burn1ng rates.v The rat1o of the over- f

"fv_vent11ated to undervent11ated HEPA f1lter accumu]ated masses is 0.74. Conse— ,
quent]y, th]S parameter 1s not appropr1ate for .the PMMA tests. Rather, the cor-
"respond1ng particulate mass concentrat1on for - part1c1es greater than 2.0 um when

'd1v1ded y1e1ds a va]ue of 1. 04 This 1mp]1es that aga1n the larger partlcles )

" are important for.a HEPA f11ter s p]ugg1ng characteristics. Additionally, go1ng L

' back to the PS data and using the‘ same’ ratio of o % gives a va]ue 5 0, which -
- is approx1mate1y doub]e the HEPA fl]ter mass ga1n rat1o and thus is. not appro—
" priate. o : S ‘ : :

CONCLUSIONS

_ '”p The test results quant1tat1ve1y establlsh HEPA f11ter p]ugg1ng characterls—
- tics for PS and’ PMMA combust1on aeroso]s. These tests were performed to support

E'Ldeve1opment of the Los A]amos FIRAC fire acc1dent ana]ys1s computer code. Ten-f:a-’

: tative qua11tat1ve conclus1ons can be’ made regarding the plugging character1s—
tics 1nvo]v1ng part1culate mass concentratlon and accumulated part1cu1ate mass

"?;ion the filter.*

;o__ ~ Normalized HEPA filter flow resistance. can be corre]ated w1th the
:gd“accumu1ated mass ga1n on the filter for a g1ven combustlon aeroso]
'ﬁyfj(PS and PMMA) When the combustion conditions ‘change (fuel and/or

.. oxygen ava11ab111ty), the HEPA filter plugging characteristics change
ﬁand are. explalned w1th the- part1cu1ate mass concentrat1on for part1—

‘ cles greater than 2. 0 um. : ;ﬁ'

‘.”5 k'.The 1ower the fuel soot fract1on, the sma]]er the accumu]ated mass
'fbga1n on’ the HEPA f11ter required. for plugg1ng Th1s resu]ts from ‘the
d:phys1ca1 character1st1cs of the. partlculate mater1a1-—mass concentra~

, t1on and part1c1e s1ze. - '
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14 A!STﬂACT (200 words or tess)

' Exper1ments were conducted to investigate high- eff1c1ency particulate air (HEPA) filter
plugging by combustion aerosols. These tests were done to obtain empirical data to improve
our-modeling of filter plugging phenomena using the Los Alamos National Laboratory fire
jaCcident analysis code FIRAC. Commercially available 0.61-m by 0.61-m square filters were
ntested ina specially designed facility to determine how airflow resistance varies with
“increased filter loading by combustion aerosols. Two organic fuels normally found in
nuclear fuel cycle facilities, polystyrene (PS) and polymethylmethacrylate (PMMA), were
- burned under varied conditions to generate combustion aerosols. The test facility included
a combustor, a 23-m-long duct, and a spec1a11y des1gned gravimetric balance for determining
the aerosol mass gain of the f11ters :

Test results include correlations of HEPA filter resistance ratios (actua] resistance/
.initial resistance) with aerosol mass gain. The mass gain of plugged HEPA filters was
found to correlate with the airborne mass concentration of material in the size range
“greater that approximately 2.0 um. Also, the fuel with a smaller soot fraction, PMMA,

- produced f11ter plugging at lower accumu]ated aerosol mass deposits on or within the

‘filter.
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