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ABSTRACT

A series,,f fourl aeorbI. scbbing tetsieedone Woith- a -sparger atl',submergences of
;n poo uffe ar ported' in' det~ail,. ' Aerosol's used 'Jere

forved frpii the v'apor;hatse Us i ng Cs , ad t$ d ,i ameters of .,about L~ On,
The tests- were do newit ;obA temperatuvws; at a~out 25 and,-827C and wi-th steam
vall me 'fractions. i. eczrrier- gas from GO-'OIWto '042'.' The,,Aero-spl carrier ga~s,
t eavprtrsragdf 130-{to 1501C.; S' prf ic ial gas' veloci ty~paue ragdfIIn the pool'-b~ased
on the otltet gas volume rang~ed frous0,034 to 03t;9ms. Entrainment eeAsurei~ts-
were ma-de. Also, am~bien temettr sdrpbbing tetts were done- u sing

dioctylphtbalate~ Jor dictyl sbacate)J ae'ro Decontamination, factors reported
rabged from 11 to 3006, were *bighest for sel ubI eaerosos and v~aried 'with gool 'depth,'
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Section' I4

INTRODVCTWrN

An Advanced containment Experiments (ACE) Proram;-i's bein , 'unded' by- ain,1inter-
Cnsort'ium .(members.1isted-,on: insjdeCo4 r). Te,objecti~es "of 'te ACE

prog' ambare: 1) to,'pr'vde a comparative experim~ental bssF,-aeolrmvl
techniques4 (e.g,,, submerged gravel beds, water pqois , filter-s etc.,), 2)to provide'
ata for mddeling tra'nsport of' tradioact~ve iodine spec-ies, 3)4 :to dtrmn fission

produict 'releases fr6meole "rim contrete reactiqs., 4and-. '4) 4to'devel op.,and
v'alidate applicable computer codes and ~modil s~. 'The,**first of the'se, object-i' es is

L-being don~ie al Phais A of the ACE Program., In PhasO'A; testing ,4s bei ng done to
4compare~the means of control Iing the, fission,4 product 'release usi'ng pa~ssive tittering

deves yc-h~ as are being employed or considered for use' in'light water reacto-*s in
mny, coquntries-

Oftef'qelfio8 of fifteringqthe gases that WOVddbe exhausted whrile 'venting. the
cont-usee rfa W' . i 's one of 'the simplest

mieth~ods ~and;46T proposed devicds ,v-.,bicjh ~gs'f -omn,sand and, gravel.bteds tor f i1ters
ar~' vertu'ri .s ru bbOr s-. ,"'

7 thj:s- r.6rt discuss Sthe first s',rios ofRh a'se A teskts oftMearslrroa

*technjq'uets, These were 40;Le with a pool 'krubb 'r cfi wa i T h epur~poses of

the :pool1 tesU~ we :, 4,

0 Rxprd tIhe, data on removil Wf aerosols by:pools ico C'sOHCsl. ar~d
X0. i,e., some typical aprpsentative, s&~l~uh afid: ijcr- e rojoo!

S ees)

* to obtain decon~tamination factor data that tan be index"~ to data
obao4by ot~iars

U)~ lneaauva* rYoer (ntrainmept) from. the, pol

'4 to Obtairt pool eTPects data 64rt From later tests wfth a sbrgedgrivel scrubber, and 4 submerge~ yenturi scru~b r. wbich tuse a pool
trojether with 4*thar devicds

0 to defloqstrate anod cal'hrate apparatul tO be Utsed to test Other Vet



The tests were done atlthe Containment Systems TeuVFacllty (CSTF) at Hanford by
Battelle-PNWL an etnhos afr Comipany. T'heprogramn is utilizing the

,,apparatujs and expertise developed for the.,recently, com~pleted, LWR Aerosol, Containimenft
Experiments (LACE) Program.

1.1 BASIS OF TEST

Yqnting of containment1 is a risk. reductidn,-st rategy which could be *carried oqut-after
some time tlbn the ~coursn of a maijor Loss-bf-Coolant Accident in 'an LW&R.(Z) The
design flow rates required to arrest the pressure increase in tbe cbntainnent depend
on the accident assumptions and the filtering devices cani be sized to give the

*required efficiency-for. the flowrates needed. Therefore, these ACE-phase A tests
:ar'dine~ use, re ali stic flowrates ''caled to the size of the :e~perimental

* . he aerosols to be used' are 1) an inclbeaerosol'tosimulate those insoluble.
*.ae ,solstat~may be generated from overheated fuel. and cladding, co're-concrete

initeraction~s, etc,, 2) a soluble aerosol, cesium hydroxide, and 3) an iodine
containing aerosol,, spec-ifically cesium iodide. The concentrations of radioactive,

-aerosolIs jo the' can,ainpment. at the time of venting de termines the necessary decon-;

taffni natilon to give a certain release, and knowledgefis nedeo both the cneta
Iilon And the Aecont'ani nation to. determine a risk.. The tests are designed 'to

* dr$erminhe decontamination factors for tfrese three types of aerosols. The aerosol
.cncetratiori sfbr t w ergperiment are. determined by the available generation
mfethods, the time AVjc.d of tha experinmentsi sampling9 times,, and sensitivity, of the
Anplysts techpique&.

* 11 Steam/Gais Mixture- and rFlowrat~

Most 4cident sc~narlos re-sult in conrsidezapble steaM being. present in 'the, contain-
mnent' At tow t-fme af ventinsg. The Getatit depign foe thegtZyokdpOrf fIlter, assufed'
mki'nly steam flow With up to 2.5% air anid other gases flowing 'at 0.3 m/s: at 04t.2 j'Pa
and 13-2'.C in tbe filter. The French use 29%. steAm with 33,Y air and 33%,CC2 and, 5%
to and -an aerosol concentration of 0,1 g/rrO as design values fo-r tJ'tit vent/filter
system (1).

Si nce no prototyp pool scrubber f or conta inment venti ng tse have. been proposed,
the flow rat,;~ of the gas through the ACE test Pool Scrubber As based on a typical
design of sparging pools and pressure suporession pools of BWR's, apd is of typ-ical

1-2



depth. The ar~ka of *th6 pool,-'is.smallIer thmn,it woultd, be in an -actual -"rea'ctor, b ut
the sA ze: 1$ 14arge ,enough, to remhove* iany s fl ffd i.dn f& fetssof the wall1 5 sJ n&ethe
d ianmtter' I s much Targer than. the bubble, size.
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Section -3

DES'CRIPTIONOF EXPERIMENTALARRANGEMENT.

3,1,'. :ACILrTY' DESCRIPTION

The test facilit~y -'te ot mtSse Test Facii y (C7 a 21 uilding at
the Hanfdrd-'Si t~e' The -ACE.Phase,A tests -utilized an 'exi st ing. wate' tank-Asea, fll ter
'test, ves'sel, (FTY)'., With- ttie FTp 14ldith. wter, a:pool 'typ'sc'rubber. was
simulated b triuigthe ste-ar-aerosol mixture -f~bom,,hei'existing nixing vessel int 6o
the pool Xhrough "'- ad sparger and then exha'uttng the scrubbed' gases to the

- ~ 's~goutlet sc erubber and fan [not shown]. (Figure-I), Aerosol sampling ports
at the inlet and outlet, of'thelTV.',were used totanthiltanoutlet ae~'osoY
toncentrat ions from whi~hte deolamnton _fidto r could~be calculated. A.
hydro 4en'iodide f~ed system was added to the icv1vuslyexisting cesiiim-hydr6axlde

~ndpah~nes a de~~r~oi~generatinO apparatus to prodd~a~ioq 1~f~v4
iodide.

The :FTV- that *asduse ',1*o.st t hi -par~gr~ pobl 'crubber)~ arrangement,.for these
~~ ~s 1oc~~~ted ie the CSl'F ~ACJ h'~~t

i~s lojc tu Within a cpncr~gte b Ilight ._as-icueofc, poa!e, :Chpnicall
laboratdry space, maittenance fat.l'4fes,, effheht di'sposa4'faiitie' and 'tity
services. The building arrilgement is shoWn in Figures 3-2and.3-'3.

3A1.2 NFI ter, Teast Vessel

The FTV was built by modifying the internal tank, which held thte flashjh4: pool in
LACE 5 and 6 Expe-imnents. A dimensional sketchi of th'e FTV loca~tIvp i-s shoWn in
Appendix A an~d a sketch -of tha experiffental arrang~mont is shownr in figure 3-1.

The FTV is a vertical cylinder, with a 1.5 ni inside diameter and height of 6_1 M,
It contains a steam heating coil, thermocouples, and level ten-sorus It is
inst~iated and the upper one meter is heated electr-iCally to Mm ine heat loss
through the wall,

3-1
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Stearn s suppl ied to the'CSTF from a nearby'boiler houseby'two steam lines. One lsa 1low- pressure Ii ne (0. 6 MPa) des igned to provide a 0. 8 kg/s fl1ow rate and the oth'er
i fs hih-resure line (1.5 MPa) designed to provide a 0.2 kg/.s flow rate, Inline15..kW and 30-kW electrical heaters are provided to produce the 'requi red superheat.

TeCSTF i quippe~ witha iqid nitrogen supply: tank and atmospheric evaporators
desined o mintan aflow rat'e of 0.25 standard m /s. The exi'sting nitrogen gasdelivery line is adequate for flow rates to -0'.2 m /s. The 11.4-mn liquid-nitrogen

supply iseuvaett -7800 standard m3 of N 2 gas. A,75-kW el'ectric heater in theitrogen gas Vinp provides the capability of. preheating, the nitrogen when this isnecessary. In addition, a compressed air supply line designed to maintain a flow
rate of 0. 05 standard in3lat'.6 aisviabe

3.2, PO0OL. SCRUBBER E IE

F~igr 35 fs, *a sketch of'h sap wh ich *A, ocated in -the FTV pool '.to break'up
1he gas flow Into bubbles.

tes 'Parger consisted of a'verti~al, insulatled, dowriconer pip- attache,&' o the 1 id~ofthe FT anwhog'hich the aerosol was sept- into a round,, fl'at chamber .near the
botto 6oF the'pjpol. The chamber had* atot~i of 51, 9.:5 mm (3/8*)'holes drilled-vert i call y, through,: the top. p~jte (details: alre i sted in' Tabl e 3.1]). Thir5' of 'the-seholes were at a radijus bf 4 -19 mmn andU Z~ere on a second circle of 368' mmn radius.
The'e. were 4lso four, ,Z2.-7 mmn weep holes through the, bottom, p! Ate of the sparge.r to-
a1 Tow drainage when the FTV Is ,emptied. Tile' spagr-qnoep dfsooIkes (with foot 'p~at~es bK the ends)' to s arierco# pipe had pre nstanof* chu~'ging or, v bratn ,0fen 044~ysteW was, runni ng.

*3, 2il.1 l Rtbr1~ C5 er, sir

This test had the. failowing purposles:
* to measure the decontamiriation 6f t-est aerosorls (simulating a9rosdl& in'

cbntai.iiient) by a scrubbin~g pool
*to provid#, the p~ol d-ata to val id~te the ACE testINg. hetbods. by

r.,mtarthq with testt by oth-ers
0 t-o gbtajrT podli scr.4bbing decontaminatiop separate from other* decon-ramina ion, phvriomena: thAt a re cornhined with pool scrubbingL in devicessuch as subm~erged gravel scrjbb.r n .sbr e~etr s'rubes.

These cor~bined devices are to be .tested Jlatier in the prpogram.

3-.6
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SPAR ER'GEOMETRY

S Thickness of Jnsdlhvion bn vertical pipe1f*6amgl&asth O95

Ins'id6 dtameteri.bf~fiber test vessel mn 1'.524

Insidce'diameter of' sparger.pan ,:m M~2

Inside di'arnety'of sparget inlet pipe.,n 0,.208

Insidedepth<6 f, sparget pan, m 0.1.524.

DiametP of sptrgr holes;.m 0.95-5

D ianr66t er bf' ote-y ci rcIe' o f 30 holes', m 0.838,

Diareterof inside-circle of 21 holes, m 0.737

Numebert bf spiarger holes 51

'al- arnta f Sarger~ h olI e, m2 b,.06363 '

Diam~eter, of~sparger drain -holes, mn 0.0127

,Of;. Njib o f:'p~rger- iai -holes- 4

eit -of tparger hoip fronvbptt'oi of FTV, m .63

T hilcness' -of insulation on veyltical. plop-,1 fq'mglass, mi 0.05
wrige6 Wth tainless steel jket

TherMal1 conductt'vity off0amg1,as S Tnsdlzt lon, W/in-K -0.57

The f Idw. rates, hole diauieters, steam contents, and pool depths wetechosen 'tobe
drepatible "with -these* purposes. The wlAry Pipe into the sp'tgdr was insulated to

rkjinmizP cOndensation on thb ;i.pe wall .(. on'nation- would actu&IJtccur in ar
prortqtype% that yiott~d n~t bo inisllated) because the condpnsaid n would carry a e rd'sol,1
with i.t change: the steam content, and generially MAke 1F1 difif~lt to assess. tt
tefect o? tm peal. scrub-bing action only. Although pool scrubt.,rsare nc4,gurrently
b4ing used for containment venting, the princoivle is dtijized:-ip BWR ptssure .up,-

res-sioti systems, #br these a typical hole size is about I cur, Td et smalIl
bubbles, orificos of this sire are gsaually operated at Reynbids nurhbrerls above 6000.
PFor the sparger design, a Reynolds number of 107000 implies a velicfty Ithrotth-'a I,
cia hole of about 20 r/s. This, and the desired tuol fjowrates of aboutg.g rnf
letern-ed the number of holes for the sparger. The Ve!)pc itX %lte4d pyessur -drop,
acr-6S such a-n orificO at about 80 rn/s velocity Is about 152 P- 4 bbt1..CjwAter



head. This head could easily, be~acomqodated by the 15 cmdpth 6sf "he sparger ,pan
such--that no gas *ould pas~ej~dh h the d&a jnho es on tht_-bottom,-of the pan.,

37 3l AEROSOL,,GENERAT1,Nd' SYSTEM4

Aerosol s;~ weegenerkted separate'l yby: ' va~ ~ on -c biid e n sa tJo n pr cq .essa~nk mxed.
Th ~e5 m A-obl 1~ng esel(AA~ o ~ovdesome egg omeratron, 'emical

reaction1 and fallout of oversize. p artifcIe s befq ed ingthe cotnb i ned str eam to' Ite
FTy. C e'siu m h yd ro ide (C s 0H was usedI~as a waer s olUPI e-specifes, an~ ~se xd
(MnO), was, used for,-,the inoulJse-ls he~metho4 ,of generating,,these to
aero ol s, had 'ben demoonstrated, 'in. the LjACE tts Hydrogen iodide was used'to,

.providej odlne, to. -,h aerosol Mbst-'-ofhe III 40i1 rtc nteA4 ofriCs 1;

which~is the prjniary farmiof. iodinne prkdicte&in severe reactor actidents IG ie se ke e t

al.(i HI, wa provided to give a.,Cs. I ratio of 10:j, cas is n'cte':yful
r~elease calc~latiops. Other iodine co~pounds aire Predicted to be, formed in -esser

amonts Bu fhesearehighly dependent~o oxidation~-reductionoditiois
radiation, 'and pH,~ and were not- added i-n the these tests.

3.3.-1 CsOH Aeroso Generationi Syste

* CsOH aerosb waignerated by reaction of zetium vapor with steam. Elemental c esium

_was-A~eated In a, pressurized supply~ vessel and discharged into a heated vaporizer coil
at' a conftrollIed.,f fow rate .The vaporized -Cs, and a low~flow rate-.of nitrogen--sweep
'gas;foedthrougia heated 1line th the, AHY'. 'The ieaction products erehdroen-gas
and payificles of, 's'OH. A sche mat ic diagr'Sm of the, ystem ts-, on'nFgr 3 6,1

We. testsAfht,eam was -supplted in mfnrifurnstoicfiomettlc) mounrt byrimetering
-water inp t'lje AMV,. A frac-1,n of -the Cy wl T1 reactto form Csl, as',noted above.

233Z2 .MnO Aerosol gene-iftfon System

.Man-ganese p0owder tralspdrted by Ardi,,~' was- yaporiled 1h a. 56 kW helium-argdn
Waiina- torth, and d'scharged tg ratqncabe ildwit a mixture of 5tpam d

sometess, tea wa suplie. i ntniia (stqif~i.om',tic)amouht, by meterlkg
wateri int6,the AH'V,)

3-9
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A nhKydribus h y d rg iod4 e in 'a 'pretssuri zed 6'lhe'ws'~tr~a atole

ci~1c~ated?~wm~h~oryand te rotmete aire wasb&Co Sime re v oigto lhed

cal ibrat ion in subsequent te'sts The H I va4por passing into the AMY reacts with ,the:
CsGHt p'odu~fe, Csl.,-An~iyses o d the, tests hwdta cesi um ,~n -dne*were

'4clioi~el-y asso'd~atpd ri lp~uT 'and ., Sijblb ig. sysem, , A. stthematil ,,af h
'Wsyjemj is;sh'ofi in,. Fiure 3-8

_3434 -Ae' osol Mixina Ves~e1fANV) and Delivery 5ystem'

The miig of the' aerosol forming vapors .with the steam/nitrogen carrier gas was: done
in. the A14V4(showrn schematically in Figure 3-1). The 5 2 m3 AMY is 1.22 m In d iam t e r
by, 4.57 in overall length :and is fatrjcated frok ~crbon' steel -The, AY i s, oriented
hoirzontally, with the, pjlasma torchet1loc ted- atteoposite: end, fro= the AOL
nozzl6 - Stean i f used) an nptrg~'wre,ianjected-into the AMY, thr~ougI,, separate
rjihqgmmnifold's located near the plasna. toro1s Ceslum vapr"-was~ziniected,,thr9ugh -a,
stdi ? M ozz1le; t a dista -ce of 2.3 m from t he outlet of the pl'asma. torches. Water (iF,
tAed) was injected into the hot N2 pipe at the entry-'to the AIIV (seej~fqure 3-9).

The' wall -of 'the AIIY wa-siieated- electrically by exterior rod 'heaters and is insu-
q~nd dring sytmis. provided' ,to'recover aer6sol deposit~d

ifW ~AMV duiring"pot-tes t ceqporain .

Thfe A'e~osoI, dliey~ line ( ADL from the -AH~V t~o t wa 7V SC onpfed'ta 200- m
'bTval ve wiha 1p edjust outside the AMV.. It is acarbo'steel pipe, 23n
in T Ind 1~bout' 714A m io.ovef/all length'. 'The pipeotiu~ hori~ial from' 'thi

4ra Iv e for bout 4.7 m-"And tJieni bent -down at-a. 0. 3' m radius- (ScN.' 40, 8",'LR'ebo)to
4b.coire vert.fc'al for abqpt k,-, eoeisa-ahin-oteeoo sam~'1iqqg section

4TTW)- on th FTR' lid. T1 e entiie- length of''tbe AOL ,W~is 'insulAted,

A lTW aerosbl s~kmpje station JT5) was ilstall-ed on the' eitry-pipe wh ith' evended '

0.48 m below the .H1d of the FTY where the i'n40ated spargord6n~~e a *tacNed.
Two 'thermocquplep. werg Jiista~llgd at thie tame oation, one in the 4,4 4 rom~ an&A.ne
on~ the, out~er wall -of the pipe beneath. the insulation.

L-1
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Mu io t th~nr~w iit on us'r tnj. e~k .iefsof tests,wa~s -used prqii~busly in,

the LACtests. A- detai le :descr'iion-Vp:f;Rtese, 1nstruents%1 sgi~en'by Al4-iol and
IMcConak (U).A list of t~e pyinipinstrnmnts a . j4aqrmenkffmethods. is
provided i n'Tibie I -2,-together~ with estimates of 6h cirtaintfs as~cae th each

3.4.1 "TrtWhte a~At-h Sampi' Stations

*Three TIV sample' stations- were u s ed, qfle (designated. 75) ,.on,'th~e AOL ne6ar the -entry

to the *FTV. Oke,(T6).Ion the lexit, line- from the, FTV and dne (T7) at, the inlet to:.the
con~tli~nb~~t veise9 ven s~u r (see. Figure 3 10).

Each TTW, station-consisted of a 100.nmi diaiter 'air ldck- chamber. att~tfed to the
s aMp-ling p oin t, 8y opening t4,e a ir l-c k- b all valve, va~ious"tiyp.s' of sampljng
devices were insert ed, directl'y i ta thecontainment atmowsphere. The devices were
attached. to~a aolp push ro-htha ~ld~ng seal at -the end of the ' fr lock.

chiamber-.. Sa~phin'g,4s was withdrawn'through the sampler- via the -hollow push rod.

The tpes fsamplis ere taken at the'-TTW station f-f i-l iers,' cascade'patrs
and let c d Nuclepore. fil1teirs for SEM. The, fj Iter fid :im actr s-amples, requ!.reds

agoJt~te control, and, he ureh,6rtVlf the gas/st~am flow rate. 'Th~ls -was accofnj14ish,ed
by' Go. dens in q the steam downtream of, th'e.,sample and measpriThg, he flow,-rate of
poncbndensible gas-Mith a rotameteE,

To Oevn~t condensation i n he sampl 6r, -the sampin- devie' .e. e p,reeatd,

ovenfrCt- te (pr~urg -sliqhtfI y' (I-5-1C) -grinter than- that of It-he s ampl ed envvirgLmefnt.

The TtW- f'ihtr samples, were-, takerr* on 4*7-ni d'iamleter. Iglais-flbert ilhters*.-mounted on
stailess steel filter holders. After cool in, some of UMb filter papers were..
veighed -and 41' of them were, analyzed ohemnically -for. ts andd-Wn mass:, Th irl et

surfaes of the filter holler were washed and analyze4 amvr These- washfes And aoy

.ap-roso1 ma~ei:4i V, tfh backUp charCoai- piper. were- cbmb'ined and the total' was -ued, to

40-0)tM Atn te aetoptdl concentration (Sec-tion 6.2.2j,.5 OV cJOUr4butions to 'to.*
tot~a~s oere usqally small..

tI1glMan type m ~anufaetured by Gelman Tinstrunient Co., Ann Ar~oaN M'*cqiqga

3.-4



iable 3-2

EXPERIMENTAL &MASIUAEOur& C'RC

Number. 1-arget

Measurement Lof. T Nm's Ac urac
S 'inedar oIso CsOK 1 5' ±5 TTW ier mles,

'd1t4nO 4ass concetra- analy Is for~Cs,' Mn, L,t on , iOL

Susen~d-aerosol CSOH, 1 3. TTW f i Iter samples,,
and.,MnO mass~ Corncenti'a- anilysis for' Cs, P&Mvl, I
tion in FlY exi~t gas

Aerosol - ar-Li de size, 1 3 ±25% Cascade Impattor; an~lys-isdlribto jn ,D'L Mfr.Cs I 4;we ighlrOg"

6rbsol p art i l s ize 2 3 ±25% Casctde impator 'A iis s
lstriblitiop ir)- FTV for-Cs, I, M ;Cvweighing,

exit, gas

Primary particleiior7 1 1 N/A SEN
phology ~in daeeoscl in
AOL suspended in FTY

ikposot&nerifteas* Adt7 N/A hena1 n&ys-of-
Aerolio cineei AOLcd fi'lter sample,--XRO_

~Volumetric flov ,rqt, a. 4% Orifize neter
of stetm-jGo AMY.

lvblumjnitrc flzw rate a b~in~ue m~ter
Nf to: AMY

VQlumetricfloy. rale a *1.0% FlO uleter
ofother gasot
aerosol.4 geniata

-7omposition of nbncor,- 1 2 ±ZO% mas-s spv ;trmOntry rab-
idens ible gas ijA AOL 4 00pTes -Af ter' conden s iny

Teriperatuie vt outer 2 a ±5-C Ther mocouple
m,11 Inf AOL

Aerosarl mixingc camber I a ±% Transducer
tessurp

Overall Cs mass balance ?4/ A 110 Wergking, washing,. v.61ume,
anai~yslis for Cs

Overall Mn mass balance N/A t ±I5 6/i ei~qh-jn4 viashing, vdYme
analysis fr~ M4n

3-16



Table 3-2

(continued)

Number~ Target
of No,, of

ftaareaint- Loc TimesL Acirra Method-

Cs instantaneous feed ~ 1 ±20% Load cell', 'weight loss df
rate feed tank

Overall mass bal ance N/A a. ±10% We'ighing, w~ashing,. volume
analysis' for I

Total Cs mass fed- to 1 1 +_4% Weight difference
vaporizer

Mn instanitaneous feed: 1 a ±20% Load cell, , eght loSS'of
r-ate feed tank

Total Mh~fed'totQrches 1 1 4 4% Weight di fference

Vent rate of gas f rom 1 a±5% Orifice meter
FTV

HIL 'feed 4iate 110%, Weight difference,
rot me ter

aDaVa Joggor f requenty..

At s' ti aps T5 and tt a icba, coal loaded backup paper* was used on, filter samples.
The. b'arcKup paper w~s chefl ically analyled for I ar~dCs.

3 .4-4 lascade 1moacftbrs

Two types of~ cascade 4jnpactbrs were used: Anderson aek 141 -aI nd Sierra §eri es '220."

fela~. fA ter stagev d&l ectl on f ti ers were used to f~AM 1 tateurl.ipadjing so that, eac
impactor Could be quic'Kiy r~e~gaded for repeatedJ use during e~Adi eXpeariment. Tti

glass fiber collection surface also retained any liquid aeros-ol. 'Vos~t of tbie.

impazlors were 8-stage, ut some had only 6 stages.

*S&tIeicher & Sciyuell, Keente, $91W t+ampshire. (S & S 910)

"RJanfacturvd -by Andersen -ainlers, Inc,, A04lntf Geeria.
3-i7



A RGASL SAMPLE

VACUUMT VaNTUR(-SCRQ6BER

FTV

F~~~ig)~~~~r.~~~ 0 3-0 ittThtyse n SmlnoaIoST

Th ~v y'~oftp~trusd~ntes~LIQUIDabrtd ih nnolu

whr eroyriA~ cvtoff imtTert sp an Saolndt ocaton

14:tedfh abg 3_3 rTe a sa lin c1fldeo t.t r le fr 1mln a lw a

r 'ps f- Uls usc ry Ciniag Tae bCt~f daqeters lise ba i~ d Tabl 3-e3erend

vico t o f a a oapsg odii
Q~~~~~~~~~. a a lWrt tsapigcnlln



Table 3-3

STAGE CUTOFDIAMETERS FOR 'CASCADE IMPACTORS USED IN' TEST AAI-4

(d50)ref jn

Numbe Andersen 11aSgra 2

I 13-.2 18. 0

2 8.3 11.0

A3 5'.64 4.4

4 382.65

5- 2445 1. 7

6 1'.25, 0.35

7 0.77 0.53

8 ~ 0.52 O.32c

9 
-- 0.16c

aSize of unit' density-sphers reoe ih5%efcenc It2.t atm pressUre.,
an I., fmin at fow condit'ions.

San'd pf nt:dnt ,spheres remnoved with 501Y efflciency' at 287C . atm pressure-s,

a-4.S 3tean and Gasflow.RAte Measurement

The flow r&tes of steam to the CV and A4Vwere measixred ~by 0,rt-ddr'if
meters. A mpgo sgparator in the sup Ty 'line mn ied thex amount of I i'qui'd
tarried by th~e siturated stoear. The W'mper~ture; aild pre~sure of:the J' .am upstnreamn
o'f ejach meter -were measured- Fd low stdm-frA*-tajn .tests, W ter 'Was 1rjected int~o
tt'e heated flirogevI lilie and contorgl1je usj~tqg a itmete-r Figure 1-94~ A ft e r tbe,
test, the total water was determijng4 fv'oitvchanges i& thos supply t ,k aft~unt,



Nitro ef~~ ate was me a sured1 -bya' turbine', meter with an electronic output -,Signal
to th6 data cqusto syt Yf(AS) The' ternperatur4 and' pressujye at. the: w Ieter
were -also measurqd

M~scell-aneous: small1 gas flIows, which -were, measured by~ro'tameters were rea~d'and
reto~ded manually. These include, the-Alasma torch--gas feeds, the Cs- eva prr
carrier,,gas,; the* AOL 'nitrogen purgel and the' gas ;flow rates at the., TTW sampti ng sta
t-ons - -The'temperiatures 'and pressures -at.the~rotaeters were--measured.- ~

3.-4:6 FTV LlcLuid- Level and $amp 11, nq

The mrethod of li~quid I1evel,: measurement was-y bub~le tube system. 7hel s-t'up used

intests~ AA and ALA21 (Figure 3-11) wa5 chalnged f' i' greater-accuracy to ,t h at shown in,

3,4.7jT Noncondei'sible Gas, Composition -

Thpcmpo s ii o n ferosol carrier' 'as, fIow&irg, frorn.,the AMV..to 'the.,FT was- cal c'ul-ated
fronmthVmeas-.redC volumetric ff ow rates -of'steam, and oases -fed, to ~t~~.In
Additjppn,the6composition, of norncondensible gas was measured by taking two' gas
samples from the AHV '(after condensing- the stenm) aid -analyz ing by mass spectromnetry.

3.48T, TemperaturQeMeasurenent '-

T-empera-ture measrments wer maeby saless-steel sheathed Amerkian Nati'ona'l.
-tnars Inttue AS).yeKhrl,6j~s Loca~ions of the jlinc~t'ih ar

in4di,'ate4 in igure, 3-10.. _ l-he, tgmperatIu re pf ,-,g:'fi ow ',g throu~h th~e 'aerosol 'samp'le-
-station~s was mepasured -,aith bmtlcda thernbineters. '

9 Przssre easurement

~Statc: 'and dlff'ete~tial .prelssuresw!.ere. melasUred. by orelsuft- lfan.s04 ers.. tocat fo ns
of-mneasri-tg points are shown on Figxards 3-11 and 3-12.

3.5 DATA ACQIUISITION SYSTEM

Many of tbhe.key ex'ptrimental measuremnts wqre made maraliy and periddically, e.,,
filIter samples, casrade imipactor sampl es, el ectron ml cros'co~e s-am, T'vs steam, fsaqtl o:-
measurements, -and samiples for cheitical analyses. The data, assdci-ated. with th1ese
manuaI samples were logged by technicians onto data sheets or recor'ded in notebook.
The online ;nstruinentation included thermocouples, pressure tranlsdu~cers, steam and:
niitrogen flow meters, Cs and Mn feed weights, FTV vent orifice-me4ter, and FTV liquid
level. The outpuit of th~ese sensors was recoHd~d in parallel, on strip 0'art recorors

3-20
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PiIr ~~2 TV 'Pcal Level Arrangemet T ec.ts 1~ and PA

and on a Z0O.,A~annel DA5. 'The DAS ot~ut re-co~dedn. if ffard dfsk: by int&.fac:Ing :a-
persor~l compuoer*# to the paper tape. The norinA.l scan rate , o1i th e paper {ape was.
one conmpl.e:Scan. per Min~tt.

*Datalogg"r 11ode) 2280A, John Fluke HarTwfacturin9 Ca., Itic,., Mount1.ake Terrace,.
VWasingtrn

k'#t4ode1 Kaypro-11, Non)4inear Syst&s4 I Ac. , Sol a na Beach, Californi11*a..
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igure 3-12. FTN Pool Level A~ranetienti, Tehsts AA3 *aod ~4

3,6-CRTfMICAL A ULSIS -

-The, s jnples taken on filt-ers, 1 fqtaid5-, anO. cascade: impacltor.s' .ere anawlyzed for C-s
n Mn using tho inethrids whith were previously Used in t4P, LACEprogra'r.

For each test, aoproxiiat~ily SDO sauiples were. analyied.. for-Cs,&, in, anid I,, Al
sz.mplezs after iodin~e ml~ysis were treated with 41'ther I C1 or Jfoim Wyin
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TEST ;PROCEDUREI~.

4.1 -PRETEST ACTIV{tUDES

The fo bwi ngwa's 4otol 5 9n preparati on f or, the actual test i ng

1. A~eement )4sQ reached 'on, theL-cond it ions 'for each 'test.. through
V ings oflthle.ACE Trynil Mi~ lotee aid discu sjo s 'with.

t- e-01" ahe'

2, A Test. P1%oq ~as -w'itten an'd -approved, whitch stated the' objectives: 'and
basic Patatfieters' f'r -these tests.

3. TIhe interna1 tank. used in-LACE.Tests~ LA5 and LA6,was niod'fied t6)
serv astheFilTeJest Vess'el CFTV) for:-the AEtests Alidwas-

insta'fled on the tan~k to Creite A cl-osed vessel and piping -was! added
from the A1MV'to the FTN anld from .th F.TV to the, ex isti ng, SGS,..

4. Te rrger (de-cribpd in Sedtion 3..2)was de'Iqned, fabricated, and
intlll fV flore 't ise~ t ests Le kte~ts an-d'DOP~e ffiiOEnd
mesurelnnswere,made.>

.51 Tbgt', Pncedures were wr~t-V nlppoe which speki-fied. ndt~
'forRch, pair of the.xtesls the~ prariator' w rk ob done, the steps
to ))b followed duri'ngtest 6g, t e~safpling schedules, 'and the post-
te~t 1c14*nip and d~emicaj anaTyses

6. The eff-ectiveress of the 'pool iffreoopvinar Op',e~bSLOY Wa&, measured
using, siondi&rd DOP measurement, pr.pcedures . This Ptvi ded a coiparl
son 'tb a trecgfinzed standd:,

7. Apralct test, duplicating all s-t-epsof Tests AOl andWAA2except~
for actual. ,erosol generation,, wn cpnducted to check out th.'equ p-

mejit ~ I ejdisr ntation, 'to train tes't o~'~r;ad ~-~
against uhe-x0.cted proi-eis. 19i the main. te st '

4.2 PROCEOORE VV{IfG TEST

Two tests were perforr~ed during a single day of continuous facility operation. The

twvo tests w.ith a low-temperature pool (AA1 and, A92) were performed If 1rst, anii tho se

with a3 high-tenmperat-are pool (AA3 anid AA.4) later. One of the two paailabe plasm,,

tor'ches was opersted during each test, as this was found-to be the limit for bffi-

ciewpt tor.,h operation before disasse.#.]y and cleaning was. m~qtuired, Herice, two

tgsts were the m~aximum possible to ruo at one time.
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Each; 'da y of, telsti'h included the f 61loWIn 9 step s

I. stt-'lq rfcaJ. preheat of- the AHYV,, FTV,,, 'nd Cs systemeverp)

2. jabis P iheated rditrogeh. flow to TV',V ad l

(AA A) sea ws fd-frm te id in spy r alower p

'I ~d w ' 4nera'ted by- 'nrouIn aer to the
hot 'nitro gen n -ifhq, the AMY

Oergursin the system, The, -jasMa.
th~gvea tj rhet ad 1'1n--to th '.,AV-_ "sothe4At1Vheate' were

-genera~ ~ u-~f n htitogen pre'ea redt Ic .when -the,'pilasma
r h on.,-. t-ve so, t.he ga's teper .ue tt ?eJT.V, inlet

unavoidably rse when the plasmpa ,tccch was- on'.

6~. Divert flow fr6mi FTV to -bypass ~5 min before star~t of -test!, Thi,,
permitted the t.hree aer6o eeaJo,$sm-t be b rough t' on,,liine
b~fore aerosol was-Inrobd, d'tothe,~ F'TV.

7. Start-s% flIow, to vapor ize. andAMV.Start,_~' In6der - plasma-,torch.
Start, 144-flow to ANY

8. Restore, gas and-~aeros'ol flow-from-bypass to-FTV 'to start test.'

9, Take samp)es duing 30 minute test, Aerosol samples were taken from
lie Aus above th&entVln dto th FTY ca 1on Tand frm thh vent ln

thie. AOL 'boe trhe-enFnc dito the , lcation 5) from the vent i
near thie I n)et to, the' SGS (-Ioca .i on T7) The flowing. gas' was sampled
for total suspen'dea aerosol ulsin§. flter.-samples , 'for' Partic,1 size.
distribution using cas 'cade iMpactors, apd for scanning elec)Tron

i- cr ,osc opy. (. E') us'Ing 'Nu'clepore-ltersl.,-t, iqu sapes" r ta ken

0,1e~~fd',~s 'secroretrywere t'aken ,rom the~ AMV.' -

$tP n ; s anid HI -flow at egid,.ocf t'9f. Cotiu 'Sema' tragen
flow,

11~ Wait 10 Viruts to zlear susend ed aerosiol from the system.
,1h aml for reOsqpens ionr ofa~rosl 1-era fo~ .FTV. pp~o;Rti

&aki o ' 6g R nd steam --

a lp Aqislt'gat flbwr, atid PTV poo~l jop-t h- to coh~d!tia',s br Sgc ond tesl

14, ,R6e t ps 5i for second test.

15.. Sl~t~ Off ga- flVpwt &W,,i shqt.down fiacitity.

The timtnc, 6f the ;boyo eveots for Tests AA1,74r is 'V4ven 'Irt4'a 0_& 4 -1
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CtIRONOLOGY OFIKE EV ENTS

AA1ALJ2
StAYtelectrippreheat. of'-AV,, Aft, FTV -340 mitrr -345:rmmn

~Sta t elqtrid- prehjeaX44of ces~um~,system -2760 O

Start, hot rogn,flwt:AMJ -75' -75

0Diveret nltr4Og ,flbw fJn~byi to FTV 50 -55

Start .01 asima torch No., I Without' Mn feed ,~-4Q -40

Start water injecti on.to AMY -30 -27
SDi VeAt flow, from F~tobpats -

' y -

lSlrt Cs fee&~ to AAV -- 4 -4

Start HI, feed to' AIV -1-2

Start Hn-feed to AMY -1 -1

Div'ert flow from, bypass to :FTV, start test 0 0.
Stpp nCs, and Hlifeed.. Turh npff,Plasma

Io~ho 1.End est. Mainfa~n &as flow. 30 0-
2Sari:rsuspension test 4 0 -

Endreuspension test, stop water injection ' 5 65

Raise/Fly pool level 80 ~-100 8095.

Start blowdown of'isteam lji-es 1ZS5

Start pla msi, orc fo. 2 140 -14'1

Start. tam. flowto AMVI 56rd 1W (S 1b 1iS0

Qi,-ybrt fRow f~ro1TFTV -to bypass 1'75 IT

.Start Cs feed- toM 116 176

St~rt HI feed 10A(V 7. -
S taft Mnfee d', P .AMV 178. '78

Wen. flTow. from- _TP&s to Fly, start test 10 ~
Stf1.Cs, and HT 'feed. Turn off pla.~ma

A-tonch 'No. 2. thd tost. Maintaiirr N a'no
stgamf lo 21621P



4 $rteuspensi ot 2

Stpsteam andTftrogen flows'-to FTV 281- 285

7, fet'A e fbfow was shut ofW from 15 to 191 mih ocag he H gas .bttIe

The tetcmoet ee ce'e-fe~aharo ef t d'tri nthow much

Tetwo plasma 'torch es were rempved~frqm th',A 'andth 'trch liners and ~residue
wer removed and- wei ghed, to .detey-mi, ie thie ma'ss Ioft Mn'-rem'ai nlng. on, each, f them'

Tfte'AMV,.the AOL, anq the bypass 'plipi ng w~'rteeach cleaned by a high pr-essure water
spray ,The water was p seld throughpolypropylene filters toremrove, insoluble
material. The, f ilters aqd sajiiples o ita&wre 5eb nt, to' the laboratory f or
chemi~ll analysis.. The 1iQUjd In 'the. FTV was similarly filtered and "analyzed',
Although it wa no.pssible. to recover a II, t h peipttd nO

L iquidsam~l,s -for chemical analysls were taken fftpn the: S S'while the liqui-d int
was wellI .a~ated by-g44 flow.; and the .SGS was drairied and cleaned.

hejrial analyses of t6" recovered adros)7 mirttri~l. the~ aero~ol s'amplIes-, and thep liquid s~rnples were Prformdb tie NLa alc Iabdrato-res 4usrthe -ethods

d~sc11Ibed in, Sectaon ~..

4;4 DOF EF*FLCTENCY TESTS

The pre- test. measur'ements of the spatgerwitpoov efifli-ny We'mad6 :jsi-nj a standard~
ANSI N51VD-198O(j) DO test, This, is a standard lete,, ret hod 'for field testing of
haigh off~ciefty aijr c.1epn-nq sy&sets using a dioctyl ptaae409: ir)o
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Dro~at4rb uu~s a7Asin~g Lasi~in nozzles.. *kqspecif icatotI. requires th~at
Ut Wol h ,a~ tr I',Oht. satrngi ea~ dr6p:et- sl ze99. I ass' than3 pn,: ,O, 4ss

t~~-017J indO bTss than O'A',

'-es'iz§ of ;the 'tist aerosol is nhot seiialydf' by th~ d~~cta
l,1ight scattering mean. Hinds (2) has reported DOP aerosol ~s I e' dAs-tri bttcrvs,
obtained'using a Laskin generator to have a count media1 A, iameterof' 0-25 jn wlithA
g~c1 #tric, standa d'deviation, GSD, of, about 1 .S3- From-the count's1'ze ~isitufo

he- calculated, -a, ty p icalI mass' meoiian di-ameter ofl'M w.7 n -For t~e' iiasureme-made
ohi the ,pool, scrubber'dioctyl; sebpacte (DOS) '(whicdh: is thought to: ha e. euced~heath

e" s d fo6rm. the aHoo Nin d s: Seo-t th eM M D* s .f
aetfoso'l to-'be'O5 y* onys~jty~m.ert tan--tK6 -- siize dbtned us{i QOP, he~nce -
no' distncin between the' two 'aerotol's 'Will be- made 1n:thisldis~Ussion

The aerosol cohce~ntr~aon upstream and- downstream of ,the. test Item was' measured wi th
a near, forward,-light sc~t-tering~phdtometer. Th is deyi cg. jresponds, cl sely -to. thie
m a ss concentIon. -The tes!t aerosol w~s' rnjected intbr theoV -n'et~and outlet

saraj~es,'eetaken'itT5 and T6' smple statios, ~.eiusy-6Ci4' -For-these'
tests- the inlet'-aerosol concentration was -60, to 120 inglm 3  eeh d'in 06 thie scrubber
air flo w. A schematic of the test set-up is' show6 in Figure 41-1. *,.-

- - -, 
-
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_T5 
inlet T6 outlet

Sampl'e Hoses-*.-

1Aerosol Photomy etef1

Efficepcy - Conc. o*he

Figure 4-1, DOP Test A rrangeme-nt



Section 5

TEST.CONDI'TIONS

i!~e desired conditfons for this series "of'.tes'ts' are shown' tn'1Tabj~e; '5~

5.1, INLET AND' INITIAL THERMAL HYDRAULIC CONDITIONS
The 'conditions of'.,the inlet gas flowing lo~the"FTV -e~j~tr~d1i~he52 for

each of the four tests performed. The principal vla at-ion in, gas flo -between tests
was, In' 'the inle t steam, fraction. -Thevlm*rc~tmfato was about 1% -i~n
le's ts AA-and AA1" 1% J AA2,, and, 4,1t -"Th o d~ sa flo rae an
from 77~ to:,11O g/s, Whfth gAve actual .v'ol umetric 'flowi, rte'soP 0.07 t'o,, Q I I, m3/.,
In Test AA2.,: the ste'm, flov rate waslonly one-third of that'intended bec.4use the
proper orificeas nbt isaldin the steam flow meter during this test. The
inlet gas ternperature 1;ranged~ from 138:to'150*C. It was diff'icul to kee'pthe gas
temperature as low as des.jted1 because of' the high heat, inpttfrom tie plasmra
torch'es- Th nepre surws-prxmtl a tmo s pherilc p I us theread of the RT V

Table 5-1

DE'SIRED TEST CONOI-TTONS

-Wat~'rSteam 'in
Termcera~tbrea Sqbmeitaence. nLlNLaor.w

AAI 20 -301C 1.6 to

AA3 -80-C 2.6 ,o

AA4 901~C 4.6"3

AThe exact tempoirature conditions ettaia~ t e rei

ai~ilab4 4itte, ~r s0von

L-



Table 5-2

,SU1*AR~. TU-JE5~T CONEUIONS,

2A AAL AA3
Inlet Gas! (at 75)

Total 'fjo, ,g/s .110 77 110 93.
-Tempqrattn'e, C 1- l38 14 2 150 *41'
Pressue, :kPa- 121 150, 132 150 '''

Acttkal volumetric flohw, m3/S. '.113 '-0'.069 , 0.106 0% 09 1
Steam.fraction by-volurne 0.012 "0185 0.013 0,.410

LAverage Aerosdl fIow:Rates /
0C .531 ~ 0.654 ~ 0!.613 ~ 0V6531

Mn.59 0.263,. 0<887-,. ~0;.
0%'0761 0.0683 0.0694 7 0:.,0 58~6

/Inat-Arsl Ciorc.- (at T5), ,

CS 4.7,0' '9.51 5.18, 7-.19
Mn, 5.28 3.82 8.36' 5.50

10.673 0,993 0',654 0-645

D.,Ohaid of- 'arbsol CfTowv, m i 30 30 30a 30

Pool
Submer q- cg of sparger, L,:3 4.52 '2.62 &6-1
Ttprtrs *C 26 24 , 82 83
pH *9.8 -10' ' 8.9' 8 ~ 9

a2 ,,'1'-'was no 1.6w. ofH di>'during tbe ivrnte'rva-), fromn 15 t o1,9
mirynwhen ,th HI' Eotfle was be n g,-c'5A ge a~

Tho- princA'g a,) p~rameters of' the FTV sW)ter:poVI are ,al'oI sf in~ T01'e, 5 2: Both_
the t~mptraturk and d6th .of the nr~l were varied. bet wee test's, .The pdo] tempe ra
turs was 2Ci n 7,0s t s AAl -ar :AA 2;A 3~ C7n AA3- and, AAA. Thiesubmerg'ence" ofC the

' paTro' ole-s '~qo* athe water surfa . A~ 1'M'. , a.B Imir hALA3,- 1n a4', 6m in
AAK and AM. The pH Df' the pool was Ma7Intaiqed',4t I- TO by buff'hH"tg with 0 ,05M,
borit ecid ap1 NaOR:(C 1047M, Test AA A/Z '.?1'T~ A 3/44k.

The theriral hydraul c data ar'p discuss'ed tp greator ',detoillin-Sect ion 6.1.



j ? 4jpsU.T~ #1IA, TEST ,VESSEL
I. can A ime96rated as. dlsc'used in Sectfo 3 3. each- test

Ssimultaneously over'a. tst duration 61"30
"in,1 AAM and.'-AA and fry0o6 189to 210: min in'AA2 and. AM.W

II~hgathe HIinput was valved' of f diri h the interval
to, ifI -: -l t - chan. the f1 ote

#_h.Con;.*tration, (ex ressed per

J #jurs ;tod4 l *xittng-at the T5 -sampl ing station').,o f each of these three)40041 *PWci1e iq ths 'tnlet gas are listed' i n, Table 52' The~eV e e~ aeae
In,'i~ Oatt -i~'w~ on, for aerosol enterfig' the spreadJV1a acla~
'ffkt#-01",LA as 'dfiw~ssed-in Section C1.",.

~#~ #oO*iI *AtL n systeis were or - rated under the,-' 1aen m~ta c n 1 ns in
faei 'qtt four tis 'opoiet same a Ierosol source in, 4ach Targe ae
W&ODA9 of- C1, 1 O g/s o CflJn, 'and 06 /soDf 1. The' ct a te s varied from

CM ko 0.46S q/s fr Csl 0,26-to 0.89 9/s, for Mn', and 0,59 to 0 .076. g/s of I. The
J)*tp vi ~a14 tjlu o at the Hn, rat e ~is due. to the varying efficiency of the plasma torch

$6 wor!ing Mni poimdr' toraerosol. Similar variability was encountered wi'th these,
t~eh"i tests, The variation of the Cs flow rate_ is due to:

OPOI~lpolcrjt I' bliapcsand th'at of the, I t o adjustment- ofth
h" of theal'i bratl'oniatof for the, HP flowmefjpr based on data', from the prere~djing te'sts,

711h.~ v4-0, Of C4 to Mn as 2 5 i n Test AA2, which is 2 or 3 times as high As in,, the
otMhvtAatiis Si1nc H is.very hy ro'copic, the aerospi iJn AA2 was. mre-mo sit, than,

4 al'hyrJ'to ~bs n'n4 ml fav, n -

tnetconcejtra Jon wi~h t~re. are;,di s~ussed in Se~ction 6.2.



Se.t~on ,6

EXPERIMBT1AL. AESULTS

6A THERML;HOPRAULIC RESULTS

'6 .1 Gas Flow Rio~s and Yelocitie.

Th il~ gs lw; rates for~the'FT-Y are given [in Table 61 IThe' a'e~vni
M'~s ."a ndth6-fOfo, n,- ab16,o tjhetma) hdraul ic data, are a~ea~er t'e,

~tetin (ampin)~ ntrva 1he at fo te resuspension- tests are, reated sepa-rately and are -designoted by a' suffix R folT owig th Ies nubr G fow ,rte
are given. b 'jna, fmssbasis (g/s). or a standr volupie basis sadr't 3 sand/or an actual volu me bas-is (actual m3/s 'a'd tegstemperature at T6 and
the AMV pre-ssure. 'The helium and-argon floWs'are those intr'oduted in ,the operation
of the plasma torches.

The steam- flow-rate in~ Te'st AA2 was Dnly onle-third of, that 'intended blecausethe
proper, orifice-was nt 1fstalTed in the steam -flow, meter during this test, Vofume
-steam- fY~ctions yere out i/. in Tests AAI and AA T, 1h% in'AA2, and 41% in ,AA4'c -The
total gas f lj~w'r a t w aaloutO 0 09" standArd m /s I n al fests~ except'. AA2 .wbe.e the'-
j t a fI0Wws ,~rb~a~e )~h~ w steam, flow.

-alcoittThe ',inlet flIow4*af4& *ere hdneal o's n 'o~elrthe' er irod of each e s

The aveage ~elocit pfthgas, through the discharge holes In the soagr(tta
, e'a 00 0 363 in7 m) -Isted, in Table .6. 1 is a vqpn -a ue cdlciflated from 'the il tgas voj'ume, at MS Thrs5 velocity i4 typicarlv, i te r-ange ,f-20to..30 rVs. The

-etu l -octy will be me±JS-S b.qcauso of' coolj~ an'cnen';- of ta-)) the sparg~er inl'et pipe beyopnd tht, -Zmpatutjre -n~osifring pofr~t,

*.Staqid.rd m3 is volume of qUat 0,C,JJ. pjja..
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Thlot~i§i fj-iwl ratet from.'the FIV' pqoaare givenh Ii Table 8-2, '--he, 9a f Tow is
assumed. to 'reach.,,'6111 lbri uft ththe 'twatr: in _the,- 661 and the outl et eqam foI O..
.fra ct ion i s th'a 5 , c, 1a ted. o n t he0 s sump dn' that, a l11 asdomes -tu t R'
water ivapbr at'tW-0O tempe ratture The outl etsvol uie ;sfeam f ractton ti Sovfor
the hoi: PooV(T s n AMA4)and about f~ 6o thecool Poo4 (Y'st AAM anrd ,AA ,

~The -superficil, volocity of the gas rising' throug tt-FTV,pool (j1,72- m2 IIn cross
~ h ultgatg v-.luii since th.f t~mperature vd por con 4i t

Of the g~s. vtould:be expected, to come rail noequilhbiun .with the. pol Th
supe rf ic ial ga~ s velloc ty 'a ng's, f romr 0 03 to :b- .12 r/s,

T oP ,si tioi of the, noncondensibl-e in]~ I~ i 6irjable'643

74T'dataf,Are- based on 'gas samples."taken' f om the -AMY 'and: anal'yzed by mass

6.1.2 Temperatures

The average temperatures measu rgd i n each test, at various, locat ion s are1 lsted i n
T pa 6 p',4 Elevations used -to ,defi ne'. thernibcp~ 3octh.air" es~edfo>

botmo th64 FTV. ;'''i'NA/(-

Inlet' gas -temperatures (measured LF50 mdowjstr~amn~from the T5 inlet airosol
~sampljng statfonY) were 130, to,150 C, Te polJe~Ttr a 2~ n sts, AA1 arid

AA2; Z£ C in AA3 'and "AA4.
Teewsasign,!f icant itcol inq 'o h ltgs i q wn thro hh

There~ wa, of'th theg~~pssn 2.0- cm'
-sp'arq,er wnlez the The in) et. p i pe w~ll- ''t, 5 59-rn eleyation . ('C, -51 mi

1belo,the top o~f the F TV,') was'.-20 to6, 9 ,at coQ'Isrp.ha stt-4
t'alY~h~'t&&f F~e~V'.'Thermpocaup-le re" instiiled to measure' t'We ai

-and gas tirpetarps in t.he. sp,4rger, 'however, there yere problems with themi'and
'neither, rer#6'ried, rel-ably-

t he Aas, teiperatu.e in the FTV aW ~ e po ltp w a tf~ii~ irat tfic Ctip The'

6:;1 mq- t~-.,F.Vwal bo~ 5.A9 mj a h ea t-A to. pre Yen t cofld~saton, ajnd~th~'
gstemper~ture.At 5.79 Mi iyasa atmertr ~ntendit btr ht-f

heated wall and~tfie cooler water poal .

6m3
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Table 6-3

AEROSOL CARRIER GAS ANALYSIS- BY MASS SPECTROMETERa

Volume%

Gas AA1 .AAL NA

Nn2  97.0 95,4 97.1. 95.'2

He, 1.87 2.86 1 :84 29

Ar 0.80 1.2U 0.180 1.33

02 0.16 0.04k 0.08 !s 0.01

H2. 0.18 0.36 0. 17 0.52

C- CO2,, < 0.01 <0.61 0.02 0.01,

C.D<0.10 < 0.10 < 0.10 <0. 10'

aTaken from AMY a after. condensing the. steam.

'Tho saturbtiofi temperature of the intle t gas: isthart'caicul ated% for- the inlet

comnposi.tion given ijn-.Table ,6-1 at tfie inlet (AMV) 'pres-sure. In all tests, the' i n 1et

14,as tempel-atuire -was we~l: above saturation.

6"1.3: PftIssur'., P661 Depth. and Void Fractiorf

*The average pressires me-asifred io eacb test are ji~tedi.n Table 6-. .,The: Inlet

pressure. i I taken. -A tha. mioasired in the AMY;, the vitlet: pressure: as' that'measuiredj

*atthe jnl~et t~te G.Tepes~ rp hogh the ,Targe-diametor pipes are

negJi'gjbl e. The FTV outl1et .was nraophicpressuree- The differnoe between

inlet and outT~gt press-ures was due prjlncily to tbi wid of; li quid. tn the TV

The FTV was prvfdepd wtth pressure tap6 at four Rleliawtions (see r-igurei- 3-11 andi

3-12). The differertial pressure beltweeT the lowest tap and. the oa _soace, aobove,'the

pool was used tp calcu~late the liquid depth in the pool and the. su.bmergente of the

spaq~er di-scharge holes. These values are given in Table 6-5 for a colIlapsed pool;
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Table 6-4

AVAGETEST TMMATURES, C'D

'ret I AAIL . ji AAZR .AA2.. ,A3R .ML AAM
-Timre,,,,start, m'.n 0- 40 1;W8D- 220 4 180, '2M~

-T~ime, eAd, mniin 30 6 5. A2 10- 280 -.30 ' 65 210'' 283,
1niet 9.0s (Fyc 138,3 -1303 1~42.3 133.6 5Qo r6.9 1b 30.3

Irdlet pipe' wall4, 1047'- 1I.0o.:11o.5. UO.,.2 - . - .- 45 9m elevation-

FrV' 0' 15 m elevation~ 2 5. 7 2.7.1 2 4. 5' 271 82.2 82 .8 82.8 83.7
FTV2-4m elevation- 25.9--2.7,2 24.5 27.2 82.3' 829 83-':8,-' 83.0
FTV;35 m elevation~ '256. ' 27.4. -24., 27:'2 .82.2 82.9 'S3,9 83'0
F'T.Y5'.'7 9:'en1.ev a t ion 47.4 46,.6 , .%4, .43.7 86..5 8 4. 83.
F T.Vhe4ted-wall, 67.6' 6 4.] j 49.7 '53[~ 10 0 .0 100.3 84.2 88.15 -4 ' m Jievat ion:

Outlet §'s T.6a 38.4 39 .3 29.7 32. 7 83.,1 84.2 ~84 0 833

G inleV9'as (T7)b ,~33.8, 4'0 -28.6- 29-.8 '81'.A 82,.7 82.9 82'.

'It h'a'tUratipT 1-4'C '14. 3 87- 8 ,69, 16.7.' t:7Z 86.8, 87.9teprature 'T5)

ITThe~lmcoaupTe -o 00te4 .4omfti, dowhstream -o f
b~emro~ 'la16ated 260mm i~qwiitream of4 T 

4

C TJ'- Y6.c 0upl~ Thoated 160RInM downgtreani -df T15

iP For one With nlo bubbles, The S:parger submergence (i .e.. tbeF de0thI of the dis,
cIbargp holes, below the pool sivfaCl) Wos 1.4 m i-p Test Al .8m..A, and 4'.6 ,n
in AZ and AA4.

A c0mParisoi of th'e pressure djf'ferey~tjal measured bel*e.~et~qo adjacent pres5sure
tips with that calculated for void-free water percnlts a cal-cujation fV.doid:
Poact ion.

6-6



L V m

Chh m- 
, . - -

L000 U)y

C9 10 i

IC q. 'e P- 0 0. ' 0 0 t
*) 0 - l:

a' a

co LO

Ca co-

0 4 a-0U)

6-72



r9 ,

4 Kere f m' vo id fI ract i on
tP ~ resr~ erence, mPeasuredetenbkr

ddensii-tyof Ivid-fre 6,ae-atoo 'me~tr
h2':z vertical distance between taps.

This calculatian ass/umes that the Aa~rdOesrsae n~dw ~rte ross
seto f±etn~ The -c qtact 'tim~e of, ris'ihg bu~bies with' the beiOyd

V )-

where t-contact time, s
s - submergekie-of sparg4er b I W pooTl surface" in

* Vs * supericia. ve1'oc-lty of gas, :throd"ugh',pol (Ti~e6~

The voidfraction 'and contact time are given in Table 6-4% Meaningful void fraction
mna3Jenet wr~psi~l 6l frthe te~sts ~i -the deep pool.., An averagleYpi'd

ra tjcKl 'f. io. W s.pe!ured-for W;',6-for AA4I jhe Correspqnding contact tiegsaire 14 and 3-5. s, respectiv~i.'. rThe' easar d'vidJ f r'ati~ 'a ihr t thetp
the. p~8o thAnf at the ~bottoi.,

.L,4 Heat; d ajrad-.Condens at i n

The k dt inlet, gas pbas'ss down to thne sparger t~rough an inlet pipe surrounded by the
cooler~pooiin tbe F.TV, A111hbdgh this. pipe is nuatid-orucht1osyom
c0oo ring of the jnlet. gas Od conden satjon Iofsta.rrn mit wifll.ccur., -S-Ince, steam

coneQation Canrxemove .art of h sus :,oa~'~o t of
4rilet~cool i n akq cmidersation is U~ef i~~rutl h iqr~opl
ins-tailed in the, Sparger falled, and tefflp~raturbs, aLthis loca on are, nok, own.
Tliprefore, heat less must be estimated by teat tra~sf&4 calcrulT-ations,. For example,
the mnaini iisultion is 0,.05 in of 'oamglaSIV with a thermal 'condpctjVStty o-.S7W/m..K
at 3C Considering this thermal retistanc onla00 gsrIr rfo at.
125Ttprperature, difference across the imluatio would allowr,-a 5tb 6*C
teWPisrature change of the gap or condense T 7, to ZY% of the :s'te.am flg".



6.2 AEROSOL RESULTS

6.2.1 Aerosol'fflj Balance

'KA-mass .baTance on each:of the three aerosol materials was made uing. the measuredmass fed and the measured mass recovered from various components at the end of thetests. These mass balances are shown in Table 6-6 for 'Tests AA1 and AA2, and in.
Table 6-7 for AA3 and AA4.

The quantities listed in Tables 6-6 and 6-7 were determtined as'follows:
* The "total'.fed" was obtained from the net mass of Mn supplied to thepowder feeder 'andthe. weight .iosses of the Cs anid HI reservoirs-.
* the "torch reside' i-s the massof unoieM clctdfmthplasma torch liner.uvaridMncleed 

roth
r_ "Ay"'Bypass,' ani'd "AO L" designate, re'spectiveiy,. the massrecovered at. the end, of each. pa r of tests.'from2the AMIV,. from t 'he'bypass 'pipe plus' the venturi scrubber wat'er, and from' the ' A' L.2  Thesdquantities 'did not enter- the 's~rer or FTV. -The masrcvrd'aarb'itr'arily divided betwe~en the-two tests of the pa'ir in~proportionto, the',mass supplied to the AM'.

* 1'Fd to FTV" is "Total Fed" minus that recovered upstream oftte FTY.
S"S,GS.".'desivnat~'s the: mass collected' in~lheJSGS as. calculated fromliqulid limples dr awn at thebeinning and endoA e'ach tes-t,. 'It also1iicludes, a smrall-.amount in the''ond~n~ate recovered~from the vent~P1 ,Pe 1 at runs from t'he FTV to thfe SGS.' For A2in:AA4thiseieasterernent involved 'takizig a, small di-ffrenebetween two larger;jpncentra-tion's, and is,, t'henef~re; sulbject, to considerable,lpntertain nt,y

"Retained 'in FT' is! 'that 'fe; It othe FTV minus that collelcte in the

0 ',,Measurd. irl fTV" desgnates the mass,,,col'lec-ted in the FTV as calcu-r1ated f roln liqi d samples drawn at thbe beg~nhiing an6'end of'each'.te-st, I t. aliso incdd-,s material col'lec&,d-from the sparger 'after~ch'pa ir or"tests. t~his mieA 'sure dxoludesthe MnO:.Wficb settledouZuing , he test.. Therefor, it isgeierally* somewhtls.ta~temas "REre~ in FT, rid ~s on iderd to be' a l ess, ''curatemeasure of the amount actuaiiy supplied for the FTV.
* "Total1 Reo~overed"' is the sum of th'at rec-ovdrpd from, oir meAsurejg in:,th Vbrch r~siue:, MfV, bypa'ss, AOL, SGS, and FTV,

7', Recovered' is t~he rat j*o of tbe- total recoverod to the total. fed,
0 'OF" is the decontaminationi faCtor ca'lcul.ated. by -d0~Tdjng' tbhe. ins.s.fed to the FTV by the mass measured in the SGS'.
4 "Rate to. FTV' is the average flow, rate of aerosol enteiring Lthe, MTV 0scalculated by dividinig the mass fed to the FTV by the test durat'loroof 30 minute4.
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Thetotii mass of eabhieso maeIa ricovdvaries, from .93.to. 102 of the
tota1:a~ss fd tth, ,aerot6o1'generator 1 ',Tests_ AA4 afld AA2,1 and fr~om ~td6y
M~a~A4 ~ .sagreem-6~t ,is b etteer, than"had; been obtal1ned prdvJousTy nth 4 Ce

tests usin '9iif1ar'generation, and' meqsUroment techniques-for ,CsOH andn. eal4oiIs,
Siince. the comparislonjs of measured weights, vs.. chemical an a yes., the-agreement
confi'rms !4he valddity of, the chemicai analyses,

.6-2-',2 ,,,Ae oso1 onceitration Measurengnts
The aerosol, concentiit~ons -in, the gas.enteyi'ing adlvng theFV wer -ea-re

-several timies duiring eich test by' filter: sam1e~ -inse-rted into the 'inle
opstlet (T6) pyip ing,. In addit-ion, background' samples 'were taken, before eachf test and
a sifngle samRle was tak'en. during each resuspens-ion test 'The concentra tions mea-
surled at the FTV inle t,.are l'isted i-n Tab-le 6-8; tho~e atthe bJtlet in\Tabl,6-.
The aerosol concenitratiions! are: 911ve n per-st-anda)d' cub~c meter'of' noncondepsibl e -gas

c (NCG~ This reference is uebeaseidosfot c hange as 'the gas' passe's 'thiou ,

the. system-with varying temperature, pressure- -and -steam. content. The- ttme a't wtich
tbe sampling started;'and the dur~tion of, - he sampl ing are 'also given in Tabl'es :6-3
and 6 91

I nlets saple l through F5 and outlet.-samples F1 through. F3' were taken'during, the
3,mih'period 0, aerosol" r'elease. The averages. during aerolsol release c*-f the inle~t

sjmpples an1of thl pu lef( shmples-,aire 1-is-ed i n4 Tabe 6 10 focr e a c orf theL.three
aerosol materials. 7he se average -conicetratio rrs ,jre, cal cul ated by,-integrating the
nea §ured. values o~'er- the O~uimn 'aerosol Jn~ut Oerioduiglna neplio
between sampl ing tim~es -and assurni ng,,a constant -rate before first' ant tels

s~f-le Th ~ot na'~io1;-actoP is the rati6 of: the Aet to outTe't- (averaged~
oncentration~..

The the nrlet erdiol i~netatos W1t jm s plo tt~d in Fi'
ure 6-1 to 6-4 for-Tests AA1 to AA4, respectivejy. T h e C's ael-osol concentrati~n.
is fvi'ly. constant, -except for-the.first sample in T4st AAIl- The Cs fepd Adata, eas
ob .tained f-rp~mpieasureamen-ts o.f the: 14ei'ght of tbe.Cs feed '-an,ik -alVso show an A bnp r-
Mal ly 1dw -jnit ia.1 tte for this ttest. ITe tin aerosol ucntrt-oni sh-pws, a somiewhat
greAter Variatio' 1 partitcularly in Dthst AA3 whee t0b:,conc.0tration "falli-bff drn
the. tes This beha.i4or has-been etnq cui~ee p qeusI zW, }1[ths' Zorc'nes.
the aetlqso- 91Aput Is rqduCe4:as; qe rgst bruiri U.1dyrthe up ~ c oujt jhi
Vari.ation zi the I aerosol Concentration is' surprising.'-jrc -thmes~~ fld o-f,

6-12

L



7.

Table 6-8

IN.rLt-T.Rnnn.., COCNRTO(T5) - >

L-Ii. IDL.. cnncenttio aIt 3 NCG

AMF.'1 0~2, 0.003 0!;000

F4. 21 7 .2- 5.4 0'
F5 29 .7.6 6 '2 O-A 7
F6 40 25 o.oi r . 0,00 -8, 0..00Q 03

AA2 FO 165 1 0.004 0.0)2 0.009
F1 18] -I.0-2-;2 o~
F2 185 1 11.86.312
F3 197 1 15.0 5.2 '1.50
F4 201 1 14.2 4 7 1-.2
F5, 2C9 1 146 3 '3 1.57

F6 220 50- 0.0073 .0023 O.00Q0O4

F11 1 5.4 74, 0.84:.
P-1 6.4. 20:4 0.7

F3 1,7 1 6.~ .1-1 4b
7.i I 74 i: ID0. D57

F5 21. 74 9.31 g.86
F640 2,5 .003 8 00 0-00244

AA F 65 1 0.0.07 0- Gl2~ 0
Fl 1S 1i 11.3, 12. 7 0

F2 18& 13.1 1. 1.2 6
F3 197 1 12.3 '$~. 1133

269 1 10. 1 5 1 0,2,6
F6 220 60 0. O0si 0,60,o7 O.aooo00

'Exclud~d fromt average (Table 6.i0 as, top hi tobeodb.
b~1 flOw-WAS off' durin9 thA i ntret'vg Io f~ to lotm.I



"44

AA I:-15 0. 00

F2 13 4 5 "5

F325 4 59 401.
F4 40 ''25, . ' 2 .1

AA2 'F' 165 4 , A. -06 . O
F1 8 4 

1'F 2- 193 4 11.2 .21, 0.93
- F3 205 .~ 4 17.8 17 - 0.84

F4220 2'5 1-.06 0.0 0-
AA3 FO -5 4 0.6, 1.2 ' 0.03

F]4 15- 54e 2 O , 29
fZ '13 4 -a3$3- .30, 3.10

'F3 25 A - -~F4 433 - '5 122~ 0'.99

AU FO 1-65 , 4 t.-4 0.5 0
F1 1 4 4 ;3' 88 - ' 105,

~19'3 '4' 4.1 ' ~5 ,0.96.
F3 - . 5 4,- 3 , 5 5 . ,'A

-. 25 . 3-,

gas 'was. neatlfy cnnstatit, The TOW I v48]ue of conc'e~AtoJ'nTs Aatbo 2

mtu1te wa5 due to irtt~rruption of Ifilow duin the 4nerval.,bewn15hd1
minutes.

*A measure bf~ the 4average aprosol flow rAte has been: ad tdnt TVbh: 6 -~ LO t he
* prodlt't of VIE a ~rag6: atriosoj .conent Oti'.V.on; -'ard th' 6 f I f6w, rate. J-1 Ye't io of4this .juantity to the average aerosol flo , Ate ci rii 0~c a

(Tables 6-8 and 6-9) is also given. F'y Csand, Mn this, ra t 1o has valujes bbtween
0.96 and 1.14, indicating good agreement between, the flow and m as & baj amte iethods

6-14-



AYE!AGE AEROSOL'tONC-ENTRAT IONS

i ~Cs 6 66. 13,.62- 6.77
Mn5.85 5.115.6 15.,0

I~~ i-7 137 01666 10

Outle6t Crcen trat ion,
mg/std mnNC

CS 4,6 3 21.Q 0
Mn -519 <20 2810, 84

I18.5 0 .,9,0 3.06'- 07'84.
06contam-inat ion Factor

CIS 145 '836 322 3006
Mn 11.3 256 56- 180.

471530 228', 1320' -

IRI t Aerosol Fl1ow,, g/s

0S0.745 ; O%59'. 0.627
MO:D.5 17 f'0280 1 .3 0 .7841,
r O-.0770 0.750.0588 0.0578

Ratio of Aerosol F l-ow
fromt Coriceq~tratio to
t halt by 41Ass Wil'nce

- 1I- .1;.98 0 .96

I 1,02 I17 jOoi9 0'.99

*of measurements,. foil tIn the variation is greater, betwen 0.2 n ,,7 The
aerosol flbw4,rtgs cakulated,-from the~ naiss bal ance are jpidged tb- be th;ejmqre
Acufate, an&d , a v sed as the basic referenice in this, reapclr. -

6 2.3 Ocpnaminatjion. Factor

The decontamnation factor (OF) is the ratio of the amoont of aeOrpsp 1 enterinm the
rTV to ttat leavix~g it, The OF may, be calculated either fromin the, masi baI ance ata
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. ......... ..

as s ,hown in Table s 6-6 and 6-7, or from the average aerosol concentration, as
shown in Table _6-10. Both sets of values are~ listed and compared in Table6-11.

There is a wide variation of measured OF,.from 11 to.3000, depen-ding on aerosol
mateiral and test conditions, as discussed more fully below. There is generally
farf to, good agreement between the two types of masurement. The. Ofs from -mass
balance data for Tests AA2 and AA4 are subject to considerable uncertainty because
the change in backup SGS liquid concentration is a small difference between -two
rather large measured concentrations. The U~s calculated *for Mn -from the, 'MASS
baiarnce data Try be hi'gh;. the water in the SGS was agitated bk the gas flow during.

theLes, bt sme nO 1,y have settled out and not been included in the liquid,

The, d~pnle me of OF on: est cjndit onsnay be summarized 4s follows:
*Tihe OF isw mvoh higher ~n the tests with higher steam fraction and.deeper 7s~tbmergence of the sparger JAA2 and AM4 cospared to AA1 andM3J). The hfIgher steam fraction will promote aerosol flow to the.buble sturface- due to condensation there., The greater submergenceIncreases contatt tirme wih the ;pool.

* The OF is higher in Tests AA3 and AA4, which..had a hot, pool, than in7ests AA' anid AA2, 'respectively. which had a cold pool. However, thesubinergnc was biger in AA3 -than in AAl -and thefinlet steamfraction was hh4her'in AA4 than In AA2.* Thes, differences would-be'expected to praduct a high er Of in WA than in AAI and a, higher Of inAM4 than Ir AA2. T1hus, it is difficult to draw any conclusions as to
the effect of pool temperature.

* tie DFs are hig4_st for Cs ~ito 30001 -and" lowest--for Mn.(11 to2,53), is dep Mdente on aerosol material s~ggests that, the' threeter, als, were present. at least in part,. as sezparate partiles.

6..4Entai"noeht fror ELtVP0ol

As the, qa4 pa"Os up throughf tht- FTV pol some water , nd actompan-Yingaerosol,
*ateri~l will be ;Iitrai'ed and carried up with it, Entra.4ment from tje pool was
measu~red -by coilecting An aerosiuA filter samplte -a the 'M,_60 ntelt 4 Station, 17),
durinq a 9iS-min period startintg 10 mnin after the -end% of tero.sol 4npojjt frjii t he AMV
(Sample F4 in Table 6-91. The data of Table 6T.9 Sbow that. the, tndetr~tions of
resuspend'ed aerosll material were negligible comgared to t4ose rnea~urpd 4uriffq
aerosol input to the AHV, -and therefore, that iesuspersion did. not signpifican't ly:
affect the iesuits of these tests. Hwever~, re-entrafnment 'CoUld reducce t-le
efficiency of a pool scrubber if the poo& concentrations bbcame sufficiently bI1gh.

6-28



Table.,66 11

DECONTAMiINAl IONTACTORS

Test. '.AL AAL. .AAL. .AAL.
J -'t''~aiFato 02.0119 G'115 0.0 130 1

SpargerSubmorgence. n 1.38 41'52 2-.62 42-6f
Pol Teperature, -C 26 25 82 84

N0f. ass Balance
160 20O ~ 330 100

1~s 80hg180 260o
OFP firoi Aerosol
COrn trat io~n

*CS IS 840 -320 3000
ft < 6D-75- ISO,

* ' I 47 1, 360

PTv data vre-lvwant to the #Att"ftment MeaS.O swbmav iz.., 6.....1. -, The

-poo I cncefttat ions were. bbtaiir.d -by, c~heirita'l analysis ofljid sam les drwnIfv m
the F1V ,&rqg this p<,tnof t e tt ng'. -The -odt1ot aierosol. concentrations are
t Dse fTM- Tabe , -9 fo s an~e4 The erirairenZ ratio exoressed. 4 .gvam,of
entrained ligu4i~ per standard M3 of- nontovdensible gas, is the aeiosol C'Oncentration
di-viideld by the pool, CogentrAV106. 'The 4ata for TeA AA3 are not. intluded in
Table 6-1-2 .beckausz imadVerteiitiy Vt- F4 atp iv was'startea nly3.'miutes ater the
end of ierosol fgne~ation., and this: li4 not aio suiffici-ent- time to Jhsb th'e
.aerbso I from t-he mixitig vessel~ so atros~l wa.s Orobably s'tilbeltg, fed to tJve FTV.

thft estimate of liquid eitraiinent de~lived from tbese, t t.-o tsje~ nwi'
of the three tracer inaterials (Cs, Mn, 1) is used in 'the T a, ltor houtlt
aeros~ol concentraticons on whith the entra nient, estimates are based are enaAl~y
small and sub.ject to error due to contamination from rnjtertaf -from sourc-5ott ,er
than pool entraintnent. It is quite possible that the highet vapeso,,f gntrainent
in Table 45-12 ariste from such effects. The erntrairrmetit data 0. 14 there-fore, be_
regarded only as an uppier bound on fpossibl-e -entrain~ment rather than a's accurate.
measurement. However, the data do demonstrate that the re-entrainment of aeros.61
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Tabi 6- 12

ENTRAINMENT OF LIQUID FROM, POOL: IN: FTV

-Test AAIR ALA4

Pool.1temoerature, IC 27 27 8
'$p~at,'er sbergqcm 1.38 4.55 4-5gg

Inlet 4r'Qsol Coocentratiocn (M)~

Cs 26 7'.3 3-3
1k, 0.8 0. O,7

0 .01'' 0.04- 0-.02

*1.06 0' ~45'
14n %20.03 2.3

FTV Po' "Concentration O~Mqfi0ii

ES 0.,32 0.24 0,24

10.09 .~ 0.0O36 O.3

Cs bat$i 1 4-4 1
Mn ba~i C-Z 9

0. ba~2 0 i

ffra tho- pool is sml compared to t~at pasing tfiis"O, as. shewn't U tble 5, b~y
the 8nill concentrations of the *f4 resuspension tamples compared to F1, F'4, nd-F3-

5.2.5 Aerosol. Particle §ire Distribtiop

The particle size distribution of tbe inlet and outlet apwotes was reatured-'iit
cascade impactors, as described in Section 3.4.4. Detailed data art, given i#1
Appendix C in the form of tables of mass collected at each staqo- -of the impector as-
a function of the aerodynamic cut diameter of that stage. Thiee data were tJbri
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eo~'4 a>~ s 414 o''1 di de ii
A ~ ~ ~ ~ ~ ~~~4 s 4uinuiga t-qar~ ulejt'

earesent;as ae gr dt'tribhanon us gar dsfle, u'aes'cuabe :is,as nud
of -rp2t,' w. hee eis theac oreit I i'n . ~edian intfr ' 1 g- and PI 4eorne Jtr i b in

standarticle-ize (Gstrb)lo so taed abese 'n13 Tab e 6-1 are.,suapkriz Tests

Tables -5-17 tos~averas gieo the t~afldsS Df Che iNnletand on 4al tagt fT. e
fif le If the aveiagees tjh 0.1, mpl es tknt enuh tateriai5 ' ah olet
veasureentsv1~ za teSatei6 s T tad T75'are sinceb~ theretb1~ appncers
to'valsigficanter r 1s the berteto'gefen te. 'T forle v'atuog-nnare,, daverages of.

thals tof~r ls aen to ise L~ nate a fordft the' singl.; vample-ta 1w drnaosol

The particle-size distrlueon ante o Tables 6-13 to, 6aesurzdi
Teale .17a vrg aue~f~ad60a th 6i-16, were outletd ohfrom
Thslqdet aues nilIat ~ vawuv bae on-~i mes aeets 'Sto C,TK.' and Iutwete

average ofot tte' saple
A ear-3rei~ucti ind' siae was~ oberved in p~~aate'ssince threu appeFr

to be a. siIf tkn -Ui ain~ smaller1~u xnedieT sizet aesct, arsirae o

thm Patile s'taen tlea$Ue at17 arte f~or, tbe r ingle al ta e r hme'ur ed ro
eas. Th -s4 ffrzle moahesa olte onM prabi,:es grothdu to ag16 lme'r to oxi~r

th absorib. of moitur bae'twee-% §h~its basonc waopremthe oF Cs Pn and T7 wereh
av16am d otremad-taslgtyl"t e.*tr -s~ - 6 .4 . .sol

Th aerso paticle ize shrowed onklya small~ deedc on whe~nthr sighwa the
oi ~ measuremensoC, in Vo 1. Th~e averaged nlet 1.7D torae over ; othe out.

and to ie t saml~es e r tes, as2.7 'm ort s, t~ 2.4tho Man d 2.4e ma n ej-

The average ouet AO eas~ieja uret TSi7 a~ .92W fr~ CSy 0-84awfr ha Mn asur

08 station s.



Table 6-13

.AEROSOL4PARTICLE>SIZE DISTRIBUTIOQN AA 1,

Total1
TflM. m.in Mass A*DI

i.gia.2! on. Start4 aT.. Material im.. _,2e.~ £ Ii

~JnetT5) 9 ~5 Cs 51.8 '2A3 ,i75:, Q.,94

S.". .3 208, :1-90 O9

1 1. -2-50- 1.88, , .97,

25 0.66 CS 9.7 .2.45 J, 79, 4
n 12.6 2"-5 1. o .91&

1 2,.0 Z.67 1.92, 0.96

0at1tt (16) I'S C'S .S 0.9? ',-,2.02k" 6.98,
%n 12.9 0.97, 1.80" 0.96,

S0.8 09 1.87' 0.98,

4 CS16" -0.88 -2.1K7 0.96
Mn 13.7 1.00 1.68 01,93

1. 0.7 0, 91 1.88 OAS:

0414i Q17) 2 - Cs 12.9 b

40 25 C 28 t-38, 1.3, -0.80

d d

ITigme after start of aerosol release.

bImpactor overloaded.

4Reepntrainnlent test.

61nsufficient mass on filter for valid ineasuretnent.

er correlation coefficient.
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Tabl-e 6;jA. -*

AEROSOL 'PAIRTICLE.SIZE DISTRIBUTION, AA

Total
Tin.,i Massm *AMMt0

A~ain. sav LI -Material Zn.... Not s L 1k

Inilet (T5): 9 0.5' Cs 14.1 L8 2.2, 0-98

Mn 8.9 . 1.,49 2.13 0.9

11.9 1.93 1.87 0,99,

25 St 13.5I-W

Mn 5.6 L0~b 260~

11.3 1.45 1 o

C~ut Iet ('T6) 7 4 Cs 0.6 0.75 -'2-.23 0.92

Mn 1.4 0. 67 2.34 0.97

1 0.06 b b

' 4 Cs 0 5i 0. 0 ,44'-?
Mnp 1: 0.53 2.60 :0.9 4

0'.04

Oulet .(77) 1 25 ZCS 5A8 08'4' 1 52 .',9~7'

* I C' ~0.4 09 '5 O9

40 (S~ ,s 04 D42 2 07 0.97

Mn 0,12, b b

Q.004 b b b

aTitpe after start ()f wbrsol releas~e

insuffjcjent mass vn fil1ter' for vWid jneas-uremetnt.

=r correlation coeffitilent.

6-33



Table 6 15

AEROSOL PARTICLE-SIZE DISTRIBUTION - AA3

~Total
Location Strt -aterial mg UM~ IGsLot

Inlet (TS) g.j 0.33 CIS 8.0 2..89 1 . 1 0-*94

1Wll 11.6 2.18 2. 27 0.189

1 1_ 2.,9,, 2.03 - 0_9A

25r 03: - 197 2.55 179 .9

- mi1 14': 1.299 2~17 0 M9

K .1 1.4 2.58' 1.99 0.,9

Outle.t (TO) 7 4 CS
MP SAMPLE, CpIJLO NOT BE 'TAKEN

2 4 CS 0.3. 0.38-,-2.02, .0.94

Mn 2.2 40,504",,, 3.07 0..92

I M.6 0.40 2.D4 -0.9§8 b

Outlet jT7) 1 25 Cs . 4.1. C

mn: 42.0 C

>1 0-7 C

41 25d CS 1.1 0.40, 1,58 0,85

0.005 . . . C,

0. 1'6 ,0.40, 1.44 09

ant'iii aftdr start of *atrosol t)ease.

b~fl-~ffi~iren. ss *on filter for valid measurement.

C~tage assefhbly grror.

Ir correlation coefficierit.
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Tabl'e 6-1,6

*AEROSOL PARTICLE, SHE DISTRIBUTION- AAM

TI ~'Total
*Loctitn ____ Mateial - ig..~ d' Notes

-Inlet (TS)~ 9.1 0133 c4-6 2.34* 21,17 0 -. 90

4 .2 2.'11 2.33 0. 9 1
1 0.5, 2.56 2-.2 1 0-.9t

S25.2. 0. 33- C S 6~ I -1 -2 4 .0.87-

Mn 19, 6 2.5 '1.03'- "o; 91
11.6 3'.20. 2.50, 0.88

Outtet (T6) 7 4 Cs 0.06 0.44- 2.171, '0:98 b,

1.8 L 0.42. 2.-33 0.99

1o.01
~'~~94 4 Cs 0.04 41l 2. 68 .0.96 b

'n 1.5, :0.'54 2.'16 0.9.6
1 0.004b

Otte T 1 2.5 Cs 0.6 1-01 1'.91 0.97
Mn 2,4 0.89' 2'213 0. 86

0114 ',Q.85,- 1.69, 0O.98r-

40 bod Cs 0.10 C C C. C

Mn c. C c

T tre, af te 'tat qof 2er9o 04e.

b'inhsffi~cieht~m& tn f i terl fr valid nea surn~t

C-Last, four iipactor s-tages mtve we. invali),dsape

dr correlatiofi coefficient.
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Tab]le66 17

AEROSPL PARTICLE SIZE 'DISTRIB8UTION -'AVERAGE VALUES

A1AA2 AA3 A

'Inilet Voldmine Ste~am Fraction 0.012 0f.185 0. 013 0*.410

Soargor Subme~rgenice, mn 1.38 4.,52 2,62 46

Pool :TepgLr ,~ -C 26 B2 83

PW; "-, Inlet (T5) 2.36. 1312 Z_50
Outlet;-(T6) 0.94 ,0.64 a 0.45

Qutl-et'(T7) a 0.6a 0

GSD: Inlet~(5 1.86 2 L07 :022".26
Outlet (T6), 1.90' 2.4a 2-34
Outlet (T7) a1.56 a 1~

a1,~flfi-ctent,=ass for valid "easureuent.

The data. in Tables 6-I.3 ts 6-16 for the second sample taken at Station' T apply ,to:
the aeoo enrie fron the FTv pool after the endidk 1f~b1 re I'ea~se. These

W s ievipnts suffer genierally from a sample ma~ss that J s oosnalIf fjboqTpdaneasure-
mnmt. The moztt rel iabl data -are :the-for CS, which show an.AMW4D frd '0. Z4 to,,,0.4Qa
xi.' The cas cade ipaor$ used; at T7 bad' A-udimt for t h 1,as t . slaeoJ_4

or 0.46 ppn. Therfor~e, o~erT~ of the-'aersol -was vol I e~ted 0 te- bickup,~
filter,~ and- the calcplated A?4!D and "SD are ba.sed-on only the s tze -data of 6~'
'1-rer partitl"s ime'asyroimnts . t T6 hd a mnum. cudaee42~

46.2,65 Physical, and, t~emi cal X-brarteri stits -bf iAErsoj-

The aerosol fiarmng mnaterialIs are releas-ed as Vaporl 1.to-',*6 h'qdd tnitrogen AMV
atmnosphere usin1g the methods described in Section 3.3. The 6x"Dected- re~zctions.,'arnl.

Cs + H20 Cs 5ht 12 H2

CsOH + HI IiPI* 2

Nil + H20 11 ?nO H2
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Reatios (4)- Odfast. and ,should' g'oto~comp,4fn at Ahst cond'tir'ns.

10e ~i-'f 't hs 'tio sf is' found 'froni th~e 6yd eere,, nn oen formed'in' the-AMV, atmo ne're,
'bl e 6-3, 'a-rd, fir6 x- rayiffr ct'* '6h:tXRD) analysis of the T5 inlet sampling,,

Taib-le 6-18-.

shio'uld be noted that'CsQH is. hygroscs ntex-ptd obcrsali.et

K ~ ~ -- tIal sYtt faIls to tions, and henc &wo~ild not' b&,detect~d b h'xrymd

Befor'e chemical analysis of the'sample,. the filters .were weighed. Ther-comparison .of
tJbe uea'ltured weiqhts'anid the weights calculated~ from-the. chemicah analysis,, sU, -ig
t!se'-aerosol 'materials wer Ie CsOH, ,Cs 1, anid NnO,is presented in Table ,6-,9' for tes ts
AA3 and AA4.

These, ratios.'shcw that all the spas egh a ba uted or %sqithe 'ejxpcte

chemical forms, 'and' that no I arge asount of water' is associated.-withthe, aerosol.
This f nin-i gs somewhat, -surpri s ing because at' the' testhurnidfies a',::CsOH',atop, wo6uld
b ,expected to retain one qr two*atonm. of water, thujs pjrpuil: -4typcas aipl e
weight,rati19 of bOuZ'iljO.5,,to 1.1.

The-forriation of soluble iodipe~oe' cesium compounds with manganebse can aliao be
propote. Tests, for, so.1 ub]e ,manganese- were not made during Tests MA14, but th~e
~tflub'i4 tn -f racti on was: round- to average only 0;.,02%, n, FTV I i qtid s ip'e S ana zed
during, later A CE 'tesfs~. This, idicates that" 4Id important 'quantiti'esjfte"
compounds w~ fornek

$arnihig ietri iosoe(SfH~) ex~r~inatibn -of particles takenon Nuclepore*
f i ieir .,' 14t'al TS, W~ and, T hayie been Tijde i~n soIm cts Sampling to. obtain
nqsabie, tg~rtic1k I-oadg~ on the 'f i -ter mterial has ' difficil't- u~se of-t~he
high agr!&sol noa cgxcetr~tion 4. the- id~et (T5) sarnples, ,and .~ause of the
unknQ~m (at least biefore O~e test) Ob ~traki'op t~xpcted at, tte t- -oo 1 0utTet.

Photos were ob-tained e~d are shown ~Cn igures -6-5, rz'-66, zn6 -6-;,, IrF fgu s 6.--and

6-6 it can seem that the prirar-y particles arm maostly, sheritaT or b 1,Dc ky 'i Dshap&.
andi that the larger agglomierates arts also coripact blbqky- Oapes. No lon5--chAns are
seen. The outlet particles are smaller than the inrAt, r Icles. F iqu-es,6,-7'' shows
"more unusual shapres- woere found o-n the TS inlet flei etsAA2 aondA4- T.
needle shape particles (Test AA2) are rich in cesiu.m c~mpa~-ed, t6 the. sphbicalC-
particles which are rich in fnanganese. Particle sizing ftom the SFEM photos -ha not,
in gen-eral, given satisfactory results, due to the high particla c-,ncentrati.ons..
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Table. 6-18

CRYSTALLINE FQRMS.FO1UND AT T5 INLET SAMIPLE1 BY' X TRAY --DIFFRACT ION

Test Number: A3A

Compounds: CsI (s) Cst' (s)
NaO (s) tMn0 (s)
Mn(1O3)2 (w?) "n2O3 (w)

(s) Strong

(w) Weak

()Questionable

Table,6- 19

COMPARISON OF AEROSOL mASS ON FWtIERS BY CHEMtICAL AN4ALYSIS AND) WEIGHING

'Run and Sample. No. of Ratio Total
tocatiotr iglht/Chemical Analysisa

AA3 Inlet, (J5) 3 0. 94 ±.1
01uttt;Im 2 0.9 ~.01.

AM 1n1L e.1~ 0.98 01
Qutle~t XT6) 2 1.,34* . 0.4

aWeigbt calculated from chemical Anailys is a's~svwnng. aero sol corn~eunds
to be CsON, MH, 40dMnO.

b_± Standard Devijation.

6.2,.7 TflW Sarno]n Erors

Expected accuracy of thie various A0CE measurement is. discussed in Section 3 _4 and,
Table 3-2. Ati additional source of variation is due! to non-iso kinetic samp.ling. of
the FTV ducts. A second possible sample error -can arise from not -aIi gni'ng' the
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4L

Figure 6.5. SEN 'photo of inlet and n~utlet filter aerol de~qppsijts ,
test AAI.
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Figure 6. 7. SEM photo of unusuzl inlet filter aerqsiol d-eposit.
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* sample.,i'nlet. pftobe w11htA the duct axis- kBoh of the'se'sii1 rors, iscs
PY, Hinds()aeaftedbth.Stksubean the systew Velocities and r~ros*sev'ee for large'' ,partls

for theACE' Tesgis AA: .- 4kI*,eie the averag'e inlet pirt-icle size at T5~I s abouit 3, M,ia, Probe Miain~td,8 woui8 givea s mpeconcentration of' 98% of- the. true
val ue-. At the pool oute t (176); a 6 k,- rg'aOcles eV'. s t*

anid. the-,error en'at Mi SaIiam"Veis,,ss tha'

TTWE samplilng at Asokiniet1.c velocities is, not alwaysrpossibl-e be'aso the need to
operate -the e~upment to obtain dptiwam 1o~ns eas ofca bfor t ins

adbclause. of becausrb ilt iesTh e WOard e iledprbeinetsies *hlerror' f~lr'the wrst case-YvebocIties;using- theabvve partical sizes, h as beeiA esti ~ted for~the TS W ao.-less than 5%~ {(IQW for. the T6(tOlqt *oUf-t ti.V~e'rr hsh.a~~
(hgh, ffsdeontawination factors W-I1T be;s)1ghtly ui(erestmt4

For 'the AC-EJets, AA I 4whIer Ie thvae inlet patdsize at, T5wS bot3n
a.Probe, 'nsi ment~of4 lf f the floit irect on -oud 'give a.-,sa lpeconcenrto
-0f98% ofthe truie value. -At-the pool,,outlet (6sa lether average iparticle s ize
is 16ss* thi I u and 'the error even atal 90* misalignment sIS-ess than 1%. ampIeroperator's generally kept fIbisalignment to- less t an-20; hcenc erosdet ti
effectar -probaby 9~1 gbe

6.- DoOP-,UFtIIOENCY TESTS 
-

.-

As isu~s~ 4~etinA4,pre-te 6,iasurernents of the sparper-poIefficfency
-were made; using a stanijard ANSI tN51498O(7) 001' t'est.

DOPIEdst revults aeg'eni Tbh -2fo seve l fl-ow1rates dlf d r-y ni rogen: ad
s-pArg'er subIoorgehcesiat.,ambion't conditions (24'E p~itp atur'O and, are ere.,l

For thi~s small sized tett aer'loso (see Settioi 4A-) .th .-scrubbing:,-L ffli-encyis
rel atively low ard the measurements do not show, any st,.r16nj,,dependence, arn flowoi-
submrgrence over the conditions tested. Otltet saml fng with the, phbtdmtt~drh
tim"s when th input aerosol was not being *genera-ted. s1 .owed: th .At pool entrainrnent
carryover was negligible.
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Tabie 6-20

POOL SCRUBB8EWDobP: TEST EFFI CIE'fN CY
(Poo~f Temperature 24 C)

Dop G sFlow Stsbeergerce Remv]"Effici{ency
T6" Co' (/s STP _____()(OF)

0 -0;84 4.5 86 7.1
6-0;47 -,5 90
0.042 2.6 84 6,

4- 0" 083' 2-. 899.
O, Vj34 1, .61 -92.

S 
S 

4-
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Appendix A 
-

IPROCEOURE USED FOR ANALYSIS-ff AAX SAMPLES-,

PR, s determined witbi a 'combination p~H electrodein. a pVortion of wel]"-sha~en' 1 iJJid

Tqtai soIlids-are deteri-lel,-by drn 'and 'weig'"n "la~~o f 4elsae
qid'.

I1U I D SAMPLES

4:Remove: 501 6f w~ie II- Shak~en I quid and add 5,xi' of rgagert B Gr 0. M~esur iodine4bYPsec if i"i0a_ eet rode wthin I ho rusiig"_20o'm dif the MJtue 4Fjiij f~stc
4 iesth-t r',n~r e f e, si~tue' -fpr Cs4 an d B de tri, nation bAA 10 Ot ftP. The'rest of the 'Dr1iinal "Ii'qu'id sam ple'vithi4C1 and4-return to

starting volume for Mn deterirativbn by AV~ Rpagents',conta~ining K2?SO3 werevqrytli1gI in ?4a. Reagents containing, NH2OH, we" A ower:i, Na, but, the re'agent' bl ank was
Stil I too hiqb for reaninP1-fl a result~s from~ t he, exper'inen"V. Re-agent D' was usedf,&'aI ,sanpfie4 after Na arrn1y~es were,tanceied, ' -4

44A.00SOL FILIRs

Add 50 :7.1 of reagent C &~ E to -reduce i odin. Measure ilzd ide by spec if icat oneltctroe 'within I hour usihg 20 m'. Tase1am oap~tcS~ntlainva
fortCs, N-a, and '8 determination byAA* o f I CA. Dfes-t th~e emafningZ :0ml and. the:filter with li~i and maike up to 40 fo r Mh deltermi1natioh. by" AA. (QP rk coplor'stay$
On 'the filter o~e settles.) Rta~ent E was. used for all-, s~rm'p'l-e-s after Ne apalyse's
Were canceled.

WATER FILTERs (USED DURING POS'T-TEST CLEANUP)

Remove the filter from the plastic housing. Cot out a weighed siaI portion andtrea-t with a known volum~e of reagent E, M~esure iodide bry specific ion electrode
within Ihour and detgrmine, Cs, Na, and B by AA and ICP. 'Weigh the large. remaining
Prort ign and digest it with HVW for Mn and~ Fe deterMination t- AA,
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VA~

ReagenI~tB 0. 5' 24 i- to.,ph 8 5W RH J40H iaOi

I M'O4 +~. HjH'HS4: ad
front g0S. -

Re~gqnt 0: 0.5 M'-K2S04  + 0b0 ' K O .20 j se .t PH' 8.5.

I~ai :04NCS04 + 0'.018 M. S3 (PH is 8-7).

Jhesie reagents are, made. freshdaijvy.

-
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App~dix C

CASCADE INPACTOR'bAEA *-

4 Ft
4' 4 ' - ' 4'

A ,
4, -

41'
'F-
F. ' '4

4 ' / 'A

''4 ' 4' -
44' " .44

4 4"
4 '4'-' .' ' 4

44

S's

('4'

4 4

4'
4 4 4 ' '4 4

4 4 4,, 4~ ''4

4''
- .4 ' ,, ' - F - -,
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4'- , '-4

F,,. 4 -
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __B_ _ _ _ _ __E_ _ _ _ _ _ _ _ _ _

Cascade ~ ~ ~ ~ ~ ~ 44 -mco.aa Smoe ~ T 1

TY E 6 T GtIR AT 
M ,,9 * T,

STAGE, 6 AESIEKRRAN 0iit9~''M
STAE PF~R, ACKROND: O000 -l 0. 0.0119,'M,. rroq-,I

F ILT4ERKPAPER, BACKGRQUI. o 0ddb-~m4'cs '0'. 001 i . 03n

AERO. iET MAS3S (ms) FRACTION'tLESS -THAN1-_JT -DIAM,

NO. M ICRONS Its" Mn a s mn I

1 26 §9-76 -0.02,00 .0..)59 0.09 0. 93l-w2l .14&2 0.0800 0.e 0'.0~0 .9a08 -7 'o.9~'.~ OeY Q8 .978q6,2~ 0200. , 0. 2489:~09 .~8 , 09"67 .

4 3.930, 0,57,00'' 0.'18 0.49!. 0,7893~45 2.214 1. 7200 0i e 1;717~ 0.) 49 O.621 054-6 1.4090 2. 5500,'338 0-.A9 0 O1 d _ 0 -2415 0. 15201
F Z LTEP 0.6100 1. 9,8-r ,29
TOTAL *5. 7987- ~ r zA4' .3799

'TABLE C.2

cAscadt lmrp ctor Datla e, ~ipeA1-T5-I124

TYPE,; 6-,STAG4E SIERRIA T IM(E4 3 H1 N

IS TAGZE PAPER~ VACKc6iOL4ND.; 0.dO acs 0.-O i I~ Mrs 0_' .0OZ' m a IF I .T E flA~tft ftCKROO(Ki1 0 00Q0,.'iha. Cs 0 01z mg Mr.: 0,:. 00:3irug I

AERO,. NET MASS rb.a) rR'ACJ4Iow. LESS THAH -CIJT 0 ('M.'
tUT --------------------------as-~S'TAGE V£IA M- 

4i4cf, HZC~r0oNS CS Mri a s4 . I
------------------

2' 0'710 0 0Q9 50 0-.0.137' P'49931 0.99~ 2 4 .9930'-1±6.33id .0.1900 -0:.1489; ?.47 076< 0,~O 0969697'
3. 6.5359 0.3700 0o-6189 0. ,097 -'-',5 0 -9:"3 '0. 91 64 3.9364 0185010 1089 0 2-617 9:.980 0.a64 2 0 7-759

5 .*~3 2O 2.5989 016 i9,7 04V460, D 6-'81)4 .4 1 4 112 T. 9 100 5.19 o 0.60?'7,0 , .6(i 0454SI L TE, 0.9100 3-0985 0:,2797 003 ~12.TiOTAL 9.7167 12,6089 1 .'"79



-TABLE,'CQ13,

C-ascade'Impactor Data' - Sample6 AA 1-76 -I1

TYPE: 8 STAGE S.IERRA TIi1E:'-,. - Mjfw

STAGE f-APER BACKGROPND: 0 0)000 s 0;.00 11 R9Mn. Oiri 0003, rris I
FXTR~PAPER RACKGR~iUIDL0000 0001 Hrv 0 QO03a I

AERO. E MASS,,(ag) FkAC '10N LESS THAN CUJT EfIAM.

STf E - DIAH M
NO' IICRONS Cs MlICs

1 14. 6091 0,.: 001# 0,1050,9 0.6007, - .,9?973,. "?,,9 60 (Y99d8897.8 0,$ 0.04i *-0037 '0'99 3,~3 Q -3
3 . 71 1 0p;4-.099:0-80 0.1. 94R-232 0,"3~ '981~4-1 ZV7 0 .3300 02.6289 '01 .-4 2'Fq .~~~0.29 028-7 0. .4 t ' Q9,00,
630777 0.3300 5-298 0.697 0.712- 0 .7 j 0.40

7 0. 43,02 0.3000 . 298? 0-41,97 0.3116 0 - ,918- 0 1314c
6 25 -69 7, 0'.236b 1.4999 0.1097 0.0095 94 4 02
FILTER U.0140 0 ,q2ts 0.00,27
Tor Ai, 1.4656, 12.8901 o.e35e

TABLE C.4

C,ascade~ trpactoir A ata -Samol1e,,14-I-2

TVP E;' . SYA6E SlgRA. TIME 21 {4t

S, ' 0.900ER ICKP UD 0 mQO b C.0011 mg Mrt .;?a3 mi I~
)FILfER PAPFER"EIA G&i: o0000-0 m 0.0015s tr Mp'( 0 . 00'0- mg,

4zpod. , ijT MASS ~ TI-DN L E SS 'THAN CUT' .DIAH,

S TA PE 01I19M

2 9.093(3 0.0030 0.03 5 9 . -6-27 0 VY 7'8 0".9 ?5 09,Y36

4, 218,94 0.0740 0.37 89 0. 617* 0.99 O..95 94. 0..95.3
5 14046 0 1 S10 2..39-9 O*.'2v 0, # 4I 1 ;0.a 0.74 769

16 0.- 7-849 0. V700 7.4969 -. 997 0'..3,12 0.3 O;, 09
7 O. 437 0.2$00 1 .79S9 .0. ij91 0 A 0I4 o0.,.t57

.26 4 4 0. 2606 1 .2 19 0 0.08 7 ~.6 59 O 0 123 0 -,.0:74
F 1 FL 7ER 0.0940 0.169-S 0 .061TOTAL 1.5842 13.7217 O.,603Z



TABLE C.5
Cascade Impactor Data -Sanio1e MAI-T- Il1

TYP'E: ANDERSEN TIME: 13.5 HIN.

STAGE PAPER 4ACNGROUNJ: 0.0000 a Cs :0.0025 va '.,M. 0.00 noo. IFILTER PAPER 'ACKGROUNr:- 0.0.000 il Cs 0.0015 ma i- 0.0003 mg I

AERO. NET MASS (a) FRACTION LESS THAN CUT flI;At .
C U T - - - - - - - - - - - - - - - - - - - - - - - - - - -STAGE DIAM

NO. MICRONS CS Mrs 1 CS MrsI----------------------------- ---- -----------------------*1- 121.7837 0.-1,400' 1.3975 0;0347 0.?891 0.919102 O, 9'442 8-0137 0.1800 1.5975 0.0677 0.9751 0.?790 "6.963-13 5.4379 0.2400 1.8975 0.0857 0.9565 0.9657 '0. 9&474 3.7206 0.4000 2.6975 0.1697 0 .9254 096 0?2
2.350 1.0~ l1995 .797 0.7933 0.8627 0.82306 1.1448 5.6000 82.9975 .21.6597 0 .35 82 0.2)809 , 0.39407' 0.7346 2.6000. 19.9975 1. 3497 0-16 2 0-1406 0.17638 04961 L.10001 13.91)75 0, .66 47 0.070V 0.0425 0.0683FILTER 0.10 6.0585 0 .4237

TOTAL 12.8696 142.6385 6 .2003

TABLE, C,~6

C ascade, Ip actor Oat a - ample AA1-T7-I2
TY 4 NDERSEN -IME: 525MIN.

STAGE PAPER BACKGROUND-:'--- 0000 g-. uCS 0.00215 ffi Mrs 0:.0003 wg. IfrLTXER PAPER IACRORRQpND; 0.0000 ~CS 0.001 mMnO03m.

AR.NET MASt (ms) FRCINLESS -THAN Ci)T liTAM.
-U ----------------- ------------

STAG3E V14M
N0~ MIRONS CS Mn I rii-

-------------
1 il.8078 0.0100 0-005 10-000A 0,99-65 0. 8403 0.8 7502 7.4019 0.010 10. 00011 0 .0 00'6 0 99,1 08b39 0j68753 5.0227 040110 0. 001Z 0.00o4 0s.980 0. 8645 0.56254 3.4366 0.0150 0 .0 o 0.0003 0.9.83 j 0 58 1 0 .468815 2.-2629 0.0190 0.001W 0.-0001 097 0 'A367 0, 37-0

1.0574 0.0570 0 .0145 0.0002 0.9570 0 r6L16 .0- 1 l7 0.6.785u 0.2100 0.031:; 0.00I04L 0.8_4 0,"4'L ,~ 8

FILTER 1.6000 0.004C 0.0003
r' TAL 2.8fj26 0.0775 0.00 -2

C- 3



TABLE'C 7

C~scade Iipactdr Data,, Sami1e. AA'2-T5-I1

TYFE: 6 STAGE, SIERRA TME: 9..25 M-1IN,

4STA6E'FlER. BACKGR0O1NDI -0.006qrnC A0,,bo;± ms ?lri ,- 0003.ro ;I

A~~.NET MASS (ribq) F~rACTI3N-LESS T'HAN. CUT AM9I

STAGE, DIA#
NO. Ct~~dN , s Mn C s M

O.04,61 :.49 0. 0067: .0 -99,5 .~~i~~~ 9 ~
- 16, 0 9 , 0.0510 0.035 0.0087' 'O 991 ~ 09'1' .0-.99,10

3 ,'* 0'. -2i10 6 O,21I8 '-6.0407 0,47,9 0 4 'o o.970
4 .6' 1.6-66 0.6689 0. 1497 'O..0 . 0899 :..89sl

5 2.4742 2.79P0 1 .0 9, ~ 9. 70 7a 0".76169 6.) 38'
:6 f,3 8'26 3 80 278 0. 64?7 '0.4 33 0. 4 12 00~ 4-

FLtt R 6-: 14io 3.9985 0.5797
TOT'AL '44 08!57 l.8629 1,: 92 4 9

TABLE C:8

Calccde Impac or Data S arnp Ie ,'A2P- Z
TYE TAGES$-ERRA TM 26,2~5 MIN.

S9AG E FAAJoqJD -Ep00 .~~ 00'1 .M 0 031' mA I

FXrE P BA CKCGRUNDi' 0.00,00 'ThS 040015 "T,9 . 0 0 o n i

AERU,. RET' KASS (ni.4) FRCINLE Ti CUT Z'IAM~
--------------------------------- --- ---- -----------------------

1 2.6,6'7 2 0.,O"A6 0 OOqfl 7 0. 99,28' 0.99'6 o ,g 6,8 t

7 84.2:9 0. 3 10 0,16.89, 0 01 17 0.,9699 0.9614' ~70
4 4.,725 0.40 .44 2b? 01.0A37 0.R7

!i .0 .3,02 2. 0000 0.. 748-7 Q.1' 0,, ~7t78 ) j 1508 0 8446'
1 693 4. 3700 1 .8.989 0. 3!97 0, t299, 0 4-111~ 0,"57,

FIL'TER 'z,-oZ 2,18 0.7t97

1,3~~~~~ 45367 5S10 .,9



TABLE Cv.91r

Cascade IfmpActor Data, - Samp' e AAZ~-JI
TYP'E: 8 STAGE SIERRA 7I1HE>. 9 M14h
STA3E, PAPER, BA~CKGROUND ,;o O.bO FIa'T CS. 0,11, rnq Mn 0,.00o0-s rvi I,~ ~PP~F.~ ~CKGROUN t:s 00003 00

AESRO. '~NET,'-AASS' Ottso FRACTION LESS THAN- CLT D"1'AK.

STAGE DiAI
~AJ MP~d~ .CsMn- IQS: Mr,

- - - -- - - - -- - - - --- ------ - -1g82 3' >0 .0 0021 ~0 0 0,-' 0 , '00 'Q: 99,97, 0.971 0 .9 %64',. ~'2.O-0.09 ,o. 9 6 0. 0o-2 0o 99V5 O 98 93I71'2 0 OX)'10 0o~8 0'. 60 0, 0.99-3
'2 3 2 040 9.0-.10958 0 .9 7'4. 0 -55J .433? 6006 40' 0i18 0.006 7 0.18.,14 0.85.7 0 . 8A4 4.6 0.-8013, ,0"2300 0.14189, 0.0if'7~ 0.4 76A 0.581 0.5 '- 044 70 

,' ~ 0.10 6 '- -7,8 000 0,0A47 0.o 11 11 0.3J39 0- -978 0.2699 ~ 0.Zi 1.89 0,- .7 1~ .11 0,1FIL3TER '0740 0 .20815 0O.0227
TOTAL, O 0.770 1.3617 0-,0553

TABLE C,1,0

Cascade Inpactor Data Sanplo AA2T67,I.'
TYPE* 0' STAGE, S)IERR IM 4'N.

4G pc(19 t{.K~Oi '0.-00'00 r9.s.Ds 0.0011 r Mr,. O. o0:3i q,
-FILTr$k PAPPER 4CJ~GR0L"ONr, 0-00-00 rni Cs 6 00 iZ5m~ 0-00O:1 1

AERQ ~ E~ MAS (.~JFRACTIO'LES S T -AN CUT DIAM4.
CUT'---------- - ------- - ----- ------------------S - AGp DIAII 

-

1 14.80 SOO .00&Q Q 921 000 0'?- 9 E3 1 0 9 0 17 0.99-492 90982 0.0007 040119Q 0:-0002 0'.9671 0'9779 0,eg3 3. 6 31-J 0 i0020 o. 021 9 0.10062-093 ~66 0944 2.111 0t 4.0 0 :0 91 0 :,00Q j 0. ~ 0-96436 0,:
-5 1 10,611 0.09 O.1)g8 0, 6057 0S0, 0. 8,717 0':834646 0 713"-*,8 0.1400 0 9 O0Ioj7 0 j vQ -4867 0,4,364 041,000 0 3o6 9 0.00.67 0i~? 043 0 -3 5L8e 0'.2647 0.1600 0. 49809 0.11 Pj4, 2t~6 0~

fILtER 0-0-210 0. 1 0.00067TOTAL 0.5123 1.3 17 o -0$9z



TABLE C. I1

Cascade Impactor Data - SaMple AA2-T7-II
TYPE'. ANfI1ERSEN TIME.~ 13. 4N

STAGE PFER BACKGROUND: , 0000 roig Cs 0. 0025 mi-- Mr, 0,0003 1 IFIL TER ' APER BACKGROUND: .,000 rt C-s 0,001e, rrs trt 0.0,003 re.q I

AERO. NET HASS,(ffa) FRACTIONK.LESS THAN CUT DIAHi.
C U T- - - - - - - - - - - - - - - - - - - - - - - - - - -STAGE DIAM

NO. MICRONS CS M ri I C S Mr, I---------- ------- ------- ------- ------- ------- ------- -------
1 11.9150 0.0060 0.0205 0.00c66 0.9990 09.9974 0.99362 7.4064 0. 0070 0.0245 0,0007 0.9978 -0.994 '4 0.99,103 5. 0258 0.01-20 0.032-5 0.0007 0.9956, 0.9903t 0.99544 3.4387 0.0240 0,0755 0.0017 0.9917 0.9809 0..99155 2.2043 0.1300 0.1675 0.01,17 0.9694 0.9599 0.96456 1,.0581 1'.4000 1.5905 0.37 0.7301' 0.7603 .0.64287 '0.4789 2.5000)' 3.11975 0.1897 0.3026,0~0 .258 048 .000 24975 0.0787 0.04062 .0 4,A6 2FILTER 0 .,7, 0 .38 0.0107

TOTAL 5.8486 8.0015 0.4342-

TABLE C.12

Cascade ImpActorData -SampleAA2-T7-12

rYPFs:, ANDERSEN TIME: '70 MIN.

S1fAGE P APER 'BACK GAOUt~r. 0.000 m:C~ 0.-0025 ffrg Mr, 0.0003 ra., IFYLIER P.k EIA CIKGROiJNf: 910000. rmg -Cls 0'.015; ngs Mn 0.0.003 rn.q I

AE1N42~. NerT MASS Onma) ~ RAC TI.0NLESS 7HAN"'CUT DA~

CUT ~~-- - -- - - -----------------

I I 1 71-20 0'.0007 O0Q095 0.000, 0-9985 -0.9 231. 0.r24672.2 7 19"t0 0.0,007 0 e0 , 5 0.0005, 6 09171 0.8I 0.717193 5.0160 0.0007 o.01'-j5 0.0007 0:.99506 0.7126, 0.53654 3 P4-32Q 010020 Mi 0.007 0.9913 0.6032- 0. 3-995 2.20'00 0.0030 0 ,01.35 0,100,04 0.9547 0 939 0.25646 1-056,0 0.0070 0-01 3cr 0. 003 0,,969,1 (.3a,46 0 179 57 0.6776 0.0430 . 01,3465 0.0002 0, 8729'.0 2.7t3 -041232a 0.4576 0 60100 O10012 0.00O03 0 6716 0 1-741 0 .O5VF-ILTFYR v.,30o0 01021z; 0.0002
0-14467 0.-123z; 0 0OZ9



TABLE C.13

Cascade Impactor Data -Sample AAI-TS-II1

TYPE: 7--STAGE SIERRA T IME : .9.215 f

STAGE PAPER BACKGROUND: 0~O ~C .1O a ~ 0.0006 iq IcS 017

FILTER PAPER BACKGROUND: 0.000On mg.Cs 0.0126. uig Mrf 0.0006 ru.l I

'AERO. NET MASS (nq) FRACTION LESS THAN-CUT DIIAM.

STAGE' DIAM
NO. MICRONS CS Mr. CS Mr.
------------------- ------- ------- ------- ------- ------- -------

2 -7.,83 07 0.062b' 0.1480 ~0.01,10 0, 9921 ,0,9873 .722 3 '1.521 0. '6,98 0.4680 -,0.0391 y.58- ~41 0?~
3 5. 58081. 0.5298 0-6580 '0.0905 0.8920 018,907 0.8745

4 3.3612 2o0698 0.9580 0.2644 0. 6Z28 0.80a5 0.6384
' 2. 1562L 2.8398 3.B480 0.355,4 0.27-71 0.4783 0.3211
1.2050. 1.5998 3.48 0.47 0.0767; .48 0.02

7 70 2; ,:0.5398b 1.4-180 0.09,87, 0.0091 0i0264 0.0,121,
FILTER 0.78 0.-30 73 0.0135
TOTAL' 7.9844.. 11.6533 1.1200

TABLE C.14

Casc'ade Irnoktor Data -Sample AA3-T5-1 2
-;F.~6SLTAGE SLERRFA " IEh52 MIN.

STAGE'APR BACKGROUND: 00002, mq-Cs '0,0120 me M h 0.0006 r I
F~'LtR PAPER BACKGROUNfJ: 0.0L)002 rug. C c 0'.0126 Fms Mri 0.0006 m -4I

AERO? '' 4SS'~)FRACTION. LESS~ THAW-CUT DT'tM.
CU T - - - - - - - - - - - --STAGE D3iAm

I~ IC' Ofqs CS tin, J CS Mr,

1 22-960 .026 04 E3 .0135 0.19925 0.9890:090
2 1. 9 -,Z 2ZPS 03 6eO 0'. 0408 0.9687 0..91&34'L 0 96.0 e3 5.5'821 0.49pe8 0.7-080 0.1074 0 ._9,171 0 .91.j41 0'883 3

4 3.3620 1 .62'98 1.91480 0 3.,44 0. 7488 -0 .778Z 0,169-4
S ~ .V567 3.8298 318 0.4Y9f4 6 -353n .-57 0.79

6 .0 5' 2.6098 4. 7Y8.O L .3-564 9.0836. 0.0 N'A 0.1194
P X.L 7e-R 0.809a 3.2173 0.f 64
rTAmL 94816 1 6S 1.3L8s



TYPE: 8 STA~GE SIERRP 'IM~v Z6, 2 MIN,

SAGE_ RAERCKkOUNI,: 0. 00a0-, 2a mCs 0.0120,aa 11. i' -00

'AERoa- NETMAS :, Ni). a ... THAN CUT- tu M

STAGE DLAM <a c aI

a M'ICRONS C s Ma I C srr

1 4P'a 61,- - - - - - - a' 6 0 0 7 0 ''9 2 0 968,1,-- '7?
8._3r d.rO0d5 0.'0016, ot 0.99,A3 O.' 9676 o 0. Y986.3. 97-2 0. 001, 3, 0.,0110 ~0 -010 L ',9893 p92 ,04 1-.91S '. 0 12? 0-O.0210 0.02a~0:~92 09~

1.27391a 0.0085 0o,,818 0.:0021 0 .9524 q.8687- O, ow
0,711 0. 04,M8-w 0,,486 0 .0L26 04. 7 93 3:, ,0 6 -22 0_Z3

'7izi~?a 0..B ~A4280 0056 a5 8 049' Q 427 6
01. O.98' 0.109 Ej 0.528 0Q.02ir a i 6a l,_2-614

'F IL TER 004,8 '0D ~
'~aAL ' .221a~2 23 a.63

TABLE C. 16

Cascado 1tmpactor ,Data 7 SaMp Ie MJ3 7 - 1.1

TYF': MArkDEsEN M T~E' ~5VI

STAGE FfVE BACKGROUND: 0, 0'0 -mat C s 0.019 -im ~g Mr, Oop ,rIa a,

FILTEtR PAPER: mwcR'0tN~l,06 rnal$a: c's 0o i023-0 "1 sf 'r 0. oo o6., M, La

4ERO. VET AASS (m~s) FRACIN LSSTHAN, CUT.11rAM.:
Cur' -- -- -- --

StTAGE rta
MXIS Cs )t4r, CIS'

1 10.2539 0 .30178 Sr.o06 1 OO - 57 o 9 .4, 0 - 27:1 0. ?21-2
2 6.4278 0.33,98 2.80,10 0,06.40 0 B 4 0'. a6,6 0.8.306

3 4.3617 0 31396 2. 86 10 0 .06'1,w 0,7663, 0 -7-96 30.743 5 a4 2.9843 0.3,08 :2 0.0a 2i'A 0.~5 0-60'
119130 0. z098 1.3' 0."0 391 i1 0 ,6'-)7 0.6796, 0.5941

6 0.9183 2.5398 28IF1810 .14, T; ob 09 z 0,.0094 0 .. 009 ,
7 0 .5892 0.01068 0 .1810 0.0' Z-1 V. 076 0 -00til1 '1a00A16
a 0. 3979 0.-0015 0. 047 , 0.001,3 0 10,7" o OOAO 4 -005 7

FITrER 0,029-8 0.168.0 0. 0040
TOTAL 4 1269 4-2. 05.20 0 -7065

rC-8



TABLE C-..17'

;Cdscade lInPptbr Data -Sm4eA31-2

TYPE: -AND:ERSEN T~iE !Ht 5 MlN
A'PAPER -'ACKGROUND:,. O0.002 C ~ ~ ,.0~ I_q Clr m.02 qO n 0. 00 6 r.-

AERO. NET'$RSS <as~) '-FRACTION 3LESS THAt4 Clj lAAi.
cut ---- 3 3----------- 

----------STAGE 3'Dri1 -MlNO. MtiICFONS CS_ Mr. Cs. Hr

1^.;1388 - 0 00'L j .0000, '0Q 0Z '. 99,87' 0", 99 80' .46. 3"9 
4

20.05~' 0-122 0.0010 , _i 0.0;968 0.8008 01. 99 73 I -~l2 ,6Q .00 0,'00o0 '9947 O108 ~&9981'4 2. 950e 0''b3 0-0001 o .0003 0.99i7 0.7468 0 996;Z*5, 1.8916, 0.0045 0.p4 - OQ .0002z Q. 9877, 0,009~0~&
0.9,80 0 1018 0.6oo 'o ,o 2 1 0.9713, 0 .005, -'4-3 0 8_ 0._1 I~ 0.0 O0 AO0 ;16 p 8664' 003 0.'8750

01 0. 3 9 d*4798 0.900 '.doo'3.46 0.6020 0. 46890F-,TR0 - Q8_ 0.00-0, 
3TOT'IAL 1. 1422,' 0.0651 '30-43576', 

3' -3

TABLE C.18

3Cascade -liipactor Data - aimp)e. AA4.5 - 11

T Y TE 7 rS T AIIE~ 3 TilE,* 943 MIN.

-ST4E., VAPER, BACKGRIOJNE11 ~0 - Q02 ml,'.Cs 0 0,12,g0 msr 0 006 1
~YLTE. F'PIEF( 6(C3OUN; 0,0002 M!5 C 0'.016 . 0,O6nvI

iAE&N 4T' M A S F s RACJ 'lON, LE'SS TH4AN'CUT t( 3 '1j_
CUIS

----------------------------------------- ----- --1 21-92155 0. 1298 0.1280 0 . 0 146 0,9717 a96?5 0 968713, 3989 060808 0. oo4'o 0# 012,1 0. 9-J4 1, 0 ? 0 V4 413 0,~9 02298 0.2289 0. b25 1 0.9OA 0 .8,952 Ga.'895Q.4 3.2t779 0 -g98 o..588 9 0. 1 54.0.7 o,66 9 4.2,07O1 1.jb98 1.06.80 10.154.4 Ov',0o'4 '. -- 0 $3 6 ,946 1,1572 1,5090 164680 0. iA04 008' , ).146 6 086'7 0.1949 o..lV?8 0. z4ao 1 - lj 6 1FILT-ER 0 .059 0 .0663 0.d~9 00&.5 O.0~0.~jTOTAL 4.58.14 4.1983 10!iV



-TABL~E C. 19

Cascade ImpactorDiata -Samhpl AAI4-T5-12

TYPE; -,&.S TAGE ,SIERRA 25 I IN.
ST - APER, BACKGROlD: 0. 00071 ms Ci% 0.1" OnOO ftq r

F ILTER OAPER ktCK'bRoUN1D: '0.0'00- m-q-e 0.,01 - fl m~jr. '00,6

AERO. NET MASS (mg) FPIACTION LESS THA &~t 14M

STAGE,' ijIAM
N~O MIICRONS ~Cs Mr. I. c S i

N) '!9-467 _07 _49 o04B 0.9ogo ,~~ 099. .
-,62~8008 Q0. 6198: iPj 8  9~.7Y <487§ 0.~ ?29

5?203 .12,e-I~S -~0 94 Gr2& .. 80.4 0.7,674
4 3,0838 '3.4896 3. 8 560 0'.=54 0. 6L,9 '-o0.6E37- 0 , 54'!6

- ,73 5.9998 6.8880 0.5454 0.12634~ 0. 32 0,1911
-6 1 .1055 3.t7498 5.88 0.2644, 0.0419 0. 0626 3 .05,

FILTER 0.70TS -1.2273 0'.04 8
TOTAL ~ .~6 1.~3 151

TABLE C .20'

Casca~e lpp;4ctolrJDlata, $ Sawple AM -16-

TYPE: 8 StA-6F, 5iEARA ME 9- MN

STAGIE FoPtR 3 ACKG43UNb. 0 4002 iis C s'002 a*,M 4006 -
"Gi!ED4 6.~ 0,912 &a wp'M ?-Q006 I~

AERO. NET MASS (ls V,;ACj.lW NLSS T.f CU
CUT-------------------- 

- -17'STAGC IIf
No. wip-P0NS CS KhIUsfn I

- - - - - - - - - --------- -------

1 12,?853 0.O0000 (5,000 0.0001- 0.9-998 1.0000 "o "9Q3-
2 7.9z3ss 0,0001 0.;02-O-ob 0.0092 - 6998, o.;806
3 3.1742 06001 940 , 10 -0.0000 9 .996r6 0 .9 9-27 0.9-7964 1.9117 0.0005 010190 0~.0,001 Ov 0,921 Q.96

6 0.6,663 0.012a 0-3109 0, o026 0 0.1109w-lo 0,6706
7 0-38=3 0. 020S 0. 47'10 0. 0014 0.3824 -0.44- Q.- 2-

8 0.2308 0.-0108r o,378o 0,001-6 0.t 74 b.2336 0, 1940
FrLTEP 0.0128 0.4173 0.0020
TOTAL 0.0617 1.7913 0.0103



TABLE C.21 -'
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EVALUATION OF AIR CLEANING

SYSTEMS FOR F.FTF CONTAINMENT MARGINS

A. K. Postma

R. K. Hilliard

ABSTRACT

Alternative air cleaning concepts were evaluated for
possible application to FFTF containment margins. For
evaluation purposes, it was assumed that the air
cleaning system must process 3.07 m3/s (6500 ACFM)
of gas containing sodium compound aerosols (mainly
NaOH) at temperatures up to 4070 C (700 0 F) and
pressures up to 0.184 MPa (26.4 psia) and accommodate
5450 kg (12,000 lb) of aerosol material. Three sys-
tems designed for 90% efficient removal (a venturi
scrubber, a submerged gravel scrubber and a spray
scrubber) were compared. The submerged gravel scrub-
ber and the venturi scrubber were rated as prime
candidates. Four systems designed for 99%~ removal
efficiency (the two Noptimum scrubbersm chosen for 90%
removal efficiency fitted with fibrous elements, a
sand and gravel filter and a HEPA filter bank) were
compared. The two scrubbers were again rated as prime
candidates. Both the sand and gravel filter and the
HEPA filter bank were found to be excessively large
and costly. Considerable experience supports the use
of the noptimumm scrubber systems and it is concluded
that their use is technically feasible for the FFTF
containment margins application.
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EVALUATION OF AIR CLEANING SYSTEMS FOR

FFTF CONTAINMENT MARGINS (WAKVAA)

1. SUMMARY AND CONCLUSIONS

A. SUMMARY

An evaluation of alternative air cleaning systems was made to identify the
most promising candidates for application to Fast Flux Test Facility (FFTF)
containment margins. Seven candidate systems were selected for detailed
comparison. The three systems capable of 90% aerosol removal efficiency
were: 1) eductor venturi, 2) spray chamber scrubber and 3) submerged gravel
bed. The four systems for 99% efficiency were: 1) eductor venturi/fibrous

scrubber, 2) submerged gravel bed/fibrous scrubber, 3) sand and gravel bed
and 4) HEPA filters.

A conceptual design was developed for each system to show size and major
components, and to allow an approximate cost estimate. The systems within

each efficiency class were then compared using a criteria list and candidate
ratings were made. The rating process identified two prime candidates from
each removal efficiency class. Final selection will be based on trade-off

studies beyond the scope of this report.

B. CONCLUSIONS

Specific conclusions drawn from work completed are:

* For the 90% removal efficiency case, two scrubber systems (an
eductor venturi and submerged gravel bed) were rated as prime
candidates. The submerged gravel bed was superior to the eductor
venturi in passivity and mechanical simplicity but it lacks an
extensive use-history.

* For the 99% removal case, the eductor venturi and the submerged
gravel bed scrubber systems were also prime candidates when
upgraded by adding a packed bed back-up stage of polypropylene
fibers.



* A spray chamber scrubber designed for 90% efficiency is larger and
more costly to construct and to operate than the prime candidates;
therefore, it was eliminated from further consideration.

* The sand and gravel bed (the 99% removal case) was found too large
and costly to construct for use in the present application. The
large aerosol mass load requires a sand bed with a planar area of
more than 1 acre and a cost of tens of millions of dollars.

* A system using high efficiency particulate air (HEPA) filters,
designed for the 99% removal case, was eliminated. The aerosol
mass loading required a large number (9100) of filter units
(0.61 m x 0.61 m x 0.3 mn deep) enclosed in a pressure boundary,
making this system too large and costly.

* Both prime candidates (the eductor venturi and the submerged
gravel bed) would require a planar area of less than 150 m2
(1600 ft 2) and therefore, could be located adjacent to the

containment vessel.

* A significant experience base exists for trapping sodium compound
aerosols by aqueous scrubbers. The use of aqueous scrubbers is
technically feasible for the FFTF containment margins application.

2



II. INTRODUCTION

Although extensive analyses of hypothetical core disruptive accident (HCDA)

events in the FFTF show that the heat transport system would remain intact
and the fuel coolable, further safety margins available for a postulated

reactor vessel melt-through were assessed(". In the assessment, it was

assumed that the containment vessel would be vented to relieve overpressure

and/or purged to prevent hydrogen buildup. Although the potential site

boundary radiation exposures were within 10 CFR 100o( 2 ) guideline values

(even without the use of a filter system), a cleaning system capable of
removing radioactive aerosol from a vented or purged containment atmosphere

(1)
has some benefit in reducing the calculated radiological consequences
This report presents an analytical evaluation of various air cleaning

systems for possible. use in the FFTF containment margins.

In the postulated melt-through event, a large quantity of sodium aerosol is

assumed to be released along with the radioactive species. These sodium

compound aerosols impose a higher aerosol mass loading on the present air

cleaning system than on normal applications. Therefore, the results of a

recent Liquid Metal Fast Breeder Reactor (LMFBR) air cleaning study ()are
not directly applicable.

Objectives of this study are to identify the air cleaning concepts that

enhance FFTF containment margins and judge the feasibility of these systems.

Guidelines that limit the scope of this study are:

* Numerous alternative candidates y~ere eliminated by prescreening on
the basis of an earlier study,t3

* The application does not involve a design basis accident and the
system is not required to meet all the requirements of an engi-
neered safety system,

* In-containment cleanup devices were not considered, and

* Engineering trade-off studies necessary for final selection of
systems were beyond the scope of this report.

3



This Page

Was Intentionally

Left

Blank



III. AIR CLEANING REQUIREMENTS

A. BASIS

The design operating conditions used in the present evaluation are described

in the following sections of this report. The conditions are arbitrarily

specified, but are believed to represent bounding-case accident scenarios as

described by Bankert, et a.1

All conceptual designs developed in the present study are based on venting
requirements alone. Because venting conditions are much more demanding than

purging operations, a system designed for venting can easily handle purge

cases. Only the purge fan and valving are different, and these differences

are unimportant in the present evaluation.

B. THERMAL CONDITIONS

For vent mode operation, gas temperatures can vary from 21 OC (700F) to 371'C

(700 0F), depending on the energy released to the containment atmosphere. The
purge mode involves temperatures in the range of 210C (700F) to 121 0C
(2500F). The upper-limit, temperature-time history shown in Figure 1 is

used for thermal analyses in this study.

Because the flow control valve is downstream from the air cleaner, pressure

in the air cleaning system is equal to that in the containment vessel after
venting is initiated. The expected peak pressure is 0.184 MPa absolute

(12 psig). The variation in maxiumum pressure with time is shown in

Figure 2.

5
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C.- CHEMICAL FORMS OF GASES AND AEROSOLS

In a hypothetical breach of containment accident, the initial air atmosphere
in the containment vessel is altered by water released from heated concrete
and by sodium combustion processes. The composition of gases entering the
air cleaning system is shown in Figure 3 as a function of time.

80 1 1 1 6 1d

~70 - ~ 2..- -

60

S 50

10 /0

20

0 100 200 300 400 500 600 700
TIME (HR)

FIGUJRE 3. Composition of Inlet Gas. Neg 8009286-8

Initially, sodium entering the containment reacts with 02 to form Na202:

2Na + 0 2--- Na 2 02  (1)

By the time the air cleaning system is in operation (30.5 h) appreciable
water vapor is present and sodium peroxide is converted to NaGH with the
liberation of 0 2:

Na 202 + H20----2NaOH + 1/2 02 (2)

7



Excess H20 vapor sorption by the NaGH particles depends on relative
humid ity:

NaOH + xH2 0 NaOH -xH 20 (3)

Airborne particles are either dry, sticky or mist drops of NaOH solution,
depending on the relative humidity.

Later, when 02 is depleted, NaOH is formed directly by the reaction between
Na and H 20:

Na + H20--NaOH + 1/2 H2  (4)

Based on the gaseous composition shown in Figure 3, the aerosol particles
are composed primarily of NaOH with varying amounts of hydration.

To insure that solubility-based water requirements are not underestimated,
50% of the sodium aerosol is assumed to be present in the air cleaner as
Na2CO 3. Sodium carbonate is formed if CO 2 is released with water from

heated concrete,(4 reacting with NaOH:

2NaOH + CO2 ----- Na2 CO3 + H20 (5)

Fifty percent carbonate is probably a conservative value because of the low
potential for CO 2 release in the FFTF, but scrubber water volumes designed
on this basis will be adequate.

D. AEROSOL PARTICLE SIZE DISTRIBUTION

The particle size distribution of the aerosol entering the air cleaning
system is assumed to be log normal, with an aerodynamic mass median diameter
(AMMO) of 5.57 jizm and a geometric standard deviation of 2.8. The particle
size distribution is plotted on log-probability paper in Figure 4.

8
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E. GAS FLOW RATE

Gas flow rate varies with time according to the pressure buildup rate in
containment. The maximum flow rate of 3.07 m 3/s (6500 ACFM) at 3710C
(700 0F) and 0.184 MPa (12 psig) occurs when venting begins. The flow rate
versus time history used for the conceptual designs in this report is shown
in Figure 5.

In actual use, the venting would probably be stopped periodically to
maintain constant containment pressure. Therefore, Figure 5 should not be
used as a basis for estimating total aerosol mass collection by the air
cleaning system.

F. AEROSOL MASS COLLECTION

Based on code analyses of venting rates and aerosol concentrations, the
maximum aerosol carried into the air cleaning system is projected to be
5440 kg (12,000 lb) anhydrous NaOH.

9
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G. REQUIRED REMOVAL EFFICIENCY

To provide information on the relative cost and complexity as a function of
air cleaning system effectiveness, the study is performed for two classes of
systems. For the first class, a 90% aerosol mass removal efficiency is
specified; for the second class, a 99% efficiency is required.

H. COMPARISON OF DESIGN PARAMETERS

Air cleaning requirements for the FFTF containment margins application are
found to resemble the "containment/confinement" system treated in a recent
HEDL evaluation of air cleaning concepts.(3) (See Table 1). However, the

higher masses of aerosol and the higher temperatures required by the present
study prevent direct utilization of the previous results.

10



TABLE 1

COMPARISON OF AIR CLEANING SYSTEM REQUIREMENTS

Parameter -Previous Study(3) FFTF Margins

Aerosol Source Head Release Mel t-Through
and Sodium
Boiloff

Maximum Gas Temperature (OC) 150 370

Flow Mode Constant Variable

Flow Rate (m3/s) 7.1 3.1 max
0 min

Aerosol Mass Collected as NaOH (kg) 1000 5450

Max Aerosol Concentration as
NaOH at Inlet Conditions (g/m3) 25 50

Aerosol Particle Properties:

Mass Median Diameter (trn) 2.0 7.4

Geometric Std Deviation 2.0 2.8

Density, up (g/cm3) 0.58 0.58

Aerodynamic Mass Median 1.5 5.57
Diameter (p'm)

Chemical Composition NaOH NaOH with
Variable NaOx,
Na, Na2CO2,
Partial Hydration

Start time (h) after HCDA 0 30.5*

Operational Duration (h) 24 720

*Reactor vessel melt-through assumed to occur 3 hours after HCDA initiation.
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I V. PRELIMINARY SCREENING OF AIR CLEANING CONCEPTS

The large list of air cleaning concepts identified in an earlier study (3 )

was screened to identify prime candidates for FFTF margins application. See
TablIe 2. The following requirements eliminated many candidates:

* Aerosol mass loading is high (5450 kg).

* Concept technology must be at a state of development where hardware
design can be started immiediately.

* Only one of several apparently equivalent concepts was considered.

* Concepts involving in-containment cleaning were outside the scope
of FFTF margins application and therefore were eliminated.

* Systems requiring gas recirculation were not considered.

Seven air cleaning systems were selected for evaluation. Four of these were

designed to collect 99% or more of incident aerosol and three were designed
to coll1ect 90% or more.

The systems evaluated are:

Case I - 90% Efficient

LE-1 - Eductor Venturi
LE-2 - Spray Chamber
LE-3 -Submerged Gravel Bed

Case 11- 99% Efficient

HE-i - Spray Quench/Eductor Venturi/Fibrous Scrubber
HE-2 - Submerged Gravel Bed/Fibrous Scrubber
HE-3 - Sand and Gravel Bed
HE-4 - HEPA Filters

13



TABLE 2

PRELIMINARY SCREENING OF AIR CLEANING SYSTEM CONCEPTS

Reason

Air Cleaning Concept El imi nated

Filters:

Industrial Prefilters (b)
Deep Bed Graded Media (a)
Bag Filters (c)
Sand and Gravel Bed
High Efficiency Particulate Air (HEPA)

Cyclone Separator (c)

Mechani cal Separator (c)

Dry Electrostatic Precipitator (c)

Wet Electrostatic Precipitator (c)

Wet Scrubbers:

Spray Chamber
Fibrous Packing (low efficiency type) (d)
High Density Fiber Bed
Packed Bed (e.g., gravel or Rashig rings)
Venturi
Centifugal (c)

Settling Chamber (d)

Acoustic Agglomerator (c)

Fluidized Bed (b), (c)

Foam Dispersal (a), (b), (c)

(a) Low Mass Loading Capability
(b) Low or Uncertain Efficiency
(c) Uncertain Behavior for Margins Application
(d) Overall Performance Similar to Other Systems Being Evaluated

14



V. CRITERIA FOR RANKING ALTERNATIVE SYSTEMS

The criteria used in a previous air cleaning study ()were modified for
application to FFTF containment margins. The six criteria groups are listed

in Table 3. Each group contains several individual criteria listed in Table 4.

Each criterion is assigned a weight factor to measure its relative
importance. The total weight is adjusted to 100.

To rank the various systems, a scoring system was devised as shown in Table 5.
A score of 0 to 4 is assigned to each air cleaning system on a criterion-by-
criterion basis.

The rating definition is measured by the amount of development work

required. However, the same rating factors are used to indicate the accept-
ability of intrinsic characteristics. For example, the efficiency of a spray

chamber is, by the physical forces involved, very dependent on particle size;
and no amount of development will change that dependence.

A system score is determined by summing indiviudal criterion scores (the

product of the criterion weight and the rating factor). The maximum pos-

sible system score is 400.

The following steps surmmarize the evaluation procedure:

* Definition of the system, including a preliminary conceptual
design, utilizing the aerosol and containment atmosphere param-
eters listed in Section 3.

* The system is evaluated by the criteria listed in Table 4.

* * The degree to which the system meets the criteria is quantified by
assigning a rating factor ranging from 0 to 4 (to the nearest 0.1),
based on criteria described in Table 5.

15



TABLE 3

AIR CLEANING EVALUATION CRITERIA GROUPS

Group No. Group Weight Criterion Description

117 System Effectiveness

The system shall be effective in reducing the
release of radioactive substances to the
envi ronment.

2 26 System Reliability

The system shall have a high degree of reli-
ability in startup and continuance of opera-
tion during the entire accident period.

3 9 Containment Compatibility

The presence and operation of the system shall
not degrade the normal effectiveness of the
containment building.

4 22 Technological Credibility

The effectivieness of the system shall be
clearly demonstrable by experience, mathe-
matical models and testing.

5 12 System Characteristics and Flexibility

The system performance shall not be criti-
cally dependent on the accident environment
conditions and shall accommodate possible
future design changes.

6 14 Fabrication Effort

The system shall be readily designed,
fabricated and installed at reasonable cost
and in a time frame consistent with plant
construction.

16



TABLE 4

EVALUATION CRITERIA FOR AIR CLEANING SYSTEMS

Criteria Description Weight Factor

1. SYSTEM EFFECTIVENESS Total: 17

*a. The design decontamination factor can be achieved 5
using design parameters that fall within current
state-of-the-art practice.

*d. The system can handle dry or sticky particles and 5
particles of varying chemical composition.

*c. System effectiveness is not degraded by the radiation 2
dose caused by the accident over the required oper-
ating period.

d Characteristics inherently favor the system's ability 5
to handle large masses of aerosol.

2. SYSTEM RELIABILITY Total: 26

*a. System shall have a high probability of startup after 9
initiation of the accident.

*b. System does not degrade during non-use periods. 6

*c. System shall be capable of dependable operation over 8
a 1000-hour accident period under accident conditions
of temperature, humidity, aerosol loading and flow rate.

d. System requires simple components, control and conser- 3
vative design stresses.

3. CONTAINMENT SYSTEM COMPATIBILITY Total: 9

*a. Inadvertent operation shall not harm the containment 4
system or constitute a hazard to personnel.

b. Size shall be compatible with installation adjacent 5
to the RCB, and not significantly impact the location
of other ancillary plant systems.

*Denotes criteria with mandatory acceptable ratings.
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TABLE 4 (Cont'd)

Criteria Description Weight Factor

4. TECHNOLOGICAL CREDIBILITY Total: 22

a. Air cleaning concept is based on highly developed 5
technology.

*b. System can be tested in-place for operability and 6
effici ency.

c. System performance can be predicted by verified 5
mathematical models.

d. System equipment scaleup from currently available 3
sizes to LMFBR plant application is small.

e. System concept has been demonstrated with sodium 3
aerosol or the extension of results to sodium
aerosol can be made with confidence.

5. SYSTEM CHARACTERISTICS AND FLEXIBILITY Total: 12

a. System is effective for the entire particle size 3
spectrum expected during the accident.

b. System performance is not highly sensitive to the 3
atmospheric temperature or relative humidity.

c. System energy consumption is low. 3

d. Post-accident recovery is facilitated by the EACS. 3

6. FABRICATION EFFORT Total: 14

a. System costs, capital and maintenance, are low. 10

b. Materials and techniques used in construction are 2
readily available and easily fabricated.

c. Components and equipment are readily available. 2

TOU ToU

*Denotes criteria with mandatory acceptable ratings.
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TABLE 5

RATING FACTORS FOR AIR CLEANING SYSTEMS

Rati ng

Factor Rating Description

4 Clearly acceptable Completely satisfies criterion.

3 Probably acceptable Some development may be required.
May not completely meet the crite-
rion but is adequate.

2 Possibly acceptable A large development effort may be
required. Barely meets or falls
short of the criterion.

1 Probably unacceptable Low probably of meeting criterion.

0 Clearly unacceptable Zero probability of meeting the
criterion.

Because certain criteria were considered mandatory requirements, a score of
2.0 or better was required for the system to be considered feasible.
Mandatory criteria are listed in Table 6.

TABLE 6

CRITERIA WITH MANDATORY ACCEPTABLE RATINGS*

Criterion No. Description

la Removal efficiency is state-of-art
lb Dry or sticky particles
1C Radiation resistance
2a Reliable startup
2b Storage life
2c Reliable long-term operation
3a Inadvertent operation
4b In-place testability

*Acceptable is defined as a minimum rating factor of 2.0, as described in
Table 5.
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* The system score for each individual criterion is obtained by mul-
tiplying the criterion weight factor (Table 4) by the assigned
rating factor.

* The overall system rating is calculated by summu~ing the scores of
the individual criteria. The maximum possible score is 400.

" Systems having a low rating for any individual criterion are
examined for possible design changes to improve their rating.

* The systems are ranked according to total score.

" Final ranking is made by considering both the numerical score and
the probability of successful application. Because many of the
criteria are only semi -quantif iable, the evaluation and rating
necessarily entail considerable judgement.
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VI. EVALUATION RESULTS

A rudimentary conceptual design was made for each of the seven systems
selected in Section IV. Although the designs are not necessarily optimum,
this is not expected to have a major influence in comparing systems except
where two systems are closely equivalent.

The component and system designs in this study were based on information
developed in an earlier study. (3) Where available, equipment performance
with sodium or sodium oxide aerosols was used. In the absence of operating
performance data specific to LMFBR accident conditions, published informa-
tion for standard air pollution control equipment was used. Modifications
for LMFBR conditions were made according to the authors' judgment.

A cost estimate was made for each system based primarily on component costs
developed in an earlier study. (3 ) The costs include engineering, equip-
ment, installation labor, instrumentation and the building needed to house
the equipment. The cost estimates are presented as arbitrary units for
comparison purposes.

A. DESCRIPTION OF SYSTEMS DESIGNED FOR 90% EFFICIENCY

Three air cleaning concepts were selected as candidates for 90% efficient
systems. All three are aqueous scrubbers and are judged as the prime can-
didate systems available for application to FFTF margins. The candidate

systems are shown schematically in Figure 6.

1. Venturi Scrubber - System LE-1

System LE-1 employs an eductor venturi scrubber to remove airborne par-
ticles. An eductor-type venturi was selected over a gas-atomized-type
venturi because removal efficiency increases as gas flow rate decreases in
an eductor unit. In this study the gas flow rate may vary from zero to the
design maximum; therefore, use of a gas-atomized venturi would introduce
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design complexities that deal with the loss in removal efficiency when flow
rate is decreased from the design value.

The main equipment components in this system are: 1) the venturi and sepa-
rator, 2) the liquid recirculation spray pump and 3) the liquid storage
tank. All three components must be designed to withstand an ambient pres-
sure of 0.184 MPa (12 psig) because containment venting rate is controlled
by a valve located downstream from the scrubber.

Particle removal efficiency within the eductor was assessed by drop capture
models and by comparison with experimental measurements reported for an
eductor venturi scrubber studied at H-EDL. (5 The size of the venturi was
based on a throat gas velocity of 16 rn/s (52 ft/s) and the geometrical pro-
portions used by several equipment manufacturers. The venturi unit, com-
plete with entrainment separator, was estimated to be 5.8 m (19 ft) in
height and 2.3 m (7.5 ft) in diameter.

Th e water storage tank holds 30.3 m 3 (8,000 gal). The water volume is
stipulated by solubility considerations for the collected aerosol material.
An elevation view of equipment layout for the venturi scrubber system is
shown in Figure 7. Important design parameters for System LE-1 are
summiarized in Table 7.

2. Submerged Gravel Scrubber - System LE-2

System LE-2 uses a submerged gravel bed to trap airborne particles. This
system is novel because the air flow induces water circulation through the
gravel bed and makes a separate water pumping system unnecessary. This
concept is currently under development at HERL and a patent application was
f il1ed.

In operation, inlet air is dispersed beneath a gravel bed by means of a
submerged downcomer. Buoyant forces cause the air to pass upward through
the gravel bed. Appreciable volumes of water are entrained with the air
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TABLE 7

PARAMETERS FOR VENTURI SCRUBBER - SYSTEM LE-1

Water Flow Rate 1.70 m 3/mnin (450 gal/min)

Water Pressure Drop 0.55 MPa (80 psid)
Throat Gas Velocity 16 rn/s (52 ft/s)

Max Gas Flow Rate 3.07 m 3/s (6500 ACFM)

Draft Generated 248 Pa. (1 inch water)

Particle Removal Efficiency 90%

Relative Cost Units 0.80
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fl1ow. The circulating water keeps the bed clean of particulate debris and
assures that water in the system is nearly isothermal. The submerged gravel

bed concept is described in Figure 8.

Design of the submerged gravel bed was based on scale-up of results from
engineering scale models tested at HEDL. The most important parameters, gas

velocity and bed depth, were selected as 0.51 m/s (100 ft/mmn) and 0.61 m
(2 ft), respectively. Particle removal efficiency was analyzed using an
equation for packed beds (6 ) and comparison with HEOL experiments.

GAS INLET

j~f; -~ GAS
OUTLET

WATER POOL

0GkAVEL~
D* , . .(BED0.0

OiQ ,

o~f WATER

* . i. *.-CIRCULATION

HEML M32-=314

Figure 8. Description of Submerged Gravel Scrubber Concept. Neg 8009286-3
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An elevation view showing the layout of the submerged gravel bed is given in
Fi gure 9. Important parameters that describe the design of the submerged
gravel bed are summarized in Table 8.

EXHAU ST

ITABLE 8

Fiur . aou o bee Gravel (maximum)m E-. e 809861

Sizel ofCred Roc Pakn3.5 to (1 mm(/8tt/2i.

Volume of Water 51.1 m 3 (13,500 gal)
Particle Removal Efficiency 90%
Relative Cost Units 0.45
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3. Spray Chamber - System LE-3

The spray chamber scrubber is conceptually similar to the eductor venturi in
that particle removal is dominated by water drop impaction. The water stream

requires higher energy in the venturi but the venturi is smaller in size com-

pared to a spray chamber.

The main component of the spray scrubber is the chamber where falling drops
capture suspended particles, mainly by impaction. Due to large size, recircu-
lating water inventory is accommodated within the chamber itself. A recircu-

lating water pump is required to maintain spray flow.

Spray chamber size was determined by the spray rate required to remove 90% of
airborne particles and by the maximum spray flux that will1 avoid significant

drop coalescence. It was assumed that the gas phase within the spray chamber

was well-mixed. The design approach used is supported by results obtained at
HEDL on the removal of sodium compound aerosols within a spray quench
chamber. (5)

An elevation view showing the size of the spray scrubber is given in Figure 10.
The spray scrubber is appreciably larger than the other two candidates (Fig-
ures 8 and 9). Important parameters that describe the design of the spray
scrubber are sunmarized in Table 9.

The significantly higher cost of the spray scrubber is mainly due to the
larger size. The higher cost and larger size of the spray scrubber indicate
that it will not be competitive with the two other scrubbers unless major

off-setting advantages are identified in the detailed evaluation.

B. DESCRIPTION OF SYSTEMS DESIGNED FOR 99% EFFICIENCY

Four systems were selected as candidates for 99% efficiency removal - two
aqueous scrubbers candidates from the 90% removal up-graded by adding a packed

fiber bed to the outlet of the 90% scrubber; a sand and gravel bed and a bank
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TABLE 9

PARAMETERS FOR SPRAY SCRUBBER- SYSTEM LE-3

Diameter of Spray Chamber 10.4 m (34 ft)

Height of Spray Chamber 7.6 m (25 ft)

Spray Flow Rate 1.70 m 3 min (450 gal/min)
Nozzle Pressure Drop 0.28 MPa (40 psid)
Volume of Water 30.3 m 3 (8000 gal)

Effective Drop Diameter 1200 wm

Flow Rate Per Nozzle 0.0473 m 1/mi (12.5 gal/min)

Particle Removal Efficiency 90%

Relative Cost Units 1.6
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of HEPA filters. Flow diagrams for the candidate systems designed for 99%
removal efficiency are shown in Figure 11.

1. Venturi Scrubber with Fibrous Backup - System HE-i

In this system, a packed bed of fibers is added to trap particles that pene-
trate the venturi. The combined system will yield removal efficiencies well
in excess of 99%, as demonstrated in tests performed at HERL( 5 ) . The design
of the venturi pre-scrubber was taken directly from System LE-1 (Figure 7).

The venturi/fibrous scrubber occupies a space envelope cylindrical in shape,
5.8 m high and 2.3 m in diameter. Other design parameters for the venturi
scrubber are listed in Table 7.

The venturi/fibrous scrubber design used annular-shape packed beds of
polypropylene fibers. The 72.6-mm (3-in.) thick annulus is 0.59 m (18 in.)
inside diameter, 0.79 m (24 in.) outside diameter and 3.05 m (10 ft) in
length. Four elements are required to handle the maximum gas flow rate of
1.75/m 3/s (3700 ACFM) exiting from the venturi scrubber. Fresh process
water mist is applied to the upstream surface of the bed to assure that all
soluble material is washed from the fibers. The spray mist flow rate was

20.8 cm 3/s (0.33 gal/mmn). The venturi/fibrous scrubber elements were
enclosed in a carbon steel tank.

This system requires a recirculation water tank appreciably larger than that
used in the 90% design to accommwodate the process water used to wet the fiber
beds. over an operating time of 720 hours, 54.5 m 3 (14,400 gal) of water
would be added as spray mist to the 30.3 m 3 (8000 gal) of water required for
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solubility for a total minimum liquid capacity of 84.8 m 3(22,400 gal). A
tank having a volume of 113.6 m (30,000 gal) was specified to account for
potential condensate accumulation and gas space margin requirements.

An alternative bed washing scheme using recycled water could in principle be
used to minimize storage tank capacity. Such a scheme would require a
filtration device to avoid plugging the spray nozzle. Only fresh water wash
was considered.

An elevation view of the conceptual design for System HE-i is given in Fig-
ure 12. Design parameters for the venturi/fibrous scrubber are summarized in
Table 10.

The data of Table 10 show that a cost increment of 25% is added to the 90%
efficient venturi scrubber system to increase the removal efficiency to 99%.
Also, the spatial requirements are 50% greater. However, this system
is less costly than the 90% spray scrubber. Unless a detrimental character-
istic is borne out in the detailed ranking process, this 99% system is
preferred compared to a lower efficiency, higher cost spray scrubber.

AIR
BUILDING ENVELOPE OUT

AIR -.

IN 
FIBROUS

VENTURI SCRUBBER

7.9 m SRBE_

t % RECYCLE WATER TANK
4.9 in C

1. 14.6 m ELM=1

FIGURE 12. Layout of Venturi/Fibrous Scrubber -System HE-i. Neg 8009286-2
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TABLE 10

PARAMETERS FOR VENTURI/FIBROUS SCRUBBER - SYSTEM HE-i

Venturi Scrubber Flow Rate 1. 70 m 3/min (450 gal/min)
Venturi Water Pressure Drop 0.55 MPa (80 psid)
Venturi Throat Gas Velocity 16 rn/s (52 ft/s)
Draft Generated By Venturi 248 Pa (1 in. water)
Length of Fibrous Bed Elements 3.05 m (10 ft)
Diameter of Fibrous Bed Elements 0.79-rn (24-in.) OD by 0.59-rn (18-in.)ID
Number of Fibrous Elements Four
Fiber Material Polypropylene
Fibrous Element Spray Flow Rate 20.8 cm 3/s (0.33 gal/min)
Overall Particle Removal Efficiency 99%
Volume of Recycle Water Tank 113.6 m 3 (30,000 gal)
Relative Cost Units 1.0

2. Submerged Gravel Scrubber with Fibrous Backup__- System HE-2

This system combines the submerged gravel scrubber design of System LE-3
with the polypropylene fiber beds described for System HE-i. The combined
system is shown conceptually in Figure 13.

The gravel bed size used in this system is identical to that described for
the 90% efficient System LE-3 (Table 8). The diameter of water tank and the
water depth are the same as specified for System LE-3. The primary differ-
ence is the tank height required to accommnodate the fibrous scrubber ele-
ments. Design parameters for the submerged gravel scrubber with fibrous
back-up are listed in Table 11.

The submerged gravel bed with a fibrous backup is low in cost (0.7 relative
units) in comparison with the other candidate scrubbers. When combined with
passive features, e.g., no liquid pumping system requirement, this system
appears to be a strong candidate. One off-setting aspect of this system is
lack of a broad use-history.
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TABLE 11

PARAMETERS FOR SUBMERGED GRAVEL BED/FIBROUS SCRUBBER - SYSTEM HE-2

Scrubber Tank Overall Size 7.9-rn (26-ft) dia x 3.7-rn (12-ft) height
Gravel Bed Outside Diameter 3.05 rn (10 ft)
Inlet Downcomer Diameter 0.61 mn (2 ft)
Gravel Bed Depth 0.61 m (2 ft)
Superficial Gas Velocity
in Gravel (max) 0.51 rn/s (100 ft/mmn)
Crushed Rock Packing Size 9.5 to 13 mm (3/8 to 1/2 in.)
Volume of Water 51.1 m 3 (13,500 gal)
Fibrous Bed Elements Length 1.22 rn (4 ft)
Fibrous Bed Elements Number Ten

Fibrous Bed Elements Diameter 0.79-rn (24-in.) OD x 0.59-rn (18-in.) ID
Fiber Material Polypropylene

Overall Particle Removal Efficiency >99%
Relative Cost Units 0.70

33



3. Sand and Gravel Bed - System HE-3

Sand and gravel bed filters rated high in a previous study( 3 ) because they
are passive and can withstand high temperatures and corrosive atmospheres.
A major drawback to sand filters is the low mass loading capability.

The sand bed design employed was based on an installation at the Savannah
River Laboratory(7 and loading capacity measurements made at HEDL for
sodium compound aerosols. The holding capacity of a sand filter is tenta-
tively estimated to be 1.0 kg/rn2 irrespective of air velocity. The
superficial flow area required for the present application is

545kg x 1 = 545m2

If square, this unit would be 74 m (242 f t) on a side. This large bed would
be difficult to locate close to the FFTF containment building.

A cross-sectional view of the sand and gravel layers is given in Figure 14.
As indicated 0.91 m (3 ft) of fine sand is supported by 0.46 m (1.5 ft) of
coarser sand and 0.91 m (3 ft) of gravel, yielding a whole bed depth of
2.3 m (7.5 ft). An elevation view of the sand bed filter is presented in
Figure 15.

Costs for the sand bed were taken from actual costs incurred at Savannah
River Laboratory in 1973. The cost per unit area was increased to account
for inflation and design change requirements to meet the 0.184 MPa (12 psig)
pressure rating. Parameters that describe the conceptual design of the sand
filter are listed in Table 12.

The sand bed is much larger and much more costly than Systems HE-i and
HE-2. These considerations alone would appear to preclude the use of a sand
bed filter for FFTF Margins.
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TABLE 12

PARAMETERS FOR SAND AND GRAVEL BED - SYSTEM HE-3

Overall Bed Depth 2.3 m (7.5 ft)

Overall Height of Structure 4.6 m (15 ft)

Bed Planar Area 5455 m 2 (58,691 ft 2

Aerosol Mass Captured (NaOH) 5455 kg (12,000 lb)

Number of Layers of Aggregate Six

Largest Aggregate 31.8-rim to 75.4-rn (1-1/2-in, to 3-in.)
Gravel

Finest Aggregate No. 50 to No. 30 Sand

Basis For Aggregate Layer Design SRL facility (Reference 7)

Basis For Mass Loading Capacity HEDL Data

Removal Efficiency >99%

Relative Cost 16.0

4. HEPA Filters - System HE-4

HEPA filters rated for high temperature service would be installed in banks
located inside a pressure building. The size and cost of this system relate

directly to the number of individual filter units required.

Loading capacity of HEPA filters for sodium compound aerosols was studied by
McCormack, et al .(8 ) It was found that the mass of aerosol required to

plug a filter was a function of humidity. The minimum loading capacity was

found to be 0.6 kg per standard HEPA unit. The number of HEPA units

required is calculated:

5455 kg x1I unit = 9092 units.

This number is very large, and if built, would represent the worlds largest

HEPA filter installation. Therefore, no existing commercial HEPA filter
banks could be used to cost and size this system.
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A conceptual design for this system was developed on the basis of the
following premises:

0 HEPA filters were used without prefilters.

0 The filter units were arranged on horizontal plenums.

* A pressure building was used to house the filter banks.

The layout of the conceptual design is shown in Figure 16. As indicated,

the required pressure building is large, approximating a truncated section
of the reactor containment building itself. Parameters for this system are

surmmarized in Table 13.

The most notable data of Table 13 are the large size and high cost of the
system. Compared to alternatives, this system would appear to be non-
competitive because of these two factors.
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Figure 16. Layout for HEPA Filters - System HE-4. Neg 7913162-6
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TABLE 13

PARAMETERS FOR HEPA FILTERS -SYSTEM HE-4

Number of HEPA Filter Units Required 9090

Aerosol Mass Collected Per HEPA 0.6 kg
HEPA Filter size 0.61 m x 0.61 m x 0.31 m
HEPA Filter Temperature Rating 399 0 C (7500F)
HEPA Filter Media Composition Fiber Glass
No. of HEPA Units Per Tier 1818

No. of Tiers In Pressure Building 5
Diameter of Enclosure Building 41.5 m (136 ft)
Height of Enclosure Building 16 m (52.5 ft)
Particle Removal Efficiency >99%

Relative Cost Units 110

C. COMPARISON OF ALTERNATIVE SYSTEMS

Candidate systems are ranked in terms of criteria described in Section V.
The 90% efficient systems are ranked separately from the 99% efficient
systems. Choice between the two classes of systems is left to the user who
must determine whether the extra cost and complexity of the high efficiency
system are justified by the incremental removal efficiency obtained.

1. Ranking of 90% Efficient Candidates

Numerical ranking of the three 90% efficient candidate systems is listed in
Table 14. The rationale for assigning the individual scores is described in
Appendix A.

From the total scores shown in Table 14, the candidates rank in the
following order:

Submerged Gravel Scrubber (341 points)
Venturi Scrubber (331.5 points)
Spray Chamber (309 points)
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TABLE 14

NUMERICAL RATINGS OF 90% EFFICIENT SYSTEMS

LE-1 LE-2 LE-3
Venturi Scrubber Submerged Gravel Spray Chamber

Weight
Criterion Factor Rating Score Rating Score Rating Score

la* 5 3.5 17.5 3.8 19.0 3.0 15.0
lb* 5 4.0 20.0 4.0 20.0 4.0 20.0
lc* 2 4.0 8.0 4.0 8.0 4.0 8.0
id 5 4.0 20.0 4.0 20.0 4.0 20.0

2a* 9 3.5 31.5 4.0 36.0 3.5 31.5
2b* 6 3.5 21.0 3.5 21.0 3.5 21.0
2c* 8 3.0 24.0 3.5 28.0 3.0 24.0
2d 3 3.5 10.5 3.5 10.5 3.5 10.5

3a* 4 4.0 16.0 4.0 16.0 4.0 16.0
3b 5 3.0 15.0 3.0 15.0 3.0 15.0

4a 5 4.0 16.0 2.0 10.0 3.0 15.0
4b* 6 2.5 15.0 3.0 18.0 2.5 15.0
4c 5 3.0 15.0 3.0 15.0 3.0 15.0
4d 3 4.0 12.0 2.0 6.0 4.0 12.0
4e 3 4.0 12.0 4.0 12.0 4.0 12.0

5a 3 2.5 7.5 3.0 9.0 2.0 6.0
5b 3 3.5 10.5 3.5 10.5 3.5 10.5
5c 3 2.0 6.0 3.0 9.0 2.5 7.5
5d 3 3.0 9.0 3.0 9.0 3.0 9.0

6a 10 2.5 25.0 3.5 35.0 1.0 10.0
6b 2 4.0 8.0 3.0 6.0 4.0 8.0
6c 2 4.0 8.0 4.0 8.0 4.0 8.0

Total 100 331.5 341.0 309.0

*Mandatory criterion: A rating of 2.0 or better is required to prevent
automatic exclusion of concept.
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The submerged gravel bed ranks highest due to the favorable rating in relia-

bility (Group 2) and ease of fabrication (Group 6). The weakest aspect of

this system is technological credibility (Group 4). While there is little

doubt that the system works as designed, lack of a use-history for the sub-

merged gravel scrubber makes it less credible than the other two candidates.

The performance of large scale tests on this system could enhance the credi-

bility rating and make it even more desirable than the other candidates.

The venturi scrubber ranked second because the liquid recirculation system

(pump & piping) requirement resulted in lower ratings in reliability and

cost (Groups 2 and 6, respectively). The broad industrial use-history
resulted in the highest rating in technological credibility (Group 4).

The spray chamber ranked last. It is quite similar in many respects to the

venturi scrubber, but the large size and attendant high cost make it less

desirable. No factors were uncovered that override the low numerical score

for the spray chamber and it was eliminated from the viable candidate list.

The two prime candidates had numerically similar scores. Also, it is evi-

dent that both system designs are feasible for the FFTF containment margins

application. Therefore, a final selection between the submerged gravel

scrubber and the venturi scrubber should be based on trade-off studies

beyond the scope of this report.

2. Ranking of 99% Efficient Candidates

The numerical ranking of the four 99% efficient systems is listed in Table 15.

The rationale for assigning the individual scores is described in Appendix B.

From the total scores shown in Table 15, the candidates rank in the following

order:

Submerged Gravel/Fibrous Scrubber (338.1 points)
Venturi/Fibrous Scrubber (335.9 points)
Sand and Gravel Bed (282.9 points)
HEPA Filter Bank (257.7 points)
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TABLE 15

NUMERICAL RATINGS OF 99% EFFICIENT SYSTEMS

HE-i HE-2 HE-3 HE-4
Venturi-Fibrous S65-Fibrous Sandbed HEPA Filters

Weight
Criterion Factor Rating Scare Raig Score Rating Score Rating Score

la* 5 4.0 20.0 4.0 20.0 3.0 15.0 4.0 16.0
lb* 5 3.5 17.5 3.5 17.0 3.0 15.0 2.5 12.0
lc* 2 3.0 6.0 3.3 6.6 4.0 8.0 3.6 7.2
ld 5 4.0 20.0 4.0 20.0 2.0 10.0 2.0 10.0

2a* g 3.0 27.0 3.5 31.5 4.0 36.0 4.0 36.0
2b* 6 3.5 21.0 3.5 21.0 4.0 24.0 4.0 24.0
2c* 8 3.0 24.0 3.5 28.0 3.8 30.4 2.0 16.0
2d 3 3.5 10.5 3.4 10.2 2.0 6.0 1.0 3.0

3a* 4 3.6 14.4 3.8 15.2 4.0 16.0 4.0 16.0
3b 5 3.0 15.0 3.0 15.0 0.0 0.0 0.0 0.0

4a 5 4.0 20.0 2.0 10.0 3.0 15.0 3.8 19.0
4b* 6 3.0 18.0 3.1 18.6 4.0 24.0 4.0 24.0
4c 5 3.0 15.0 3.0 15.0 2.0 10.0 2.0 10.0
4d 3 4.0 12.0 2.0 6.0 3.5 10.5 3.0 9.0
4e 3 4.0 12.0 3.0 9.0 2.5 7.5 3.5 10.5

5a 3 4.0 12.0 4.0 12.0 3.0 9.0 4.0 12.0
5b 3 3.5 10.5 3.5 10.5 3.0 9.0 2.0 6.0
5c 3 2.0 6.0 3.0 9.0 3.5 10.5 3.5 10.5
Sd 3 3.0 9.0 3.0 9.0 2.0 6.0 0.0 0.0

6a 10 3.0 30.0 4.0 40.0 1.0 10.0 0.0 0.0
6b 2 4.0 8.0 3.0 6.0 3.5 7.0 4.0 8.0
6c 2 4.0 8.0 4.0 8.0 2.0 4.0 4.0 8.0

Total 100 335.9 338.1 282.9 257.7

*Mandatory criterion: A rating of 2.0 or better is required to prevent automatic exclu-
sion of concept.
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The low ratings of the sand and gravel bed and HEPA filter systems, as well
as their very high costs and large sizes, eliminated these two systems from
further consideration.

The two scrubber systems have comparable scores. The submerged gravel/-
fibrous scrubber was rated low in technological credibility (Group 4)
because it lacks an extensive use-history. In all other categories the sub-
merged gravel scrubber rated superior to the venturi system.

In selecting between the two scrubber systems, the main trade-off is an
element of risk in scale-up of the submerged gravel unit versus greater cost
and mechancial complexity of the venturi system. Final selection should be
made by the system designer following conceptual design studies.

0. ASSESSMENT OF FEASIBILITY OF AIR CLEANING SYSTEMS FOR FFTF CONTAINMENT
MARGINS APPLICATIONS

A review of available information concludes that air cleaning based on
aqueous scrubbers is feasible for the FFTF Containment Margins application.
Wet systems (scrubbers) are preferred compared to dry systems because the
high aerosol mass loading requirements result in very large and costly
systems for all dry systems considered.

Extensive testing of scrubber systems at large scale and under realistic
aerosol stream conditions has demonstrated the efficient and reliable
operation of the candidates. While the design efficiency of the two stage
systems was stated as 99% in this study, more detailed analyses(9) and
experiments( 5 ) have shown the removal efficiencies to exceed 99.9%.
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Three candidates (an eductor venturi, a spray chamber and a sumberged gravel
bed) are compared on a criterion-by-criterion basis. As noted in Section V,
the numerical scores varied from 0 to 4.0. A rating of 4.0 denotes totally
acceptable conformiance and a rating of 0.0 denotes totally unacceptable
conformance.

Criterion la. TMThe design decontamination factor shall be achieved
using design parameters that fall within current
state-of-the-art practice.fW

For this criterion scores were assigned on the basis of the inherent removal
efficiency. The submerged gravel scrubber was rated 3.8. Average removal
efficiencies exceeded 99% for a bed design comparable to that developed in
this study. This indicates a design removal efficiency of 90% could be met
without difficulty.

The venturi scrubber rated 3.5 because Containment Systems Test Facility
(CSTF) tests on a 1000 cfm prototype showed that removal efficiencies
exceeding 90% could be obtained routinely. (5)

The spray chamber rated 3.0. Calculations and experiments in CSTF show
efficiencies of 90% can be otained, but carefully defined operating para-
meters must be adhered to. The spray chamber is inherently less efficient
that the other two scrubbers but is satisfactory for the present application.

Criterion lb. Rrh system shall handle dry or sticky particles and
particles of varying chemical composition.0

All three systems rate 4.0 because the physical and chemical composition of
the aerosol does not adversely affect performance.

Criterion 1c. wSystem effectiveness shall not be degraded by the radi-
ation dose caused by the accident over the required
operating period.,
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All three systems are rated 4.0 because they use materials and components
that could be constructed to easily withstand the radiation exposures
encountered.

Criterion Id. 'system characteristics shall inherently favor the
systems with ability to handle large masses of
aerosolff.

The three systems are equally efficient in handling large masses of sodium
compound aerosols. Each was assigned a score of 4.0.

Criterion 2a. 'The air cleaning system shall have a high proba-
bility of startup after initiation of the accident'.

All three systems are equally dependent on a supply of water and on the
operation of valves in the vent line. The submerged gravel bed has no
active liquid pumping system and was rated 4.0 because it employs no pumps.
The other two scrubbers were rated 3.5 because they employ pumps.

Criterion 2b. 'The system shall not degrade during periods of
non-useff.

Because all three systems are expected to be "dry" in standby, little
degradation would occur during non-use. If rusting of steel does occur, it
will affect the venturi and spray chamber because they employ small openings
in spray nozzles. On the other hand, biological growths in the gravel bed
represent a possible mode of degradation not present in the other two
systems. Overall, the systems appear to be equivalent and were assisgned a
3.5 rating.

Criterion 2c. 'The system shall be capable of dependable opera-
tion over the 1000-hour accident period under the acci-
dent conditions of temperature, humidity, aerosol
loading and flow rate.'

For this criterion, scores were assigned on the basis of passivity and the
ability to handle changing thermal and flow conditions. All three systems
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will require a water source to replace evaporative losses, A system requir-
ing no service during an accident would be more reliable. Because the ven-
turi and spray scrubbers require electrical energy and operation of water
pumps, they were assigned scores of 3.0. The submerged gravel scrubber does
not employ a liquid pumping system and was rated 3.5.

Criterion 2d. TMThe system shall require simple components and
control and conservative design stresses.

The gravel bed is probably the most complex component of the three can-
didate systems. However, the spray and venturi systems require control
systems for liquid pumping. None of the three systems imposes design stress
problems. Therefore, the advantages and disadvantages are off-setting and
all three systems were assigned scores of 3.5.

Criterion 3a. inadvertent operation of the system shall not harm the
containment system (containment vessel and purge system)
or constitute a hazard to personnel.

All three candidate systems are external to the containment vessel and
involve no hazard to personnel. No detrimental impacts from inadvertent oper-
ation of the system could be identified and all systems were assigned a score
of 4.0.

Criterion 3b. WT)Je size of the system shall be compatible with instal-
lation adjacent to the Reactor Containment Building
(RCB), and not significantly impact the location of
other ancillary plant systems.w

Foot print sizes for the three candidates are comparable and small enough to
be located adjacent to the RBC. All systems were rated 3.0 recognizing that
an even smaller system would be more desirable.

Criterion 4a. ffThe air cleaning concept is based on highly devel-
oped technology.W
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The eductor venturi scrubber system is widely used in industry and was rated
4.0. The spray chamber was rated 3.0 because spray air washers are widely
used but not typically designed for efficiencies as high as this application
requires. The submerged gravel scrubber was rated 2.0 because, although
many studies of particle capture in a massive packing bed are published, a
self-cleaning bed is novel and not yet supported by industrial practice.

Criterion 4b. NThe air cleaning system shall be testable in-place for
operability and efficiency.0

Perodic testing of the aqueous systems involve the following:

1. Fill tank with water
2. Start pumps (venturi and spray)
3. Start fans

4. Inject test particles
5. Collect aerosol samples
6. Measure liquid and gas flow rates
7. Shut down fans and pumps
8. Drain water from system

Because this procedure is more complex than the required procedure for a dry
filter system the simpler system (the submerged gravel scrubber) was
assigned a score of 3.0. The venturi and spray scrubbers were rated at 2.5
because additional effort is required to operate the liquid pumps and put
them into standby condition.

Criterion 4c. "The system performance shall be predictable by veri-
fied mathematical models.0

Models for predicting particle removal exist for all three candidates.
Reasonable agreement between theory and experiment is evident in available
comparisons, and a rating of 3.0 was assigned to all candidates.

Criterion 4d. wThe equipment scale-up from currently available
sizes to FFTF plant application shall be small."

A-6



Both the venturi and spray scrubbers are used industrially in sizes larger
than required for the application; therefore, no scale-up is required and a
score of 4.0 is assigned.

The submerged gravel scrubber would require a scale-up in diameter by a
factor of three as compared to engineering scale units operating to date.
A rating of 2.0 is assigned because of the scale-up.

Criterion 4e. 'The air cleaning concept shall be demonstrated with
sodium aerosol or the extension of results to sodium
aerosol can be made with confidence.0

All three system concepts have been extensively tested at HEOL with sodium
compound aerosols and a 4.0 score is assigned.

Criterion 5a. 'The air cleaning concept shall be effective for the
entire particle size spectrum during the accident."

All three systems are expected to show moderate to low efficiencies for
submicron particles. Ranking was based on the measured sodium compound
particle efficiency of each system. The submerged gravel scrubber rated
3.0, the venturi 2.5 and the spray scrubber 2.0.

Criterion 5b. "The system performance shall not be highly senstive
to the atmospheric temperature or relative humidity.*

All three systems process gas at any temperature within design limits and
operation is independent of the relative humidity of inlet gas. Since water
would have to be added to compensate for evaporation, all systems were rated
3.5.

Criterion 5c. "The system energy consumption shall be low."

Energy requirements for the three candidates are modest. Scores were
assigned on the basis of horsepower requirements for the conceptual designs,
allowing for a possible purge fan operation. Because the gravel scrubber
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has no water pump, it was rated 3.0. The spray chamber was rated 2.5 and the

venturi scrubber 2.0.

Criterion 5d. NPost-accident recovery shall be facilitated by the air
cleaning system."f

Contaminants removed from the air stream would be dissolved or entrained in the
water of all three systems. After an accident, this water could be processed to
put the contaminants into the desired form. This ability is considered satis-

factory and a score of 3.0 is assigned to all three systems.

Criterion 6a. "System costs, capital and maintenance, shall be low-'

Scores were assigned on the basis of captial costs estimated from the conceptual
designs developed. The relative costs and ratings are as follows:

System Relative Cost Units Score

Eductor Venturi 0.80 2.5

Submerged Gravel 0.45 3.5

Spray Chamber 1.6 1.0

Criterion 6b. *materials and techniques used in construction shall be
readily available."f

All three systems use standard construction materials. The venturi and spray
chamber scrubbers use standard construction techniques and were rated 4.0. Since

the submerged gravel bed represents a small departure from usual construction
techniques, it was given a score of 3.0.

Criterion 6c. "Components and equipment shall be readily available."

All three systems use standard, readily available components and were
assigned a score of 4.0.
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The four candidates (an eductor venturi with fibrous scrubber, a submerged
gravel bed with fibrous scrubber, sand and gravel bed and a HEPA filter
system) are compared on a criterion-by-criterion basis. As noted in Sec-
tion V, the numerical scores varied from 0.0 to 4.0. A rating of 4.0

denotes acceptable conformance and a rating of 0.0 denotes totally
unacceptable conformance.

Criterion la. fThe design decontamination factor shall be achieved
using design parameters that fall within current
state-of-the-art practi ce.'

While all four candidates exhibit efficiencies that exceed the 99% design
level, the two scrubber systems and the HEPA filter system are appreciably
more efficient than the sand filter. Therefore, the two scrubber systems
and the HEPA filter system were assigned scores of 4.0 and the sand and
gravel filter was assigned a score of 3.0.

Criterion lb. 'The system shall handle dry or sticky particles and
particles of varying chemical composition.*

The two scrubber candidates are minimally affected by particle chemical
composition because solubility considerations dictate minimum water volumes
and the dissolution of aerosol trapped in the fibrous elements. A score of

3.5 was assigned to both scrubbers.

The physical characteristics of particles (sticky or dry) appreciably affect
the mass loading capability of the sand bed and HEPA filter systems because
fiberglass is susceptible to corrosion by moist sodium hydroxide. The sand

bed was given a rating of 3.0. The HEPA filter system was rated 2.5.

Criterion ic. *System effectiveness shall not be degraded by the
radiation dose caused by the accident over the

* required operating period.ff

All four candidates can be designed to accommodate the modest radiation expo-
sures expected. Due to the difference in inherent resistance to radiation
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doses, the sandbed filter was rated 4.0, the HEPA filter system 3.6, the
submerged gravel scrubber 3.3 and the venturi scrubber 3.0. The submerged
gravel scrubber uses polypropylene fibers that are susceptible to radiation
damage, although the radiation doses expected for this application do not
cause material failures. In addition to the use of polypropylene,. the
venturi uses pumps and motors not present in the other systems.

Criterion id. 'System characteristics shall inherently favor systems
with ability to handle large masses of aerosol*.

Because scrubber candidates are able to capture large masses of aerosol
without difficulty, they were rated 4.0. Both the sand bed and H-EPA systems
are inherently inefficient in trapping large aerosol masses. The two dry
systems were rated 2.0.

Criterion 2a. 'The system shall have a high probability of start-up
after initiation of the accident."f

The two dry scrubbers are rated 4.0 because there are no active components
for venting and because no water pools are maintained during the systems
shelf life.

The two scrubbers (venturi and submerged gravel bed) require water and
introduce a failure mode not present in the dry systems. The venturi scrub-
ber also requires liquid pump start-up. Therefore, the submerged gravel and
venturi scrubbers were rated at 3.5 and 3.0 respectively.

Criterion 2b. "The system shall not degrade during periods of
non-use."

Both dry systems were rated 4.0 because no credible degradation mode could
be identified during periods of non-use. The scrubbers were rated 3.5
because of possible corrosion in the water storage tank.

Criterion 2c. NThe system shall be capable of dependable operation
over the 1000-hour accident period under the accident
conditions of temperature, humidity, aerosol loading
and flow rate."v
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Scores were assigned to reflect inherent aspects of reliability in each
system. The factors and scores are summnarized as follows:

TABLE B-1

SYSTEM RELIABILITY RATINGS

System Score Judgment Factors

Sand Bed (HE-3) 3.8 No water required, no

pumps

Submerged Gravel (HE-.2) 3.5 No pump required

Venturi/Fibrous (HE-i) 3.0 Pump required

HEPA Filters (HE-4) 2.0 Possible corrosion

of media by NaOH

Criterion 2d. NThe system shall require simple components and control
and conservative design stresses.Nf

All four candidate systems incorporate simple components but differ in
overall design. System scores and judgment factors are summarized as
foillows:

TABLE B-2

SYSTEM DESIGN RATINGS

System Score Judgment Factors

Venturi/Fibrous (HE-i) 3.5 Standard design, modest
size

Submerged Gravel (HE-2) 3.4 Modest size, novel
gravel bed

Sand bed (H-E-3) 2.0 Very large bed, under
pressure

HEPA Filter (HE-4) 1.0 Largest pressurized
HEPA installation in
the world
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Criteion a. lnadvertent operation of the air cleaning system

Critrion3a. shall not harm the containment system or constitute a

hazard to peronnel.9

Because all four candidate systems are external to the containment vessel
and could not harm personnel, no major short-comings for any of the systems
are envisioned. Both dry systems were rated 4.0. Because effort is
required to drain tanks and lines, the submerged gravel and venturi
scrubbers were rated 3.8 and 3.6, respectively.

Criterion 3b. NThe size off the air cleaning system shall be com-
patible with installation adjacent to the RCB, and
not significantly impact the location of other
ancillary plant systems.*

The two scrubbers are of similar size and appear to fit within available
free regions close to the containment vessel. They were given a rating of
3.0. Because dry systems are very large, cannot be located adjacent to the
containment vessel and would grossly impact the location of ancillary plant
systems, they were assigned scores of 0.0.

Criterion 4a. 'The air cleaning concept shall be based on highly
developed technology. M

The venturi/fibrous system uses components that have broad industrial
application. The combined system was tested extensively at HEDL with sodium
compound aerosols typical of those postulated for margins application.(5),
Therefore, this system was rated 4.0.

The HEPA filter system was rated 3.8. Although HEPA filters have very broad
industrial application, questionable use with NaOH aerosol and the large
installation size detracted from the score. The sand bed rated 3.0 because
few sand bed filters are used in industry. The submerged gravel scrubber
was rated 2.0 because the system was not demonstrated at full scale.

Criterion 4b. 'The air cleaning system shall be testable in-place for
operability and efficiency.n
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All systems are external to the containment building and could be tested
without significantly impacting other plant operations. However, the

scrubber systems would require more effort to operate and put into standby
condition. Both the HEPA and sand bed filter systems were assigned scores
of 4.0 because the testing procedure would involve only the operation of
valves, fans and aerosol testing instruments. The venturi/fibrous scrubber

was rated 3.0. The submerged gravel scrubber was rated slightly higher at
3.1 because it has no liquid pumping system to operate.

Criterion 4c. ffThe system's performance shall be predictable by
verified mathematical models.M

For the scrubbers, particle capture, heat transfer and mass loading capacity

can be predicted by available models. Although the models are probably

satisfactory, additional verification work would increase confidence.
Therefore the scrubbers were rated 3.0.

Dry systems performance, particularly the mass loading capacity, lacks

extensive modeling. 0ff-setting lack of modeling is the availability of

empirical information that can be used to design the dry systems. A score

of 2.0 was assigned to both the sand bed and HEPA filter systems.

Criterion 4d. *The scale-up of air cleaning equipment from currently
available sizes to FFTF margins application shall be
small.N

The venturi/fibrous scrubber was rated 4.0 because no scale-up in size is
involved. The sand bed rated 3.5 because, although the required unit would

be larger than any presently in existence, there appear to be no technical
issues involved in enlarging the planar area. The HEPA filter installation

was rated 3.0. While there is no scale-up of the individual filter units,
the assembled system would be larger than any existing installation. The

submerged gravel/fibrous scrubber was rated 2.0 because a large system was
not tested and requires scale-up.
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Criterion 4e. TMThe system concept shall have been demonstrated with
sodium compound aerosol or the extension of results to
sodium aerosol can be made with con fidence.f

All four candidates were tested with sodium compound aerosols at HEDL and at

other laboratories. The venturi/fibrous scrubber rated 4.0. Extensive

tests at HEDL have demonstrated the efficiency of this system. The HEPA

filter system rated 3.5. Significant experience on trapping sodium compound

aerosols was accrued in HEDL test programs. The submerged gravel/fibrous

scrubber rated 3.0 because the equipment used in HEOL tests was of a modest

size. The sand bed filter rated 2.5 because less information is available
on this candidate than for the other candidates.

Criterion 5a. ' MThe air cleaning system shall be effective for the
entire particle size spectrum during the accident.m

The two scrubber systems and the HEPA filter system trap all particles sizes

efficiently and rate 4.0. HEML experiments show that a measurable fraction

of fine particles can penetrate a sand bed filter, and this candidate was

rated 3.0.

Criterion 5b. OThe system performance shall not be highly sensi-
tive to the atmospheric temperature or relative
humidity. m

The two scrubber systems rated 3.5 because their performance is indepen-

dent of relative humidity and affected by temperature only under extreme

conditions when water temperatures approach the safe limit for polypropy-

lene fibers. The sand bed filter was rated 3.0 because loading capacity is

dependent on particle stickiness, which in turn depends on relative humid-

ity. The HEPA filter system was rated 2.0 because its loading capacity is

dependent on relative humidity and the fiber glass medium is susceptible to

corrosion by moist NaOH.

Criterion 5c. NfThe system energy consumption shall be low.*
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The sand and HEPA filter systems rated 3.5 because they would exhibit low
pressure drop and have no water pumping requirements. The submerged
gravel/fibrous scrubber rated 3.0 because pressure drop is higher than that
of the dry systems. The venturi/fibrous scrubber rated 2.0 because it also

requires a liquid pumping system.

Criterion 5d. 'Post-accident recovery shall be facilitated by the
design off the air cleaning system.'

All systems are external to the containment building and have similar
characteristics regarding re-entry to containment, but differ in trapped
contaminant disposal. In the scrubber systems most of the contaminants

would be suspended in the water and could be processed for permanant stor-

age. The scrubbers were assigned scores of 3.0. The sand bed filter was
also rated 3.0. It was assumed that the contaminants would be left in
place. The HEPA filter system was rated 0.0 because removal and disposal of
the large number of HEPA units would involve large expediture of cost and

manpower.

Criterion 6a. 'System osts, capital and maintenance, shall be low.9

Maintenance costs are expected to be low for all candidates. However

capital costs vary widely and ratings for this criterion were based on cap-

ital cost estimates listed in Tables 7 through 11. Results are tabulated

be 1 ow.

TABLE B-3

SYSTEM RATING BY COST

System Cost Units Assigned Score

Submerged gravel (HE-2) 0.7 4.0

*Venturi/fibrous (HE-i) 1.1 3.0

Sand bed (HE-3) 16.0 1.0

HEPA filters (HE-4) 110 0.0
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Criterion 6b. *Materials and techniques used in construction shall be
readily available."

The venturi/fibrous scrubber and the HEPA filter system use standard readily
available materials and construction techniques and were assigned scores of
4.0. The sand bed rated 3.5. While construction materials are readily
available, only a few large sand bed filters have been constructed.
Therefore, construction techniques may require more planning than the
1aoptimumr system. The submerged gravel/fibrous scrubber was rated 3.0. No
substantial difficulties in construction techniques are expected, but the
design lacks a use-history.

Criterion 6c. 'Components and equipment shall be readily available.'

Components and equipment required for all systems, except the sand bed are
readily available. The two scrubber systems and the HEPA filter are rated
4.0. The fine sand layer used in the sand bed would probably have to be
shipped in from the Midwest; therefore a rating of 2.0 was assigned.
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ABSTRACT

Four large-scale air cleaning tests (Ac7 - AC1O) were
performed in the Containment Systems Test Facility (CS2F)
to demonstrate the performance of a Submerged Gravel
Scrubber for cleaning the effluent gas from a vented and
purged breeder reactor containment vessel. The test
article, comprised of a Submerged Gravel Scrubber (SGS)
followed by a high efficiency fiber demister, had a
design gas flow rate of 0.47 m3 /s (1000 ft 3 /min) at
a pressure drop of 9.0 kPa (36 in. H2 0). The test
aerosol was sodium oxide, sodium hydroxide, or sodium
carbonate generated in the 850-rn3 CSIF vessel by con-
tinuously spraying sodium into the air-filled, vessel
while adding steam or carbon dioxide. Approximately
4500 kg (10,000 lb) of sodium was sprayed over a total
period of 100 h during the tests.

The SGS/Demister system was shown to be highly efficient
(removing ^09.98% of the entering sodium aerosol mass),
had a high mass loading capacity, and operated in a pas-
sive manner, with no electrical requirement. Models for
predicting aerosol capture, gas cooling, and pressure
drop are developed and compared with experimental
results.
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SUBMERGED GRAVEL SCRUBBER DEMONSTRATION
AS A PASSIVE AIR CLEANER FOR CONTAINMENT

VENTING AND PURGING WITH SODIUM AEROSOLS -

CSTF TESTS AC7 - AClO

1 .0 INTRODUCTION

Although hypothetical core disruptive accidents (HCDAs) are not design basis
accidents for breeder reactor plants, extensive assessments of HCDA conse-
quences have been made and design features for providing margins beyond the
design base have been considered for future fast reactor plants.0 One
feature proposed for increasing the safety margin is a containment vent
and/or purge system which would mitigate the challenge to containment integ-
rity resulting from excessive temperature and pressure or excessive hydrogen.
A cleanup system would be provided for removal of vented aerosols and con-
densible vapors to mitigate radiological consequences to the environment.

A study is in progress at Hanford Engineering Development Laboratory (HEOL)
to select and develop a suitable air cleaning system for use in potential
breeder reactor containment venting applications. An evaluation of existing
air cleaning technology (2) indicated that several types of air cleaning
devices have potential for such use, but that all required demonstration
under postulated accident conditions and some would be very large and costly.
HEPA filters were tested for aerosol mass loading capacity and found to have
a low capacity (-1.6 kg/rn2 ) before plugging occurred. ()Dry sand and
gravel beds were developed (4 ) which had an improved capacity (-'4 kg/in2)
and good aerosol removal efficiency (>99%), but were considered impractical
from a size and cost standpoint for applications involving a large mass of
vented aerosol (to 100,000 kg). Aqueous scrubbers were judged to be the

* most practical, but no single commercial scrubber could meet the dual
requirement of high mass loading and high efficiency. Therefore, a system



comprised of a spray chamber, ejector venturi and high efficiency fibrous
scrubber was selected for testing in the Containment Systems Test Facility
(CSTF)i(5,6)

While the venturi/fibrous scrubber system met all the required design
criteria, it had the disadvantage of using active components (pumps); with
their attendant failure possibility and electrical demand. A concept was
conceived whereby the passiveness and high loading capacity of a water pool
scrubber was combined with the high efficiency of a sand and gravel bed. It
was termed a Submerged Gravel Scrubber (SGS). The SGS consists of a bed of
gravel (or other packing) submerged in a pool of water. Gas, laden with
aerosol, is discharged beneath the gravel, where it sujbsequently flows
upward through the bed. The effective density of the two-phase mixture in
the gravel region is less than that of the pool outside the gravel bed, and
liquid flows upward at a significant rate. This inherent liquid pumping
action clears the bed of collected aerosol and provides for a very large
mass loading capability.

The SGS concept was developed by performing a series of small-scale experi-
ments, using a 0.3-n diameter gravel bed.( 7) The test results were encour-
aging and a larger scale model was constructed, having a nominal gas handling
capacity of 0.47 m3/s (1000 ft 3/min). A high efficiency demister was incor-
porated in the design to produce a system with high efficiency for removing
particles of all sizes. Four tests were performed in the Containment
Systems Test Facility (CSTF) to demonstrate the performance of the SGS/
Demister system under postulated breeder accident conditions. This report
presents the results of these large-scale tests.

2



2.0 SUMMARY AND CONCLUSIONS

2.1 SUMMARY

A passive, self cleaning scrubber was demonstrated under conditions simula-

ting containment venting and purging during low-probability accidents in an
A LMFBR plant. The test article was a Submerged Gravel Scrubber (SGS) with a

high efficiency demister. The SGS is a novel device, consisting of a rela-

tively small gravel bed submerged in a pooi of water. The function of the

scrubber is to remove radioactive aerosols and vapors from vented and purged

containment atmosphere with high efficiency (>99.9%) and large mass loading

capacity. The features of the SGS which make it attractive for containment

venting applications are its passivity (no electrical requirement), its rel-

ative small size (low cost and space requirements), its high efficiency, and

its high mass loading capacity.

The performance of a 0.47 m 3/s (1000 ft 3 min) model of the SGS/Demister

system was demonstrated during four large-scale tests in the Containment

System Test Facility (CSTF). The test results showed that the performance

was completely satisfactory, with excellent sodium aerosol removal effi-

ciency (>99.98%), absence of pressure buildup due to collected aerosol, and

good cooling of the hot containment gas. The passivity of the test article

was demonstrated, with no electrical power required except for operation of

an exhaust blower during purging operations.

The test aerosols were generated by continuously spraying sodium into the

850-in3 (30,000-ft 3) CSTF containment vessel. Steam and carbon dioxide

were added in some tests to simulate the releq.se of these gases from heated

concrete. The dominant aerosol chemical forms were Na 202 1 NaOH, or Na2 CO 3
in different tests. A total of 4500 kg (10,000 lb) of sodium was sprayed

continuously for a total of 102 h during the four tests. An average of 74%

of the sprayed sodium formed an aerosol, with suspended concentrations

ranging from 2 to 23 g/m3 and an average particle size of 5.2 PIm AMMD
(aerodynamic mass median diameter). Twenty percent of the sprayed sodium

3



(920 kg) was vented to the test air cleaning system and 80% settled or plated
on containment surfaces. The temperature of the gas entering the SGS ranged

up to 2400C (4650F).

After sodium had been sprayed into the isolated containment vessel for
several hours to provide a stable containment environment, the containment
atmosphere was vented to the scrubber. The gas flow rate was controlled at

0.5 to 0.6 m 3/s (1060 to 1270 ft 3/min) by modulating a 10-in, butterfly
isolation valve. After the 70-kPa (10-psi) overpressure had been relieved,
an exhaust blower was started and the containment vessel was purged with air

for the duration of the test.

The SGS test article was comprised of a 1.1-rn diameter by 0.6-n deep basket
of gravel suspended in a 1.8-n diameter tank of water. The pool liquid level

was maintained at the same elevation as the top of the gravel bed. Crushed

basalt gravel of "-11-mm diameter was used in three tests and 9.5-mm diameter
commercially procured ceramic packing was used in one test. The dirty gas

flow rate was varied from 0.08 to 0.7 m3 /s (170 to 1460 ft 3/min) and the
SGS pool surface level was varied +90 mm (3.5 in.) during the tests. The
scrubber liquid was initially water and accumulated sodium to a maximum of
97 g Na/t (4.2 normal). In one test NaI vapor was injected into the inlet
duct to measure the removal of a typical condensible fission product vapor.

Simple mathematical models were developed for use in predicting gas cooling,
pressure drop, and aerosol removal. Model predictions agreed closely with

experimental measurements for gas cooling and pressure drop, but were overly
conservative for predicting aerosol removal.

44



2.2 CONCLUSIONS

Specific conclusions and summary-statements supported by the reported work
* are as follows:

(1) The overall performance of the Submerged Gravel Scrubber/Demister test
article was fully satisfactory, with excellent aerosol removal, good
flow control, stable pressure differentials, excellent gas cooling, and
high aerosol mass loading demonstrated. The unit operated passively
except for water addition to replace evaporation losses.

(2) The performance of the SGS/Demister system compared favorably with that
of a previously tested( 5 ,6) system comprised of a water spray quench
tank, ejector venturi and fibrous scrubber in series. The particle
removal efficiency was slightly better (99.987% vs 99.956%) and pressure
differentials were more stable for the SGS unit. The chief advantage
of the SGS/Demister over the Quench/Venturi/Fibrous Scrubber system is
that the former operates without pumps (no electricity). A possible
disadvantage is that it operates at a higher pressure drop (-9.0 kPa vs
-2.0 kPa).

(3) Hydraulic tests on three scale models of the SGS indicate that scaleup
to units of 10 to 20 m3/s (20,000 to 40,000 ft 3 fmin) may be feasible,
but that flow distribution should be verified by large-scale hydraulic
testing. Based on a recommiended superficial gas velocity of 0.5 m/s,
the gravel bed for a 10-m3 1s scrubber would be 5.0-n diameter. Scaleup
of the demister could be accomplished by using multiple elements of the
size tested in the present work.

(4) The efficiency of the SGS/Demister System for removing sodium fire
aerosol particles was excellent, averaging 99.987 ,which corresponds
to a decontamination factor of 7700.

5



(5) The removal efficiency of the SGS without the demister was very good,
averaging 99.24% (decontamination factor of 130). Only two operating
parameters had any detectable effect on the measured efficiency:
aerosol particle size and the concentration of sodium in the SGS liquid
pool. Variation of particle size of the sodium fire aerosol from 3.4 vm
to 8.4 vm AMMD had only a minor effect, but submicron particles were
collected with lower efficiency, as expected. High sodium concentration
in the scrubber liquid caused the efficiency to decrease slightly, due
to entrainment carryover, a characteristic of all scrubbers.

(6) A mathematical model, based on impaction, greatly underpredicted the
SGS aerosol removal efficiency. Two mechanisms believed responsible
for the higher than predicted performance are: (a) particle growth due
to water condensation, and (b) enhanced turbulence due to energy dis-
sipation. The efficiency correlates well with other types of scrubbers

on an energy dissipation basis and can be approximated by assigning a
cut diameter of 0.4 jim for aerosol capture.

(7) Small particles which penetrated the SGS were captured efficiently (98%)

by diffusion in the fiber bed demister. The combination of high mass
loading capacity of the SGS and effective small particle retention in

the demister produces a highly efficient and flexible air cleaning

system.

(8) Hot containment gas was cooled effectively in the gravel bed, with the
gas outlet temperature being within 10C of the pool temperature.

(9) The pressure drop across the scrubber system varied with gas flow rate

in a predictable manner and did not change significantly with time.
This confirms the ability of the system to capture large masses of
aerosol without plugging.

6



(10) The total mass loading capacity of the system depends on the volume of
water provided. Based on solubility considerations, it is recommended
that sodium ion concentration in the SGS pool be limited to 115 g Na/
(5 normal).

(11) The efficiency of the system for removing a condensible contaminant,
NaI, was appreciably less than for removing the sodium fire aerosol.
Approximately 99 of the NaI mass was removed when the Nal was injected
as a vapor into the inlet duct. Most of the removal occurred in the
fibrous scrubber. These findings support a theoretical prediction
based on nucleation and attachment of condensible materials to the
sodium fire aerosol particles.

(12) Significant deposition of aerosol occurred in the duct leading from
containment to the scrubber. The 10-in. (265-mm) diameter duct was
nearly plugged in two of the tests which used NaOH aerosol. An empiri-
cal equation relating duct plugging to duct diameter, developed during
earlier tests,( 5' 6) was confirmed.

7
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3.0 EXPERIMENTAL FACILITY AND INSTRUMENTATION

3.1 FACILITY DESCRIPTION

3.1.1 Containment Vessel

The tests were performed in the Containment Systems Test Facility (CSTF). A
schematic plan view of the facility is shown in Figure 1. The chief feature
is the containment vessel, which forms the pressure boundary within which
the test aerosol is generated and aged. The containment vessel's large size
(850 in3) and height (20.3 mn) enable particle agglomeration and chemical
reactions to occur on a scale approaching that of an actual plant. It is a
carbon-steel vessel with a design pressure of 0.517 MPa gauge (75 psig). It
is installed in a concrete cell with the top half extending above the eleva-
tion of the main building work area, as shown by the schematic elevation view
in Figure 2. All interior surfaces are coated with a modified phenolic
paint, and exterior surfaces are covered with a 25.4-mu layer of fiberglass
insulation with an outer aluminum vapor barrier. Additional details of the
containment vessel are provided in Table 1.

A photograph of the test article as installed in the CSTF is shown in
Figure 3. Only the upper half of the containment vessel is visible. The

dry, empty venturi and fibrous scrubber housings are visible downstream of
the SGS. They remained in the ducting after completion of an earlier test
series,( 6 ) but serve no purpose in the present tests except as a duct.

Other features of the CSTF include the sodium supply system for aerosol
generation, the instrument and control system, the chemistry laboratory,
support services, and a work area adjacent to the containment vessel for
installation of the test air cleaning equipment.

9
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TABLE 1

CSTF CONTAINMENT VESSEL PROPERTIES

Property Specification

Code ASME B&PV Code, Section VIII, 1962(8)
Design Pressure 0.517 MPa at 1600 C (75 psig at 320'F)
Material Carbon Steel, SA 212-B
Wall1 Thickness 1 .64 nmn to 1 .90 mm (0. 645 I n. to 0. 75 i n.)
Weight 103,000 kg (226,000 lb)

Volume 850 M3 (30,086 ft3)
Diameter 7.2 m (25 ft)
Overall Height 20.3 mn (66.7 ft)
Internal Surface Area* 1000 M2 (10,000 ft 2 )
Shell Surface Area 520 mn2 (5600 ft2)

Floor Area 45.6 mn2 (490 ft2)
Total Horizontal Surface 88 m2 (900 ft2)
Nominal Leakage Rate 2.0% per day at 10 psig
Interior Surface Coating 3-Coat Phenolic Paint
Exterior Thermal Insulation 25.4-mm Fiberglass, k=0.0467 W/m*C @ 100%C

Elevation of Backup Catch Pan -)8.5 m (27.8 ft)

*Including shell surface area.

3.2 AEROSOL GENERATION

3.2.1 Sodium Aerosol Generation

Sodium aerosol was generated by spraying sodium continuously from one or
more of the three hydraulic spray nozzles shown in Figure 2. The tempera-
ture of the sodium at the nozzle ranged from 450*C to 800*C, averaging

580*C. The drop size is thought to be 400 P~m mass median diameter with a
geometric standard deviation of 1.5, the same as that determined by the
nozzle manufacturer for water. The spray drops burned completely before
striking any vessel surface.

12



In each test, sodium delivery was initiated by spilling a small quantity of

sodium into a 0.55-rn2 burn pan located at the (-) 8.5 m elevation. This
was done to fill the spray line with sodium and to clear the line of any
oxide that might have been present, thereby reducing the potential for plug-
ging of the spray nozzle. The spray nozzle was started one minute later.
Time zero was defined as the time when the spill to the burn pan occurred.
Details of the sodium spr-ay and burn pan spill are given in Table 2.

In test AC9, two nozzles were operated concurrently in order to create a

higher aerosol concentration. In test AC9, a leak developed in the spray
line, within the pressure boundary of the containment vessel, causing a

joint spray and pool fire. The pool fire continued for nearly 5 hr after
cessation of spray, albeit at a lower aerosol generation rate than during
the period when spray nozzles were operating.

The desired chemical composition of the test aerosol was achieved by injec-
ting steam and carbon dioxide at suitable rates into the containment atmos-

phere. After an initial period during which the containment vessel was
isolated, the containment pressure was vented through the test air cleaning

system, and then an exhaust blower was started to draw room air into the
containment vessel. This purge air supplied sufficient oxygen to maintain

sodium burning for the duration of the entire test.

3.2.2 Sodium Iodide Generation

Sodium iodide vapor was injected into the gas inlet duct 3.8 m upstream from
the inlet flange on the SGS test article in Test ACIO. The generator con-
sisted of a stainless steel vessel in which liquid Nal was held at an ele-

vated temperature (r..870*C) while a nitrogen sweep gas was passed over it.
The line leading from the NaI generator to the air cleaning duct was heated
to a slightly higher temperature to prevent condensation in the line. As
the hot vapor entered the main duct, it cooled rapidly and nucleated to form

13



TABLE 2

SODIUM AEROSOL GENERATION DETAILS

Test No.

System AC7 AC8 AC9 AC10

Spray Nozzle A
Type (a) (a) (a) (a)
Distance above pan (in) 2.7 2.7 2.7 2.7
Time start (mi) 1.0 1.0 1.0 1.0
Time stop (min) 1930 1890 490 1520
Na delivered (kg 1190 1219 308 1193
Avg spray rate (g/s) 10.3 10.8 10.5 13.1
Spray direction horiz. horiz. horiz. horiz.

Spray Nozzle B (b) (b) (b)
Type (a)
Distance above pan (in) 2.7
Time start (min) 1 .0
Time stop (min) 490
Na delivered (kg) 308
Avg spray rate (g/s) 10.5
Spray direction hon z.

Spray Nozzle C (b) (b) (b) (b)

Burn Pan
Surface area (M2) 0.55 0.55 0.55 0.55
Total Na delivered (kg) 20 20 20(c)5
Time start (min) 0 0 0(c) 0
Time stop (min) 1.0 1.0 li(c) 0.25
Number of spills 1 1 0?C 1

Total Na delivered to CV (kg) 1210 1239 887(d) 1198

Total duration of Na delivery (min) 1930 1890 490 (e) 1520

Average Na delivery rate (g/s) 10.4 10.9 30.2 13.1

(a) Spraying Systems Co., type B2 hollow cone.
(b) Not used.
(c) Intentional spill. A leak in spray line resulted in a pool fire

lasting 290 minutes after spray nozzle shut off.
(d) Total from spray and Na leak.
(e) Na nozzles shut off at 490 minutes. Pool fire continued until

t =780 minutes.
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very small aerosol particles. The airborne concentration of NaI was meas-
ured by analyzing for iodine on the same aerosol filter samples that were
used for sodium downstream from each scrubber. The liquid solutions and
final high efficiency particulate air (HEPA) filter were also analyzed for
iodine by the ion selective electrode method. A sketch of the NaI
generation system is shown in Figure 4.

3.3 TEST ARTICLE DESCRIPTION

3.3.1 General

A dimensional sketch of the SGS/Demister test article is given in Figure 5.
An outer cylindrical steel vessel houses the SGS gravel basket and water
pool in the bottom portion. A horizontal tube sheet separates the SGS from
the demister section which occupies the upper portion of the test article.
A central vertical downcomer penetrates the gravel bed axially and serves
as the gas-aerosol inlet. A skirt extends 300 mmn below the bottom of the
gravel bed, so that gas is confined to the area directly below the gravel
and flows upward through the gravel bed to the gas plenum above the surface
of the pool. Much of the aerosol is removed during passage through the bed.

The partially cleaned gas flows from the plenum above the pool through two
457-nu diameter holes in the tube sheet to the inside of the hollow cylinder
fiber demisters. The gas passes through the demisters and exits the test
article housing through a side nozzle.

The apparent density of the two-phase mixture of gas and pool liquid in the
gravel bed is less than that of the pool outside the gravel bed, and liquid
flows upward at a significant rate. This inherent liquid pumping action
clears the gravel surfaces of collected aerosol and prevents pressure build-
up due to accumulation of deposited aerosol. Liquid pumped through the bed
overflows the top of the gravel basket and recirculates to the bottom gravel
region through openings in the gravel support skirt.

15
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3.3.2 Outer Housing

The housing is a vertical cylinder 1.83 m (6 ft) in diameter and 3.66 m

(12 ft) in overall height. It has a flat bottom and dished top head. It is

designed, fabricated and tested in accordance with Section VIII, Division 1

of the 1980 ASME Boiler and Pressure Vessel Code.I9 ) Its design pressure
is 103 kPa (15 psig) at 315 0C. It is constructed of carbon steel. It is
fab- ricated in two sections, joined at the tube sheet by flanges. The gas

inlet and outlet nozzles are 265 mm (10 in.) in diameter.

3.3.3 Gravel Basket

A dimensional sketch of the gravel basket is shown in Figure 6. The basket

is a cylindrical steel vessel with continuous side walls and open top and
bottom. Its inner diameter is 1.12 m and its overall height is 0.927 m.

The liquid overflow weir is at the same elevation as the nominal liquid
surface level of the water pool. A 0.61-n depth of gravel is supported by
grating and screen located 0.45 m above the bottom of the outer housing. A
retaining screen is located on top of the gravel. The cross-sectional area

of the bed-is 0.922 m2 (9.92 ft2 ).

Figure 7 is a photograph of the gravel basket taken before loading with
gravel. Figure 8 shows the loaded basket being installed in the bottom sec-
tion of the test article housing.

3.3.4 Packing for Gravel Bed

In three tests (AC7, AC8 and AC9) the packing was crushed Hanford basalt
rock. It was washed and screened to nominal 3/8 to 1/2 inch (9.5 to 12.7 mm)
diameter. A sieve analysis is given in Table 3. The material density was

2.84 9/cm and the void fraction was 0.46 + 0.02. Pre-test weight and volume
measurements gave 823 kg of gravel, occupying 0.533 m 3 of volume. The

rock was characterized as having no smooth sides.
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TABLE 3

SIEVE ANALYSIS OF GRAVEL USED IN TEST ARTICLE(a)

Size of Screen Opening Retained on Screen

Inch M kg wt.%

5/8 15.9 0 0

1/2 12.7 0.213 2.7

7/16 11.1 0.691 8.8
3/8 9.5 4.477 56.5

5/16 7.9 1.864 23.5

C-5/6 b) (-7. ()0.673' 8.5

Total 7.918 100.0

(a) Used in tests AC7 through AC9.

(b) Passed through this screen.

In test AC1O the basalt gravel was removed and a commercially available
ceramic packing* installed. The packing was 318-in. (9.5-m) diameter balls
of approximately spherical shape. The manufacturer states the chemical
composition to be approximately 56% Si 2 38% A1203, with small amounts

of other materials, and the hardness to measure 6.5 on the Mohs scale.

3.3.5 Gas Downcomer

Gas entered the test article by a vertical downcomer fabricated of 10-in.
schedule 20 (260 mmh ID) steel pipe. The bottom terminus is open ended and
at the same elevation as the bottom of the gravel support grating. Bellows
were provided to allow for thermal expansion and ease of assembling the test
article.

*Denstone57( i s manuf actured by the Norton Co. , Akron, OH.
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3.3.6 Demisters

Two high efficiency fiber bed elements* were bolted to the tube sheet. The
elements were hollow cylinders fabricated of 20-mm diameter polypropylene
fibers compacted to an approximate bulk density of 135 kg/rn3 and held in
place between two concentric heavy gauge galvanized steel wire screens. The
upper end of each cylinder was closed by a solid plate. Each element was
0.610 rn (24 in.) outer diameter and 0.457 m (18 in.) inner diameter and 5 ft
high. Total fiber bed surface area of both demisters was 4.38 m2 (47.1 ft 2)

inne'an,5.8 m2(62.8 ft2) outer surface.

The design nominal superficial gas velocity recommended by the manufacturer
through the bed is 0.0762 rn/s (15 actual ft/mmn). Satisfactory service has
been attained over a range of 0 to 0.127 rn/s (0 to 25 actual ft/rnin).( 5' 6)

The design particle removal efficiency is 100% for particles >3 urn and 99%
for particles >3 urn.

The fiber demisters are of the same type tested in earlier tests in the
CSTF(5,6) and used in a radioactive waste plant off-gas cleaning system
located at Hanford.(10)

3.3.7 Miscellaneous Details

The tube sheet was 3/4-in. (19-nm) thick carbon steel, with four holes: one
for the gas downcomer, two for the demisters, and one for the liquid drain.
A photograph of the tube sheet is shown in Figure 9.

*Brink Mist Eliminator Model HE, manufactured by Monsanto-Envirochem Systems,
Inc., St. Louis, MO.
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Two liquid sampling lines were provided from the SGS pool, one from near the

surf ace and one f rom near the bottom. A drai n l ine f rom the tube sheet ran

to an 18-Z receiver tank for the purpose of collecting any liquid entrained

through the fiber beds. An aerosol sampling station was provided in the gas
plenum above the pool surface. Aerosol samples from the gas stream entering
and exiting the test article were provided in the ducts immediately adjacent
to the respective nozzles.

Five windows were provided in the outer housing: two windows for observing
the pool surface, two for the demister section and one for the pool under-

gravel region.

A sight glass was provided for measuring liquid level. A water supply line
with meter and manual control valve was used to add process water as needed.

A water spray nozzle was located at the bottom of each demister for the

purpose of post-test cleanup. They were not used during the tests.

A steam coil was installed in the SGS pool to provide a means of obtaining

a higher liquid temperature than possible with the containment gas. It was

used in only one test (AC8) and then only for 3 hours.

3.4 ANCILLARY EQUIPMENT

3.4.1 Exhaust Blower

The purpose of the blower was to induce gas flow through the air cleaning
system during containment purging. It was not needed during containment
venting, when the pressure within the containment vessel provided the

driving force. The blower was of the centrifugal type with a capacity of

0.47 actual m 3/s (1000 actual ft 3 min) at 12 kPa (48 in. H 20) pressure
differential. It is V-belt driven by a 3600 rpm, 20-hp motor. It has a

0.66-n (26-in.) diameter steel impeller.
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3.4.2 HEPA Filter

A HEPA filter was provided as a final collection stage to enable a measure-
ment to be made of the overall penetration of aerosol through the test air
cleaning system. Two filters were installed in parallel in a side-entering
housing located downstream from the blower. The HEPAs were standard units
measuring 0.6 m x 0.6 m x 0.3 m, with a rated efficiency of >99.97%.

After each test, the filters were removed and washed to recover the sodium
aerosol that had penetrated the air cleaning system and collected on the
HEPA filters. Unused filters were also washed to provide information on
background sodium content. New filters were used in each test.

3.4.3 Ducts

The inlet duct leading from the containment vessel to the SGS test article
was a horizontal, 10-in, diameter, schedule 10 (265 mm ID) type 304 stain-
less steel pipe, 6.86 m total length. It sloped toward the SGS at 10.4 min/m.
It contained one each 700, 300, 90' elbow, a bellows expansion joint and a
10-in, butterfly isolation valve. It was insulated with a 53-mm thick layer
of fiberglass with aluminum foil cover.

All duct downstream of the test article was fabricated of 14-gauge (1.9 mm)
carbon steel. The dimensions of interconnecting duct are given in Table 4.

3.4.4 Waste Disposal

The gas effluent from the test equipment was sent to a 76-in stack. The work
area around the containment vessel and test equipment was ventilated at a
rate of 3.8 m 3/s, with HEPA filtered exhaust. Liquid in the test article
was drained to a holding tank for analysis before discarding to process
sewer.
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TABLE 4

DIMENSIONS OF INTERCONNECTING DUCT

Nom Size ID Length No. of Elbows
Duct Segment (in.) (mmn) W~ 900 700 45" 30~

CV to Test Article Inlet 10 265 6.86 1 1 0 1
Flange

Test Article Outlet Flange 10 265 2.53 0 0 2 0
to VS*

Venturi to FS* 8 203 4.9 2 0 0 0

FS to Blower 8 203 7.0 4 0 0 0

Blower to HEPA 8 203 1.1 0 0 0 0

*VS and FS (85e venturi scrubber and fibrous scrubber housing remaining after
test AC6.

3.5 EXPERIMENTAL MEASUREMENTS

The methods and instrumentation for the experimental measurements used in

* this work have been described previously."" 1  The measurements are summxa-

rized in Table 5.

3.5.1 Aerosol Characterization

* The careful characterization of the test aerosol was an important part of

the present work. The suspended mass concentration, the particle size
* distribution, and the chemical composition were measured periodically by

direct sampling at various times and locations throughout the tests. In

addition, some information on shape and size was obtained by electron and

optical microscopy.

The mass concentration of suspended particles was measured as a function of

time by periodically passing a measured quantity of gas through small filters

26



TABLE 5

EXPERIMENTAL MEASUREMENTS AND ACCURACY

Approx. No.
of SamplesMeasurement Locations* pe etMethod Accuracy

Suspended aerosol
mass concentration CV atm (4) 120 filter samples ± 14%

SGS inlet 35 filter samples ± 25%
SGS outlet 35 filter samples ± 20%
Deni ster outlet 35 filter samples ± 20%

Aerosol size distr
(aerodynamic) CV atm (3) 12 Cascade impactor ± 15%

SGS inlet 5 Cascade impactor ± 15%
SGS outlet 5 Cascade impactor ± 15%
Demi ster outlet 3 Cascade impac tar ± 15%

Aerosol particle
shape and size CV atm 1 Electron microscope

SGS outlet 1 Electron microscope

Aerosol chemical CV atm 5 Filter, chem analysis
composition CV floor 1 Spatula, chem analysis

Duct deposit I Spatula, chem analysis

TOTAL settled
aerosol conc CV (10) 10 Fallout tray ± 10%

TOTAL settled
aerosol Na mass CV I Wash CV floor ± 20%

Aerosol Na wall
plate-out density CV (7) 7 Wash patches of wall ± 20%

TOTAL Na sprayed to CV CV & air Wash & steam CV, measure
cleaning system volume, analyze for Na ± 6%

Sodium spray rate Na supply tank Continuous Load cell ± 20%

Pressure across Na
spray nozzle Na supply tank Continuous Gauge ± 10%

Static pressure CV Continuous Transducer ± 5%
Gas flow orifice Continuous Gauge ± 5%

*Number in varentheses is number of locations; no number means one location

**Not applicable
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TABLE 5 (Cont'd)

Approx. No.
of Samples

Measurement Locations* per test Method Accuracy

Pressure differential Across inlet valve Continuous Gauge ± 5%
Across inlet duct Continuous Gauge ± 5%
Across-SGS Continuous Gauge ± 5%
Across demister Continuous Gauge and transducer ± 5%
Across HEPA Continuous Gauge ± 5%
Across Test Article Continuous Transducer and Gauge ± 2%

(Total)
Gas flow rate Test article outlet Continuous Transducer, Orifice ± 3%

Gas temperature CV atm (20) Continuous Thermocouple ± 5*C
SGS inlet duct Continuous Thermocouple ± 5%C
SGS outlet plenum Continuous Thermocouple ± PC
Demister outlet Continuous Thermocouple ± 1C
Demister bed Continuous Thermocouple ± 1%
Gas flow orifice Continuous Thermocouple ± PC
Blower out Continuous Thermocouple ± PC

Liquid temperature SGS liquid pl(4) Continuous Thermocouple ± PC
SGS gravel bed (3) Continuous Thermocouple ± 1C

Steel temperature CV wall (12) Continuous Thermocouple ±6*C

02 conc: in gas CV (2) Continuous 02 analyzer ± 0.3 Vol%
2on ingsC22 otnos nlzr±01v

C2 conc in gas CV ()Continuous C2 analyzer ± 0.1 Vol%

Mo~isture conc in gas CV (2) Continuous Dew point meter ± 3*C
(Dew Point) CV (2) Periodic Desiccant trap ± 3*C

*Number in parentheses is number of locations; no number means one location.
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and subsequently analyzing the material collected on the filters. All
samples were taken through wall stations, which enabled the sampler to be
inserted directly into the atmosphere being sampled. There were no sampling
lines through which aerosol particles must transit. Four of these stations
(T], T2, T3, and T4) were located at various elevations on the containment
vessel, one at the inlet to the SGS test article (T5), one at the gas plenum
between the SGS pool and the demisters (T6) and one downstream of the test
article (TW). Some of the filter papers were analyzed gravimetrically for
total mass and all were analyzed for total sodium by either titrimetry or
emission spectrometry.

The aerodynamic size distribution was determined by sampling with cascade
impactors through the wall stations. Two types of cascade impactors were
used: Andersen Mark III 8-stage* and Sierra model 225 6-stage.** Previous
tests have shown that these instruments give good agreement when proper
calibration data are applied. Glass fiber'collection surfaces provided by
the manufacturers were used.

Chemical identification of the aerosol was determined at various times
during each test by collecting aerosol on a membrane filter paper*** at a
wall station and analyzing for various chemical species by x-ray diffraction
and wet chemistry. The sample was protected from ambient atmosphere to
minimize chemical changes that might occur after the sample was taken.

3.5.2 Temperature Measurement

All temperatures were measured by calibrated Chromel-Alume~y thermocouples
with stainless steel sheaths. Readout was in parallel on strip chart
recorders, magnetic tape, and paper tape.

*Andersen Samplers, Inc., Atlanta, GA.
**Sierra Instruments Co., Inc., Carmel Valley, CA.

***Mitex, manufactured by the Millipore Corp., Bedford, MA.
Othromel-Alumel is a registered trademark of Richmond Machine Products
Corp., Staten island, NY.
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3.5.3 Pressure Measurement

Static and differential pressures were measured at the locations listed in

Table 5. Diaphragm-type gauges were used in each location. These were

supplemented by pressure transducers for the differential pressure across

the demisters, the total pressure drop across the SGS/Demister test article,

and the containment vessel static pressure.

3.5.4 Gas Composition Measurement

Two parallel sampling systems drew continuous samples from the containment

atmosphere, through tubes to a series of on-line gas analyzers that analyzed

fr029' 2' CO 21 and dew point. Filters were provided at the tube inlet
to prevent aerosol from entering the analyzers. One system sampled the

upper containment vessel atmosphere (+6.1-n elevation), the other sampled

the lower containment vessel atmosphere (-6.7-n elevation). A few grab

samples were taken for subsequent analysis by mass spectrometry.

3.5.5 Steam and Carbon Dioxide Injection Rate

In the tests where steam was injected into the containment atmosphere,

boiler steam was superheated, metered by an orifice-type flowmeter and the

flow rate controlled by a pneumatic valve. Liquid carbon dioxide was vapor-

ized and the rate of injection controlled by a manual valve, with the flow

rate measured by a turbine flowmeter.

3.5.6 Air Cleaning System Parameter Measurements

The flow rate of gas through the test air cleaning system was measured by an

orifice meter located downstream from the test article. The pressure drop

across the orifice plate was measured by an electronic differential pressure

transmitter and a square root extractor. The static pressure and tempera-

ture of the gas at the orifice were measured so that the flow conditions

were known and suitable corrections applied as they varied. Two sharp-edged

orifice plates were used with flange taps in the 203-mm ID duct: a plate

with 148.31-mm orifice for high flow rate, and a plate with 71.63-mm orifice

for low flow rate.
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4.0 EXPERIMENTAL PROCEDURE AND TEST CONDITIONS

4.1 EXPERIMENTAL PROCEDURE

The tests were performed in five stages:

* Test preparation

* Containment isolation
* Containment vent

* Containment purge
* Post-test operations

4.1.1 Test Preparation

Test preparation included test article installation and characterization,
instrument calibration, sodium spray nozzle installation, sodium system fill
and heatup, containment vessel cleanup and sealing, containment vessel leak
testing, and containment vessel preheat. Preheating was performed with a
portable steam space heater which was removed just prior to isolation of the
containment vessel. This was done to reduce the time required to establish
containment vent temperature conditions by sodium spray.

4.1.2 Containment Isolation

Sodium flow began by rapidly spilling-20 kg into a 0.55-n2 burn pan
located at the bottom of the containment vessel. Time zero was defined as
the instant the sodium spill valve was opened, and all times in this report
are referenced to this time. After one minute, sodium flow was transferred
to the spray nozzle(s), and an attempt was made to maintain a constant flow
rate for the duration of the test by keeping the pressure drop across the

* spray nozzle constant.
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During the containment isolation period, the containment atmosphere heated up
and the aerosol concentration stabilized. Steam or CO 2 flow was started

to the containment atmosphere in tests where these gases were called for,
and compressed air was added to increase the containment pressure to 70 kPa
gauge (10 psig). Aerosol and atmosphere sampling was performed to charac-
terize the atmosphere to be vented. The durations of the isolation periods
are listed in Table 6.

4.1.3 Containment Vent

During the containment venting stage, the containment overpressure was
reduced to zero by opening the isolation valve and allowing the containment
atmosphere to flow from the upper vent nozzle (See Figure 2) through the
10-in, duct to the test air cleaning system. The vent flow rate was con-
trolled at the specified rate by remote manual modulation of the pneumatic
10-in, butterfly isolation valve. See Figure 1.

4.1.4 Containment Purge

After venting was complete, the containment vessel was isolated briefly
while liquid and aerosol samples were taken. Then the exhaust blower was
started and purging was initiated by opening the 10-in, isolation valve full
open and controlling the flow rate with the 8-in, butterfly flow modulating
valve located between the air cleaning system and the blower. As soon as
the containment pressure was reduced to negative, the fresh-air inlet valve

was opened and fresh air was allowed to flow into the containment vessel for
the duration of the purge period. The containment vessel pressure fluctu-
ated between 125 Pa and 500 Pa (0.5 in. and 2.0 in. H 10) negative for the
duration of the test. The air entered the containment vessel near the top
at approximately 1800 azimuth from the outlet to the air cleaning system.
The temperature and relative humidity of the purge air are given in Table 6.
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TABLE 6

GENERAL TEST CONDITIONS

Test No.

Condition AC7 AC8 AC9 ACID

Initial CV Atmosphere(a)

Temperature (*C) 59 64 57 63
Pressure (kPa abs) 98.5 98.6 99.7 100.8
Dew point ('C) 17.0 11.0 23.3 5.0
Oxygen concentration (vol%) 20.9 21.0 21.0 21.0

Sodium Spray

Number of nozzles used ()1 1 2 1
Spray drop diam G~m MMD) ()400 Mf Mf Mf
Spray drop geom std dev (a )()1.5 Mf Cf Mf
Avg Na flow rate (g/s) g 10.4 10.9 30.2 13.1
Total Na delivered (kg) 1210 1239 887 1198
Spray duration (min) 1930 1890 490(g) 1520
Na temp at nozzle (0C) 540 593 590 650

Steam Injection into CV

Release point, distance above catch pan (in) NA(c) 5. 5.5 5.5
Release point, distance from CV wall (mn) NA 1.83 1.83 1.83
Release orientation NA Horiz Horiz Horiz
Time start (min) NA 20 15 20
Time stop (min) NA 1900 500 1560
Avg rate (g/s) 0 6.0 6.4 7.0
Total injected (kg) 0 677 186 655

Footnotes on p. 35



TABLE 6 (Cont'd)

Test No.

Condition AC7 AC8 AC9 AC10

C02 Injection

Release point, distance above catch pan (in) NA NA 1.6 NA
Release point, distance from CV wall (m) NA NA 0.45 NA
Release orientation NA NA Horiz NA
Time start (min) NA NA 30 NA
Time stop (min) NA NA 782 NA
Avg rate (g/s) 0 0 23.9 0
Total injected (kg) 0 0 108 0

CV Venting

Time start (min) 180 180 60 180
Time stop (min) 199 196 64 195
CV pressure at start (kPa abs) 166.9 172.1 121.4 176.6
CV pressure at end (kPa abs) 105.5 108.4 108.2 106.9
Avg temp of CV atmos (OC) 114 99.5 157 122
Avg gas flow rate (M3/s STP) 0.350 0.404 0.317 0.457
Max gas flow rate (m3/s STP) 0.378 0.434 0.330 0.472
Total gas vented (in3 STP) 399 388 76 410

CV Purge to Air Cleaning System
Time start (min) 210 210 70 210
Time stop (min) 2220 2220 1250 2060
Avg temp of CV atmos (OC) 133 145 175 165
Avg temp of air into CV (OC) 23.9 25.5 21.7 24.4
Avg rel humid air i nto CV (%)dd 48 49 33 29
Avg gas flow rate (m3/S STP)' 0.297 0.278 0.202 0.228
Total gas purged (in3 STP) 32,170 29,600 12,890 23,170

Footnotes on p. 35



TABLE 6 (Cont'd)

Condition AC7 AC8 AC9 ACIO

Initial Test Article Conditions

SGS packing material gravel Mf (f) Ceramic Spheres
SGS packing size (nu) 9.5-12.7 Mf Mf 9.5
SGS packing depth (in ) 0.610 Mf Mf Mf
Gas downcomer submergence (m)~e (e) 0.650 Cf Mf Mf
Packing bed bottom submergence (in 0.623 MF Mf Mf
Packing bed top submergence Cm)(e) 0.013 Mf Mf Mf
SGS pooi volume (liter) 2470 2500 2420 2330
SGS pool temp ('C) 21.6 26.9 19.4 25.8
SGS pool Na conc (g Na/z) 0.035 0.037 0.14 0.026

Date of Time Zero 6-1 0-80 9-9-80 11-11-80 2-3-81

(a) CV = Containment Vessel. Initial =at start of Na spray.
(b) Based on nozzle manufacturer's test with water.
(c) NA = not applicable.
(d) Until end of Na spray.
(e) Overflow rim of gravel basket = zero elevation.
Mf Same as Test AC7.
(g) End of Na spray at 490 min, but pool fire continued to t 780 min.



-4.1.5 Post-Test Operations

When the supply of sodium was exhausted, purging with air was continued for
several hours while continuing to gather test measurements. When the aero-
Sol concentration in the containment vessel atmosphere had decreased to
"si.l% of its initial value, purging was terminated.

After the containment vessel had cooled to ro om temperature, it was entered
for inspection, photography, and sampling. Following this, the quantity of
deposited aerosol was measured by water washing and analyzed for sodium con-
tent. The duct leading to the air cleaning system was washed, and a final
material balance was made.

4.2 TEST CONDITIONS

General test conditions are summarized in Table 6. The air cleaning system
operating conditions were intentionally varied with time so that information
could be obtained on the effects of gas flow rate and SGS liquid level. The
air cleaning system operating conditions are listed in Tables 7 through 10
for Tests AC7 through ACIO, respectively. In these tables, average values
are listed for each operating period, during which time conditions were
relatively constant. Each operating period differed from the others by a
change in at least one of the parameters. An important parameter, CL, the
concentration of sodium dissolved in the SGS pool, is not listed in Tables 7

through 10 because C L was not a controlled parameter. Tables Gl throUcih G4

(see Appendix G) give the values of C L as measured at the end of each

operating period.
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TABLE 7

AIR CLEANING SYSTEM OPERATING CONDITIONS

AT VARIOUS OPERATING PERIODS FOR TEST AC7(a

Gas-Flow Rate at Gas Aerosol at SGS inlet

Time SGS Inlet Inlet SGS Li?uid
Operating Interval (Std (b) (Actual Temp Level C) Conc (b) AMMD (d) (d
Period (min) M

3
/S) m

3
/s (00) (mm) (9 Na/rn3 SIP) (Gm) ____

1 180 - 200(e) 0.350 0.509 105 0 8.38 5.9 2.7
2 210 - 270(f) 0.054 0.081 116 63 12.7 6.0 2.9
3 270 - 330 0.138 0.242 128 35 14.2 6.0 3.1
4 330 - 390 0.299 0.461 132 53 10.5 5.7 3.1
5 390 - 450 0.303 0.469 134 42 10.2 5.2 3.1

6 450 - 510 0.299 0.464 135 75 10.4 5.0 3.1
7 510 - 570 0.308 0.474 133 60 9.5 4.8 3.1
8 570 - 630 0.314 0.491 140 40 10.7 4.7 3.1
9 630 - 690 0.331 0.510 133 -50 9.3 4.7 3.1

10 690 - 750 0.312 0.481 133 130 10.8 4.8 3.1

11 750 - 870 0.314 0.469 119 23 9.2 4.9 3.1
12 870 - 990 0.308 0.481 139 60 11.0 5.0 3.1
13 990 - 1110 0.302 0.470 137 45 9.4 4.8 3.0
14 1110 - 1230 0.310 0.489 142 50 13.3 4.3 2.8
15 1230 - 1350 0.301 0.472 140 25 11.0 4.0 2.7

16 1350 - 1470 0.307 0.480 139 50 11.0 4.0 2.7
17 1470 - 1590 0.308 0.477 135 60 8.5 4.0 2.7
18 1590 - 1710 0.303 0.478 143 60 10.9 4.0 2.7
19 1710 - 1830 0.302 0.476 143 50 11.2 4.0 2.7
20 1830 - 1930(g) 0.302 0.466 134 60 11.3 4.0 2.7

21 1930 - 2050 0.092 0.133 107 70 5.0 4.0 2.7
22 2050 - 2220 0.070 0.097 93 75 0.41 2.5 2.5

(a) Average values for specified time interval

(b) Standard conditions are 00C and 101.4 kPa.

(c) Distance above top of gravel packing. Add 645 nmm to
obtain downcomer submergence.

(d) From smoothed curve of cascade impactor data.
(e) Vent from pressurized containment.
(f) Purge from containment, using exhaust fan. Applies to

all succeeding operating periods.
() End of Na spray at 1930 minutes.
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TABLE 8

AIR CLEANING SYSTEM OPERATING CONDITIONS
AT VARIOUS OPERATING PERIODS FOR TEST AC8(a)

Gas Flow Rate at Aerosol at SGS Inlet
Time SGS Inlet Gas SGS Liuid _________________

TieIn let ~ c)(b(d ()Operating Inevl (Std bJ (Actual Tem Level Conc A M4D d ()
Period (min) m3/s) mI/s) (00) (imm) (g Na/n 3 STP) 6~m) 0Og

1180 - 200(e) 0.403 0.544 79 92 . 12.0 5.3 3.3
2 210 - 270(f) 0.070 0.098 95 57 11.0 4.2 3.4
3 270 - 330 0.170 0.242 104 62 10.8 4.4 3.4
4 330 - 390 0.328 0.470 107 62 10.7 5.2 3.2
5 390 - 450 0.329 0.476 110 49 13.8 5.2 3.2

6 450 - 510 0.329 0.482 113 36 14.8 4.9 3.2
7 510 - 570 0.332 0.512 132 -27 14.6 4.5 3.3
8 570 - 630 0.324 0.505 138 -15 15.5 4.3 3.4
9 630 - 690 0.301 0.476 142 125 13.7 4.1 3.5

10 690 - 750 0.302 0.481 146 115 15.8 4.0 3.5

11 750 - 810 0.305 0.492 151 49 15.9 3.9 3.6
12 810 - 930 0.303 0.492 155 38 14.2 3.8 3.6
13 930 - 1050 0.303 0.496 159 55 12.4 3.8 3.5
14 1050 - 1170 0.301 0.490 156 48 13.8 3.9 3.4
15 1170 - 1290 0.301 0.486 152 50 12.8 4.1 3.3

16 1290 - 1410 0.302 0.475 142 50 9.9 4.4 3.3
17 1410 - 1530 0.303 0.446 116 50 9.8 4.8 3.1
18 1530 - 1650 0.279 0.390 95 40 10.0 5.1 3.0
19 1650 - 1770 0.221 0.313 101 48 11.2 5.2 3.0
20 1770 - 1890 (g) 0.173 0.242 97 55 8.3 5.2 3.1

21 1890 - 2010 0.064 0.092 110 55 2.6 5.1 3.1
22 2010 - 2220 0.069 0.095 94 60 0.2 (h) (h)

(a) Average values for specified time interval.
(b) Standard conditions are 0%C and 101.4 kPa.
(c) Distance above top af gravel packing. Add 645 nmm to

obtain downcomer submergence.
(d) From smooth curve of cascade impactor data.
(e) Vent from pressurized containment.

(f) Purge from containment, using exhaust fan. Applies to
all succeeding operating periods.

(g) End of Na spray at 1890 min.

(h) Not available.
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TABLE 9

AIR CLEANING SYSTEM OPERATING CONDITIONS(a
AT VARIOUS OPERATING PERIODS FOR TEST AC9(a

Gas Flow Rate at Gas Aerosol at SGS Inlet

Time SGS Inlet Inlet SGS Liv~id
Operating Interval (Std t4) (Actual Temp Level 0Cone (b) AMMO (d) d
Period (min) m3/s) M3/s) (*0  (mm) (g Na/n 3 STP) (lim)

1 60 - 64 (e) 0.'307 0.401 66 50 14.5 5.4 3.4

2 70 - 12() 0.073 0.119 150 50 16.0 5.3 3.4
3 120 - 160 0.146 0.258 190 95 14.4 5.4 3.4
4 160 - 220 0.259 0.465 200 95 15.7 5.5 3.3
5 220 - 280 0.254 0.464 209 90 16.3 5.8 3.0

6 280 - 340 0.251 0.467 219 65 17.5 6.1 2.8
7 340 - 400 0.256 0.474 217 35 13.3 5.7 2.8
8 400 - 460 0.274 0.528 238 55 19.3 5.2 3.1
9 460 - 520 0.334 0.622 220 40 8.85 4.6 3.3

10 520 - 580 0.147 0.259 193 50 4.53 4.0 3.4

11 580 - 640 0.146 0.251 182 35 2.82 3.6 3.5
12 640 - 700 0.146 0.245 171 20 2.57 3.4 3.5
13 700 - 780(g) 0.144 0.238 162 0 4.78 3.8 3.3
14 780 - 840 0.063 0.100 145 0 1.11 3.9 3.0
15 840 - 900 0.063 0.099 136 60 0.313 3.6 2.8

16 900 - 960 0.160 0.247 132 60 0.0643 3.3 2.5
17 960 - 1020 0.163 0.247 124 60 0.0411 (h) (h)
18 1020 - 1140 0.314 0.460 110 50 0.0152 (h) (h)
19 1140 - 1250 0.066 0.094 101 45 0.0019 (h) (h)

(a) Average values for specified time interval.

(b) Standard conditions are 00C and 101.4 kPa.

(c) Distance above top of gravel packing. Add 645 mm to
obtain downcomer submergence.

(d) From smoothed curve of cascade impactor data.
(e) Vent from pressurized containment.

(f) Purge from containment. using exhaust fan. Applies to
all succeeding operating periods.

(g) End of Na spray at 490 min, but pooi fire continued until 780 min.
(h) Not available.
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TABLE 10

AIR CLEANING SYSTEM OPERATING CONDITIONSOa
AT VARIOUS OPERATING PERIODS FOR TEST AC1Oa

Gas. Flow Rate at GsAerosol at SGS Inlet

Time SGS Inlet Gase SGS Livuid
Operating Interval (Std () (Actual Temp Level Conc b (d J
Period (min) M3/S) M3/S) (OC) (nn) (g Na/M 3 SIP) (PM) ___9_

1180 - 19,(e) 0.457 0.686 117 0 10.3 5.3 2.6

2 210 - 270(f) 0.075 0.116 130 50 17.8 5.0 3.2
3 270 - 330 0.147 0.242 155 25 17.9 4.8 3.4
4 330 - 390 0.293 0.481 158 10 16.1 7.5 3.0
5 390 - 450 0.290 0.482 165 5 17.7 7.3 3.0

6 450 - 510 0.289 0.484 168 35 17.8 6.9 3.1
7 510 - 570 0.282 0.476 172 -40 17.6 6.8 3.2
8 570 - 630 0.287 0.487 174 -50 17.9 7.0 3.3
9 630 - 690 0.269 0.460 178 135 16.0 7.4 3.3

10 690 - 750 0.281 0.484 180 115 15.9 7.8 3.1

11 750 - 870 0.280 0.479 179 30 15.7 8.2 2.8
12 870 - 990 0.276 0.475 180 50 15.4 8.0 2.7
13 990 - 1110 0.280 0.477 176 40 14.6 6.1 2.9
14 1110 - 1230 0.275 0.466 174 25 14.8 6.2 2.9
15 1230 - 1350 0.277 0.466 171 40 13.5 6.0 3.1

16 1350 - 1410 0.041 0.069 173 65 14.4 5.0 3.3
17 1410 - 1470 0.139 0.238 178 80 14.5 4.4 3.3

1 8 1470 - 1520(g) 0.273 0.439 151 75 7.00 4.1 3.2
19 1520 - 1580 0.078 0.119 126 50 0.690 3.6 2.9
20 1580 - 1640 0.064 0.094 115 60 0.218 3.2 2.7

21 1640 - 1700 0.070 0.101 109 40 0.115 2.7 2.5
22 1700 - 1760 0.168 0.239 103 25 0.043 2.2 2.3
23 1760 - 1820 0.169 0.238 98 15 0.0173 1.8 2.1
24 1820 - 1880 0.342 0.472 92 30 0.0109 1.5 2.0
25 180 - 1940 0.362 0.492 86 25 0.0017 1.2 1.9

26 1940 - 2000 0.097 0.131 86 -40 0.0010 (h) (h)
27 2000 - 2060 0.080 0.109 86 -15 0.0007 (h) (h)

(a) Average values for specified time in intervals.

(b) Standard conditions are 00C and 101.4 kPa.

(c) Distance above top of packing. Add 645 mm to
obtain downcomer submergence.

(d) From smoothed curve of cascade lipactor data.

(e) Vent from pressurized containment.

(f) Purge from containment, using exhaust fan. Applies to
all succeeding operating periods.

(g) End of Na spray at 1520 min.

(h) Not available.
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5.0 EXPERIMENTAL RESULTS

5.1 SODIUM SPRAY OPERATIONS

5.1.1 General Observations

Aerosols of various sodium compounds were generated in the containment vessel
by spraying molten sodium into the air atmosphere, where it reacted with
oxygen, water vapor and carbon-dioxide to form a mixture of Na2O02, NaOH and
Na 2CO 3 and their hydrates. Visual and video observations made through
windows in the containment vessel wall showed that the sodium self-ignited
as soon as it contacted the air atmosphere. A brillantly incandescent spray
pattern was visible for approximately one minute before vision was obscured
by the dense aerosol cloud. The visible range was reduced to 100 mm to
250 mm for the duration of the spray period.

Difficulties in maintaining a uniform spray rate which were encountered in
an earlier test series were largely overcome in the present tests by
increasing the sodium spray flow rate. Nodule formation on the spray nozzle
did not occur to the extent that it had in the earlier tests, probably
because of the higher temperature at the spray nozzle. A jet of high pres-
sure steam was directed onto the nozzle every few hours while sodium flow
continued, but this was not thought to be necessary. Figure 10 is a photo-
graph looking down at the bottom head of the containment vessel during post-
test AC10 personnel entry. The operator is examining one of the two sodium
spray nozzles.

Figures 11 through 14 were also taken during post-test AClO containment
inspection. In Figure 11, the operator is standing on a deposit of NaOH
aerosol at the -1.5 m elevation. The deposited aerosol was rvll mm deep,
had a density of '0. 18 g/cm 3, and had sufficient compressive strenth to
support the weight of the operator. after compacting to -"75% of its original
thickness. The grating seen in Figure 11 had been removed from a manway and
was leaning against the outer wall of the containment vessel.
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N3

FIGURE 10. Post-test View of Bottom Head of Containment Vessel in Test ACIO. Neg 8101097-l2cn
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FIGURE 11. Close-up View of Settled Aerosol After Test AC1O.
Neg 8l0lO97-6cn
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The aerosol deposit on the vertical walls was 1 mm to 6 mm thick, with a

three-dimensional mottled pattern.

The mottled appearance of the vertical wall aerosol deposit is also shown

in Figure 12. Individual spots ranged in size up to -30 mm diameter. The

deposit on a horizontal pipe is seen to be of much less depth than that on

the walkway at the same elevation shown in Figure 11, but was still signifi-

cant (-~50 mm).

A phenomenon observed in many of the tests is shown in Figure 13, where a

dense row of stalactite-appearing substance is seen hanging from a railing

with lengths up to 60 mm. In other tests, the stalactites were-more like

fragile whiskers.

Another phenomenon is shown in Figure 14, where the wall deposit was very

-thin in 01m2to 03m2spots corresponding to areas of the containment

vessel where the thermal insulation had been removed. These spots appear

black in the photograph, but are actually the dark green paint with which

all interior surfaces of the vessel are coated. This is an interesting

observation, since a cold surface should collect more aerosol by thermo-

phoresis than hot surfaces--the opposite of the observed effect. One

explanation is that the temperature of the vessel wall at these uninsulated

areas was sufficiently low to induce condensation of water vapor onto the

hygroscopic aerosol particles as they deposited by diffusion and thermo-

phoresis. If enough water were absorbed, the aerosol may become nearly

invisible, though present as a thin, dense film. Unfortunately, neither the

wall temperature or the deposited density of these spots were measured.

This effect may be studied in future tests.

5.1.2 Sodium Mass Balance

Following each test*, the containment vessel surfaces were washed to recover

the sodium remaining in the containment vessel. Also, the duct leading to
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FIGURE 12. View of Aerosol Deposit on Containment Wall After Test AC1O.
Neg 8101097-24cn

FIGURE 13. Stalactite-Appearing Deposit -Test AClO. Neg 8181097-29cn
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FIGURE 14. View Showing Altered Deposit on Localized Heat Sink Areas -Test

AC1O. Neg 8101097-9cn
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the air cleaning systems was washed and the sodium inventory in the air
cleaning system was determined, as described in Section 5.5.2. The total
sodium mass accounted for in this manner is compared in Table 11 with the
mass determined to have been delivered to the containment by direct weighing
of the metallic sodium.

Table 11 shows that good agreement was obtained between recovered and charged
mass, with an average recovery 2.2% greater than charged. This is within the
experimental error of the measurements.

Table 11 also shows that an average of 20% of the total sodium was vented
and purged from the containment vessel, while 80% remained in the containment
vessel. The relatively high retention in the containment vessel in test AC9
was due to a sodium leak which resulted in a small pool fire which produced
very little aerosol.

5.1.3 Aerosol Generation Rate

An estimate of the quantity of sodium which was converted to an aerosol was
made by assuming that any non-aerosolized sodium fell into the 9.3-n catch
pan located beneath the spray nozzles. During the post-test cleanup opera-
tions, the material in the catch pan was analyzed separately. Sodium found
outside the catch pan (including that vented or purged from the containment)
was assumed to have been transported as an aerosol. In test AC8, the catch
pan deposit was inadvertently washed into the containment vessel washing and
so this information was lost for that test. Aerosol generation data for the
other tests is summarized in Table 12.

Table 12 shows that the average sodium delivery rate was 12.3 g Na/s, the
average aerosol generation rate was 9.15 g Na/s, and the average fraction of
sprayed sodium converted to aerosol was 0.741. The lower fraction aerosol-
ized in test AC9 is believed due to the fact that a leak caused some of the
sodium to burn as a pool fire, rather than as a spray.
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TABLE 11

SODIUM MASS BALANCE

Sodium Mass Description AC7 AC8 AC9 AC10 All 4 Tests

Delivered to Containment (a) (kg Na) 1210 1239 887 1198 4534

Accounted For Post-Test (kg Na)

Containment Vessel Washes 1001 822 860 1026 3709

Duct to Air Cleaning System 3.89 47.5 (b) 37.0 88.4 (d)

Air Cleaning System 245.04 254.8 80.8(c) 253.3 834.1

Total Accounted For 1249.93 1124.3 940.8 1316 4631.5

Ratio, Accounted For/Delivered 1.03 0.907 1.06 1.10 1.022

Aerosol Mass (kg Na) 854.6 (e) 601.5 1109 2565(f)

Vented & Purged from CV (kg Na) 248.9 302.3 80.8 290.3 922.3

Fraction of Total Vented & Purged 0.199 0.269 0.086 0.221 0.199

Fraction of Aerosol Vented & Purged 0.291 (e) 0.134 0.262 022f

(a) Average of measurements by weighing drums charged and load cells on heatup tank.

(b) Not measured. Estimated <2 kg Na.

(c) Duct and air cleaning system combined.

(d) Excluding test AC9.

(e) Not measured.
(f) Excluding test AC8.



TABLE 12

SODIUM AEROSOL GENERATION RESULTS

Sodium Mass Description AC7 AC8 AC9 ACID All 4 Tests

Total Na Delivered to Containment (kg Na) 1210 1239 887 1198 4534Duration of Na Spray (min) 1930 1890 780(b) 1520 6120Avg Na Delivery Rate (o Na/s) 10.4 109 19.0(b) 13.1 12.3

Total Aerosol Generated (kg Na) 854.6 794(a 601 .5(b 1109 3359Avg Aerosol Generation Rate (g Na/s) 7.38 7.0(a) 12 .8(b 12.2 9.15

Fraction of Delivered Na Aerosolized 0.706 0.64(a) o.67a(b) 0.925 0.741

(a) Estimated.
(b) Combined spray and pool fire.



5.2 CONTAINMENT ATMOSPHERE

5.2.1 Aerosol Concentration

The suspended mass concentration was measured simultaneously at three loca-
tions in the containment atmosphere, as described in Section 3.4.1. Three
different concentrations were calculated and listed in Tables 13 through 16
for tests AC7 through AClO, respectively, for each sampling time. First,
the mean concentration for the three sampling locations was calculated from
the test measurements of sodium mass collected on the sample filter paper
and the volume of sampled gas measured in standard m3*. This method gives
the concentration expressed as g Na/std in3, and these are listed in
column 2 of Tables 13 through 16.

The low values for the standard deviation (la, expressed as percent of the
mean) listed in column 3 show that the concentration was fairly uniform
throughout the vessel.

The temperature and pressure in the containment atmosphere varied throughout
the tests. The ratio of standard mn3 to actual m 3 in the containment
atmosphere was calculated from temperature and pressure measurements, using
the perfect gas law. The factors are listed in column 4 of Tables 13
through 16, and from these factors, the concentration expressed as g Na per
actual m3 was calculated and listed in column 5. The factors are pres-

ented for additional times in Appendix D.

The concentrations listed in column 5 correctly express the mass of sodium
suspended per unit volume of containment atmosphere. However, the aerosol
particles consist of compounds with 0, H and C as well as Na. The ratio of
sodium mass to total mass was determined by weighing each filter paper

*In this report, standard gas conditions are defined as OOC and 101.4 kPa
(320F and 14.7 psia).
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TABLE 13

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC7

Sampl e g Na (a) Std Factor (b) g Na Na (c) g TotalTime per M3 Deviation Std M3 per per Mass per(min) Std W -(% Actual J3  Actual M3  Fraction Actual M3

7 9.76 7.8 0.798 7.79 0.35 22.3
12 16.4 7.6 0.795 13.0 0.43 30.3
16 20.5 2.7 0.792 16.2 0.46 35.3
21 15.2 7.0 0.792 12.0 0.48 25.1
30 14.2 6.1 0.879 12.5 0.49 25.5

40 12.1 9.1 0.955 11.6 0.50 23.1
50 11.6 9.5 1.031 12.0 0.50 23.9
60 10.1 9.3 1.095 11.1 0.505 21.9
80 8.98 10.9 1.149 10.3 0.51 20.2
100 8.32 9.4 1.167 9.71 0.51 19.0

155 7.71 2.3 1.188 9.16 0.515 17.8
170 6.91 8.5 1.186 8.20 0.515 15.9
220 11.9 4.8 0.675 8.03 0.505 15.9
280 11.0 5.8 0.681 7.49 0.495 15.1
345 10.6 3.3 0.675 7.16 0.49 14.6

400 10.1 1.8 0.672 6.79 0.49 13.9
525 10.2 4.2 0.666 6.79 0.495 13.7
600 10.6 11.7 0.662 7.02 0.495 14.2
648 8.85 (d) 0.668 5.91 0.495 11.9
760 8.38 10.7 0.673 5.64 0.50 11.3

813 8.69 7.4 0.672 5.84 0.50 11.7
935 9.19 5.5 0.667 6.13 0.50 12.3

1000 9.55 (d) 0.668 6.38 0.50 12.8
1055 9.63 1.7 0.666 6.41 0.505 12.7
1126 9.15 (d) 0.669 6.12 0.505 12.1
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TABLE 13 (Cont'd)

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC7

Sample g Na(a) Std. Factor (b) g Na Na(c) g Total
Time per M3 Deviation Std. Mmq er tper M3 Mass per M(min) Std. M(% Actual i3  Actual m3  Fraction Actual m

1175 11.8 20.0 0.660 7.79 0.505 15.4
1244 11.8 (d) 0.660 7.79 0.51 15.3
1360 10.2 7.5 0.658 6.71 0.51 13.2
1480 8.36 29.1 0.666 5.57 0.51 10.9
1610 10.3 0.56 0.658 6.78 0.515 13.2

1720 9.59 11.4 0.656 6.29 0.515 12.2
1840 10.8 14.1 0.651 7.03 0.52 13.5
1950 7.33 3.9 0.691 5.07 0.52 9.74
2000 4.69 1.3 0.684 3.21 0.52 6.17
2051 0.91 7.8 0.700 0.638 0.52 1.23

2110 0.243 13.4 071073.550.329

2190 0.092 12.0 0.726 0.067 0.525 0.127
2280 0.0269 12.2 0.740 0.0199 0.525 0.038
2560 0.0016 8.1 0.770 0.0012 0.53 0.0023

210-1930 10.0 6.68 13.3
mean mean mean

(a) Mean value of three measurements at +6.1 m, +1l.8m,
and -5.8m.

(b) Factor = 2.70 P/T; P = kPa, T = avg containment
temp, OK.

(c) Smoothed data from plot of mass fraction determined
by weighing filter paper and analyzing for Na.

(d) Only one sample taken.
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TABLE 14

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC8

Sample g Na~a) Std Factor(b) g Na Na(c) g TotalTime per Deviation Std m3 3er per Mass per(miin) Std M3  MZ. Actual m Actual M3  Fraction Actual M3

2.2 4.13 (d) 0.789 3.26 0.405 8.05
7.3 8.02 4.1 0.786 6.30 0.430 14.7

12 12.6 8.6 0.782 9.85 0.431 22.9
16 15.4 2.8 0.780 '.2.0 o.435 27.6
21 17.2 7.0 0.776 13.3 0.440 30.3

30 10.7 20.8 0.815 8.72 o.460 19.0
40 10.8 22.2 0.903 9.75 0.44 22.2
50 9.56 20.9 0.988 9.44 0.445 21.2
60 9.49 14.0 1.075 10.2 0.445 22.9
80 11.0 15.6 1.254 13.8 0.447 30.9

100 12.4 9.8 1.253 15.5 0.445 34.9
155 10.4 7.5 1.244 12.9 0.455 28.4
170 10.2 16.5 1.243 12.7 0.455 27.9
225 12.7 2.2 0.704 8.94 0.450 19.9
285 12.3 6.9 0.703 8.65 0.440 19.6

345 12.6 22.4 0.701 8.83 0.420 21.0
400 9.18 12.6 0.702 6.44 0.412 15.6
520 14.6 (d) 0.660 9.64 0.413 23.3
546 15.1 (d) 0.656 9.91 0.420 23.6
700 15.9 11.5 0.638 10.1 0 .455 22.3

825 15.7 15.3 0.626 9.83 0 .495 19.8
940 16.1 10.6 0.618 9.95 0 .510 19.5

1060 14.8 10.6 0.618 9.15 0 .515 17.8
1180 15.6 15.0 0.616 9.61 0 .512 18.8
1300 13.8 4.1 0.617 8.51 0.502 16.8
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TABLE 14 (Cont'd)

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC8

Sample g Na (a) Std Factor (b) g Na Na(c) g Total
Time per Deviation Std m3 ger per Mass per
(min) Std M3  M% Actual m Actual m3  Fraction Actual mn3

1360 13.5 6.4 0.617 8.33 0.502 16.6
1480 13.7 11.5 0.618 8.47 0 .495 17.1
1600 12.8 7.7 0.620 7.94 0.480 16.5
1660 13.2 2.7 0.617 8.14 0.470 17.3
1720 12.9 (d) 0.618 7.97 0.466 17.1

1780 9.53 50.0 0.616 5.87 0.460 12.8
1840 13.4 (d) 0.614 8.23 0.450 18.3
1875 9.49 (d) 0.630 5.98 0.447 13.4
1910 3.95 11.2 0.641 2.53 0.445 5.67
1955 1.27 4.3 0.652 0.828 0.445 1.86

2001 0.457 2.3 0.662 0.303 0.430 0.705
2065 0.194 12.4 0.676 0.131 0.425 0.308
2127 0.077 (d) 0.688 0.0530 0.415 0.128
2190 0.0409 1.9 0.699 0.0286 0.405 0.0706
2247 0.0222 3.8 0.709 0.0157 0.400 0.0392

2305 0.0171 19.4 0.716 0.0122 0.395 0.0309
2520 0.0026 65.0 0.741 0.0019 0.350 0.0054

210-1890 13.3 8.41 18.1
mean mean mean

(a) mean value of three measurements at +6.1 m, +1.8 m, and -5.8 In.

(b) Factor = 2.70 P/T; P = kPa, T = avg containment temp, OK.
(c) Smoothed data from plot of mass fraction determined by weighing

filter paper and analyzing for Na.
(d) Only one sample taken.
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TABLE 15

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC9

Sampl e g Na (a) Std Factor(b) g Na Na(C) g TotalTime per Deviation Std m3 er per Mass per(min) Std M3  M% Actual mg Actual M3  Fraction Actual M3

2.2 2.47 (d) 0.810 2.00 0.10 20.0
7.2 19.3 1.1 0.787 15.2 0.35 43.4

11 35.3 (d) 0.783 27.6 0.50 55.3
16 29.0 23.9 0.777 22.5 0.505 44.6
21 29.2 (d) o.774 22.6 0.505 44.7

24 20.9 7.8 0.772 16.1 0.505 28.6
35 17.8 10.3 0.774 13.8 0.50 27.6
40 17.1 7.0 0.778 13.3 0.49 27.1
52 16.1 17.1 0.774 12.5 0.47 26.5
95 14.6 18.1 0.619 9.03 0.443 20.4

185 14.3 20.2 0.583 8.33 0.43 19.4
239 14.9 35.1 0508.49 0.43 19.7
300 16.0 24.3 0.551 8.81 0.43 20.5
308 17.2 6.5 0.549 9.44 0.43 22.0
360 11.7 18.8 0.550 6.43 0.43 15.0

420 16.3 19.7 0.533 8.68 0.43 20.2
488 12.2 24.5 0.535 6.52 0.43 15.2
520 2.49 11.2 0.565 1.40 0.43 3.26
565 3.91 11.1 0.571 2.23 0.43 5.19
620 3.00 37.0 0.584 1.75 0.43 4.07

670 1.16 18.8 0.586 0.678 0.43 1.58
738 5.11 13.6 0.607 3.10 0.43 7.21
795 1.26 13.8 0.624 0.79 0.43 1.84
845 0.464 3.6 0.635 0.294 0.43 0.684
906 0.194 7.8 0.649 0.125 0.43 0.291
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TABLE 15 (Contmd)

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC9

Sample g Na'(a) Std Factor~b g Na N(c) gToa
Time per M3 Deviation Std m3 per per Mass per
(min) Std mM(% Actual i 3  Actual m3  Fraction Actual M3

951 0.0649 13.4 0.660 0.042 0.43 0.0977.
1034 0.0197 49.5 0.681 0.0134 0.43 0.0312
1133 0.00444 16.4 0.707 0.00313 0.43 0.00728
1250 0.00345 36.3 0.721 0.00249 0.43 0.00579

60-780 10.2 .5.76 13.4
mean mean mean

(a) Mean value of three measurements at +6.1 m, +1 .8 m, and -5.8 m.
(b) Factor = 2.70 P/T; P = kPa, T = avg containment temp, 'K.
(c) Smoothed data from plot of mass fraction determined by weighing

filter paper and analyzing for Na.
(d) Only one sample taken.
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TABLE 16

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC10

Sample g Na (a) Std Factor(b) g Na Na(c) g Total
Time per Deviation Std mn3 per per Mass per
(min) Std mn3  ()Actual Mn3  Actual Mn3  Fraction Actual Mn3

2.2 1.14 (d) 0.803 0.915 0.38 2.41
7.3 9.80 18.8 0.802 7.86 0.43 18.3
12.2 16.6 11.9 0.800 13.3 0.47 28.3
16 19.4 (d) 0.797 15.5 0.51 30.3
20 16.8 (d) 0.797 13.4 0.56 23.9

25 17.2 9.45 0.798 13.7 0.56 24.5
30 17.1 14.9 0.842 14.4 0.555 25.9
35 16.4 9.17 0.884 14.5 0.55 26.4
40 17.4 24.7 0.922 16.0 0.54 29.7
45 15.1 (d) 0.966 14.6 0.537 27.7

50 14.7 15.4 1.100 16.2 0.53 30.5
60 12.1 21.1 1.104 13.4 0.526 25.4
80 11.6 24.6 1.215 14.1 0.514 27.4

100 10.6 20.5 1.209 12.8 0.507 25.3
155 11.7 15.2 1.196 14.0 0.504 27.8

172 9.82 4.1 1.191 11.7 0.507 23.1
225 17.8 14.8 0.655 11.7 0.519 22.4
285 18.6 12.3 0.642 11.9 0.528 22.6
348 17.2 22.4 0.639 11.0 0.53 20.7
400 15.8 15.7 0.632 9.99 0.536 18.6

520 11.7 23.5 0.621 7.27 0.53 13.7
580 15.4 8.98 0.617 9.50 0.524 18.1
640 16.8 5.9 0.611 10.3 0.52 19.7
700 15.2 0.5 0.612 9.30 0.515 18.1
762 16.0 13.4 0.608 9.73 0.51 19.1
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TABLE 16 (Cont'd)

AEROSOL CONCENTRATION IN CONTAINMENT ATMOSPHERE FOR TEST AC10

Sample g Na (a) Std Factor (b) g Na Na (c) g TotalTime per Deviation Std m3 per per Mass per(min) Std M3  (t%) Actual m3  Actual Mn3  Fraction Actual Mn3

880 15.8 10.9 0.606 9.57 0.503 19.0
940 15.5 (d) 0.609 9.44 0.499 18.9
980 13.2 (d) 0.610 8.05 0.496 16.2
1007 15.1 16.4 0.611 9.23 0.494 18.7
1062 14.1 18.5 0.612 8.63 0.49 17.6

1120 12.5 9.1 0.614 7.68 0.486 15.8
1184 14.3 17.3 0.611 8.74 0.482 18.1
1240 12.6 5.1 0.615 7.75 0.47 16.2
1300 13.7 16.1 0.613 8.40 0.474 17.7
1360 15.7 14.3 0.605 9.50 0.47 20.2

1425 16.5 17.2 0.603 9.95 0.462 21.5.
1490 11.1 9.4 0.621 6.89 0.454 15.2
1540 2.25 23.6 0.654 1.47 0.446 3.30
1560 1.25 7.6 0.661 0.826 0.44 1.88
1590 0.505 20.8 0.671 0.339 0.435 0.779

1632 0.218 20.0 0.681 0.148 0.427 0.348
1700 0.0798 21.0 0.694 0.0554 0.412 0.134
1800 0.0138 26.2 0.718 0.0991 0.388 0.0255
1844 0.00439 22.3 0.732 0.0032 0.377 0.0085
1950 0.00130 11.4 0.751 0.00098 0.356 0.0027

2130 0.00073 42.0 0.771 0.00056 0.343 0.0016
210-1520 15.0 9.26 18.5

mean mean mean
(a) Mean value of three measurements at +6.1 mn, +1.8 m, and -5.8 mn.
(b) Factor = 2.70 PIT; P = kPa, T = avg containment temp, OK.
(c) Smoothed data from plot of mass fraction determined by weighing

filter paper and analyzinq for Na.
(d) Only one sample taken. 58



before and after sampling to obtain total mass of aerosol on the paper, then
analyzing for Na. The sodium mass fractions are listed in column 6 of
Tables 13 through 16, and, from these, the concentration expressed as grams
total aerosol per actual m3 was calculated and listed in column 7.

Each manner of expressing the concentration has merit for certain applica-
tions. For instance, those listed in column 2 as g Na per standard m 3 are
useful in calculating decontamination factors in the a'lr cleaning system
because it relates the sodium mass to a constant mass of carrier gas. How-
ever, for determining the aerosol behavior in the containment atmosphere,
the true aerosol concentration expressed as gram total aerosol per actual

m3 is important. The latter concentrations are plotted against time in
Figures 15 through 18 for tests AC7 through AC1O, respectively.

Figures 15 through 18 show that, in each test, the suspended total aerosol
concentration reached a maximum value at approximately 15 minutes after
initiating sodium flow, after which it decreased slightly. Addition of com-
pressed air, steam and carbon dioxide at various times following the time of
maximum concentration caused slight variations in the concentration from
test to test. The figures show that, with the exception of test AC9, the
concentrations were reasonably constant throughout the containment venting
and purging periods. In test AC9, a small leak in the sodium delivery pipe
caused a portion of the sodium to burn as a pool fire, thereby reducing the
spray rate and the aerosol source term.

5.2.2 Aerosol Chemical Composition

Samples of aerosol were collected on nonreacting membrane* filters, protected
from exposure to ambient atmosphere, and analyzed in an inert atmosphere
glove box by x-ray diffraction and wet chemistry. The average compositions
for each of the tests are listed in Table 17.

*MiteA(Omembrane, manufactured by the Gelman Co.
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TABLE 17

CHEMICAL COMPOSITION OF SUSPENDED AEROSOL

____________Weight Percent (a)

Compound ACV _AC8 AC9 AC1C

Na2O2  12.2 n.d.(b) 0.5 6.3
Na2O n.d. n.d. n.d. n.d.

Na2CO3  1.6 1.5 96.1 1.5
NaOH 73.6 75.1 n.d. 82.3
H20 12.6 23.4 3.4 9.9

Total 100.0 100.0 100.0 100.0

Total Na 50.2 43.9 42.0 51.7

(a) Time average for period when containment purged.
(b) Not detected.

The aerosol in test AC7 was a dry, pale yellow colored material that anal-
yzed 74% NaOH, 12% Na 2O02 and the balance chiefly water of hydration.

Since no steam was added in this test, the water for conversion to the

hydroxide and water of hydration came from ambient humidity in the purge air.

Steam was added in tests AC8 and AClO. Complete conversion to NaOH with
excess water was accomplished in test AC8. The ratio of steam to sodium was

lower in test AClO, and 6% of the aerosol remained as peroxide. The aerosol

in test AC8 was white and sticky. The aerosol in test AC10 was also white,

but was not as sticky as in AC8.
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The aerosol in test AC9 was essentially all Na2CO3, with a small fraction of
Na2CO3 0 H20. At 30 minutes after start of sodium spray, addition of CO 2 was
started at 0.024 std m3/s. A sample of suspended aerosol taken immnediately
prior to the start of CO 2 addition showed that no Na2CO3 was present. A
sample taken 7 minutes after the start of C02 addition showed complete con-
version to the carbonate, even though the concentration of C02 in the con-
tainment atmosphere averaged.-o.1% during that period. This shows that
conversion of NaOH aerosol to Na2CO3 occurred very rapidly under these
test conditions.

Specific tests performed on aerosol from all four tests showed that there
was no metallic sodium or NaH present in the aerosol particles.

5.2o3 Aerosol Particle Size

Information about the size of suspended aerosol particles was obtained by
several methods. In two methods, measurements were made directly on the
aerosol, while two methods inferred a mean settling diameter from deposition
rate, suspended mass concentration and source term measurements.

5.2.3.1 Cascade Impactor Data

The chief particle size measurement technique used in the present tests
employed cascade impactors. The impactors were inserted directly into the
containment atmosphere at three elevations, into the flowing gas stream in
the ducts leading to the submerged gravel scrubber, in the plenum between
the submerged gravel scrubber and the fiber demister, and in the duct down-
stream of the demister. Two types of multi-jet impactors were used, an
Andersen Mark III* circular jet sampler and a Sierra Model 226** rectangular
slit sampler. Precut fiberglass paper furnished by the manufacturers was

*Manufactured by Andersen 2000, Inc., Atlanta, GA.
**Manufactured by Sierra Instrument Co., Carmel Valley, CA.
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used as the stage collection surface. The samplers were used in a hori-
zontal position, and the aerosol which deposited in the inlet portion of the
impactor body was analyzed and the mass was added to that collected on the
stage collection papers to give the total mass sampled. The particle size
of the mass deposited in the inlet portion was considered to be greater than
the cut size of the first stage. A description of the technique and discus-
sion of errors has been provided.(11)

The cascade impactor data showed that the aerosol generally had a log-normal
distribution, but that significant deviations from log-normal occurred from
time to time. One data set that typifies the cascade impactor results is
shown in Figure 19. The aerodynamic mass median diameter (AMMD) and geo-
metric standard deviation, a,, obtained from plots similar to Figure 19
are listed in Tables 18 through 21 for test AC7 through AC1O, respectively.
The data are presented in tabular form in Appendix A.

The cascade impactor data show that the particle size remained reasonably
constant throughout tests AC7, AC8, and ACIO. In test AC9, the leak in the
sodium spray line and resultant pool fire reduced the aerosol source and the
particle size for the latter half of the test.
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TABLE 18

CASCADE IMPACTOR MEASUREMENTS - TEST AC7

Containment Inlet to Outlet of
Atmosphere Demister Demister

Time Sample AMMD AMMD At4MD
(min) No. j X m g (1m I 1m

7 T73-Il 2.30 1.61
30 T4-I1 4.30 2.67

105 T3-I2 6.50 2.71
160 173-13 6.00 2.72
280 T3-I5 6.88 3.01

345 T3-I6 5.84 3.09
525 T6-I1 0.90 1.7
529 TI-Il 4.93 2.94
645 T3-17 4.65 3.22
720 T7-I2 0.7 1.8

815 T3-I8 5.00 3.10
937 Tl-12 4.91 3.14

1125 T6-I2 0.77 1.7
1368 Tl-13 3.90 2.56
1574 T7-13 0.46 1.6

1606 T6-13 0.88 1.6
1691 T6-I4 0.75 1.4
1725 Tl-14 4.00 2.70

Mena .1 2.97 0.82 1.6 0.62 1.7
a 0.97 0.23 0.076 0.14 0.22 0.14

(a) For 180 <t <1930 minutes.
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TABLE 19

CASCADE IMPACTOR MEASUREMENTS - TEST AC8

Containment Inlet to Outlet of
Atmosphere Demister Demister

Time Sample AMMID AMMD a AMMD a

2 T3-Il 1.85 2.81
7 Te-12 2.40 2.50
34 T3-I3 4.85 3.09

160 T3-I4 6.40 3.28
225 T3-I5 4.15 3.45

285 T3-I6 4.09 3.54
345 T3-I7 5.20 3.23
520 Tl-Il 4.67 3.34
704 T1-I2 4.01 3.59
721 T7-12 0.35 6.6

771 T6-I2 0.88 1.76
795 Tl-13 3.94 3.48
1010 T6-13 0.84 2.40
1064 T1-I4 3.75 3.65
1365 Tl-15 4.63 3.29

1485 Tl-16 4.71 3.34
1575 T7-I3 0.62 1.08
1605 TI-I7 5.42 2.85-6
1620 T6-I4 0.80 1.80
1722 Tl-18 4.95 3.05
1843 T3-I8 5.35 2.38

Mean (a) 4.57 3.35 0.84 1.99 0.49 3.8

a 0.58 0.228 0.040 0.36 0.19 3.9

(a) For 180 <t, < 1890 mrinutes.
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TABLE 20

CASCADE IMPACTOR MEASUREMENTS - TEST AC9

Containment Atmosphere Inlet To Demister Outlet of Demister

Time Sample AMMD AMMD AMMD
(min) No. (PM) (pm 9VA !)

2 T3-I1 1.73 1.54

7 T3-12 3.87 2.25

21 Ti-Il 7.86 3.39

31 Tl-12 7.45 2.99

55 Tl-14 5.30 3.30

130 T6-Il 0.78 1.50

186 Tl-15 5.63 '3. 38

206 T7-Il 06 .

304 Tl-16 5.85 2.38

307 Tl-16A 6.49 3.16

423 T6-12 1.68 1.57

496 Tl-IB 4.55 4.69

593 T7-I2 1.02 1.83

675 T3-I3 3.40 3.59___

M~ean (a) 5.20 3.41 1.23 1.53 0.84 4.11

a1.09 0.75 0.64 0.05 0.25 3.23

(a or5 t < 780 minutes.



TABLE 21

CASCADE IMPACTOR MEASUREMENTS - TEST AC10

Containment Atmosphere Inlet To Demister Outlet of Demister
Time Sample ANMD 0AMMO AII4D0
(mm) No. (Gm) (p m) 11 (,m

2 T3-Il 0.98 1.65

7 T3-I2 2.90 2.08
20 T3-13 8.08 2.84
65 T3-14 8.63 2.90

160 T3-I5 5.29 2.62
229 T3-16 5.44 2.98

290 T3-I7 4.70 3.55

350 T3-18 7.56 2.81

415 T6-11 1.15 3.1
525 TI-11 5.79 3.06

525 T4-Il 7.01 3.17
645 T4-12 7.30 3.41

657 T6-12 1.04 2.67
890 T3-I9 8.42 2.60

1010 T4-13 5.86 2.87
1080 T6-13 0.49 1.57
1221 T7-I3 0.78 1.30
1245 T4-14 6.21 2.96
1428 Tl-13 4.95 3.40 __

Mean(a) 6.23 3.10 0.89 2.45 0.7 8 1.30

a 1.19 0.30 0.35 0.79-- -

(a) For 180 < t < 1520 minutes.



5.2.3.2 Electron Microscopy

Information on aerosol shape and size was obtained by electron microscopy.

Figure 20 shows some typical transmission electron microscope photographs of

grids exposed to gravity settling in the containment atmosphere. Figure 20a

shows the Na 2CO 3 aerosol in test AC9, while Figure 20b shows the NaOH

aerosol in test ACIO. The carbonate aerosol consisted of branched, chain-

like agglomerates, while the hydroxide particles were nearly spherical and

had a dense, consolidated appearance.

-.4Thmj-s- --I i' l-A-

6066B 58,OOOX 6100B 55,OOOX

(a) Na 2CO 3 in Test AC9, (b) NaGH in Test AClO,

t = 247 min t = 1078 min

Figure 20. Electron Microscope Photographs.
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5.2.3.3 Deposition Coupons

Differential deposition rates were obtained by inserting stainless steel
coupons (19.3 cm2 upward horizontal surface) into the containment atmos-
phere for short periods of time. The aerosol deposited on the upper surface
was washed off and analyzed for sodium. Based on exposure time and suspended
mass concentration, a deposition velocity, ut was calculated from Equa-
tioni (1).

u t = Na deposition flux (1)
Na suspended mass concentratio

Assuming that gravity settling greatly exceeds plate-out by diffusion (see
Section 5.2.5), the settling mean diameter was calculated from Stokes law:

d _____ut0. (2)

where:

d s = settling mean diameter (cm)
Pf = fluid viscosity (g/cm s)
g = acceleration due to gravity (cm/s2)
PP=effective particle density (glcm 3)

In order to compare the data with the aerodynamic data obtained with the
cascade impactors, the particle density was assigned a value of unity. The
values for the settling mean diameter calculated from deposition coupons are
listed in Table 22.

5.2.3.4 Size Calculated from Mass Balance on Containment Atmosphere

For periods when the aerosol source term and suspended mass concentration
are constant, a mass balance on the containment atmosphere gives:

I =Ut As Cg9 + G C 9(3)
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TABLE 22

SETTLING MEAN DIAMIETERS CALCULATED FROM

DEPOSITION COUPON DATA

Test AC7 Test AC8 Test AC9 Test AC1O.
Sample Time d s(a) Sample Time d s (a) Sample Time d s(a) Sample Time d s(a)
No. (min) (uim) No. (min) (uim) No. (min) (uim) No. (min) (uim)

Ti 0l 35 17.3 TI 01 35 8.2 T3 Dl 190 18.8 T4 Dl 12 15.0
T3 Dl 35 19.0 T4 Dl 35 13.3 TI 01 365 19.5 T4 D2 20 28.9
Ti 02 106 13.6 Ti 02 106 13.4 T3 D2 365 16.9 T4 D4 25 38.8
T4 D1 106 29.7 T3 01 106 18.7 T4 D1 405 15.4 T4 D5 30 24.5
T4 D2 1375 15.0 T4 02 106 23.0 T3 03 425 19.0 T4 06 40 17.5
T3 02 1381 24.7 T3 02 796 21.6 T3 04 800 13.3 T4 07 65 19.8
T302A 1388 12.1 T4 02 800 19.5 Ti DlA 84 14.4

Ti Dl 104 12.8
T3 Dl 105 19.2
T4 D8 105 19.1
Ti 02 230 20.3
T4D9A 240 27.5
Ti 03 290 18.4
TWDO 290 22.8
Ti 04 356 17.2
T3 02 525 21.7
T-013 1015 19.4
T4D14 1185 28.7
T4015 1305 23.1
TI D5 1495 12.3
T3 03 1495 15.0

Mean 18.8 16.4 17.5 20.8
a6.35 5.69 2.39 6.34

(a) Calculated by Equations (1) and (2)



where:

I=aerosol generation rate (gis)
As = settling area (cm2)

Cg = suspended mass concentration (glcin3)
G = rate of purging containment (cm3/s)

Equation (3) assumes a well mixed containment atmosphere and negligible
plateout by diffusion. The validity of both of these assumptions has been
verified for the present test conditions. (See Sections 5.2.1 and 5.2.5).
Rearranging Equation (3) and substituting the Stokes law definition of
settling velocity [Equation (2)], gives:

The settling mean diameters calculated from Equation (4) are listed in
Table 23 for various times during the four tests. The accuracy of the
calculation is limited by the error in measurement of the source term, I,
which was assumed to be constant throughout the test. (See Table 12.)

5.2.3.5 .Comparison of Particle Size Measurements

If the particle size distribution is log-normal, the aerodynamic settling
mean diameter can be calculated from the cascade impactor data by Equa-
tion (5):

ds AMMD exp(.tn2 a 9) (5)

The settling mean diameters calculated from cascade impactor data, deposi-
tion coupon data, and from a mass balance on the containment atmosphere are
listed in Tables 24 through 27 for tests AC7 through AC1O, respectively.
Tables 24 through 27 show that the settling mean diameters calculated by the
three methods agree very well for each test. The comparison is shown more
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TABLE 23

SETTLING MEAN DIAMETERS CALCULATED FROM

MASS BALANCE ON CONTAINMENT ATMOSPHERE

Time ds (um)(a

(min) AC7 AC8 AC9 AC 1

30 16.2 19.1 20.6 19.6
40 16.5 18.0 21.7 18.6
55 16.7 17.3 23.5 18.6
65 17.3 16.6 -- 20.1
84 18.1 15.1 25.4 20.5

105 18.6 14.5 26.2 20.9
160 19.3 15.7 23.8 21.0
190 -- -- 24.6 --

225 19.9 17.6 24.6 21.3
240 20.2 18.0 23.7 21.6
285 18.7 16.2 24.1 20.7
300 17.0 16.2 23.7 20.4
345 16.4 12.2 27.0 18.6
365 17.1 11.8 29.0 18.9
385 17.2 11.5 26.2 19.1
405 17.4 10.9 24.5 19.0
495 17.8 10.4 26.6 19.1
525 17.3 10.3 19.8
550 17.2 9.55 20.1
640 18.6 11.5 20.9
700 19.2 10.0 20.3
800 19.4 10.5 20.5
900 19.0 10.9 20.9

1000 18.6 11.5 21.5
1100 18.4 11.5 22.2
1200 14.3 12.1 22.4
1300 16.4 13.0 23.2
1400 17.4 13.2 25.0
1500 19.5 13.0 25.6
1600 17.2 14.9
1700 18.5 16.2
1800 17.3 17.2

Mean 17.82 13.76 24.60 20.90

a 1.29 2.89 1.99 2.19

(a) Calculated by Equation (4)
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TABLE 24

COMPARISON OF AEROSOL SIZE IN CONTAINMENT ATMOSPHERE
MEASURED BY VARIOUS METHODS - TEST AC7

d s, Settling Mean Diam (um) Ratio of d s Measured
Time Cascade Dep. (b) Mass (c) Coupon Mass Bal. Mass Bal.
(min) Imp. (a) Coupon Balance To Imp. -To Imp. To Coupon,

7 2.9
30 11.3
35 18 . 1(d) 16.3 0.900

105 17.6 21.7 (d) 18.6 1.23 1.06 0.857
160 16.3 19.3 1.18

280 23.2 18.7 0.81
345 20.8 16.4 0.79
529 15.7 17.3 1.10
542 17.2
645 18.3 18.6 1.02

815 18.0 19.3 1.07
937 18.2 18.9 1.04

1134 17.7
1368 9.43 17.0 1.80
1380 17 .3 (d) 17.0 0.999

1625 17.5
1725 10.7 18.3 1.75

Mean (e) 16.8 19.5 18.0 1.16 1.07 0.923
a 4.17 3.1 0.94 --

aCalculated by Equation (5) using data of Table 18.
Sb) From Table 22.
(c) From Table 23.
(d) Average of multiple measurements
(e) For t >100 minutes.
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TABLE 25

COMPARISON OF AEROSOL SIZE IN CONTAINMENT ATMOSPHERE

MEASURED BY VARIOUS METHODS - TEST AC8

d s, Settling Mean Diam (jA) Ratio of d s Mdasured
Time Cascade Dep. (b) Mass (c) Coupon Mass Bal. Mass Bal.(min) Imp. (a) Coupon Balance To Imp. To Imp. To Coupon

2 5.4

7 5.5
35 17.3 10.8(d) 18.5 0.62 1.07 1.71

106 18.4 14.5
160 26.2 15.7 0.60 0.79

225 19.2 17.6 0.92
285 20.2 16.2 0.80
345 20.6 12.2 0.59
520 20.0 10.3 0.52
704 20.5 10.0 0.49

795 18.6 21.6 10.5 1.16 0.56 0.49
1064 20.0 11.5 0.58
1365 19.1 13.1 0.69
1485 20.2 13.0 0.64
1605 16.2 14.9 0.92

1722 17.2 16.2 0.94
1843 23.6 17.2 0.73

Mean 20.1 20.0 14.0 0.99 0.70 0.70
a2.4 2.26 2.27 -- -- --

(a) Calculated by Equation (5) using data of Table 19.
(b) From Table 22.
(c) From Table 23.
(d) Average of multiple measurements.
Ce) For t >100 minutes.
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TABLE 26

COMPARISON OF AEROSOL SIZE IN CONTAINMENT ATMOSPHERE

MEASURED BY VARIOUS METHODS - TEST AC9

d s, Settling Mean Diam (um) Ratio of d s Measured
Timew Cascade Dep. (b) Mass (c) Coupon Mass Bal. Mass Bal.(min) Imp. (a) Coupon Balance To Imp. To Imp. To Coupon

2 2.08
7 7.46

21 34.9
31 24.7 20.8 0.84
42 22.0

55 22.0 23.5 1.07
186 24.9 24.6 0.99
190 () 18.8 24.6 0.76 1'.31
305 18 .4(dd) 23.9 1.30
365 18229.0 1.59

405 15.4 24.5 1.59
425 19.0 25.0 1.32
496 26.6
675 17.4

Mean~e 21.5 17.9 24.4 0.833 1.13 1.36
3.48 1.67 2.27 -- -- --

(a) Calculated by Equation (5) using data of Table 20.
(b) From Table 22.
(c) From Table 23.
(d) Average of multiple measurements.
(e) For t >30 minutes.
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TABLE 27

COMPARISON OF AEROSOL SIZE IN CONTAINMENT ATMOSPHERE
MEASURED BY VARIOUS METHODS - TEST ACl0

d S, Settling Mean Diam (Um) Ratio of d s Measured
Time Cascade Dep.- (b) Mass (c) Coupon Mass Bal. Mass Bal.(min) Imp. (a) Coupon Balance To Imp. To Imp. To Coupon

2 1.26
7 4.94

12 15.0
20 24.0 28.9 1.20
25 38.8

30 24.5 19.6 0.8040 17.5 18.6 1.0665 26.7 19.8 20.1 0.74 0.75 1.0284 14.4(d 2.5 1.42105 17 .0(d 20.9 1.23

160 13.4 21.0 1.57 1.06230 17.9 20.3 21.5 1.13 1.20240 27.5,d 21.6 0.79290 23.4 20.6(d 20.6 0.88 0.88 1.00
350 22.0 17.2 18.6 0.78 0.85 1.08

525 23.3(d) 21.7 19.8 0.93 0.85 0.91
645 32.8 20.9 0.64
890 20.9 20.9 1.00

1010 17.8 19.4 21.6 1.09 1.21 1.111185 28.7 22.4 0.78

1245 20.1
1305 23.1 23.2 1.011365 22.8 24.3 1.07
1428 22.1 25.1 1.14
1495 13.7 25.5 1.86

Mean (e) 21.9 - 20.4 21.4 0.932 0.977 1.05
CY 4.83 4.45 1.95 -- -- --

(a) Calculated by Equation (5) using data of Table 21.
(b) From Table 22.
(c) From Table 23.
(d) Average of multiple measurements.
(e) For t >30 minutes.
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clearly by Table 28, where the mean values of d s(averaged over the time
period when the containment was being vented and purged) are listed. The
maximum deviation from the average was 22%, with most agreeing within 10%.
Although the methods of calculating the mean settling diameter by deposition
coupon and mass balance do not yield information regarding the size distri-
butioni, the good agreement between all three methods provides confidence in
the cascade impactor measurements, for which a 9data are available.

Table 28 shows that the average values for the mean settling diameter were
nearly identical in tests AC7 and AC8. Likewise, tests AC9 and AClO had
nearly identical values for d .' The relationship between the aerosol
generation rate, suspended mass concentration, and mean settling diameter
are displayed in Table 29 for the two pairs of tests. Table 29 shows that
the particle size was affected more strongly by the source rate than was the
suspended concentration.

5.2.4 Bulk Density of Settled Aerosol

The density of aerosol deposited by settling onto horizontal surfaces was
calculated from weight and volume measurements on samples from various loca-
tions. The results are listed in Table 30.

The bulk density increased with time. Samples taken during the sodium spray
period had significantly lower density than samples standing for six days in
the containment atmosphere. This was especially true for the low-density
carbonate aerosol in test AC9. The three tests with NaGH aerosol showed
fairly similar densities, averaging 0.28 g/cm . The Na2 CO aerosol
density was much lower--0.04 g/cm3 when freshly settled and 0.12 g/cm3

after six days. In other tests(5) where the moisture content was greater,
the settled bulk density of NaCH aerosol approached unity.

5.2.5 Aerosol Deposition on Floor and Walls

Aerosol deposition on the containment vessel walls and ceiling was measured
post-test by wiping a measured area of the painted wall with a series of
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TABLE 28

SUMMARY COMPARISON OF AEROSOL SIZING METHODS

Measurement Mean Settling Diameter (1pm) (a)
Method AC7 AC8. AC9 'ACIO

Cascade Impactor 16.8 20.1 21.5 21.9
Deposition Coupon 19.5 20.0 17.9 20.4
Mass Balance 18.0 14.0 24.4 21.4

Average 18.1 18.0 21.3 21.2

(a) From Tables 24-27, for time period when containment was
being vented or purged and sodium spray operating.

TABLE 29

RELATION BETWEEN AEROSOL SOURCE RATE,
SETTLING DIAMETER AND SUSPENDED CONCENTRATION

Test Pair A Test Pair B Ratio
(AC7 & AC8) (AC9 & AClO) A/B

1, Aerosol Source (g Na/s) 7.2 + 0.2 12.5 + 0.3 1.74
dsMean Settling Diam (Jim) 18.0 + 0.1 21.2 + 0.1 1.18

Cg9 Suspended Conc (g Na/rn3 STP) 11.8 + 1.8 12.5 + 2.4 1.06

82



TABLE 30

BULK DENSITY OF SETTLED AEROSOL
(g/cm3)

Test During Na 6 Day From
No. Spray Period(a) Later ~) 265-mm Duct

AC7 0.32 t0.15
AC8 0.29 ±0.043
AC9 0.041 0.12 ±0.028
AC10 0.18 0.24 ±0.072 0.28

(a) Average of 2 samples from platform at
personnel entrance.

(b) Mean of 10 samples in cans exposed for
entire test at various locations.

damp cloths and analyzing. the cloths for sodium. The results of sampling
in this manner at seven different locations are listed in Table 31. The
results are scattered, with approximately a +50 %standard. deviation. One
of the seven samples was taken from the ceiling. Table 32 shows that the
plateout on the ceiling was the same as on the vertical walls, within the
range of experimental error.

The distribution of settled mass within the containment vessel was deter-
mined from analyses of settling trays located at ten different locations
and exposed throughout each test. The results are presented in Table 33.
Considerable scatter can be seen among the various locations. The scatter
is fairly random except for the sample located near the top of the vessel
(D 59), which collected only -33% of the average deposition. This may be
due to a lower suspended mass concentration at that elevation, a smaller
particle size, or a combination of these effects. Mass concentration
measurements made at +6.1 mn and -5.8 m elevations showed no significant
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TABLE 31

WALL DECONTAMINATION SAMPLE DATA

Wall 2
Sample Elevation Surface Concentration (g Na/rn

No. ()A7 C.ACIO'

Wi Ceiling 16.2 10.9 23.6
W2 +6.1 8.3 39.4 115.
W3 +3.0 19.1 6.97 54.7
W4 +1.5 9.2 7.73 76.2
W5 -1.5 5.8 14.7 133.
W6 -3.0 14.5 4.08 98.7
W7 -6.1 25.2 8.69 73.0

Mean 14.0 13.21 82.0

a6.84 12.0 37.1

(±49%) (±91%) (±45%)

TABLE 32

COMPARISON OF PLATEOUT ON CONTAINMENT
CEILING AND VERTICAL WALLS

Surface Concentration (g N/2 Ratio
Test ()Vertical(bCeln
No. Ceilinga Wall To Wall

AC7 16.2 13.7 1.18

AC9 10.9 13.6 0.80
ACIO 23.6 91.8 0.26

Mean 0.747

(a) Sample Wi, Table 31 .
(b) Average of 6 samples, Table 31, excluding Wi.
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TABLE 33

INTEGRAL SETTLED MASS MEASURED BY DEPOSITION TRAYS

ElvtinI

Sample Elevaionmnt Settled Mass Concentration (g Na/cm2)
No-(a) AC7 AC8 AC9 AClO

D50 0 (b) 0.198 0.456 0.608
D51 -1.7 0.281 0.817 0.289 0.418
D52 -1.7 1.087 0.490 0.821 1.992
D53 -1.7 0.852 0.757 0.479 1.141
D54 -8.5 2.357 0.593 1.019 0.973
D55 -8.5 0.563 0.449 0.821 1.072
D56 -8.5 0.483 0.367 0.570 0.745
D57 -8.5 0.361 1.141 0.494 0.593
D58 -8.5 0.958 0.278 (b) 2.342
D59 +8.8 0.228 0.130 0.259 0.361

Mean 0.798 0.521 0.578 1.025
a0.660 0.306 0.262 0.661

(+83%) (+59%) (+45%) (+64%)

(a) 263 cm2 of upward facing surface.

(b) Not measured.

differences due to elevation. Cascade impactor and deposition coupon mea-
surement indicated that the particle size was slightly smaller at higher
elevations, but not enough to explain the 33% settling rate of sample D 59.
A plausible explanation is that some resuspension of previously deposited
material occurred. The effective particle size of the resuspended material
was very large and settled chiefly into trays located at lower elevations.

A comparison of the aerosol plateout on the containment walls and ceiling
with settling on horizontal surfaces is given in Table 34. The average
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TABLE 34

COMPARISON OF AEROSOL DEPOSITION ON CONTAINMENT WALLS AND HORIZONTAL SURFACES

Surface Deposit A_______________ %_______
____________ Nasited MasDe DepositedmasRto

Vertical Vertica stel as g a Recovered Qalc'd
Walls and Horiz Walls and Horiz Walls Flux Ratio Post-Test from Samples

()(b) ()(and Horiz to Wash to Post-Test
Ceiling~a Surfaces Ceiling~c Sufaces c) Total Ceiling Horiz Vertical (g Na) Wash

Test
AM 1 .40(-3)(d) 7.98(-1) 1.28(4) 7.02(5) 7.15(5) 1.8 98.2 570 6 .18(5)(e 1.16
AC8 (f) 5.21(-1) (f) 4.58(5) 4.67(5)(9) (f) (f) (f) 4.61(5) 1.01
AC9 1.32(-3) 5.78(-l) 1.20(4) 5.09(5) 5.21(5) 2.3 97.7 438 5.13(5) 1.02
ACIO 8.20(-3) 1.02(0) 7.48(4) 8.98(5) 9.72(5) 7.7 92.3 124 8.16(5) 1.19

00 Mean 3.84 96.2 377 1.09

(a) Mean of 7 wipe samples at various locations.
(b) Mean of 10 deposition can samples at various locations.
(c) Total vertical and ceiling surface area - 9.12(6) cm2; horizontal surface =8.8(5) cm2.
(d) Numbers in parenthesis are exponents of 10.
(e) Containment vessel washes. excluding nan-aerosolized material In catch pan.
(f) Not measured.

(g) Estimated.



plateout flux to vertical and downward facing horizontal surfaces was

approximately 1/400 that of settling flux to upward facing horizontal Sur-

faces. The plating surface area was - 10 times greater than the settling
surface area, giving an overall result of -2.5% of the aerosol plated onto
vertical and downward facing surfaces; 97.5% settled onto upward facing

horizontal surfaces. Table 34 also shows a good agreement between the total
aerosol accounted for by the settling trays and wall wipe method and the
mass recovered by post-test water washes of the containment vessel. The
good agreement (9%) is fortuitous, considering the scatter in the samples of
the former method.

5.2.6 Containment Atmosphere Properties

5.2.6.1 Temperature and Pressure

The temperature of the containment atmosphere was measured by 10 thermo-
couples located at representative heights and radial positions. Table BI in

Appendix B gives the coordinates of each thermocouple. Likewise, 15 thermo-

couples were attached to the inner surface of the painted steel shell of the
containment vessel at various elevations and angular positions. The average

gas and wall temperatures are plotted as a function of time in Figures 21
through 24 for tests AC7 through AC1O, respectively. Also shown on these

plots is the absolute pressure within the containment vessel. Gas temper-

atures increased following initiation of sodium spray. An equilibrium tem-

perature was reached when the energy given off by the chemical reactions was
balanced by heat loss to the vessel walls and the sensible heat of ambient

temperature purge air. Variations in the equilibrium temperature were due
to changes in the air purge rate and the sodium burning rate. The temper-

ature of the containment atmosphere was fairly uniform, with an average
standard deviation among the ten thermocouple readings of only v60 C.

The pressure in the containment atmosphere increased by 14 kPa to 20 kPa

(2 psi to 3 psi) inmmediately after start of sodium spray due to chemical
heat. To demonstrate venting from a higher pressure, compressed air was
added in three of the tests until the pressure reached n-70 kPa gauge
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(10 psig) prior to the vent phase. After venting to atmospheric pressure,
the exhaust blower was started, and the containment pressure varied from
-100 Pa to -500 Pa (-0.4 in. to -2 in. H20) during the purge phase. Addi-
tional details of containment temperature and pressure are presented in
Appendix B.

Figures 21 through 24 show that a significant temperature difference existed
between the vessel wall and the gas phase. A thermocouple array was
installed to measure the temperature gradient near the wall at the vessel
mid-elevation. Details of this measurement are presented in Appendix C,
showing that the wall temperature was as much as 400C lower than the gas
and that most of this difference occurred within -2 cm of the wall. The
chief significance of the temperature gradient is that it induces natural
convection currents that mix the containment atmosphere. Figures 21 through
24 show that after the end of sodium burning, the atmosphere temperature
decreased more rapidly than the steel wall temperature until the gas was
cooler than the wall. This was possible in the present tests because purg-
ing with cold air was continued for several hours after the end of. sodium
spraying.

The volumes of containment atmosphere withdrawn for aerosol measurements were
measured by rotometers calibrated for standard conditions (00C and 101 kPa
absolute). Aerosol concentrations expressed in terms of acutal containment
volume were computed from the measured volumes using the ratio of actual to

standard volume. Numerical values of this ratio are presented in Appendix D.

5.2.6.2 Humidity

Moisture content of the containment atmosphere was measured continuously by
dew point meters* located in the control room and periodically by samples
withdrawn through a filter and desiccant trap. The desiccant, magnesium

*Model 1100A Dew Point Hygrometer, manufactured by General Eastern Instru-

ment Corp., Watertown, MA.
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perchiorate, trapped all water vapor passing through the bed in a measured
volume of air. The gain in weight of the desiccant represented the mass of
water vapor contained within the volume of sampled gas. Results of humidity
measurements for the four tests are shown in Figures 25 through 28. Water
contents are presented in terms of dew point. The solid curve represents
the average value of dew point meter readings made on gas samples withdrawn
from high and from low elevations in the vessel. The two methods generally
agreed within 100C, although in test AC1O, the dew point meter is thought
to have malfunctioned. The desiccant trap method is believed to be more
accurate, especially at high humidity conditions, as in test AC9, where con-
densation occurred in the gas sample line leading to the dew point meter.

Test AC7 was a fairly dry test in that the only source of moisture was normal
humidity brought in with purge air. As evident from Figure 25, the initial
dew point of 160C was rapidly lowered by water vapor sorption onto the
aerosol particles, and averaged -00C throughout the test.

The humidity of the containment atmosphere depended not only on the total
quantity of water present in the containment vessel, but on the temperature.
As the temperature increased, the equilibrium partition of water between the
aerosol particles and vapor in the containment atmosphere shifted in favor
of the gas phase.

When CO 2 was added in test AC9, most of the water existed as vapor in the
containment atmosphere, with very little associated with the sodium carbonate
aerosol.

5.2.6.3 Gas Composition

The composition of the containment atmosphere was determined by continuously
monitoring flowing samples withdrawn from two different points, one located
high in the vessel (+6.1 m) and one located low in the vessel (-6.7 in). An
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oxygen analyzer,,* hydrogen analyzer,** and C02 analyzer*** were used in
each sample line; and, in addition, periodic grab samples were analyzed by
mass spectrometry. The mass spectrometric data are presented in Tables 35
through 37 for tests AC7 AC9 and AC1O, respectively. No spectrometric

analyses were performed for test AC8. Tables of the on-line gas analysis
results are presented in Appendix F.

In test AC9, carbon dioxide gas was injected during the time period starting

at 30 minutes and ending 782 minutes after start of sodium spray. indica-
tions were that the suspended NaOH aerosol reacted very rapidly with the
CO2 to form anhydrous Na2CO3. The aerosol which had settled and plated prior
to the start of CO 2 injection reacted more slowly. An excess of CO2 was fed
to the containment vessel, with the surplus accumulating in the containment
atmosphere and eventually being purged from the vessel. Of the 25 kg-oles
of CO2 injected, approximately 15 kg-moles reacted with sodium hydroxide
and 10 kg-moles were purged from the containment vessel. The time-averaged
CO2 concentration in the containment atmosphere during the sodium spray
period was 2.3a, as determined by the on-line infrared analyzer.***

The CO2 concentration is plotted as a function of time in Figure 29. The
continuous curve is the output of the on-line infrared analyzer. Periodic
grab samples were analyzed by two different techniques to confirm the.
infrared analysis. One involved pulling a known volume of gas through a
three-component sampling train consisting of a filter to remove aerosol, a

desiccant bed to remove water vapor, and bed of ascarite (sodium hydroxide
distributed on asbestos fibers) to remove CO2. The ascarite bed was
weighed to determine the mass of CO2 sorbed. The third analytical tech-
nique was a mass spectrometric analysis of periodic grab samples. The
three methods agreed reasonably well, as shown in Figure 29.

*Beckman Instruments, Inc., Fullerton, CA, Model 7003.
**Teledyne Analytical Instruments, San Gabriel, CA, Model 102.

***Horiba Instruments, Inc., Irvine, CA, Model PIR-2000.
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TABLE 35

MASS SPECTROMETRIC ANALYSES OF CONTAINMENT ATMOSPHERE FOR TEST AC7

Mole% On Dry Basis at Specified Time and Location~a)
-.'50 min 160 min 160 min 540 mini 540 min 144

Gas Low (a) Low High Low High Hg

02 20.9 17.0 21.0 20.9 21.1 21.4
N2  78.1 82.0 77.9 78.1 77.8 77.6
CO2  0.09 0.05 0.08 0.07 0.08 0.06
Ar 0.94 0.98 0.94 0.94 0.93 0.95
H2  <0. 01 <0.01 <0. 01 <0. 01 <0. 01 <0.01
CH,4 <0.01 <0.01 <0. 01 <0.01 <0. 01 <0.01

(a) Withdrawal point was located high or low in containment vessel,
as indicated.

TABLE 36

MASS SPECTROMETRIC ANALYSES OF CONTAINMENT ATMOSPHERE FOR TEST AC9

Mole% on Dry Basis at Specified Time and Location(a)
-60 min 25 min 2 min 50 min 50 min 305 470

Gas Low (a) Low High Low High Low Low

02 21.1 19.6 19.3 17.9 17.9 19.1 18.7
N2  77.9 79.4 79.6 81.0 80.9 77.5 78.0
C02  0.13 0.06 0.05 0.15 0.06 2.43 2.32
Ar 0.95 0.97 0.96 0.97 0.98 0.94 0.95

AH 2  <0.01 <0.01 0.01 <0.01 0.07 <0.01 0.04
CH4 <0.01 <0. 01 <0.01 <0.01 <0.01 <0.01 <0.01

(a) Withdrawal point was located high or low in containment vessel, as indicated.
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TABLE 37

MASS SPECTROMETRIC ANALYSES OF CONTAINMENT ATMOSPHERE FOR TEST AC10

Mole% on Dry Basis at Specified Time and Location(a)
-50 min 170 mfn 170 min 540 min 540 minm 144 'm

Gas Low (a) Low High Low High High

0220.8 1 7.3 20.3 20.1 21.0 20.4
N2  78.0 79.8 78.5 78.7 77.8 78.4

CO2  0.29 0.21 0.25 0.24 0.24 0.20
Ar 0.93 0.98 0.92 0.94 0.93 0.95
H2  <0.01 <0.01 40o <0. 01 <0.01 <0. 01
CH4  (0.01 <0. 01 <0.01 <0.01 <0.01 <0. 01

(a) Withdrawal point high or low in containment vessel, as indicated.
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FIGURE 29. Carbon Dioxide Concentration in Containment Atmosphere During
Test AC9.
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5.3 THERMAL-HYDRAULIC BEHAVIOR IN THE TEST ARTICLE

5.3.1 Gas and Liquid Temperatures

The gas and liquid temperatures in the submerged gravel scrubber-fiber
demister test article are listed in Tables El through E4 in Appendix E for
tests AC7 through AClO, respectively. The values in the tables are arith-
metic averages of readings made at 5-minute intervals throughout each operat-
ing period. The average and maximum temperatures at several locations in
the test article are listed in Table 38.

TABLE 38

TEMPERATURES IN TEST ARTICLE

Temperature (oC)(a)

AC7 AC8 AC9 _AClO
Gas Inlet to SGS, avg 133 126 196 166
Gas Inlet to SGS, max 143 159 238 182

Gas Outl et of SGS, avg 36.0 44.8 43.7 41.1
Gas Outlet of SGS, max 40.5 61.2(b) 50.8 45.8

Gas Outlet of Demister, avg 36.8 45.1 48.3 42.4
Gas Outlet of Demister, max 40.0 60.2 (b) 56.4 45.9

SGS Liquid Pool, avg 37.1 45.9 44.5 42.2
SGS Liquid Pool, max 41.6 62 .9(b) 52.0 47.0

(a) For SGS operation period until end of Na spray.
(b) Supplemental heat provided by steam coil in SGS pool,

200 <t<360 minutes.
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The hot gas entering the SGS was cooled to essentially the same temperature
as the pooi liquid. Accurate temperature measurements of the gas as a func-
tion of distance into the gravel bed was not possible because of the cyclic

pulsing of pool liquid through the bed at a frequency of 30 cycles per
minute. However, a thermocouple located within the gravel at a distance of
50 num above the gravel support screen read the same as thermocouples, located
at greater distances into the bed, suggesting that equilibrium between gas

and liquid occurred very rapidly.

5.3.2 Pressure Differentials

The pressure drops across the gravel bed and the demister were measured
before charging the test article with water. Figure 30 is a plot of the
pressure drop across the dry components as a function of gas flow rate. The
pressure drop across the dry gravel bed increased in a nonlinear manner with
gas velocity. Equation (6) is an empirical fit of the data in Figure 30.

(0P)gravel = 2400 G .2(6)

where:

(AP~gravel = pressure drop across dry gravel (Pa)
G = gas flow rate (actual m3/s)

The pressure drop across the dry fiber bed demister increased linearly with
gas flow rate and can be expressed empirically by Equation (7).

(AP)dry demister =9.6 x 10 6 G (7)

where:

(AP)dry demister =Pa

G =actual ni3/s
=gas viscosity (poise)
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FIGURE 30. Pressure Drop Across Dry Test Article Components.



After water was charged to the SGS pool, the pressure drop was measured

across the submerged gravel as a function of gas flow rate. The results

are shown in Figure 31 for three different levels of the pool liquid. Of
course, at zero flow, the AP was exactly equal to the depth of submergence

of the gas inlet. The pressure drop increased linearly with gas flow rate,
with the same slope of 2750 Pa per m3/s for all three depths of submierg-

ence. This shows a greater dependence on gas velocity than for the case of

the dry gravel bed, which is expected, because water partially fills the

voids in the gravel bed. It should be pointed out that the data of Figure 31

were obtained with room temperature air and water. The AP across the SGS is

also dependent upon the density of the pool solution, which normally

increases with accumulation of aerosol. At the maximum concentration of

G (ACFM)

9200 400 600 800 1000 1200 3

DOWNCOMER SUBMERGENCE =0.77 m

AT ZERO GAS FLOW

8 32

28
0~0

C1

IL 24

6

5 1 I -- 20

0 0.1 0.2 0.3 0.4 0.5 0.6

G (ACTUAL m3 /s)
HEDL 811-072.3

FIGURE 31. Pressure Drop Across SGS Pool at Several Liquid Levels.
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NaOH expected during plant operation (5N), the density, and thus the tIP,
would be -20a greater than for a water pool.

The pressure drop across the fiber bed demister is plotted as a function of
gas flow rate in Figure 32. Three curves are shown, representing three
states of liquid entrainment. All three cases showed that the pressure drop
was linear with gas velocity, as expected from earlier work with a similar
demister( 5 ) and a study by Davies(l2) with a packed bed of fibers. The
empirical equation for the dry demister (Curve A) is given as Equation (7).
The pressure drop through the demister with normal entrainment of water
droplets from the SGS (Curve B) can be represented by Equation (8).

(AP)Curve B = 1.2 x 10 7 G (8)

When water spray nozzles at the inlet to each demister were operated at
34 mi/s (Curve C) the pressure drop across the demisters increased, as
expected due to reduction of void volume in the bed by entrained water.
The empirical equation for this case is:

(AP)Curve C 1.45 X 107G (9)

The pressure drops across the demister and the total pressure drops across
the combined SGS/demister during each operating period are listed for tests
AC7 through AC10 in Appendix E. The maximum pressure drops measured during
the four tests were 1.46 kPa across the demister and 9.41 kPa total. These
values are consistent with the room air tests discussed in the preceding
paragraphs when allowance is made for changes in pool liquid density and
pool level, and thus demonstrate that aerosol loading had no significant
effect on pressure drop for these tests.

5.3.3 , Gas Velocity and Liquid Pumping

The design superficial gas velocity through the gravel section of the SGS
was 0.51 m/s (100 ft/mmn). Visual observations showed that as gas flowed
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upward through the liquid-filled gravel bed, liquid was pumped upward through
the bed in much the same manner as that of an air lift pump.( 13) However,
due to the presence of packing material in the SGS, fluid flow was impeded

*andand the liquid phase did not flow at a steady rate. Rather, the liquid
surged through the bed in pulses and overflowed the top rim of the gravel
support barrel in waves. The gas flow rate did not vary in magnitude during
a pulse cycle to the same extent that the liquid did, as evidenced by visual
observations of the inlet aerosol/gas stream flowing in a uniform manner and
the continuation of vigorous gas bubbling during the entire cycle.

Gas flow variation at the SGS duct inlet was measured by recording the pres-
sure drop across the isolation valve, which was partially closed for the
purpose of this measurement. The pressure drop across the valve oscillated
at the same frequency as the liquid pulsing in the SGS, as shown in Figure 33.
The pressure drop was related to gas flow rate by assuming that the valve
acted as an orifice restriction and calibrating it by comparison with the
downstream orifice meter. The results are presented in Table 39 and show
that the gas velocity varied approximately +10% from the mean during each
cycle.

The water pumping rate was not measured with the present test article, but
was measured by Owen and Postma( 7) with a model having a cross-sectional
gravel bed area of 0.062 in2. The gravel type, grain size and bed depth
was the same as used in the present large-scale tests. The data of Owen and
Postina are presented in Figure 34 as a plot of the ratio of volumetric liquid
to gas flow rate versus superficial gas velocity through the bed.

The level of the SGS pool surface increased with increasing gas flow rate
due to the expulsion of water from the downcomer and gravel bed and the
formation of a gas layer below the gravel bed support. The pool surface
level was measured at various gas flow rates with a constant volume of water,
and the data are presented in Figure 35. Figure 35 shows that the pool sur-
face is elevated by ~100 mm at the design gas flow rate over the level at
zero flow rate.

107



SUPERFICIAL GAS VELOCITY AT SGS INLET (mis)
0 0.1 0.2 0.3 0.4 0.5 0.6

I I I I I

0 0 VISUAL OBSERVATION
DURING AEROSOL TESTS

A PRESSURE FLUCTUATION
0.55 ACROSS INLET VALUE

00

C.) 0

0O.45 -0
U-

0.40-0

0.35 I 1 1
0 0.1 0.2 0.3 0.4 0.5 . .

INLET GAS FLOW RATE (ACTUAL m31u) NEDLS11O-MM.1

FIGURE 33. SGS Liquid Pulse Frequency as a Function of Gas Flow Rate.

TABLE 39

AMPLITUDE AND FREQUENCY OF SGS GAS FLOW PULSATION*

Downstream Inlet Gas Flow Rate
Average Gas During Pulse Cycle
Flow Rate' (std m3 s) Pulse Frequency
(std m3ls) Maximum Minimum (cycles/s)

0.097 0.106 0.083 0.533

0.191 0.203 0.179 0.517

0.288 0.300 0.276 -0.483

0.368 0.394 0.340 0.433

0.477 0.528 0.418 0.400

0.528 0.574 0.482 0.390

*Measured by aP oscillation across inlet valve with SGS pool at normal level.
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FIGURE 34. SGS Water Pumping Rate as a Function of Gas Flow Rate.
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FIGURE 35. SGS Water Level as a Function of Gas Flow Rate for Constant
Water Volume.
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A series of measurements was made to determine the minimum level of the SGS
pool surface at which water was circulated through the gravel bed. This was
done by filling the SGS pool with water to the normal level and then slowly
draining the liquid from the pool while observing the water overflowing the
gravel basket weir. The gas flow rate was kept at a constant value during
this time. As the level was lowered, the rate of water overflow decreased
until a level was reached where no water overflowed the weir. This was
defined as the "minimum water pumping level," and the results of measurements
at five gas flow rates are listed in Table 40. The measurement is believed
to be accurate to +15 mmi. The data are plotted as a function of gas flow
rate in Figure 36.

5.4 LIQUID INVENTORIES

5.4.1 Sodium and NaI Inventories in Air Cleaning System

The sodium aerosol was deposited in various quantities throughout the air
cleaning system. Figure 37 is a schematic flow diagram showing the flow
paths and locations where aerosol collection occurred. The numerical fig-
ures in Figure 37 represent the average values of the mass fraction of
sodium aerosol found at the various locations during post-test mass balances.
Two conspicuous observations are clearly shown by the figure. The first is
that by far the bulk of the aerosol mass is collected in the SGS pool (-99%).
The second observation is that only a very small fraction (-0.0001) pene-
trated the test article.

The volume and sodium concentration in the SGS pool were measured at hourly
intervals by withdrawing samples from near the top and near the bottom. The
analyses from top and bottom agreed within +3% of the mean, showing that the
pool was well mixed. The pool volume and sodium concentration is given for
each operating period in Tables G-1 through G-4 in Appendix G for tests AC7
through AC1O, respectively. The calculated sodium inventory in the pool and
incremental mass gain during each period is also shown for each operating
period.
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TABLE 40

MINIMUM POOL LEVEL REqUIRED

FOR WATER PUMPING taj

Inlet Gas Flow Rate Pool Level, Distance
(stdM3/) (ctul M/S-Below(Bas ~t Weir(std e/s) (Actal m/s) mm) (b)

0.0401 0.0463 10
0.0862 0.0992 60
0.212 0.244 91
0.415 0.476 205
0.531 0.612 215

(a) Water and air at 240C, 3/8-in, ceramic spheres.

,(b) Level below which water overflow ceased.

30 1 1 1 I 1 1

ORDINATE IS LIQUID LEVEL
BELOW WHICH WATER IS NOT
PUMPED THROUGH GRAVEL BED.

DATA FOR 3/8-in. SPHERICAL
oPACKING0

UjE 2000
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HEDL 8110-M7.2
FIGURE 36. Minimum Liquid Level for Water Pumping in the SGS.
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FIGURE 37. Schematic Flow Diagram of Aerosol Collection Locations.

Liquid entrainment from the SGS pool was carried by the gas stream to the
demister, where a portion of it accumulated in the interstitial voids of
the fiber bed and a portion flowed through the bed and was collected in the
demister liquid effluent receiver. This receiver was emptied at hourly
intervals and the contents measured for volume and sodium concentration.
These measurements are listed in Tables G-5 through G-8 in Appendix G for
tests AC7 through AClO, respectively. The effluent drainage rate varied
significantly during each test, due to variations in gas flow rate, temper-
ature, and initial state of demister bed liquid holdup saturation.

After each test, the demisters were washed by operating water spray nozzles
at the inlet to the demisters while air was flowing through the demisters at
the design rate. Several wash cycles were performed to ascertain when wash-
ing was sufficiently complete. The results for the four tests are presented
in Table G-9 in Appendix G.

A significant volume of SGS pool solution was flushed through the sample
line and discarded prior to taking each sample for analysis. These line
washes were accumulated in a drum and analyzed for total quantity of sodium
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at the end of each test. Other post-test material balance operations were
the washing of ducts and the leaching of sodium aerosol from the backup HEPA
filter. The duct deposition measurements are discussed in Section 5.6. The
HEPA wash data are presented in Table G-10 in Appendix G.

The post-test aerosol mass accountability measurements on the air cleaning
system are surmmarized in Table 41. Nal was added in test ANlO, and the last
column gives the mass of iodine (expressed as NaI) deposited in each
location.

5.4.2 SGS Water Makeup

The liquid level in the SGS pool was monitored by visual readings of a sight
glass. Water was added periodically by a manual valve to maintain the SGS
pool liquid level at a constant value. The nominal liquid level throughout
most of the operating time was 15 + 30 mm above the gravel basket overflow
weir. (See Figure 6). In three tests (AC7, AC8, AC1O), the level was

intentionally decreased to -50 mm below the weir for a two-hour period, then
increased to -120 mun above the weir for a two-hour period to demonstrate the
effect of pool level variation on operational behavior.

The times and quantities of water addition to the SGS pool are listed in
Table G-11 in Appendix G. The times and quantities of pool drainage are
also listed in Table G-11. The average rates of loss of SGS pool liquid are
calculated in Table 42. The rates varied from 65 to 82 ml per standard m3

of gas, with the average for the 4-test series being 69 ml per standard inm
Most of this loss was due to evaporation by the hot, dry gas, with <10% being

due to liquid drop entrainment loss.

5.4.3 Entrainment from the SGS Pool

The rate of liquid carryover from the SGS to the demister by entrainment in
the gas stream was measured as a function of gas flow rate. The measurements
were made with room temperature air and weak NaOH solution (0.2N) in the SGS
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TABLE 41

POST-TEST AEROSOL MASS ACCOUNTED FOR IN AIR CLEANING SYSTEM

Sodium Accounted For (kg Na) Na Mass NaI
Fraction (g)

AC7 AC8 AC9 AC10 4 Tests 4 Tests AC 10

SGS Pool 240.49 249.24 78.87 249.18 817.78 0.9805 29.19
SGS Liquid Samples 3.553 3.965 0.877 2.566 10.961 0.0131 0.389
Demister Liquid Effluent 0.241 0.560 0.573 0.845 2.219 0.00266 32.85
Post-Test Demister Wash 0.723 1.007 0.512 0.771 3.013 0.00361 22.91
HEPA Filter Wash 0.0297 0.0414 0.0057 0.0166 0.0934 0.00011 0.599

Total 245.0367 254.8134 80.8377 253.3786 834.0664 0.99998 85.938

TABLE 42

RATE OF LOSS OF SGS POOL LIQUID

All 4
Parameter AC7 AC8. AC9 AC10 Tests

Water Added to Pool (a) W2330 2110 600 1750 6790

Solution Drained From Pool(z) 310 260 0 270 840

Net Water Added to Maintain Level (t) 2020 1850 600 1480 5950

Gas Volume Handled(std M3)(b) 30,990 28,300 8550 18,100 85,940
Average Liquid Loss Rate 6. 54 7. 18 6.

(z/1000 std in3) 6. 54 7. 18 6.

(a) From Table G-11.

(b) For operation until end of Na Spray.



pool. Air was passed through the SGSlDemister test article at a constant
flow rate while periodically draining off the effluent from the demisters.
The volumetric entrainment rate, c , was measured by two methods. First, the

volume of liquid flowing from the demisters over a known period of time was
measured. Division of volume by time gave the average entrainment rate for
that period. This method is subject to error if condensation or evaporation
occurred in the test article downstream of the SGS pool. The measurements
were continued until steady-state entrainment was attained. This required

-"6 h at the design gas flow rate (0.47 m3 /s) and -~24 h at 20% of the design
flow rate. A second method was also used by analyzing for sodium ion in the
collected demister effluent. By relating the Na mass carryover to the sodium
concentration in the SGS pool , the volumetric entrainment rate was calcu-
lated. The two methods agreed very closely, as shown by Table 43, indicating
that heat transfer was negligible in these room temperature tests.

Measurements of the entrainment rate during aerosol tests AC7 through ACID
was attempted by using the same methods described in the preceding paragraph.
The results are given in Table 43. Several complicating factors caused large
errors in the measurements, however. First, the gas flow rate was not con-
stant, so that time intervals were too short for equilibrium to be attained.
Secondly, the gas exiting the SGS pool was at an elevated temperature and
cooled slightly during transit through downstream sections of the test
article. This caused condensation, with erroneously high results for the
measurement based on liquid volume collected. Finally, the Na tracer method
was affected by the changing sodium concentration in the SGS pool and the
holdup in the demister.

The data of Table 43 are plotted in Figure 38. Two observations are appar-
ent from the shape of the curve. First, the entrainment rate is strongly
affected by gas flow rate. Second, there appears to be a break point at a
gas flow rate of 0.2 to 0.3 m3 /s, below which the entrainment rate falls
very rapidly with decreasing gas rate. This may be due to settling of
entrainment drops in the plenum above the SGS pool. If the entrained liquid
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TABLE 43

ENTRAINMENT FROM SGS POOL

Gas FlowSteady State Volumetric
Gas)lo Entrainment Rate (ml/s)

Rate~a Based On Liquid BasedOn-
Test No. (M3/s) Vol ume Coll1ected Na Tracer

Room Temp 7-81 0.082 5.0 (-5) (b) 4.6 (-5)

0.205 7.0 (-4) 5.8 (-4)

0.328 9.5 (-2) 9.1 (-1)
0.411 1.9 (-1 ) 1.8 (-1)

0.533 4.1 (-1) 4.1 (-1)

AC7 (c) 0.36 4.0 (-1) 9.6 (-2)
AC8 (d) 0.36 7.8 (-1) 2.1 (-1)
ACl O~e) 0.3 7.1 (-l) 1.5 (-1)

(a) At SGS Outlet conditions.
(b) Numbers in parenthesis are exponents of 10.
(c) For operating periods 13 through 18.
(d) For operating periods 9 through 18.

(e) For operating periods 10 through 15.

drops leaving the pool surface were in the range of 50 to 100 u'm diameter,
most of the entrained mass would settle back to the pool surface at gas flow
rates of 0.2 to 0.3 m /s. This effect is design dependent, of course, and
the curve of Figure 38 applies only to the present test article.

5.5 EFFICIENCY FOR SODIUM AEROSOL REMOVAL

Determination of the aerosol removal efficiency was one of the prime test
objectives. The efficiency is defined as the fraction of the entering mass
retained by the component or system of interest. 'Since chemical change in
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the aerosol may occur during transit through the scrubber system, it is con-
venient to express the efficiency in terms of the sodium content of the

aerosol, rather than by total aerosol mass. Since radioactive aerosol mate-
rials should maintain a constant mass ratio relative to sodium this method
of calculation gives an equivalent efficiency for coagglomerated, radioactive
aerosol removal. The assumption that aerosol species of different materials
(e.g., sodium oxide/hydroxide, fuel, fission products) coagglomerate contin-

uously, yielding agglomerates of uniform composition has not been fully con-

firmed.(14) However, recent experiments(15,16) have shown that this
assumption is valid for fuel-sodium mixtures.

Efficiencies were determined by two methods in the present work: 1) aerosol

sampling of the gas upstream and downstream from each air cleaning component;
and 2) by liquid sampling for sodium content in the recirculated scrubber
solution for each component.

5.5.1 Sodium Removal Efficiency Based on Aerosol Sampling

The aerosol removal efficiency, E, was calculated from aerosol concentration
measurements using:

i= 1 - ot.(10)

where:

C got Mass concentration in the gas outlet (g Na/in3 STP)

C gi Mass concentration in the gas inlet (g Na/in3 STP)

i =Air cleaning component of interest

An alternative expression for the effectiveness of an air cleaning device is
the penetration, P, which is the fraction of the incident mass that
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penetrates the component of interest. P is the complement of E and is
defined by:

C
Pi= 1 - Ei= gout (1

The penetration is more useful for correlating data on systems of very high
efficiency, where E approaches unity.

Aerosol samples were withdrawn from the inlet gas stream, from the interme-
diate gas (the gas plenum between the SGS pool and the inlet to the demis-
ters) and from the gas effluent from the demister section of the test
article. The samples were analyzed for suspended sodium mass concentration
and particle size by methods described in Section 3.5.1.

Several limitations on the accuracy of efficiencies obtained from these sami-
pies are worth noting. First, the filters were analyzed for sodium mass,
rather than total aerosol mass, and for this reason, the results apply to
sodium rather than total aerosol mass. This kind of efficiency is thought
to be valid when related to the radioactive content of an accident-generated
aerosol. On the other hand, the sodium efficiency measurement would not
account for change in the mass of sorbed water, which could make up a signi-
ficant fraction of total aerosol mass downstream of the SGS. A second limi-
tation of efficiencies derived from aerosol samples is that the upstream
sample duration was typically only 20 seconds as compared to 50 minutes for
the downstream sample. Thus, if the aerosol concentration changed appreci-
ably during the sampling period, error would be introduced.

A third source of sampling error was the variable quantity of entrained
liquid drops collected from the gas plenum over the SGS pool. The breaking
of bubbles at the surface of the SGS pooi generated liquid droplets contain-
ing sodium at the same concentration as the SGS pool. The collection of
entrained drops caused the indicated aerosol removal efficiency to be low,
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particularly late in the test, when the sodium concentration in the pooi was
high. At very low values of inlet aerosol concentration, after the end of
sodium spray, the SGS efficiency could easily be negative. However, in this
case, the absolute value of the penetrating sodium mass would be very small,
and furthermore, the demister would have a high efficiency for removing the
relatively large entrained drops.

Finally, the upstream sample was affected by reentrainment of aerosol mate-
rial previously deposited on the walls of the delivery duct. When one 'of
these very large agglomerates was collected in the inlet duct sampler, the
corresponding sample showed an unusually high sodium airborne concentration.
This problem was circumvented by comparing the inlet duct aerosol concentra-
tion with the concentration in the containment vessel atmosphere. The sus-
pended concentration measured in the containment atmosphere was used in place
of the inlet duct concentration whenever the duct sample was obviously
incorrect.

Sodium aerosol removal efficiencies based on aerosol sampling are presented
in Tables 44 through 47 for tests AC7 through AC1O, respectively. In addi-
tion to the efficiencies, the airborne concentration at the SGS inlet, SGS
outlet and demister outlet are also listed. When only one set of aerosol
samples was taken during an operating period, they are assumed to be repre-
sentative of the entire period. When more than one set of samples was taken,
the measurements were averaged to represent the operating period. The aver-
age efficiencies for the entire test during the time when sodium aerosol was
being generated are also listed at the bottom of each table. Efficiencies
are listed for the SGS (ESGS), the demister (EDem) and for the combined
SGS/Demister test article (Eoverall).

Tables 44 through 47 show that the SGS typically achieved an efficiency of
0.99, the demister efficiency exceeded 0.97, and the overall efficiency for
the SGS/Demister test article exceed 0.9997. A discussion of sodium aerosol
removal efficiency and the effect of various operating parameters is given
in Section 6.3.
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TABLE 44

SODIUM AEROSOL REMOVAL EFFICIENCIES MEASURED BY AEROSOL SAMPLING IN TEST AC7

S Operating Aerosol Concentration (g Na/rn3 STP)(c) Removal Efficiency (d)
Time~a Period SGS SGS Demister
(min) Mo. (b) Inlet Outlet Outlet E SGS Eoem EOverall

187 1 8.38 (0)(e) 7.00 (-2) 3.91 (-4) 0.9916 0.9944 0.999953

243 2 1.27 (1) 1.84 (-2) 6.35 (-4) 0.9986 0.9655 0.999950

303 3 1.42 (1) 2.34 (-2) 9.57 (-5) 0.9984 0.9959 0.999993

364 4 1.06 (1) 1.87 (-2) 1.87 (-4) 0.9982 0.9900 0.999982

423 5 1.02 (1) 2.61 (-2) 2.71 (-4) 0.9975 0.9896 0.999974

500 6 1.05 (1) 2.62 (-2) 2.95 (-4) 0.9975 0.9887 0.999972

538 7 8.74 (0) 2.15 (-2) 4.57 (-4) 0.9975 0.9787 0.999948

613 8 1.08 (1) 4.98 (-2) 5.70 (-4) 0.9954 0.9886 0.999947

663 9 9.26 (0) 6.23 (-2) 8.47 (-4) 0.9933 0.9864 0.999909

726 10 1.09 (1) 4.29 (-2) 6.84 (-4) 0.9960 0.9841 0.999937

784 11 8.65 (0) 4.01 (-2) 7.82 (-4) 0.9954 0.9805 0.999910
843 11 9.70 (0) 4.45 (-2) 1.17 (-3) 0.9954 0.9737 0.999879
Avg. 11 -- -- -- 0.9954 0.9771 0.999895

893 12 1.02 (1) 6.37 (-2) 1.47 (-3) 0.9938 0.9769 0.999856
968 12 1.17 (1) 6.90 (-2) 1.47 (-3) 0.9941 0.9787 0.999874
Avg 12 --- --- --- 0.9940 0.9778 0.999865



TABLE 44 (Cont'd)

Operating Aerosol Concentration (g Na/rn3 STP)(C) Removal Efficiency
Time Period SGS SGS Demister EEE
(min) No. Inlet Outlet Outlet ESGS EDem EOverall-

1023 13 9.43 (0) 9.43 (-2) 1.75 (-3) 0.9900 0.9814 0.999814
1073 13 9.41 (0) 5.13 (-2) 1.86 (-3) 0.9945 0.9637 0.999802
Avg 13 --- --- 0.9923 0.9726 0.999808

1130 14 1.30 (1) 9.23 (-2) 2.59 (-3) 0.9929 0.9719 0.999801
1203 14 1.36 (1) 1.13 (-1) 3.30 (-3) 0.9913 0.9723 0.999757
Avg 14 --- -- 0.9921 0.9721 0.999779

1263 15 1.22 (1) 9.45 (-2) 3.61 (-3) 0.9923 0.9618 0.999704
1333 15 9.85 (0) 7.39 (-2) 3.22 (-3) 0.9925 0.9564 0.999673
Avg 15 --- --- --- 0.9924 0.9591 0.999689

1386 16 1.13 (1) 6.96 (-2) 3.75 (-3) 0.9938 0.9461 0.999668
1443 16 1.08 (1) 9.62 (-2) 3.80 (-3) 0.9911 0.9605 0.999648
Avg 16 --- --- --- 0.9925 0.9533 0.999658

1503 17 7.74 (0) 7.65 (-2) 3.31 (-3) 0.9901 0.9567 0.999572
1558 17 9.20 (0) 1.60 (-1) 4.64 (-3) 0.9826 0.9710 0.999496
Avg 17 --- --- --- 0.9863 0.9639 0.999534

1620 18 1.20 (1) 1.47 (-1) 4.80 (-3) 0.9877 0.9673 0.999598
1683 18 9.77 (0) 1.04 (-1) 4.64 (-3) 0.9894 0.9554 0.999525
Avg 18 --- --- --- 0.9886 0.9614 0.999562

1743 19 1.12 (1) 1.14 (-1) 6.11 (-3) 0.9898 0.9464 0.999454

1863 20 1.13 (1) 1.05 (-1) 9.97 (3) 0.9907 0.9050 0.999118



TABLE 44 (Cont'd)

Operating Aerosol Concentration (g, Na/rn 3 STP)(c) Removal Efflciency(d)Time Period -SGS SGS Demister
(mn) (a) No. (b) Inlet Outlet Outlet E SGS E Dem E Overiil

1985 21 5.00 (0) 1.28 (-1) 8.84 (-4) 0.9744 0.9931 0.999823
2089 22 4.10 (-1) 3.81 (-3) 4.29 (-5) 0.9907 0.9887 0.999895

1 - 20 
0.9939(f) 0.9725(f) 0.999771(f)

(a) Midpoint of sampling period.

(b) See Table 7 for time interval and test conditions.

(c) STP refers to standard temperature and pressure (00C, 101.4 kPa).

(d) Fraction of incident aerosol sodium mass captured by identified component.

(e) Numbers in parenthesis are exponents of 10.

(f) Arithmetic average for period when Na spray operated.



TABLE 45

SODIUM AEROSOL REMOVAL EFFICIENCIES MEASURED BY AEROSOL SAMPLING IN TEST AC8

Operating Aerosol Concentration (q Na/rn 3 STP)(c) Removal Efficiency (d)
Time' a Period SGS SGS Demilster EEE
(min)(a No. (b) Inlet Outlet Outlet ESGS EDem EOverall

181 1 1.20 (1)(e) 1.21 (-2) ,2.55 (-4) 0.9990 0.9789 0.999979

238 2 1.10 (1 ) 2.06 (-2) 1.19 (-4) 0.9981 0.9942 0.999989
258 2 1.04 (1) 1.55 (-2) 1.19 (-4) 0.9985 0.9923 0.999989
Avg 2 ------ 0.9983 0.9932 0.999989

298 3 1.15 (1) 1.92 (-2) 2.82 (-3) 0.9983 0.8531 0.999756
318 3 9.86 (0) .2.85 (-2) 2.82 (-3) 0.9971 0.9011 0.999714
Avg 3 --- --- 0.9977 0.8771 0.999735

363 4 1.08 (1) 3.32 (-2) 5.05 (-4) 0.9969 0.9848 0.999953

423 5 1.38 (1) 4.97 (-2) 2.30 (-4) 0.9964 0.9954 0.999983

498 6 1.48 (1) 7.70 (-2) 5.18 (-4) 0.9948 0.9933 0.999965

551 7 1.46 (1) 9.91 (-2) 9.10 (-4) 0.9932 0.9908 0.999937

608 8 1.56 (1) 1.11 (-1) 8.98 (-4) 0.9929 0.9919 0.999942

654 9 1.38 (1) 8.62 (-2) 7.33 (-4) 0.9938 0.9915 0.999947
650 9 1.35 (1) 1.18 (-1) 7.33 (-4) 0.9913 0.9938 0.999946
Avg 9 --- --- --- 0.9925 0.9926 0.999946

723 10 1.58 (1) 1.01 (-1) 9.67 (-4) 0.9936 0.9904 0.999939



TABLE 45 (Cont'd)

Operating Aerosol Concentration (g Na/rn 3 STP)(c) Removal Efficiency (d)
Time Period SGS SGS Demister
(min)(a) No. (b) Inlet Outlet Outlet ESGS E~em EOverall

780 11 1.59 (1)(e) Mf 1.40 (-3) Mf Mf 0.999912

833 12 1.46 (1) 1.32 (-1) 1.62 (-3) 0.9910 0.9877 0.999889
913 12 1.39 (1) 1.71 (-1) 2.02 (-3) 0.9877 0.9882 0.999854
Avg 12 ------ 0.9894 0.9880 0.999873

963 13 1.23 (1) 7.26 (-2) 1.82 (-3) 0.9941 0.9749 0.999853
1020 13 1.26 (1) 1.46 (-1) 2.29 (-3) 0.9884 0.9843 0.999818
Avg 13 -- ----- 0.9912 0.9796 0.999836

1083 14 1.29 (1) 1.61 (-1) 1.63 (-3) 0.9875 0.9899 0.999874
1138 14 1.48 (1) 1.46 (-1) 2.13 (-3) 0.9901 0.9854 0.999856
Avg 14 --- --- --- 0.9888 0.9876 0.999865

1203 15 1.16 (1) 2.39 (-l) 2.60 (-3) 0.9795 0.9891 0.999776
1260 15 1.41 (1) 2.23 (-1) 3.31 (-3) 0.9842 0.9852 0.999765
Avg 15 --- --- --- 0.9818 0.9871 0.999770

1328 16 1.00 (1) 2.72 (-1) 5.13 (-3) 0.9729 0.9811 0.999490
1383 16 9.65 (0) 2.70 (-1) 6.47 (-3) 0.9720 0.9760 0.999330
Avg 16 --- --- --- 0.9725 0.9785 0.999410

1443 17 9.42 (0) 2.81 (-1) 4.56 (-3) 0.9702 0.9838 0.999516
1502 17 1.06 (1) 2.77 (-1) 3.18 (-3) 0.9740 0.9885 0.999701
Avg 17 --- --- --- 0.9721 0.9862 0.999608



TABLE 45 (Cont'd)

Operating Aerosol Concentration (Q Na/rn3 STP)(c) Reoval Efficiency (d)
Time Period SGS SGS Demister
(min) (a No. (b) Inlet O -utlet Outlet E SGS E Dem E Overall

1546 18 9.80 (0)(e) 2.45 (-1) 4.58 (-3) 0.9750 0.9813 0.9995331629 18 1.02 (1) 2.26 (-1) 7.61 (-3) 0.9778 0.9663 0.999252Avg 18 ---- --- 0.9764 0.9738 0.999392
1685 19 9.69 (0) 1.71 (-1) 6.92 (-3) 0.9824 0.9595 0.9992861745 19 1.29 (1) 2.56 (-1) 6.34 (-3) 0.9801 0.9752 0.999507Avg 19 ---- --- 0.9812 0.9673 0.999396
1803 20 9.17 (0) 1.94 (-1) 5.92 (-3) 0.9788 0.9695 0.9993541870 20 7.45 (0) 2.37 (-1) 4.33 (-3) 0.9682 0.9817 0.999419Avg 20 --- --- --- 0.9735 0.9756 0.999353

1946 21 9.40 (-1) 5.69 (-2) 6.87 (-5) 0.9395 0.9988 0.999927

2030 22 3.54 (-1) 6.05 (-2) 1.99 (-5) 0.8291 0.9997 0.999944
1-20 --- --- --- 0.9885(g) 0.796 9) 0*999765(g)

(a) Midpoint of sampling period.

(b) See Table 8 for time interval and test conditions.

(c) STP refers to standard temperature and pressure (00C, 101.4 kPa).

(d) Fraction of incident aerosol sodium mass captured by identified component.

(e) Numbers in parenthesis are exponents of 10.

(f) Not sampled.

(g) Arithmetic average for period when Na spray operated.



TABLE 46

SODIUM AEROSOL REMOVAL EFFICIENCIES MEASURED BY AEROSOL SAMPLING IN TEST AC9

Operating Aerosol Concentration (g Na/rn3 STP)(c) Removal Efficiency (d)
Time () Period SGS SGS Demister EEE
(min)(a No. (b) Inlet Outlet Outlet ESGS EDem EOverall

62 1 (e) (e) (e) (e) (e) (e)

87 2 1.58 (1)(f) 8.29 (-2) 1.17 (-4) 0.9948 0.9984 0.999993
107 2 1.62 (1) 8.46 (-2) 1.17 (-4) 0.9948 0.9986 0.999993
Avg 2 ------- 0.9948 0.9985 0.999993

142 3 1.44 (1) (e) 2.23 (-4) (e) (e) 0.999984

162 4 1.60 (1) 5.75 (-)(e) 0.9964 (e) (e)
- 200 4 1.55 (1) 6.81 (-2) 3.20 (-4) 0.9956 0.9953 0.999979

Avg 4 --- --- --- 0.9960 0.9953 0.999979

270 5 1.63 (1) 9.11 (-2) 3.00 (-4) 0.9944 0.9967 0.999981
280 5 1.64 (1) 9.35 (-2) 3.00 (-4) 0.9943 0.9968 *0.999982

Avg 5 --- --- --- 0.9943 0.9968 0.999981

322 6 1.71 (1) 9.71 (-2) 2.54 (-4) 0.9943 0.9974 0.999985
327 6 1.80 (1) 8.94 (-2) 2.54 (-4) 0.9951 0.9972 0.999986
Avg 6 --- --- --- 0.9947 0.9973 0.999985

377 7 1.33 (1) 1.07 (-1) 2.50 (-4) 0.9920 0.9977 0.999981

437 8 1.93 (1) 1.25 (-1) 2.85 (-4) 0.9935 0.9977 0.999985

510 9 8.85 (0) 2.19 (-2) 1.00 (-4) 0.9975 0.9954 0.999989



TABLE 46 (Cont'd)

Operating Aerosol Concentration (g Na/rn 3 STP) (c) Removal Efficiency (d)
Time () Period SGS SGS Demnister EEE(min)(a No. (b) Inlet Outlet Outlet ESGS EDem EOverall1

558 10 4.53 (0)(f) 1.62 (-2) 4.0 (-5) 0.9964 0.9975 0.999999

632 11 2.82 (0) 8.73 (-3) 1.0 (-5) 0.9969 0.9989 0.999999

692 12 2.57 (0) 2.22 (-2) 4.5 (-5) 0.9914 0.9980 0.999982

702 13 4.50 (0) 2.42 (-2) 4.8 (-5) 0.9946 0.9980 *0.999989
747 13 5.06 (0) 2.61 (-2) 4.8 (-5) 0.9948 0.9982 0.999991
Avg 13 ------- 0.9947 0.9981 0.999990

812 14 1.11 (0) -.. (-3) ,,l.0 (-5) 0.9991 0.9900 0.999991

865 15 3.13 (-1) 1.44 (-3) "'1.0 (-5) 0.9954 0.9931 0.999968

917 16 7.64 (-2) (e) 0~. (-5) (e) (e) 0.999870
938 16 5.22 (-2) 1.96 (-3) '~. -5) 0.9625 0.9949 0.999808
Avg 16 --- --- --- 0.9625 0.9949 0.999839

985 17 4.21 (-2) 2.42 (-3) (e) 0.9425 (e) (e)

1042 18 1.92 (-2) -Q.0 (-4) <1.0 (-5) 0.9896 >0.9500 >0.999479
1054 18 1.12 (-2) -,2.0 (-3) <1.0 (-5) 0.8214 >0.9950 >0.999107
Avg 18 --- --- --- 0.9055 >0.9725 >0.999293



TABLE 46 (Cont'd)

Operating Aerosol Concentration (g Na/rn 3 STP)(c) Removal Efficiency (d)
Time Period SGS SGS DemisterE
(min)(a) No. (b) Inlet Outlet Outlet ESGS E Dem EOverall

1153 19 2.05 (-3) (e) <1.0 (-5) (e) (e) >0.995122
1170 19 1.82 (-3) 1.17 (-3) <1.0 (-5) 0.3571 0.9915 >0.994505
Avg 19 --- -- 0.3571 0.9915 >0.994814

1 -13 --- --- 0.9947(g) 0.9974(g) 0.999986(g)

(a) Midpoint of sampling period.

(b) See Table 9 for time interval and test conditions.

(c) STP refers to standard temperature and pressure (00C, 101 .4 kPa).

(d) Fraction of incident aerosol sodium mass captured by identified component.

(e) Not measured.

(f) Numbers in parenthesis are exponents of 10.

(g) Arithmetic average during period when Na spray operated.



TABLE 47

SODIUM AEROSOL REMOVAL EFFICIENCIES MEASURED BY AEROSOL SAMPLING IN TEST AC10

Operating Aerosol Concentration (q MaiM 3 STP)(c) Removal Efficiency (d)
Time () Period SGS SGS Demister EEE(min)(a No. (b) Inlet Outlet Outlet ESGS EDem erl

187 1 1.03 (1) (e) 4.18 (-2) 6.08 (-4) 0.9959 0.9855 0.999941

238 2 1.78 (1) 3.79 (-2) 1.17 (-4) 0.9979 0.9969 0.999993258 2 1.79 (1) 3.91 (-2) 1.17 (-4) 0.9979 0.9970 0.999993Avg 2 --- --- 0.9979 0.9970 0.999993

303 3 1.79 (1) 3.78 (-2) 2.82 (-4) 0.9979 0.9925 0.999984318 3 1.79 (1) 3.77 (-2) 2.82 (-4) 0.9979 0.9925 0.999984Avg 3 --- --- --- 0.9979 0.9925 0.999984

363 4 1.60 (1) 4.22 (-2) 8.46 (-4) 0.9974 0.9800 0.999947

423 5 1.78 (1) 5.97 (-2) 8.89 (-4) 0.9966 0.9851 0.999950

498 6 1.79 (1) 6.58 (-2) 1.10 (-3) 0.9963 0.9833 0.999938

538 7 1.89 (1) 1.05 (-l) 1.86 (-3) 0.9942 0.9823 0.999902548 7 1.63 (1) 8.92 (-2) 1.86 (-3) 0.9945 0.9791 0.999886Avg 7 --- --- --- 0.9944 0.9807 0.999894

608 8 1.79 (1) 1.39 (-1) 2.14 (-3) 0.9922 0.9846 0.999880

663 9 1.60 (1) 8.35 (-2) 1.75 (-3) 0.9948 0.9790 0.999891



TABLE 47 (Cont'd)

Operating Aerosol Concentration (g Na/M 3 STP)(C) Removal Efficiency (d)
Time () Period SGS SGS -D emi ste r EEE
(min)(8 No. (b) Inlet Outlet Outlet E5 s EDem EOverall

723 10 1.59 (1) 1.02 (-1) 2.37 (-3) 0.9936 0.9768 0.999851

783 11 1.58 (1) 1.18 (-1) 3.01 (-3) 0.9925 0.9745 0.999809
853 11 1.55 (1) 1.79 (-1) 3.81 (-3) 0.9884 0.9787 0.999754
Avg 11 ----- 0.9904 0.9766 0.999781

908 12 1.54 (1) 1.52 (-l) 3.14 (-3) 0.9901 0.9793 0.999796

997 13 1.49 (1) 1.60 (-1) (f) 0.9893 Mf Mf
1027 13 1.22 (1) 1.72 (-1) 3.50 (-3) 0.9859 0.9797 0.999713
1088 13 1.69 (1) 1.88 (-1) 5.01 (-3) 0.9888 0.9734 0.999703
Avg 13 --- --- --- 0.9880 0.9765 0.999708

1153 14 1.41 (1) 2.00 (-1) 5.04 (-3) 0.9858 0.9748 0.999642
1196 14 1.69 (1) 8.86 (-2) 6.55 (-3) 0.9948 0.9261 0.999612
1208 14 1.33 (1) 2.21 (-1) Mf 0.9834 Mf Mf
Avg 14 --- --- --- 0.9903 0.9615 0.999627

1263 15 1.35 (1) 1.72 (-1) 6.56 (-3) 0.9873 0.9619 0.999514
1273 15 1.48 (1) 2.21 (-1) 6.56 (-3) 0.9851 0.9703 0.999557
1333 15 1.23 (1) 2.01 (-1) 6.10 (-3) 0.9837 0.9697 0.999504
Avg 15 --- --- --- 0.9854 0.9673 0.999525

1378 16 1.42 (1) 1.68 (-1) 2.93 (-3) 0.9881 0.9826 0.999794
1388 16 1.44 (1) 1.69 (-1) 2.93 (-3) 0.9883 0.9827 0.999797
1398 16 1.45 (1) 2.05 (-1) 2.93 (-3) 0.9859 0.9857 0.999798
Avg 16 --- --- --- 0.9874 0.9837 0.999796



TABLE 47 (Cont'd)

Operating Aerosol Concentration (g Na/ni3 STP)(c) Removal Efficiency (d)
Time Period SGS SGS Demister-
(.nf)(a) No. (b) Inlet Outlet Outlet ESGS E~em EOverall

1438 17 1.64 (1) 1.51 (-1) 4.23 (-3) 0.9908 0.9720 0.999742
1448 17 1.42 (1) 1.88 (-1) 4.23 (-3) 0.9868 0.9775 0.999702
1458 17 1.45 (1) 8.52 (-2) 4.23 (-3) 0.9941 0.9504 0.999708
Avg 17 ------ 0.9906 0.9696 0.999714

1508 18 7.76 (0) 7.81 .-)g)409 (-3) 0.9899 0 9476(g 0.999473
1518 18 6.23 (0) 1.61 0)( 4.09 (-3) 0.7416(g) 0:9975 ~~ 0.999343
Avg 18 --- --- --- 0.9899 0.9478 0.999473

1575 19 6.90 (-1) 9.83 (-3) 3.50 (-5) 0.9858 0.9964 0.999949

1632 20 2.18 (-1) Mf Mf Mf Mf Mf

1650 21 1.40 (-1) 1.17 (-2), 1.44 (-5) 0.9164(g 0.9988 0.999897
1676 21 9.11 (-2) 2.30 (-2)(g) 1.44 (-5) 0.7475 ~~ 0.9994 0.999842
Avg 21 --- --- --- 0.9164 0.9988 0.999870

1770 23 1.73 (-2) 5.63 (-3) 1.58 (-5) 0.6746 0.9972 0.999087

1875 24 1.09 (-2) 8.23 (-3) 1.14 (-5) 0.2450 0.9987 0.998954

1 18 --- --- --- 0.9926 0.9774 0.999833

(a) Midpo int of sampling period.
( b) See Table 10 for time interval and test conditions.
(c) STP refers to standard temperature and pressure (O0C, 101.4 kPa).
d) Fraction of incident aerosol sodium mass captured by identified component.
e) Numbers in parenthesis are exponents of 10.

Mf Not measured.
(g) Special sample taken close to pool surface to catch entrainment.
(h) Arithmetic average for period when Na spray operated.



5.5.2 Sodium Removal Efficiency Based on Liquid Sampling

Samples of the SGS pool solution were withdrawn at hourly intervals, as
discussed in Section 5.4.1. The inventory of sodium in the SGS pool and
the incremental gain during each operating period are given in Tables G1
through G4 in Appendix G for tests AC7 through AC1O, respectively. The liq-
uid stream which penetrated the demister and flowed to the tube sheet was
also drained at hourly intervals. The volume and sodium mass inventories in
the demister drain are presented in Tables G5 through G8 in Appendix G.*

In principle, the sodium removal efficiency of the SGS should be determin-
able from the material balance, based on incremental sodium mass accumulated
in the SGS pool and demister drain during each operating period. However,
the liquid holdup within the fiber bed of the demister was significant, and
a reliable material balance could be obtained only after the demister was
washed. This was done only at the end of each test. The sodium mass held
within the fiber bed and recovered by post-test washing is reported in
Table G9 in Appendix G.

The backup HEPA filters were destructively analyzed for sodium at the end
of each test. The sodium inventories on the HEPA filters are listed in
Table G9 in Appendix G.

The post-test accountability for- sodium mass collected in the various compo-
nents of the air cleaning system is listed in Table 41. From the data in
Table 41, overall sodium removal efficiencies were calculated and are pre-
sented in Tables 48 through 51 for tests AC1 through AClO, respectively.

The liquid-based efficiency measurement method is thought to be reliable,
particularly for the two-stage SGS/Demister system, because all of the
effluent gas passed through a backup HEPA filter. HEPA filters are known to
be highly efficient for particles of all sizes, so there is little question
that all of the aerosol which penetrated the scrubber was accounted for.
The uncertainty in the background sodium content of the HEPA filters limits
the accuracy of this method.
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TABLE 48

SODIUM AEROSOL REMOVAL EFFICIENCY BASED

ON LIQUID SAMPLING FOR TEST AC7

Na Mass (a) Na Mass

Copoet~)Collected~a Fraction(b
Comonnts)(kg Na) Collected Efficiency~b

SGS 244.043 0.99595 0.9959
Demister 0.964 0.00393 0.9701

SGS/Demister System 245.007 0.99988 0.999879

HEPA Filters 0.0297 0.000121.00 )

Total 245.0367 1.00000 - - -

(a) Mass accumuulated during entire test.

(b) Fraction of incident Na mass collected by identified
component.

(c) Not measured. Assumed for calculational purposes.

TABLE 49

SODIUM AEROSOL REMOVAL EFFICIENCY BASED

ON LIQUID SAMPLING FOR TEST AC8

Na Mas s, Na Mass
Collected'") Fraction(b

Component(s) (kg Na) Collected Efficiency~b

SGS 253.205 0.99369 0.9937
Demister 1.567 0.00615 0.9743

SGS/Demister System 254.772 0.99984 0.999838

HEPA Filters 0.0414 0.00016 .0 (c

Total 254.8134 1.00000---

(a) Mass accumulated during entire test.

(b) Fraction of incident Na mass collected by identified component.
(c) Not measuredt. Assumed for calculational purposes.
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TABLE 50

SODIUM AEROSOL REMOVAL EFFICIENCY BASED

ON LIQUID SAMPLING FOR TEST AC9

Na mass ()Na Mass
Copnn~)Collected () Fraction (b)Copoet~)(kg Na) Collected Efficiency-

SGS 79.747 0.98651 0.9865
Demister 1.085 0.01342 0.9948
SGS/Demister System 80.832 0.99993 0.999929
HEPA Filters 0.0057 0.000071.00 )

Total 80.8377 1.00000 - - -

(a) mass accumulated during entire test.
(b) Fraction of incident Na mass collected on identified component.
(c) Not measured. Assumed for calculational purposes.

TABLE 51

SODIUM AEROSOL REMOVAL EFFICIENCY BASED
ON LIQUID SAMPLING FOR TEST AC10

Na Mass~a Na Mass
Collected~a Fraction(b

Component(s) (kg Na) Collected Efficiency~b

SGS 251.746 0.99356 0.9936
Demister 1.616 0.00638 0.9898
SGS/Demister System 253.362 0.99993 0.999934
HEPA Filters 0.0166 0.00007 .0 (c

Total 253.3786 1.00000 - - -

(a) Mass accumulated during entire test.
(b) Fraction of incident Na mass collected on identified component.
(c) Not measured. Assumed for calculational purposes.
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5.5.3 Comparison of Sodium Removal Efficiencies Measured by Aerosol and
Liquid Sampling

Average removal efficiencies based on aerosol and liquid sampling methods
are compared in Table 52. Two observations drawn from the data of Table 52
are that: a) the two methods agree closely; and b) the liquid sampling
method gives slightly higher efficiencies in general. The good agreement
between the two methods supports the validity of both methods. The average
value of measurements by the two methods is considered to be the best answer..

5.6 EFFICIENCY FOR NaI REMOVAL

5.6.1 Nal Removal Efficiency Based on Aerosol Sampling

Sodium iodide vapor was injected into the inlet duct during test AClO, using
the method described in Section 3.2.2. Airborne concentrations were meas-
ured by withdrawing filter samples from the inlet duct immiediately upstream
of the SGS, from the plenum between SGS and demisters, and from the demister
outlet duct. The filter papers were leached with water, which was analyzed
for iodide ion by the ion selective electrode method. The concentrations of
Nal aerosol measured at these three locations are listed in Table 53.

The accuracy of the data reported in Table 53 for SGS and the total system
is limited by how well the SGS inlet sample represented the total inlet gas
concentration. The sample filter inlet was located 11 pipe diameters down-
stream of the location where the hot Nal vapor was injected, and complete
mixing of the freshly nucleated NaI particles may not have been attained.

5.6.2 Nal Removal Efficiency Based on Liquid Sampling

The mass of NaI recovered from the liquid phase in each component and the
back-up FIEPA filter was determined from concentration and liquid volume, as
discussed in Section 5.4.1. These post-test measurements allowed the removal
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TABLE 52

COMPARISON OF SODIUM REMOVAL EFFICIENCIES
MEASURED BY AEROSOL AND LIQUID SAMPLING

Efficiency (a)
Test Test Test Test 4--Test

Component(s) Method AC7 AC8 AC9 AC10 Average (d)

S65 Aerosol () 0.9939 0.9885 0.9947 0.9926 0.9924
565 Liquid~C) 0.9959 0.9937 0.9865 0.9936 0.9924

(d)
SGS Average 0.9949 0.9911 0.9906 0.9931 0.9924

Demister Aerosol (b) 0.9725 0.9796 0.9974 0.9774 0.9817

14Demister Liquid~c) 0.9701 0.9743 0.9948 0.9898 0.9822

Demister Average () 0.9713 0.9770 0.9961 0.9836 0.9820

SGS/Demister Aerosol (b) 0.99977 0.99976 0.99999 0.99983 0.99984

SGS/Demlster Liquid(c) 0.99988 0.99984 0.99993 0.99993 0.99989
SGS/Demister Average~c 0.99983 0.99980 0.99996 0.99988 0.99987

(a) Average for entire test.

(b) From Tables 44-47.

(c) From Tables 48-51.

(d) Arithmetic average.



TABLE 53

NaI REMOVAL EFFICIENCIES MEASURED BY AEROSOL SAMPLING IN TEST AC10

OperatingAerosol Concentration (g I/rn3 STP)(b Nal Removal Efficiency(C
Period SSSSDmse

No. -a)inlet Outlet -Outlet E SGS E0em EOveraii
1 - 3 (d) (e(d) (d) (d) (d) (d)

4 6.31(-3)(e 2.68(-3) 7.48(-6) 0.575 0.997 0.9988
5 7.06(-3) 2.59(-3) 8.78(-6) 0.619 0.987 0.9988
6 4.70(-3) 2.96(-3) 1.48(-5) 0.370 0.995 0.9969
7 1.07(-2) 3.08(-3) 2.4(-5) 0.712 0.993 0.9980

8 2.52(-2) 3.51(-3) 2.43(-5) 0.861 0.993 0.9990
co 9 1.02(-2) (f) 2.03(-5) (f() 0.9980

10 1.37(-2) 2.97(-3) 2.52(-5) 0.783 0.991 0.9982
11 1.36(-2) 3.38(-3) 2.63(-5) 0.751 0.992 0.9981
12 2.08(-2) 2.90(-3) 2.35(-5) 0.861 0.992 0.9989

13 8.87(-3) 2.80(-3) 2.87(-5) 0.684 0.990 0.9968
14 1.14(-2) 2.18(-3) 3.41(-5) 0.809 0.984 0.9970
15 1.30(-2) 2.83(-3) 3.56(-5) 0.782 0.987 0.9973
16 1.40(-2) 6.55(-3) 5.35(-5) 0.532 0.992 0.9962
17 1.57(-2) 4.57(-3) 4.36(-5) 0.709 0.990 0.9972



TABLE 53 (Cont'd)

Operating Aerosol Concentration (g I/rn3 STP)(b) Nal Removal Efficlency(c)
Period SGS SGS Demister EG ~ ~ ea
No.(a) Inlet Outlet Outlet E___ ___E____EOveal

18 1.68(-2) 3.52(-3) 3.86(-5) 0.789 0.989 0.9977
19 (f) (f) (f) (f) (f) (f)
20 1.95(-2) 7.20(-3) 2.09(-5) 0.631 0.997 0.9989
21 (f) (f I) (f) (f) (f)
22 (f) (f) (f) (f) (f) (f)

23 1.67(-2) 7.90 (-3) 3.52(-5) 0.527 0.996 0.9979
24 6.00(-3) 3.27(-3) (f) 0.455 (f) (f)
25 3.62(-3) 2.49(-3) 3.78(-5) 0.312 0.985 0.9896
26 1.29(-2) 8.07(-3) 3.78(-5) 0.374 0.995 0.9971

4 -26 
0.639(g) 0.991(g) 0.9968(g)

(a) See Table 10 for time interval and test conditions.
(b) STP refers to standard temperature and pressure (00C, 101.4 kPa).

Values are for iodine. Multiply by 1.181 to obtain g NaI/rn STP.
(c) Fraction of incident Nal mass captured by identified component.
(d) Insufficient NaI generated for reliable analyses.
(e) Numbers in parenthesis are exponents of 10.
(f) No sample.
(g) Arithmetic average.



efficiency to be calculated for the entire period when there was a NaI
source. The results are listed in Table 54. The data of Table 54 show that
the SGS exhibited a low efficiency for Nal, and most of the overall removal

occurred in the demister.

5.6.3 Comparison of NaI Removal Efficiencies Measured by Aerosol and
Liquid Sampling Methods

The Nal removal efficiencies measured by aerosol and by liquid sampling
methods are summarized in Table 55. In order to compare the two methods,
the efficiency data were converted to penetration by use of Eq. (11). The
data of Table 55 show that the liquid sampling method yielded Hal penetra-
tions approximately twice that of aerosol sampling for the SGS and for the
SGS/Demister system. The demister penetrations were essentially the same by
both methods. The liquid sampling method is thought to be more accurate
than the aerosol method for the entire test period, but does not give the
hourly fluctuations as does the aerosol method. The liquid sampling results
in Table 54 should be used when assessing the overall efficiencies for NaI

removal. A discussion of Nal removal results is given in Section 6.4.

5.7 PERFORMANCE WITH WATER-INSOLUBLE PARTICLES

Approximately 2000 kg of aerosol mass were removed from 100,000 M3 of gas

during the four tests. The demonstrated ability to handle this large mass
of aerosol without plugging the air cleaning system accomplishes one of the

key test objectives. However, the aerosol used in the tests was essentially
completely soluble in the scrubber liquid. In some beyond-the-design base

accidents postulated for large breeder reactors, a small fraction (<1%) of
the aerosol mass may consist of water-insoluble materials, e.g., fuel, steel
and concrete. ( 14 ,17) A test (PT-i) was performed in the 0.5 m3 1s model
SGS/Demister to determine the effect of insoluble particles on aerosol

removal efficiency and pressure drop across the air cleaning components.
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TABLE 54

NaI REMOVAL EFFICIENCY BASED

ON LIQUID SAMPLING FOR TEST AC10

NaI Mass
Collected NlMs

)() Fraction (b)
Component(s) (g Nal)' Collected Efficiency

SGS 29.58 0.3442 0.3442
Demister 55.76 0.6488 0.9894

SGS/Demister System 85.34 0.9930 0.99303
HEPA Filters 0.599 0.00701.0 (c

Total 85.939 1.0000 - - -

(a) Mass accumulated during entire test. See Table 41.

(b) Fraction of incident Na mass collected on identified component.
(c) Not measured. Assumed for calculational purposes.

TABLE 55

COMPARISON OF Nal REMOVAL EFFICIENCY MEASUREMENTS
MADE BY AEROSOL AND LIQUID SAMPLING METHODS

Efficiency ()Penetration(a)
Penetration

Component(s) Aerosol Liquid Aerosol Liquid Ratio CL/A)

SGS 0.639 0.314 0.361 0.656 1.82
Demister 0.991 0.9894 0.009 0.0106 1.18
SGS/Demister System 0.9968 0.9930 0.0032 0.0070 2.19

(a) Average for entire period when NaI was released.
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The test aerosol was generated by dispersing hydrated alumina* with a powder
feeder and air jet. The manufacturer's specifications state that the true
density is 2.42 g/cm3 and the loose bulk density is 0.13 to 0.22 glcm3.*A cascade impactor sample of the dispersed aerosol gave a log-normal distri-
bution with an aerodynamic mass median diameter of 1.8 um and a a g of 1.67.
The aerosol was injected into the 10-in, gas downcomer at the top of the SGS.

Aerosol filter samples were taken from the plenum between the SGS pool and
the demister and at the outlet of the demister. The filter papers were
analyzed for aerosol mass by desiccating and weighing the preweighed papers.
The average value of five efficiency measurements was 97.1 for the SGS and
99.7 for the demister and a system efficiency of 99.99. The SGS effi-
ciency for the alumina aerosol was lower than for the sodium fire aerosol,
as expected because of its smaller size distribution. The combined effi-
ciency of the SGSfDemister was the same as for the sodium fire aerosol.

The alumina particles that penetrated the SGS had an AMMD of 0.5 u.m and aa
of 3.0, as determined by cascade impactor measurements. As the particles
deposited in the demister fiber bed, they caused the pressure drop across
the demister to increase with time. The mass of aerosol deposited on the
demister was calculated by multiplying the generation rate by the measured
penetration of the SGS. A plot of the demister pressure drop as a function
of mass of alumina aerosol collected on the demister is given in Figure 39.

Figure 39 shows that the pressure drop increased slowly with demister load-
ing until an incremental increase of 0.5 kPa had been attained with 1.5 kg
loading, after which the pressure drop increased more rapidly. A demister
loading of only -0.1 kg per standard demister unit (0.47 m3/s capacity)
would be expected in a large breeder, based on 1000 kg of insoluble aerosol
released to containment, 80% retention in containment, and an air cleaning
system consisting of a 99% efficient SGS and 20 standard demister units.

*Hydral 71.0, manufactured by the Aluminum Company of America, Pittsburgh, PA.
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2.6 - HYDRATED ALUMINA AEROSOL
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FIGURE 39. Pressure Drop Across Demister as a Function of Insoluble Aerosol Loading.



Figure 39 shows that the increase in pressure drop would be negligible for
the assumed accident conditions.

A total of 67 kg of alumina aerosol was fed to the SGS during test PT-i,
giving a suspended slurry of scrubber water containing 28 g/t. The perform-
ance of the SGS was not impaired by the very high concentration of insoluble
particles. When the gas flow was terminated, the particles settled to the
floor of the SGS pool, but were quickly resuspended when gas flow was started
again.

The conclusion is made that the performance of the SGS/Demister system was
not adversely affected by the presence of insoluble particles in amounts
postulated for beyond the design-basis accidents.

5.8 AEROSOL DEPOSITION IN DUCTS

In earlier tests,(5 ,6) small diameter ducts were used in parallel with the
main 10-in, duct to determine the relationship between duct diameter and
mass of aerosol required to cause plugging. Tubes with internal diameters
ranging from 22 mmn to 110 mmn were plugged by the NaOH aerosol,(6) but
insufficient aerosol was generated to plug the main 265-mm ID duct. The
following empirical equation was found to fit the data within the range of
ducts plugged:

m = 4 x 104 d3  (12)

where:

m = mass of aerosol entering duct (kg)
d = duct internal diameter (in)

In the present test series, no small ducts were tested, but the main,
265-nun ID duct was decontaminated after each test to determine the mass of
aerosol deposited. The results are given in Table 56. In the two tests
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TABLE 56

AEROSOL DEPOSITION IN INLET DUCT

Parameter AC7 AC8 AC9 AClO-

Aerosol mass recovered

from duct (a)Cb) (kg) 7.75 108.2 (c) 71.6

Aerosol mass penetrating
duct (kg'(b) 488.13 580.4 192 .4 (d) 489.9

Total aerosol mass entering
duct (kg)(b) 495.88 688.6 192.4 561.5

Fraction of entering
mass deposited in duct 0.016 0.157 (e) 0.127

Maximum &P across
duct (Pa) <50 1500 50 475

Gas flow rate at max.
AP, % of design rate 100 50 - 100 100

Duct plugged No Yes (f) No No

(a) Refer to Table 4 for dimensions.
(b) Determined by analyzing for Na and dividing by Na mass

fraction from Table 17.

(c) Not measured. Estimated <4 kg.

(d) Combined deposit in duct and air cleaning system.
(e) Not measured. Estimated <0.021.

(f) Continued flow possible but complete plugging ininent.
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with dry aerosol (AC7 and AC9), duct deposition was very slight. It is
thought that most of the aerosol that did deposit was reentrained by the gas
stream and swept into the SGS. In the two tests that used an NaOH aerosol
(AC8 and AC1o), considerably more deposit was found in the duct during post-
test cleanup, and the aP across the duct also increased significantly. It
is thought that the deposited NaCH material had sufficient adhesiveness and
strength to resist reentrainment. It is doubtful whether higher gas velo-
city and pressure differential than was possible in the present tests would
have cleared the ducts. Although the ducts were not completely plugged,
their flow resistances indicated that plugging was inmminent. This was espe-
cially true for test AC8, where the maximum flow possible was only 50% of
the design rate.

The duct deposition data from the four tests are plotted in Figure 40. The
curve is Equation (12), derived from previous test data. Figure 40 shows
that the current data are consistent with the earlier data and extend the
validity of Equation (in) to a duct diameter of 0.265 m (10.4 in.) It should
be noted, however, that non-sticky aerosols may not plug ducts even at much
higher loading than indicated by Equation (12).
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6.0 DISCUSSION OF RESULTS

6.1 GAS COOLING IN THE SGS

Hot gas which enters the gravel bed flows through channels between grains.
These flow channels are of relatively small dimension, and the exposed area
for heat transfer to grains is large. For these reasons, one anticipates
that the gas would be quickly cooled to the liquid temperature. The pulsing
nature of flow through the bed causes the surfaces of each stone to be re-wet
by liquid after each gas pulse flow upward through the bed. Thus, the
surfaces of the grains are expected to remain at a temperature very close to
the liquid temperature.

Gas cooling in the gravel bed was analyzed as a heat transfer process wherein
sensible heat of the flowing gas was transferred to a constant temperature
sink with a constant heat transfer coefficient. Based on these assumptions,

the temperature profile through a one-dimensional bed was derived to be:

Tx - Ts hax\ (3
T :-7= exp - -(3
1 s p/

where:

Tx = temperature of gas at distance x (*C)

T= temperature of heat sink surface (*C)

Ti= temperature of inlet gas (*C) 2
h = heat transfer coefficient (watt/m2 C)
a = interfacial area f1or heat transfer per unit

volume of bed (m )
x - distance into gravel bed (in)

w - gas mass flow rate (kg/m 2h)

=p gas heat capacity (watt h/kg*C)
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The interfacial area, a, was evaluated by assuming the bed to consist of
spheres packed in a bed with a void volume of c. For spheres, a is found

to be:

a 6 (1-c (14)
d c

where:

c void volume fraction of bed

dc diameter of spherical packing grains (in)

The heat transfer coefficient, h, was related to flow parameters using a
mass transfer correlation developed for a packed bed.(18) The heat trans-

fer coefficient, based on the Colburn analogy(18) was derived to be:

h = 0.687 k~ Re0.673 Pr 0.33  (15)
c

where:

k = thermal conductivity of gas (watt/m*C)

Re = Reynolds number for flow around grains,
based on superficial gas velocity

Pr = Prandtl number of gas

The temperature can be computed as a function of distance, x, by substitut-

ing Equations (14) and (15) into Equation (13). A numerical evaluation of

Equation (13) was made for a test period in which the gas entering the

scrubber was near the maximum value achieved in the test series. At 430 muin

in test AC9, the following conditions existed:

Inlet gas temperature = 239*C

Liquid temperature - 5leC

Gas flow rate = 0.514 rn3/s
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These conditions, along with the SGS construction parameters noted in Sec-

tion 3.3, permitted Equation (13) to be evaluated. The instantaneous gas

flow rate, w, was assigned a value corresponding to a gas velocity of 1 m/s,
the value estimated from visual observations. Results of this evaluation

are shown graphically in Figure 41.

As indicated by the temperature curve of Figure 41, most of the heat is
transferred in the first 5 cm of the packed bed. At 30 cm, it was predicted

that the gas and liquid temperatures would differ by only 0.010C. Because

the bed was 61 cm in length, it is predicted that the gas leaving the bed

would be in thermal equilibrium with the liquid.

An examination of the temperature data indicates that the gas entering the

demisters was in thermal equilibrium with the liquid in the gravel bed. Any

measured differences (generally less than 0.50C) are thought to be indica-

tive of measurement error, rather than real differences. The temperature

measurements support the theoretical predictions in that the temperature of
the gas leaving the bed was equal to t-he liquid temperature. However, the

temperature versus depth profile was not obtainable from thermocouple mea-

surements, and a direct comparison with predictions was not possible.

Detailed instantaneous temperature data for fluid streams in the SGS are

provided in Tables E5 through E8 in Appendix E.

6.2 PRESSURE DIFFERENTIAL ACROSS TEST ARTICLE COMPONENTS

6.2.1 Pressure Differential Across SGS

The pressure difference required to induce gas flow through the SGS depends

mainly on the submergence of the downcomer. Hydraulic aspects of the gas

flow distribution geometry are shown in Figure 42. With reference to Fig-

ure 42, one can visualize that flow proceeds as follows. At very low flow

rates, gas is able to bubble out of the downcomer with a very small gas
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space, and the pressure drop would be very nearly equal to the submergence
of the downcomer. As the gas flow rate is increased, the pool surface
directly beneath the downcomer moves downward to provide an adequate flow
opening for the gas to escape radially. The magnitude of the pool depres-
sion below the end of the downcomer will vary with flow rate, because hydro-
static pressure of the liquid must be overcome to provide the opening.

The pressure drop required to depress the liquid surface can be estimated by
modeling the outlet area as an orifice. For an orifice, the pressure drop
may be expressed as

pV
2

AP j9 (16)
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where:

AP = pressure drop

Pg = density of escaping gas
V g radial velocity of gas

C = orifice coefficient, assumed =0.6

The gas velocity can be related to gas flow rate and exit area:

Vg G (17)

where:

G = gas volumetric flow rate

A = flow area of radial escape path

The flow area, A, is equal to the perimeter of the downcomer pipe multiplied

by the pool depression:

A = irDh (18)

where:

D = diameter of downcomer

h = height of space for gas flow,
termed the pool depression

The height of the gas space, h, is directly related to the liquid density
and the pressure loss required to create the opening:

AP h (19)
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where: Pz= density of liquid

The pressure drop due to the pool depression, expressed as head of liquid,

can be obtained by combining Equations (16) through (19) to give:

h P 9G 2 1/3(20)

The total pressure drop expressed in terms of height of liquid in the SGS

pool is thus

AP SGS = h IS (21)

where:

AP SGS = overall pressure drop across SGS
h = liquid depression from Eq. 20

S = submergence of downcomer

Experimental measurements of pressure drop across the SGS are compared with

predictions based on Equation (21) in Table 57.

The data of Table 57 are shown graphically in Figure 43. Measured and pre-
dicted pressure drops are in good agreement, indicating that the theoretical
expression is adequate for the conditions encountered in the tests.

Interestingly, the pressure drop across the SGS is not dependent on the

nature of the gravel bed itself. Gravel bed parameters would, however,
determine the quantity of water entrained and the maximum allowable gas
velocities that can be used prior to bed dryout.
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TABLE 57

COMPARISON OF MEASURED AND PREDICTED

PRESSURE DROP ACROSS SGS

Gas Flow Downcomer Measured Predicted
Rate Submergence Pressure ,Pressure (b)(M3/sec) (m Drop,(kPa)(a)Drop,(kPO)

0.094 0.606 5.95 6.07
0.189 0.621 6.21 6.30
0.378 0.665 6.85 6.86
0.472 0.673 6.97 6.99
0.567 0.681 7.10 7.12

0.094 0.696 6.87 6.96
0.189 0.716 7.32 7.24
0.382 0.742 7.72 7.61
0.477 0.749 7.87 7.74

0.095 0.779 7.74 7.77
0.194 0.798 8.14 8.04
0.381 0.823 8.59 8.41
0.425 0.826 8.69 8.46

0.207 0.724 7.37 7.40
0.331 0.734 7.58 7.58
0.414 0.748 7.80 7.77
0.500 0.756 8.05 7.89

(a) From Tables El through E4 in Appendix E.
(b) By Equations (20) and (21).
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Pressure drop through the downcomer pipe was neglected in Equation (12)
because it was negligible in the unit tested. However, pressure loss in the
inlet line might not be totally negligible for systems of different design.

6.2.2 Pressure Differential Across Fiber Demister

The pressure drop across the demister is due predominantly to that incurred
for fluid flow through the fiber bed. The other pressure losses, due to
expansion and contraction, directional changes and friction on walls, are
relatively low and are ignored in this treatment. The pressure drop for
fluid passing through a packed bed of fibers was studied by Davies,(12 )

who found the following correlation:

'P=16 uhGf 1 5 7(1 + 56 3 (22)
Ar2

where:

A= pressure drop (dyne/cm2)

A = flow area (cm2)
r = radius of fiber (cm)

p=fluid viscosity (poise)

G -actual gas flow rate (cm3ls)

h = bed thickness (cm)
f =fraction of volume filled with nongaseous media

Two demisters were used in the present tests (see Section 3.2.6). The fol-
lowing geometrical parameters apply:

A =5.12 m2 (mean of inner and outer bed surfaces for both units)

h =76.2 mmn

r =10 u.m
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The parameter f was not measured directly but was derived by inserting
empirical measurements in Equation (22) and solving for f. From a previous
study,( 5) the value for f is 0.131 for a new, clean fiber bed unsaturated

*with liquid. Inserting this value for f and the measured values for A, h
and r into Equation (22) gives a simplified expression that is applicable
for the fiber bed used in the present tests:

AP= 1.27 x 10 Gu (23)

where the dimensions have been changed to SI units:

AP= Pa

G = actual m3/s

u= Pa-s = poise

Equation (23) applies for a bed that is not saturated with liquid, since the
void fraction, f, was calculated from data taken for this case. During the
present work, the liquid entrainment from the SGS pool has sufficient oper-
ating time to saturate the bed at the design gas flow rate. The effect of a
two-phase mixture of gas and liquid flowing through the bed can be estimated
using data published by Brown( 19) for permeabilities for oil and gas flow-
ing through sand. For a bed saturated with liquid at low liquid rates, the
pressure drop is calculated to increase by 18% due to the liquid. There-
fore, Equation (23) is modified by multiplying the constant by a factor of
1.18. The resulting predictor equation for the present test article satur-
ated with liquid is:

A= 1.50 x 107 G1v (24)

The pressure drops across the demister were measured during each test and
are reported in Tables El through E4. In addition, a series of measurements
was made with room temperature water and clean air after test AC10 was comn-
pleted. Typical test measurements are listed in Table 58 for test AC7
through AC10 and for the final clean air test.
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TABLE 58

COMPARISON OF MEASURED AND PREDICTED

PRESSURE DROP ACROSS THE DEMISTERS

Test and Gas Flow AP Across Demister (kPa)
Op. Period (Actual m3/S) Predicted (a) Measured (b)

7 - 5 0.355 1.00 1.08
7 - 11 0.370 1.04 1.00
7 - 20 0.359 1.01 1.02
7 - 21 0.109 0.307 0.37

8 - 2 0.084 0.237 0.24
8 - 3 0.214 0.603 0.59
8 - 4 0.411 1.16 1.10
8 - 10 0.362 1.02 1.03
8 - 15 0.364 1.03 0.99
8 - 19 0.313 0.883 0.76
8 - 20 0.242 0.682 0.61
8 -21 0.092 0.259 0.22
9 - 1 0.347 0.979 0.92
9 - 2 0.083 0.234 0.25
9 - 3 0.169 0.477 0.52
9 - 4 0.308 0.869 1.01
9 - 9 0.409 1.15 1.46
9 - 10 0.178 0.502 0.56
9 - 18 0.370 1.04 1.17

10 - 1 0.527 1.49 1.01
10 - 2 0.087 0.245 0.33
10 - 3 0.172 0.485 0.54
10 - 4 0.346 0.976 0.99
10 - 15 0.335 0.945 0.97
10 - 16 0.049 0.138 0.35
10 - 17 0.167 0.471 0.60
10 - 18 0.330 0.931 0.98

Post-test (c) 0.100 0.267 .0.336
Post-test (c) 0.250 0.668 0.826
Post-test (c) 0.400 1.06 1.125
Post-test (c) 0.500 1.33 1.332
Post-test (c) 0.612 1.63 1.733

(a) Equation [24].
(b) From Tables El -E4 in Appendix E.
(c) Room Temperature Water and Clean Air, 7-20-81.
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The data of Table 58 are shown graphically in Figure 44. Measured and pre-
dicted pressure drops agree to within -±15%, indicating that aerosol and
NaOH in the SGS pool had very little effect on the pressure drop and that
Equation (24) is valid for the conditions of these tests.

It should be noted that the aerosol used in Tests AC7 througff AC10 was
essentially completely soluble in the scrubber liquid. Aerosol particles
which penetrated the SGS and were deposited on the demister fibers were dis-
solved and washed out of the demister bed by liquid entrainment from the SGS
pool or by condensation of water vapor. The behavior of water-insoluble
particles is discussed in Section 5.7.

6.3 SODIUM AEROSOL REMOVAL EFFICIENCY

6.3.1 Aerosol Removal in the SGS

6.3.1.1 Removal Mechanisms

Particles entering the gravel bed of the SGS are subject to collection by a
number of mechanisms. The following mechanisms can be identified as being
potentially important.

* Inertial impaction

* Interception

* Diffusional deposition

* Gravitational settling

* Thertnophoretic deposition

* Diffusiophoretic deposition
* Particle growth due to water vapor condensation

Electrical attraction

Preliminary calculations indicate that several of these mechanisms are not
very important, and can be neglected. Electrical collection mechanisms can
be dismissed because the particles are not charged to a significant extent.

161



1.611111

0 AC8 A

1.4 V AClO
0 POS6T-TEST AC10

-i 1.2-
a. A

0

1. 0
u

0
00

00

~0.6

LINE OF PERFECT
'U AGREEMENT

~0.4

V.

0.2 0

0
0 0 .2 0 .4 0.6 0.8 1.0 1.2

PREDICTED AP ACROSS DEMISTER (kPa)

HEDL I104O-7.

FIGURE 44. Comparison of Measured and Predicted Pressure Drop Across Demister.

162



Gravity settling would not be expected to be significant because the gas
velocity is orders of magnitude higher than particle settling velocities.
For example, the settling velocity of a 5-um diameter particle of unit dens-
ity in air is approximately 0.08 cm/s, compared to a superficial gas velo-
city of approximately 100 cm/s. Because the target collection efficiency is
roughly equal to the ratio of settling and flow velocities, a first estimate
of the gravity target efficiency of 0.08/100 - 0.0008, a value too small to
be of much effect in the SGS. Similar arguments indicate that interception,
thermophoresis, diffusiophoresis, and diffusion would play a minor role in
particle removal in the SGS for aerosol with the size distribution in the
present tests. Thus, one is left with inertial impaction, possibly augmented
by particle growth, as the dominant collection mechanism.

Several theories on inertial collection of particles in packed beds were
considered. First, the bed can be modeled as an assemblage of isolated col-
lectors. Preliminary calculations with this theory showed that the predicted
collection efficiency was much lower than the measured efficiencies, and
also lower than the efficiencies based on two other models.

The second model considered was one presented by Tien,( 20 ) wherein the
flow paths through a granular bed are modeled as a series of constricted
tubes. Constants in this model were selected on the basis of experimental
measurements of particle collection in dry granular beds. The presence of
water in the SGS makes the model of Tien of questionable validity when
applied to the SGS.

The third model, and the one thought to be most applicable to the SGS, is
the model of Calvert et ai.(21) This model applies to particle collection
in a packed bed, wet by a small quantity of liquid. Particle collection is
envisioned to result from centrifugal forces generated as the gas flows
around each piece of packing. A mathematical expression of the model is as
follows:
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P = exp- 2 ( W + 2) (Z~ d (Stk) (25)

where:

P = fractional penetration of aerosol

j = a 'Parameter relating channel width to packing size
c = void volume in packed bed

H = liquid holdup in bed, expressed as volume fraction
of bed

z = bed height (in)

d c= diameter of packing element (mn)

Stk = Stokes number

The inertia parameter, commonly called the Stokes number, is defined as

follows:

Stk = (26)

where:

Vg = superficial gas velocity (cinls)
d p=aerodynamic particle diameter (cm)

= gas viscosity (g/cm-s)

In order to establish whether Equation (25) would explain particle capture
in the SGS, calculations were performed for two representative operating
periods in Test AC7. Case A was at the design gas flow rate and Case B was

at -50% design flow rate. The particle size spectrum was broken into a num-
ber of increments, and Equation (25) applied to each increment. The pre-

dicted penetration versus particle size curve for the two cases is shown in

Figure 45.
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Measured aerosol removal efficiency data presented in Section 5.5 were con-
verted to penetration and are listed in Tables 59 through 62. Overall pene-
trations for the inlet particle size distribution are compared with the mea-
sured penetration in Table 63.

Table 63 shows that the predicted penetrations are one to two orders of mag-
nitude higher than measured. A cursory examination of SGS efficiencies for
all four tests indicates that this discrepancy is general. The under pre-
diction of removal efficiency by Equation (25) is thought to result from the
following factors, which are not explicitly accounted for in the model:

* Particle growth due to water vapor condensation
* Capture by exposed liquid surfaces
* Enhancement due to turbulence caused by energy dissipation

An alternative, nonmechanistic way to correlate removal efficiency is to
compare performance with other devices which expend the same amount of energy
per unit volume of the gas. Calvert( 22 ) presented a correlation of "cut
size" versus pressure drop for several types of scrubbers, and data from his
correlation are reported in Figure 46. The cut diameter is defined as the
size at which 50% of inlet particles are removed by the scrubber. As a rough
guide, one can approximate the collection efficiency of a device by assuming
that all particles larger than the cut diameter are collected, and 'that
particles smaller than the cut size penetrate the scrubber. As shown in
Figure 46, the cut diameter for the SGS is approximately that found for gas-
atomized venturi scrubbers and fiber beds containing 0.005-cm diameter
fibers.

As shown in Figure 46, the SGS is generally more efficient than a gas-
atomized venturi, as evidenced by a smaller cut diameter for a given pres-
sure drop, and this enhancement may be due to growth of the soluble sodium
compound aerosol partic les.
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TABLE 59

SODIUM AEROSOL PENETRATION AT VARIOUS OPERATING CONDITIONS FOR TEST AC7(a)

G~) Aerosol (c) ArslSz~ )po~ ) po

G~) Conc. Aeoo Sie ~d) p 1 e) Po Penetration X 14f
Oper. (Actual (g Na/ AMMO Level Temp P P
Periods M3/S) Std M3  (1m 0 (g Na/i) (mm) X20q) SGS Oem ~Overall

1 0.509 8.38 5.9 2.7 0.5 0 22.7 84 56 0.47

2 0.081 12.7 6.0 2.9 1.6 63 25.5 14 345 0.50

3 0.242 14.2 6.0 3.1 3.3 35 28.3 16 41 0.07

4 0.461 10.5 5.7 3.1 6.5 53 32.5 18 100 0.18

5-6 0.466 10.3 5.1 3.1 12.7 58 36.7 25 108 0.27

7-8 0.482 10.1 4.7 3.1 21.0 50 39.2 35 164 0.52

9 0.510 9.3 4.7 3.1 27.7 -50 39.9 67 136 0.91

10 0.481 10.8 4.8 3.1 29.6 130 37.9 40 159 0.63

11-14 0.477 10.7 4.8 3.0 44.8 45 39.2 65 251 1.63

15-17 0.476 10.2 4.0 2.7 69.2 45 40.6 96 412 3.73

18-20 0.473 11.1 4.0 2.7 86.3 57 41.5 104 624 6.22

21 0.133 5.0 4.0 2.7 92.7 70 39.3 256 69 1.77

22 0.097 0.41 2.5 2.5 90.8 75 37.8 93 113 1.05

(a) Average values for specified operating periods.
(b) Gas flow rate at SGS inlet conditions.
(c) At SGS inlet.
(d) Concentration of sodium in SGS pool.
(e) Distance above top of gravel packing.
(f) Fraction of incident sodium aerosol mass penetrating indicated component, based

on aerosol sampling.



TABLE 60

SODIUM AEROSOL PENETRATION AT VARIOUS OPERATING CONDITIONS FOR TEST ACB(a)

() Aerosol (c) Aeoo iecpol)G~b Conc. Arsliec)C(d) p e) Pool Penetration X 14f
Oper. (Actual (g Na/ AMMD L Level Temp
Periods M3IS) Std in3) Gm) ~ (g Na/l) (mm)~ { PSGS PDem P Overall

1 0.544 12.0 5.3 3.3 0.2 92 27.8 10 211 0.21
2 0.098 11.0 4.2 3.4 0.9 57 45.5 17 68 0.11
3 0.242 10.8 4.4 3.4 1.8 62 62.9 23 229 2.65
4 0.470 10.7 5.2 3.2 3.5 62 60.1 31 152 0.47

5-6 0.479 14.3 5.0 3.2 7.9 43 44.3 44 56 0.25
7-8 0.509 15.0 4.4 3.3 16.4 -21 42.5 70 89 0.62
9-10 0.479 14.8 4.1 3.5 2. 2 29 7 5 05

11-14 0.492 14.1 3.9 3.5 44.8 48 45.4 102 149 1.52
15-17 0.469 10.8 4.4 3.2 72.5 50 46.4 245 161 3.95
18-19 0.351 10.6 5.1 3.0 88.2 44 46.6 212 295 6.25

20 0.242 8.3 5.2 3.1 94.0 55 47.2 265 244 6.47
21 0.092 2.6 5.1 3.1 95.8 55 45.5 605 12 0.73
22 0.095 0.2 (g) (g) 97.0 60 43.2 1709 3 0.56

(a) Average values for specified operating periods.
(b) Gas flow rate at SGS inlet conditions.
(c) At SGS inlet.
(d) Concentration of sodium in SGS pool.
(e) Distance above top of gravel packing.
Mf Fraction of incident sodium aerosol mass penetrating indicating component.

based on aerosol sampling.



TABLE 61

SODIUM AEROSOL PENETRATION AT VARIOUS OPERATING CONDITIONS FOR TEST ACg(a)

Gpeb) Ceon lc Aeosol Size(c) c(d) p 00(e) Pool Penetration X 14 f
Oe. (Actual (g Na/ AMMO L Level Temp ~Periods M3/S) Std Mn3 ) ~ gNa/l) (mm f00 PSGS PDem POverall

2 0.119 16.0 5.3 3.4 1.1 50 23.5 52 15 0.08
3 0.258 14.4 5.4 3.4 2.8 95 31.3 (g) (g) 0.16
4 0.465 15.7 5.5 3.4 6.2 95 41.3 40 47 0.19

5-6 0.465 16.9 6.0 2.9 12.8 78 49.0 55 30 0.17
7-8 0.501 16.3 5.4 2.9 22.0 45 51.7 72 23 0.17
9 0.622 8.85 4.6 3.3 27.7. 55 51.8 25 46 0.12

ko 10-11 0.255 3.68 3.8 3.4 29.7 43 47.6 33 18 0.39
12-13 0.242 3.67 3.6 3.4 31.8 10 45.0 70 20 0.14
14 0.100 1.11 3.9 3.0 31.6 0 44.4 9 10 0.01
15 0.099 0.31 3.6 2.8 30.5 60 40.8 46 69 0.32

16-17 0.247 0.053 3.3 2.5 30.9 60 39.1 475 51 2.42

(a) Average values for specified operating Periods.
(b) Gas flow rate at SGS inlet conditions.
(c) At SGS inlet.
(d) Concentration of sodium in SGS pool.
(e) Distance above top of gravel packing.
(f) Fraction of incident sodium aerosol mass penetrating indicated components,

based on aerosol sampling.
(g) Not measured.



TABLE 62

SODIUM AEROSOL PENETRATION AT VARIOUS OPERATING CONDITIONS FOR TEST AC1O(a)

( b ) A e r o s o l ( c ) A e rco P o o P e e t a t i n

Conc. ArslSizeC C(d) Pool Peerein) 04f

Oper. (Actual (g Na/ AMMD L Level Temp ~ G _ __

Periods MI/s Std Mn3) PSG gNal !!!I. ti S PDem POveral1

1 0.686 10.3 5.3 2.6 0.5 0 26.4 41 145 0.59

2 0.116 17.8 5.0 3.2 1.9 50 29.0 21 30 0.06
3 0.242 17.9 4.8 3.4 4.2 25 32.9 21 75 0.16
4 0.481 16.1 7.5 3.0 8.7 10 37.9 26 200 0.52

5-6 0.483 17.7 7.1 3.0 17.2 20 42.4 36 158 0.57

7-8 0.481 17.7 6.9 3.1 29.4 -45 44.2 67 174 1.16
S 9-10 0.472 16.0 7.6 3.2 39.0 125 44.4 59 221 1.30

11-13 0.477 15.2 7.4 2.8 56.8 40 46.4 105 225 2.36

14-15 0.466 14.1 6.1 3.0 80.8 33 46.7 97 385 3.73

16 0.069 14.4 5.0 3.3 87.2 65 45.8 126 163 2.04

17 0.238 14.5 4.4 3.3 85.5 80 45.6 94 304 2.86

18 0.439 7.0 4.1 3.2 88.0 75 47.0 101 521 5.27

19 0.119 0.69 3.6 2.9 90.2 50 45.9 142 36 0.51

21 0.101 0.11 2.7 2.5 93.0 40 53.4 836 12 1.00

(a) Average values for specified operating periods.
(b) Gas flow rate at SGS inlet conditions.
(c) At SGS inlet.
(d) Concentration of sodium in SGS pool.

(e Distance above top of packing material.(f Fraction of incident sodium aerosol mass penetrating indicated component,
based on aerosol sampling.



TABLE 63

COMPARISON OF PREDICTED AND MEASURED AEROSOL
PENETRATIONS OF THE SGS FOR TWO REPRESENTATIVE CASES

Gas Flow Particle Size Aerosol Penetration
Test Oper. Rate AMMO

Case No. Period (M31S)(a) G(m)~ Predicted (b) Measured

A AC 7 9 0.45 4.7 3.1 0.256 0.0067
B AC 7 3 0.21 6.0 3.1 0.287 0.0016
(a) Average of inlet and outlet SGS conditions. (b) By Equation (25).
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FIGURE 46. Scrubber Performance Correlation Based on Energy Dissipation Per
Reference (22).
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In summlary, the particle removal efficiency of the submerged gravel bed cor-

relates reasonably well with that of a gas-atomized spray scrubber which

uses the same energy dissipation per unit volume of gas. On the other hand,

the SGS is far more efficient than predicted by a simple impaction model

developed for packed beds operating at low pressure drops with low liquid

flow rates. The overall removal efficiency for a specified aerosol can be

approximated using a cut diameter of approximately 0.4 udm.

6.3.1.2 Effect of Operating Parameters on SGS Efficiency.

A large number of parameters can affect the aerosol removal efficiency of

the SGS. The parameters measured and varied in the present work were:

* Aerosol chemical form

* SGS packing type and size

* Aerosol particle size

* Aerosol concentration in SGS pool

* Aerosol concentration in inlet gas

* Gas velocity

* SGS pool level

* Temperature of inlet gas

* Temperature of SGS pool

* Method of inducing gas flow

The large-scale tests described in the present work were designed to demon-

strate the performance of the SGS/Demister system when challenged by aerosols

and operating conditions typical of those expected in severe breeder acci-

dents. The effect of most of the individual parameters listed above was

confounded by the integral nature of the tests. Nevertheless, some trends

and conclusions can be drawn from the test data.

Effect of Aerosol Chemical Form -- The aerosol in all four tests was com-

prised of mixtures of partially hydrated Na2O2, NaOH, and Na2CO3, which are

the dominant mass contributors in postulated breeder accidents. No effort
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was made to study other aerosol materials which may also be of interest, e.g.,
fuel and concrete. A simulated fission product compound, Nal, was used in
one test, but it was purposely released in a manner to form submicron sized
particles and thus was not typical of containment-agglomerated aerosols.

The dominant sodium chemical form was different in each of the four tests.
Table 64 shows that average penetration of the SGS for all four tests was
0.0076 and that none of the tests varied more than 0.0025 from the average,
a variation attributable to measurement error and effects of other param-
eters. It is concluded that the SGS and SGS/Demister system were equally
effective for all sodium compound aerosols used in the test series.

TABLE 64

EFFECT OF AEROSOL CHEMICAL TYPE ON PENETRATION

Aerosol Dominant Penetration X 104 (b)
Test Chemical Form (a) SGS Demister Overall
AC 7 Na2O2 and NaOH 51 287 1.7
AC 8 NaOH-H2O 89 230 2.0
AC 9 Na2CO3  94 39 0.4
AC10 NaOH 69 164 1.2
Avg 76 180 1.3

(a) From Table 17.
(b) From Table 52.

SGS Packing Type and Size -- Two types of packing material were used in the
*tests. In tests AC7, AC8 and AC9, the packing was crushed Hanford basalt

gravel, which was described in Section 3.3.4. Commercially available cera-
mic packing of spherical shape was used in Test ACl.O. The mean sizes of the
packing elements were approximately the same for each type. Table 65 shows
that the penetrations were essentially equal for both types of packing.
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TABLE 65

EFFECT OF SGS PACKING TYPE ON PENETRATION

SGS (
Packing~a Penetration X 10-4 (b)

Test Type SGS Demister Overall

AC 7 Gravel 51 287 1.7

AC 8 Gravel 89 230 2.0

AC 9 Gravel 94 39 0.4

Avg, AC 7,
AC 8, AC 9 Gravel 78 185 1.4

AClO Ceramic 69 164 1.2
Spheres

(a) Refer to section 3.3.4 for description.

(b) From Table 52.

Effect of Aerosol Particle Size -- Because particle capture in the SGS is

thought to be due chiefly to inertial forces, penetration is expected to

vary with particle size. As indicated in Section 6.3.1, the cut size of

the SGS is -0.4 p~m diameter, and thus the penetration would be controlled by
the fraction of particles smaller than -0.4 um diamieter. An examination of

data on penetration and aerosol particle size (Tables 59 through 62) showed
that particle size did not have a strong influence on penetration for these

tests, and any trend was obscured by variations in other paramieters, most

notably the concentration of sodium in the SGS pool. An attempt was made to

filter out the effect of C L and the resulting data are presented in Table 66.

No strong trend is seen, but there was a slight increase in penetration for

smaller particles, as expected. This lack of a notable effect of particle

size in the present tests is not surprising, because particle size did not

change greatly during the tests.

In a separate test, the penetration of dioctylphthalate (DOP) aerosol was

measured by means of a portable air aspirated generator and a photometer.
The DOP mean particle diameter measured by light scattering was -0.7 pm.
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TABLE 66

EFFECT OF AEROSOL PARTICLE SIZE ON SGS PENETRATION

Aerosol Size Range, Penetration X 104 (a)
AMMD (.pm) AC7 AC8 AC9 AClO

CL= Low (b)

4 -5 25

5 -6 18 46 41
6 -7 55 36
7 -8 26

C L =High (c)

4 -5 100 245 101
5 -6 65 212 97
6 -7 67

7 -8 100

(a) At inlet gas flow rate of 0.47 M3/S from Tables 59-62.
(b) C L < 10 g Na/e.

(c) C L = 50 to 100 g Na/R.

The SGS removed approximately 50 of the DOP particles, which approximates
the cut size range of 0.3 to 0.6 um derived from the sodium aerosol scrub-
bing tests.

Additional tests to characterize the efficiency of the SGS as a function of
particle size are warranted.

Effect of Sodium Concentration in SGS Pool -- The collected aerosol caused
the dissolved sodium concentration to increase with time, as shown in
Tables 59 through 62. The dissolved NaOH or Na2CO3 changed the density and
viscosity of the pool liquid slightly, which caused a slight increase in
pressure drop across the SGS. However, the chief effect of the dissolved
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sodium was to increase penetration by carryover of entrained liquid drops
from the SGS pool. The effect of entrainment is shown by Equation 27, where
the total penetration is equated to the sum of the fraction of aerosol pene-
trating the SGS without being captured and the entrained sodium expressed as

a fraction of entering sodium aerosol mass.

P = P cc L(27)
9

P = total fractional penetration

A= fraction of aerosol mass escaping capture
= volumetric entrainment rate (m3/s)

CL = concentration of Na ion in SGS pool (g Na/in3)
G = gas flow rate at SGS inlet conditions (m3Is)

Cg concentration of Na in the inlet gas (g Na/in3)
g at inlet conditions

As indicated in Tables 59 through 62, penetration generally increased with

time in each test, in parallel with the liquid concentration. This observa-

tion is explainable in terms of entrainment of liquid drops. At the begin-
ning of each test, when the liquid concentration is low, the entrained drops
carry little sodium compared to the aerosol. However, near the end of a
test, entrained drops dominated.

The data of Tables 59 through 62 were condensed to show the effect of CL
and the result is given in Table 67. Only data for a nominal inlet gas flow
rate of 0.47 m3/s are listed in Table 67. Insufficient variation of CL was

obtained in Test AC9, so the data from that test are omitted.

The data of Table 67 for tests AC7 and AC10 are plotted in Figure 47 as total

SGS penetration versus C L. Although there is scatter due to the effect of
other'parameters, a strong influence of C L on USGS is evident. The solid

curve in Figure 47 is described by Equation (28), which is valid only for an
inlet gas flow rate of 0.47 m3/s.

P SGS = 0.0025 + 1.0 x 10-7 cL (28)
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TABLE 67

EFFECT OF SODIUM CONCENTRATION IN THE
POOL LIQUID ON SGS PENETRATION

C L P n t a i n X 1 4 a
Range Midpo in~ Pntrto

(g Na/iE) (g Na/mi) AC7 AC8 AC10

0-10 0.005 18 28 33

10-30 0.02 30 70 51

30-50 0.04 57 102 59

50-70 0.06 96 105

70-80 0.075 104 245 97

80-100 0.09 101

(a) For inlet gas flow rate of 0.47 M3IS,
from Tables 58 - 61.

0.020
0 - - - TEST AC7

A-------TEST AC10
BEST FIT

0.015--

p 0.0025 + 1.0 x 10-7 CL

0 0.010
0.

0.00m

0 1 1 1 A
0 2 4 6 8 10 12

CL x 10-4 (g Na/rn3 LIQUID)

FIGURE 47. Effect of CL on SGS Penetration. HEOL 8110-07.17
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Relating the empirical Equation (28) with Equation (27) indicates that PA
the true aerosol penetration in these tests was 0.0025; and the volumetric

entrainment rate, E , has a numerical value of 0.5 mt/s. This value of E has
a large uncertainty, but agrees reasonably well with the value of 0.28 mt/s 1

obtained from room temperature air tests shown in Figure 38. Considering
the complexity of parameter interactions in the aerosol tests, the agreement
is considered good. Total liquid carryover during the aerosol tests is
thought to be higher than during the room temperature air tests because the

penetrating aerosol created a fog in the saturated gas downstream.

As discussed in earlier work,( 5' 6) the performance of the fiber bed demis-
ter can be affected by the concentration of dissolved aerosol in the
entrained liquid from prescrubbers. Most of the aerosol which penetrates
the SGS without being captured will be deposited in the demister fiber bed.
The aerosol which penetrates the SGS pool will consist of NaOH (or Na2CO3)
with water of hydration and solution in equilibrium with the water vapor con-
centration in the exit gas. The gas leaving the SGS is extremely close to
being saturated with water, as discussed in Section 6.1. In severe acci-
dents where the SGS pool temperature is elevated significantly above ambient,

additional cooling of the gas probably would occur in the plenum above the
pool and the gas may become supersaturated. Thus, the aerosol deposited on
the demister bed would probably be a solution droplet which would flow by
gravity from the demister. Evidence that this was the case in the present
tests. included visual observation of fog drops in the plenum above the SGS
pool and lack of pressure buildup across the fiber bed demister.

Cooling in the demister bed and conversion of NaOH to Na2CO3 may decrease
the solubility of the liquid held up in the demister. Thus, it is prudent
to limit the concentration of sodium ion in the SGS pool well below satura-

tion at the demister bed conditions. A maximum of 115 g Na/z (5 normal) is
recommiended as a value to be used for design purposes.
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Aerosol Inlet Concentration -- Much evidence exists that aerosol particle
size increases with increased aerosol concentration. ( 4) Thus, aerosol
concentration indirectly affects removal efficiency by affecting particle
size. Very high concentration of suspended aerosol in the containment
atmosphere would cause agglomeration to relatively large particles which
would be removed in the SGS with high efficiency. Conversely, a very low
aerosol concentration in containment would not be conducive to particle
growth and the SGS efficiency would be lower. In the present test series,
the suspended aerosol concentration ranged from 1.6 to 23 g/m3 at contain-
ment conditions (1.2 to 18 g Na/in3 STP). Higher concentrations can be
postulated for severe accidents,( 14) with maximum concentration on the
order of 50 g/m3 (-25 g Na/in3 STP). Thus, the present tests are conserva-
tive for the particle size influence of aerosol concentration.

Another effect of inlet aerosol concentration is that due to mass loading in
the gravel bed. Aerosol deposited in the bed is dissolved in the SGS pool
liquid circulating through the bed. From a sodium mass balance,

ACL = Cg9 E SGS G (29)

where:

&C L - increase in liquid s onc for single pass
through bed (g Na/in )

Cg =inlet gas aerosol concentration (g Na/in3)
ESGS = removal efficiency of S65 (dimensionless)

G = inlet gas flow rate (m3/s)

L = liquid volumetric flow rate through bed (m3/s)

The ratio of volumetric liquid to gas flow rates, LIG, is obtained from
Figure 34 as 0.028 for the design gas flow rate of 0.47 m3/s. The effi-
ciency, ESGS, is taken as 0.9975 from Figure 47. Solving Equation (29)
with these input values and assuming an upper limit of -50 gum3 aerosol
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concentration (25 g Na/rn3) gives &C L = 0.89 g Na/2.. Since the solubility of
NaOH and Na 2CO3 at 60*C is 600 and 185 g Na/z, respectively, (6 ) the sodium
concentration in the liquid at the gravel bed overflow weir would be far
below saturation if the concentration in the main SGS pool is limited to
-115 g/2. (5 normal). Momentary values higher than this could occur if large
chunks of deposited aerosol break off from the inlet duct walls, but the
high liquid pumping rate would rapidly dissolve and dilute the material.

It is concluded that inlet aerosol concentration per se has very little
effect on the SGS performance.

Gas Velocity -- If impaction is the dominant particle removal mechanism, as
assumed in the model of Calvert et al.( 21) and expressed in Equation (24),
the penetration should decrease exponentially with increasing gas velocity.
However, the validity of Equation (24) was shown to be questionable in Sec-
tion 6.3.1.1, where predictions based on this equation greatly overpredicted
particle penetration compared with measurements made in the present work.
It was concluded that mechanisms other than impaction were also important,
possibly particle growth due to water absorption and turbulence not accounted
for in the impaction model. Thus, the effect of velocity is not readily
predictable from present theory.

In the present work, superficial inlet gas velocities were varied from

0.088 mls to 0.744 m/s (inlet gas flow rates of 0.081 to 0.686 m3/s).

This range includes velocities well above and below the nominal design velo-
city of 0.5 m/s. Sodium aerosol penetrations are listed for each operating

period in Tables 59 through 62, along with the respective gas flow rates.
An examination of Tables 59 through 62 indicates that the SGS removal effi-
ciency is not sensitive to gas velocity. Data from Tables 59 through 62
that show the effect of gas velocity are sunmmarized in Table 68, where typi-

cal penetrations are listed for three nominal gas flow rates. No effect of
gas velocity is evident.
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TABLE 68

EFFECT OF GAS FLOW RATE ON SGS PENETRATION(a)

V G C L Na Penetration x 104

(mis) (m3/s) (g Na/Yi) AC7 AC8 AC9 AC10

0.055 0.05 -514 17 52 21
0.26 0.24 -516 23 -- 21
0.51 0.47 -518 31 40 26

0.11 0.1 N~8O - -- 126

0.26 0.24 -80 -- 265 -- 94

0.51 0.47 -"80 100 245 -- 101

(a) Data taken from Tables 59 through 62.

SGS Pool Level -- Slight lowering of the SGS pool surface level below the
gravel basket weir should not affect the particle removal because the aero-
sol, gas and entrained water must still traverse the same fixed geometry
gravel bed. However, if the level is lowered below the minimum water pump-
ing level, shown in Figure 36, sufficient liquid may not be entrained to
clean the gravel of deposited aerosol and the bed could conceivably plug.
It is doubtful that this would really happen because small amounts of water
are observed to be entrained as a mist even at levels below the minimum bulk
pumping level. The pressure drop decreases as the level is decreased, in
accordance with Equation (21).

Raising the pool level above the basket overflow weir should increase the
particle removal efficiency slightly, since some removal may occur in the
incremental pool volume above the gravel bed. This effect is thought to be
minor. Increasing the pool level increases the pressure drop, in accordance
with Equation (21).
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In three of the present tests, the effect of small variations in pool level
was demonstrated by lowering the level -40 num below the basket weir for two
hours and then raising it to -125 mmn above the weir for two hours. The
extreme range covered in this manner was -50 to +130 nun (-2.0 in. to +5.1 in.).
No effect on aerosol penetration was seen, as indicated by Table 69. Pres-
sure drop varied, as expected.

TABLE 69

EFFECT OF SGS POOL LEVEL ON PENETRATION AND PRESSURE DROP

Pool 04a P (kPa) (b)
Level Penetration x I0 (a PSGS
(_)_(a) AC7 AC8 ACIO AC7 AC8 ACID

-50 67 6.37

+130 40 7.99

-21 70 6.50

+120 70 8.08

-45 67 6.30

+125 59 7.74

(a) From Tables 59 - 62.
(b) From Tables El - E4, Appendix E.

These tests demonstrated that pool level variation of approximately +90 nun
(+3.5 in.) from the design level have no significant effect on the operation
and efficiency of the SGS.

Gas Temperature -- The temperature of the inlet gas is expected to have a
minor effect on the aerosol removal efficiency of the SGS. Some possible
effects are as follows:

An increased efficiency due to therniophoretic forces

A decreased efficiency due to evaporation of water
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* Uncertain effect due to reduced gas velocity caused by cooling

* In designs where the gas downcomer pipe is exposed to the gas in
the plenum between SGS pool and demister, some heat transfer tothe downstream gas may occur, possibly evaporating some of the
penetrating aerosol-fog drops and causing dry or partially dryaerosol to deposit on the demister. Although this would have no
effect on the SGS, it may cause an increase in AP across the
demister. It would be prudent to insulate the downcomer or to
design the SGS with the gas entering from the side.

No effect of inlet gas temperature can be seen in the present tests.

SGS Pool Temperature - Pool liquid temperature increased from -20*C to 509C
as the tests progressed. Because the evaporating water flux increases with
pool temperature, any effect of Stephan flow on particle collection would
increase with water temperature. A comparison of aerosol penetrations for
operating periods where water temperature varied (see Tables 59 through 62)
indicates that pool temperature does not significantly affect scrubbing
efficiency. This finding is as expected because: 1) diffusiophoretic
effects are usually of minor importance in scrubbers; and 2) the scrubbing
energy, which controls the removal efficiency, did not vary significantly
with temperature.

6.3.2 Aerosol Removal in Fiber Demister

The fiber bed captures particles by three mechanisms:

* Diffusion

Impaction
Interception

The overall collection of particles due to these three mechanisms was modeled
by picturing the fiber bed to consist of a mat of fibers aligned perpendicu-
larly to the direction of air flow. A material balance on a differential
element of the bed gives:
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PF= exp (-oZ) (30)

where:

P= Mass fraction of inlet particles
penetrating the fiber bed

s= Removal constant (cm-1)

Z -Bed thickness (cm)

The removal constant, s, can be expressed as:

8= 4fEf (1

where:

f - Fraction of bed filled by fibers

Ef = Single fiber collection efficiency

df = Diameter of fiber (cm)

Combining Equ ations (30) and (31) gives:

PF= exp -z [a1 1r (32)

This is the equation used to predict particle capture by the fiber demister
in this study. All of the right-hand terms in Equation (32) are fixed by
the fiber bed geometry, except Ef.

The efficiency for diffusional capture of particles was accounted for by
using an equation based on the analogy between heat and mass transfer:( 23 )
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ED ~+ 1. 727 Rel/6  (3

where:

ED = Single fiber collection efficiency due to diffusion
Pe = Peclet number = df u/D

Re = Reynolds number = d~f up/U~
u = Gas velocity far from the fiber bed (cm/s)
D = Particle diffusivity (cml2/s)

p = Gas density (glcm3)

v~ = Gas viscosity (g/cm-s)

The gas velocity, u, was computed as the bulk average gas velocity flowing
through the free volume of the bed:

1'-A(1G - y(34)

where:

G = Gas flow rate (actual cm3/s)

AF = Mean bed area (cm2)
f = Bed packing fraction

The particle diffusivity, D, was computed from Equation (35), which was
derived from Fuchs.(24)

D = Vr 1 + 1.246x + 0.034x / (3587)
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where:

k = Boltzmann's constant (dyne cm/K)

T = Absolute temperature (K)

r= Particle radius (cm)

x= Gas molecule mean free path (assumed constant
at 7.1 x 10-6 cm for these test conditions)

D = Particle diffusion coefficient (cm2/s)
u= Gas viscosity (dyne s/cm2)

Particle collection by interception and impaction was accounted for by
using numerical computations of particle capture by fibers as tabulated by
Davies.(25) The single fiber efficiencies due to impaction plus intercep-
tion, Eimp and Eint, were calculated using the Spielman-Goren flow field
as computed by Dawson and reported by Davies.( 25) The data presented by
Davies (25) were plotted to facilitate interpolation for specific Stokes
numbers and ratio of particle diameter to fiber diameter. The total single
fiber collection efficiency, Ef, was taken to be the sum of the efficien-

cies for the three mechanisms:

Ef = ED + (Eimp + Eint) (36)

where Ef is used in Equation (31) for computation of the particle penetra-
tion of the fiber bed.

The values of the parameters used to characterize the physical properties of
the fiber bed test article are summarized in Table 70.

The particle size distribution of the aerosol entering the fibrous scrubber
was determined by cascade impactor samples taken from the gas inlet duct.
Extrapolation of the size distribution into the smaller size range was
required to obtain estimates for the small particle sizes (0.05 to 1.0 uim)
that give the maximum penetration of the fiber bed. The extrapolation was
done by assuming that the log-normal distribution was applicable for the
entire size spectrum.
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TABLE 70

PHYSICAL PARAM~ETERS FOR FIBER BED

Parameter Value

Bed thickness (Z) 7.62 cm

Fiber diameter (df) 0.0020 cm

Superficial mean bed area (4f) 5.12 x 104 cm2

Fraction of bed filled by
non-gaseous media (f) 0.15

Comparisons of measured and predicted penetrations are given in Table 71 and
Figure 48. The calculations tabulated in Table 71 were made for test periods
when cascade impactor size data were available.

TABLE 71

COMPARISON OF PREDICTED AND MEASURED
SODIUM PENETRATION OF THE DEMISTER

Measured Particle Size Gas Flow Na Penetration x 102Test Time AMMD Rate (a)
No. (min m) gJ (M3/sec) Predicted Measured

AC 7 525 0.9 1.7 0.37 1.3 1.64AC 7 1125 0.77 1.7 0.37 1.87 2.81
AC 7 1606 0.88 1.6 0.36 1.20 3.27

AC 8 771 0.88 1.76 0.37 1.41 1.1
AC 8 1010 0.84 2.4 0.37 1.76 1.57

AC 9 130 0.78 1.5 0.17 0.80 (b)
AC 9 423 1.68 1.57 0.34 0.10 0.23

AC 10 415 1.15 3.1 0.35 1.21 1.49
AC 10 657 1.04 2.67 0.32 1.24 2.10
AC 10 1080 0.49 1.57 0.34 3.28 2.35

(a) At demister conditions.

(b) Not available.
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FIGURE 48. Comparison of Predicted and Measured Sodium Aerosol Penetration
of the Demister.
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Several important conclusions which may be drawn from the comparison of pre-
dicted and measured removal efficiencies are noted as follows. First, the
predicted and measured efficiencies agree reasonably well. This numerical
agreement supports the validity of the model and the substantial correctness
of critical input parameters, such as particle size, fiber size, and packing
density. The degree of agreement between predicted and measured removal
efficiencies indicated in Table 71 is comparable to or somewhat better than
reported for earlier tests(5) which used a fiber bed of similar design.

Second, it was observed that the measured penetration generally increased
with time. This trend is attributed to entrainment of solution drops from
the fiber bed. The sodium concentration in the SGS pool increased with time,
and this would cause the sodium concentration in entrained liquid to increase
with time. Thus, although the entrainment rate was very low when measured
in terms of mass per unit time, the entrainment can be comparable to pene-
tration of aerosol from a highly efficient scrubber system.

Third, the penetration of the demister appears to decrease when the gas flow
rate is decreased. This effect is illustrated by the predicted penetration
for the first calculational period for test AC9 listed in Table 71.
Although a measured penetration was not available for this time period,
measurements reported in earlier work(5) indicated the inverse relation-
ship between efficiency and flow rate. This effect apparently arises
because Brownian diffusion is the dominant capture process for the particles
which penetrate the fiber bed; and, as indicated by Equation (33), the
collection efficiency decreases with Pe and, therefore, with increasing gas
velocity.

6.3.3 Aerosol Removal in Total System

One of the reasons that the SGSIDemister system was developed was that its
particle capture efficiency was thought to be fairly independent of particle
size. Particle capture was visualized as a series process, where particles
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in a particular size range were subject to two removal processes. For a
narrow particle size range, the overall penetration is the product of the
two individual penetrations:

P= 'SGS PDEM (37)

where:

P= Total fractional penetration for the system
P SGS = Fractional penetration of SGS
PDEM = Fractional penetration of demister

Each of the terms in Equation (37) is based on the mass of aerosol entering
that particular component.

The mass of aerosol in a given size range was determined from log-normal
size distribution parameters reported in Tables 7 through 10 for particles
entering the SGS.

The removal efficiency of the SGS was predicted using the cut-size approach
noted in Section 6.3.1,. assigning a value of 0.4 ujm as the cut diameter.
Removal of particles in the demister was modeled using the equations listed
in Section 6.3.2. This approach for modeling introduces several approxima-
tions, the more important of which are:

* The mass of aerosol present in the size ranges which penetrate the
system (0.05 to 0.5 u~m diameter) must be obtained by extrapolation
of cascade impactor data. The validity of the log-normal approxi-
mation is questionable at the extreme particle sizes.

* The cut diameter method of predicting efficiency of the SGS is not
highly accurate, nor is the cut diameter known precisely for the
SGS.

* Particle growth within the system is ignored.

* Entrainment of scrubbing liquid is not accounted for.
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The predicted and measured sodium aerosol penetrations for typical operating
conditions are listed in Table 72. An examination of Table 72 shows that
the predicted and measured penetrations agree within an order of magnitude,
with the predicted penetration generally being the larger. The discrepancy
is believed due mainly to particle growth due to water absorption and errors
in particle size measurements for the small end of the size spectrum.
Although there is much room for improvement of the models discussed in
Section 6.3, the models do provide a reasonable method for predicting
aerosol removal efficiencies for various operating conditions during
postulated breeder accidents.

6.4 EFFICIENCY FOR NaI REMOVAL

NaI was introduced as a vapor carried in nitrogen sweep gas. When this hot
gas stream mixed with the cooler aerosol stream, very rapid cooling occured,
and NaI vapor condensed. Earlier studies of this process( 5 ,26) indicated
that Nal would nucleate to form very small particles which would rapidly
agglomerate to form particles a few tenths of a micrometer in diameter. The
agglomerated particles would then attach to neighboring NaOH aerosol par-
ticles to an extent depending on the aerosol concentration and time avail-
able. Predicted characteristics of NaI aerosol in earlier tests( 5) with
aerosols similar to those used in the present work are listed in Table 73.

The main feature of the results presented in Table 72 is that the Nal parti-
cles are predicted to be much smaller in size than the aerosol produced by
the sodium spray fire. Because an appreciable fraction of the NaI aerosol
is present in the most penetrating size range, the removal efficiency is
expected to be appreciably lower for NaI than for the sodium fire aerosol.
Measured removal efficiencies for the two aerosol populations are compared
in Table 74.
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TABLE 72

COMPARISON OF PREDICTED AND MEASURED SODIUM
PENETRATIONS IN THE SGS/DEMISTER SYSTEM

Particle Size~a) Gas Flow N.eerto 0Test Time AMDRate (b) N eerto O
No. (min) (um) ___ (m3/s) Predicted -Measured(c)

AC7 280 6.88 3.01 0.182 1.11 0.07
AC7 645 4.65 3.22 0.392 10.6 0.91
AC7 1368 3.90 2.56 0.363 4.25 3.73

AC8 285 4.09 3.54 0.214 7.89 2.65
AC8 704 4.01 3.59 0.362 11.3 0.59
AC8 1365 4.63 3.29 0.364 9.63 3.95

AC9 186 5.63 3.38 0.308 6.38 0.19
AC9 675 3.40 3.59 0.175 7.93 0.14

AC10 229 5.44 2.98 0.087 0.47 0.06
AC10 1245 6.21 2.96 0.335 3.14 3.75

(a) From Tables 18 through 21.
(b) At SGS inlet conditions.

(c) From Tables 59 through 62.
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TABLE 73

Nal AEROSOL PARAMVETERS(a)

Mass NaI Fraction AMMO, pim
Test Injected Conc Attached Unattached Attached

___ (g Nal) (g NaI/ci 3) to NaOH Particles Particles

AC3 582 3.84 x 10- 0.0764 0.22 0.67
AC4 368 1.38 x 10- 0.0769 0.13 0.87

(a) From Reference (5).

TABLE 74

COMPARISON OF MEASURED REMOVAL EFFICIENCIES
FOR NaI AND NaOH AEROSOLS IN TEST AC10

Penetration Based on Liquid Sampling
Component(s) NaOH Aerosol Nal Aerosol

SGS 0.0064 0.656
Demi ster 0.0102 0.0106

SGS/Demister System 0.000066 0.0070
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As expected, the SGS was much more efficient for the NaOH aerosol than for
NaI aerosol. Interestingly, the demister was equally efficient for NaOH and
NaI. Only the submicron fraction of the aerosol (NaOH and Nal) penetrates
the SGS, and therefore the sizes of the two types of aerosol which enter the
demister would not be greatly different. Thus, the observed similar removal
efficiencies by the demister are as expected.

6.5 SCALEUJP CONSIDERATIONS

The major questions regarding scaleup of the SGS/Demister system deal with
the SGS. Scaleup of the demister is readily accomplished by using multiple
commrercial units of the size tested in the present work. Scaleup of the SGS
unit is less certain. The chief uncertainty in scaling the SGS is the
effect of increasing bed diameter on gas distribution. Aerosol collection
efficiency and pressure drop across the gravel bed are not expected to
depend on radial scale. For a bed of the same height (0.61 m) and gravel
grain size as used in the present tests, the pressure drop and particle
collection efficiency would be essentially the same as measured in tests AC7
through AClO. However, scaling the bed radially may introduce variations in
gas and liquid distribution within the bed.

Visual observations of the flow patterns that develop in the SGS were made
with models fabricated from transparent plastic. At very low flow rates,
incoming gas rises through the bed in bubbles with most of the bubbles
rising near the gas downcomer. As the gas velocity is increased, a layer of
gas spreads across the entire cross-section of the gravel support basket.
Waves form on the depressed liquid surface and reflect off the restraining
walls beneath the gravel basket. Crests of waves also intercept the gravel
support grid and liquid is swept into the gravel at various radii. The gas
continues to flow at nearly a steady velocity, as discussed in Section 5.3.3.
Liquid flows through the bed in pulses with a frequency of -0.5 cycles per
second. For the test article studied in the present tests, the slug-type of
flow existed for flow rates ranging from approximately 10% of the design
velocity to the maximum attainable, 1.3 times the design flow rate of
0.47 m3 per second.
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As gas velocity is increased still further, a point is reached where the
pressure drop across the bed exceeds the water head, pulsing ceases, and no
water flows through the bed. This "dry-out" state was found to occur at a
superficial velocity greater than 1 m/s in a small-scale model.

A series of tests was performed with the small-scale model shown in
Figure 49.(7) The gravel bed in this model has a cross-sectional area of
0.070 in2. Hydraulic and aerosol collection tests were performed with beds
of various heights, gravel grain size, and packing type. The particle col-
lection efficiency for a bed of the same height and grain size as used in
tests AC7 through AC10 was 0.998 for sodium fire aerosols.( 7) This is
significantly better efficiency than measured in tests AC7 through AC10
(0.9924 average), but it is thought to be an artifact of sampling and inlet
line clogging in the small-scale tests, rather than true effect of size
scale.

In order to determine the effect of bed diameter on flow distribution within
the gravel bed, hydraulic tests were performed with a bed in which gas was
distributed across a radial distance of 1.07 m. Because a high capacity
exhaust blower was not available, the test atricle was constructed as a 500
sector of a 3.1-n diameter bed (Figure 50). The model had transparent sides
and gravel of the same grain size and bed depth used in tests AC7 through
AC9. The grating visible in Figure 50 was added as a restraint to keep the
top screen in place. Figures 51 and 52 are photographs taken while gas was
flowing through the bed at 0.152 m/s and 0.51 m/s, respectively. On the
basis of visual observations, the gas was essentially uniformly distributed
across the complete breadth of the gravel bed.

Table 75 lists the radial distance from edge of gas downcomer to outer
gravel basket rim in the three SGS models tested to date. The radial
distance required' for plant scale prototypes handling 4.7 m3/s to 18.9 M3/s
(10,000 ft 3/ min to 40,000 ft 3/miln) are" also listed, assuming a cylindri-
cal bed and a superficial gas velocity of 0.5 m/s. Table 75 shows that the
50* sector test was at -78 of the scale required for a 4.7 in3/s unit and
-35 of that required for a 19 m3/s unit. Although extrapolation to the
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FIGURE 49. Photograph of Small-Scale Model of SGS. Neg 7908846-ci
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FIGURE 50. Photograph of 50' Sector Test Article. Neg 7g12779-9cn
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FIGURE 51. Photograph Showing Gas Distribution in 50' Sector Test at One-third Design Flaw Rate.
Neg 7912779-5cn



FIGURE 52. Photograph Showing Gas Distribution in 50* Sector Test At Design Flow Rate.
Neg 7912779-6cn



TABLE 75

RADIAL DIMENSION OF VARIOUS SGS UNITS

Design Gas Gravel Bed
Flow Rate Radial Dimension (a)(b)

Unit (m3/s) (in)

Small-Scale Test Article(c) 0.035 0.15

Present Test Article 0.472 0.43

500 Sector Test Article 0.472 1.07

Plant Prototype 4.7 1.38

Pl ant Prototype 9.4 2.09

Plant Prototype 18.9 3.00

(a) Outer edge of downcomer to basket rim.

(b) Design superficial gas velocity = 0.5 rn/s.

(c) Reference 7

plant scale appears warranted, a hydraulic test with the full-scale radial
dimension is warranted.

If radial dimension should prove to be a problem, scaleup could be accom-
plished by using a rectangular bed with the narrow dimension set at th~e
maximum length shown by testing to give acceptable gas distribution. Alter-
natively, multiple units of cylindrical baskets could be installed in a

common tank of water.
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7.0 NOMENCLATURE

Variables

a Interfacial area per unit volume (mn-1)
A Area (cm2)
C Concentration (glcm3 or g/m3) or orifice coefficient
C p Heat capacity (watt h/kg *C)
d Diameter (m or cm)
d c Diameter of spherical packing grain
df Diameter of fiber (cm)
d p Diameter of particle (cm or um)
D Diameter (in) or diffusion coefficient (cm2/s)
E Aerosol removal efficiency
f Fraction of bed volume filled with nongaseous media
g Gravitational acceleration (cm/s2)
G Gas volumetric flow rate (rn3/s)
h Heat transfer coefficient (watt/rn2 *C) or height of SGS pool

depression (in) or bed thickness (cm)
H Liquid holdup in bed (fraction of bed volume)

Source rate (g/s)
j Parameter relating channel width to packing size

k Thermal conductivity (watt/rn *C)
L Liquid volumetric flow rate (m3/s)
m Mass (kg)
P Pressure (Pa) or aerosol penetration (dimensionless)

0 Differential pressure (Pa)
Pe Peclet number

Pr Prandtl number
r Radius (cm or in)
Re Reynolds number
S Submergence of gas downcorner (in)
Stk Stokes number
T Temperature
u Gas velocity (m/s)
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V 9 Gas velocity (mis)
w Mass flow rate of gas (kglm -h)

x Distance (in)

z Bed height (in)

Z Bed thickness (cm or m)

Subscri pts

A Aerosol

D Diffusion

DEM Demister

f F luid or fiber

F Fiber bed

g Gas

i Individual component or inlet

imp Impaction

int Interception

ILiquid

p Particle

s Settling mean or heat sink surface

SGS Submerged Gravel Scrubber
t Terminal

T Total

x Distance

Greek Symbols

BRemoval constant (cm-1)

Void volume fraction

EVolumetric entrainment rate (m3/s)

xGas molecule mean free path (cm)

pViscosity (g/cmvs)

wConstant = 3.1416

PDensity (glcm3)
aGeometric standard deviation
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CASCADE IMPACTOR DATA

Data for individual cascade impactor measurements and the calculational pro-
cedures used to extract size data from the stage deposits are presented in
this appendix. The collection characteristics of each impactor stage were
assumed to be controlled by the dimensionless impaction parameter:

p2 pud C(A-1)

where:

T= Impaction parameter (dimensionless)
u = Gas velocity (cmls)
P = Particle density (g/cm3)
d = Particle diameter (cm)
v= Gas viscosity (g/cm-s)
D = Impactor jet diameter (cm)
C = Cunningham slip factor (dimensionless)

At the point of the impaction curve where 50% of the particles are collected,
the impaction parameter T~ takes the value T50 The 50% size is:

0 5
d 0= !!-T54(A-2)

where:

d = Particle diameter at the 50% point on efficiency vs size
curve

TV50 = Impaction parameter for the jet at the 50% efficiency
point
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Equation A-2 was used to determine d50 values at flow conditions different
from those used to calibrate the impactor; it can also be used to relate the

d to the value under calibration conditions. If C is assumed to be
constant, then d 50 can be expressed as:

d (d5 ) V ref )05(A-3)
50 50ref ( ref

where:

d =5 Aerodynamic diameter at sampling conditions

=Viscosity of gas at sampling conditions

Q =Gas flow rate at sampling conditions

ref =Subscript indicating value of parameter under
calibration or reference conditions

Cascade impactors of two designs (Andersen Mark III circular jet impactor*
and Sierra rectangular jet impactor**) were used for particle size analysis.

Stage cut-size diameters used to interpret data obtained from the circular
jet impactor are recommended by the manufacturer(A-1) and listed in Table A-i.
These values are in good agreement with calibrations reported by Cushing
et al.()

Stage cut-off diameters for the rectangular jet impactor are listed in Table A-2,
and the data were obtained from the work of Cushing et al.() Cut diam-

eters listed in Tables A-i and A-2 were adjusted for sampling conditions

using Equation A-3.

Particle size distributions were constructed from cascade impactor data

using the cut-off diameter approach described by Mercer.(A-3) Table A-3

presents an example of the calculation method.

*Manufactured by Andersen 2000, Inc., Atlanta, GA.
**Model 226, Stack Sampler, Manufactured by Sierra Instrument Co., Inc.,

Carmel Valley, CA.
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TABLE A-i

STAGE CUT DIAMETERS FOR CIRCULAR JET

IMPACTOR USED IN AIR CLEANING TESTS

Stage d50*No. iit)

0 13.2

1 8.3
2 5.64
3 3.8

4 2.45

5 1.25

6 0.77

7 0.52

*Size of unit density spheres removed with 50%
efficiency at 21*C, 1 atm pressure, and
0.50-ACFM flow rate.

TABLE A-2

STAGE CUT DIAMETERS FOR RECTANGULAR JET
IMPACTOR USED IN AIR CLEANING TESTS

Stage d50*
No. (um)

1 18.0

2 11.0

3 4.4
4 2.65

5 1.70

6 0.95

*Size of unitdensity spheres removed with 50%
efficiency at 28*C, 29.5-in. Hg pressure, and
0.25-ACFM flow rate.
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The stage accumulations of sodium were obtained by washing each stage collec-
tion paper with water and analyzing the water by flame emission spectometry.
Losses to the interstage impactor walls were ignored. The inlet walls were
washed and analyzed for sodium, and the recovered sodium was assumed to be

associated with aerosol particles larger than the first-stage cut-off
diameter.

The particle size distribution was obtained by plotting the two right-hand
columns in Table A-3 on log-probability paper as shown in Figure 19. The
mass median diameter and geometric standard deviation can be obtained from
the line drawn through the data points. The geometric standard deviation
was obtained from:

Particle Diameter at 50%(A4
=9 Particle Diameter at 15.84%(A4

Mass median diameters and standard deviations are summarized in Tables 18
through 21 for Tests AC7, AC8, AC9, and ACIO, respectively. Mass distribu-
tions of sodium found on the cascade impactor stages are presented in Tables
A-4 through A-7 for the four tests.
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TABLE A-3

EXAMPLE TREATMENT OF CASCADE IMPACTOR DATA*

Sodium One MinusStage Mass** Mass Cumulative Cumulative d5No._ (mg) Fraction Fraction Fraction (.m
Inlet 3.55 0.1762 0.1762 0.924 -

1 1.23 0.0610 0.2372 0.763 15.12
2 1.90 0.0942 0.3314 0.669 9.24
3 5.38 0.2671 0.5985 0.402 3.70
4 3.97 0.1971 0.7956 0.204 2.23
5 2.10 0.1042 0.8998 0.100 1.43
6 1.33 0.0660 0.9658 0.034 0.80

7 (filter) 0.69 0.342 1.000 0.000 --

20.15 1.0000

*Sample Number - AC7-T3-16, taken at time 345 min
Impactor -Sierra Model 226
Flow Rate -0.134 std kIs
Temperature - 1200C
Pressure - 98.6 kPa absolute

**Net mass after correction for stage collection paper background.
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TABLE A-4

SODIUM DISTRIBUTION ON CASCADE IMPACTOR STAGES FOR TEST AC7

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (um) Cut Size

529 Ti 14.97 0.786

9.15 0.680

3.66 0.501

2.20 0.309

1.41 0.125

0.79 0.029

937 Ti 15.01 0.804

9.17 0.682

3.67 0.465

2.21 0.295

1.42 0.140

0.79 0.041

1386 Ti 11.97 0.854

7.53 0.780

5.12 0.614

3.45 0.472

2.22 0.287

1.13 0.089

0.70 0.022

0.47 0.005

1725 Ti 12.07 0.819

7.59 0.767

5.16 0.621

3.48 0.480

2.24 0.326

1.14 0.105

0.70 0.027

0.48 0.010

*T1 at +9.1 m, 255*C; T3 at +2.1 m, 1350C; T4 at -8.6 m, 850C.
All at 80 mmui from containment vessel wall.
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TABLE A-4 (Cont'd)

TieCut Fraction
TimeDiameter Smaller Than*(min) Location* (Um) Cut Size

2005 T1 15.08 0.881
*9.22 0.763

3.69 0.492

2.22 0.252

1.42 0.109

0.80 0.041

2055 Ti 15.13 0.732

9. 24 0.569
3.70 0.338

2.23 0.136

1.43 0.042
0.80 0.009

2198 Ti 12.08 0.956

7.60 0.903

5.16 0.782

3.48 0.650

2.24 0.340
1.14 0.126

0.71 0.087

0.48 0.078

7 T3 12.60 0.983

7.93 0.976

5.39 0.954
3.63 0.883

2.34 0.512

1.19 0.096

0.74 0.008

0.50 0.002

*T1 at +9.1 m, 255*C; T3 at +2.1 m, 1350C; T4 at -8.6 m, 850C.
All at 80 nmn from containment vessel wall.
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TABLE A-4 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (UM) Cut Size

105 T3 19.52 0.694

11.93 0.614

4.77 0.424

2.87 0.209

1.84 0.085

1.03 0.032

160 T3 19.76 0.701

12.08 0.632

4.83 0.471
2.91 0.244

1.87 0.106

1.04 0.039

280 T3 15.20 0.707

9.29 0.602

3.72 0.372

2.24 0.175

1.44 0.075
0.80 0.020

345 T3 15.12 0.763

9.24 0.669

3.70 0.402

2.23 0.204

1.43 0.100

0.80 0.034

*TJ. at +9.1 m, 2550C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 850C.
All at 80 rmm from containment vessel wall.
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TABLE A-4 (Cont'd)

Cut FractionTi me Diameter Smaller Than(min) Location* (Urn) Cut Size

645 T3 11.91 0.734

7.49 0.658

5.09 0.551

3.43 0.409
2.21 0.267

1.13 0.119

0.70 0.028
0.47 0.003

815 T3 12.12 0.720

7.62 0.630
5.18 0.520
3.49 0.408

2.25 0.271
1.15 0.100

0.71 0.025
0.48 0.008

30 T4 26.47 0.936

16.64 0.914
11.31 0.867

7.62 0.801

4.91 0.598
2.51 0.245

1.54 0.130
1.04 0.083

525 T6 15.75 0.975
SGS Outlet 9.62 0.969

3.85 0.948

2.32 0.932

1.49 0.845

0.83 0.400

*T1 at +9.1 m, 255-C T3 at +2.1 m, 1350C; T4 at -8.6 m, 85*C.
All at 80 mm from containment vessel wall.
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TABLE A-4 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
.(m i ) Location* (Uam) Cut Size

1125 T6 15.74 0.996

SGS Outlet 9.62 0.991

3.85 0.978

2.32 0.967

1.49 0.882

0.83 0.561

1606 T6 15.37 0.991

SGS Outlet 9.39 0.984

3.76 0.970

2.26 0.954

1.45 0.850

0.81 0.427

1691 T6 15.88 0.989

SGS Outlet 9.70 0.980

3.88 0.960

2.34 0.949

1.50 0.904

0.84 0.477

720 T7 15.78 0.967

Demister 9.64 0.959
Outlet 3.86 0.952

2.32 0.931

1.49 0.875

0.83 0.605

*T1 at +9.1 m, 255OC; T3 at +2.1 m, 135*C; T4 at -8.6 m, 850C.
All at 80 mum from containment vessel wall.
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TABLE A-4 (Contd)

Cut FractionTi me Diameter Smaller Than
(min) Location* (UM) Cut Size

1574 T7 12.52 0.986

Demister 7.87 0.980
Outlet 5.35 0.970

3.60 0.965

2.32 0.955
1.19 0.941

0.73 0.836

0.49 0.566

*T1 at +9.1 m, 2550C; T3 at +2.1 m, 135-C; T4 at -8.6 m, 85-C.
All at 80 imm from containment vessel wall.
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TABLE A-5

SODIUM DISTRIBUTION ON CASCADE IMPACTOR STAGES FOR TEST AC8

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (lim) Cut Size

520 Ti 16.71 0.791

10.21 0.708

4.08 0.538

2.46 0.383

1.58 0.231

0.88 0.050

704 Ti 12.03 0.769

7.56 0.691

5.14 0.593

3.46 0.482

2.23 0.340

1.14 0.184

0.70 0.075

0.47 0.044

795 Ti 11.87 0.777

7.46 0.702

5.07 0.584

3.42 0.481

2.20 0.346

1.12 0.176

0.69 0.068

0.47 0.041

1064 Ti 17.05 0.809

10.72 0.756

7.28 0.693

4.91 0.598

3.16 0.471

1.61 0.310

0.99 0.164

0.67 0.072

*T1 at +9.1 m, 255*C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 85%
All at 80 mmw from containment vessel wall.

A-i14



TABLE A-5 (Cont'd)

Cut Fraction
Time Diameter Smaller Than
(min) Location* (urn) Cut Size

1365 T1 16.32 0.802

9.98 0.701
*3.99 0.528

2.40 0.374

1.54 0.221

0.86 0.048

1485 Ti 16.32 0.801
9.97 0.701

3.99 0.526

2.40 0.369

1.54 0.190
0.86 0.054

1605 Ti 23.16 0.816
14.15 0.717
5.66 0.534

3.41 0.385

2.19 0.207

1.22 0.065

1722 Ti 16.37 0.773

10.00 0.691

4.00 0.558
2.41 0.362

1.55 0.162

0.86 0.036

*T1 at +9.1 m, 2550C T3 at +2.1 m, 135*C; T4 at -8.6 m, 850.
All at 80 mmn from containment vessel wall.
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TABLE A-5 (Cont'd)

Cut Fraction

Time Diameter Smaller Than
(min) Location* (~MM) Cut Size

1960 T1 16.46 0.747

10.06 0.609

4.02 0.385

2.42 0.174

1.55 0.079

0.87 0.047

2065 T1 11.96 0.852

7.52 0.794

5.11 0.685

3.44 0.550

2.22 0.365

1.13 0.180

0.70 0.101

0.47 0.071

2 T3 12.34 0.904

7.76 0.865

5.27 0.820

3.55 0.775

2.29 0.715

1.17 0.531

0.72 0.209

0.49 0.086

7 T3 12.49 0.925

7.85 0.893

5.34 0.850

3.60 0.780

2.32 0.529

1.18 0.179

0.73 0.080

0.49 0.049

*T1 at +9.1 m, 2559C; T3 at +2.1 m, 135*C; 14 at -8.6 m, 850.

All at 80 mim from containment vessel wall.
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TABLE A-5 (Cont'd)

Cut Fraction
Time Diameter Smaller Than
(mn) Location* (Um) Cut Size

34 T3 17.55 0.841

10.72 0.746

4.29 0.549

2.58 0.316

1.66 0.159
0.93 0.061

160 T3 19.99 0.707

12.22 0.595

4.89 0.436

2.94 0.290

1.89 0.157

1.06 0.066

225 T3 11.86 0.805

7.46 0.588

5.07 0.560

3.41 0.440

2.20 0.300

1.12 0.150

0.69 0.074

0.47 0.046

285 T3 11.86 0.788

7.46 0.701

5.07 0.568

3.42 0.453
2.20 0.299

*1.12 0.154

0.69 0.075

0.47 0.046

*T1 at +9.1 m, 2550C T3 at +2.1 m, 1359C; T4 at -8.6 m, 85%
All at 80 mm from containment vessel wall.
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TABLE A-5 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (Uim) Cut Size-

345 T3 16.40 0.769

10.02 0.663

4.01 0.468

2.41 0.320

1.55 0.169

0.87 0.051

1843 T3 16.39 0.761

10.02 0.672

4.01 0.488

2.41 0.327

1.55 0.174

0.87 0.045

771 T6 15.73 0.966

SGS Outlet 9.61 0.934

3.85 0.900

2.32 0.869

1.49 0.816

0.83 0.452

1010 T6 15.74 0.946

SGS Outlet 9.62 0.899

3.85 0.844

2.32 0.798
1.49 0.729

0.83 0.495

*TI at +9.1 m, 2550C; T3 at +2.1 m, 1359C; T4 at -8.6 m, 850.
All at 80 mmn from containment vessel wall.
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TABLE A-5 (Cont Id)

Cut Fraction
Time Diameter Smaller Than

(m)Location* (Um) Cut Size

1620 T6 15.85 0.971

SGS Outlet 9.69 0.944

3.88 0.915

2.33 0.889

1.50 0.850

0.84 0.538

721 T7 11.77 0.972

Demister 7.19 0.943

Outlet 2.88 0.860

1.73 0.771

1.11 0.729

0.62 0.633

1575 T7 18.17 0.987

Demister 11.10 0.973

Outlet 4.44 0.959

2.68 0.941

1.72 0.910

0.96 0.720

*T1 at +9.1 m, 2550C; T3 at +2.1 m, 1350C; T4 at -8.6 m, 850
All at 80 mmu from containment vessel wall.
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TABLE A-6

SODIUM DISTRIBUTION ON CASCADE IMPACTOR STAGES FOR TEST AC9

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (Um) Cut Size

2 Ti 17.74 0.688

10.84 0.583

4.34 0.371

2.61 0.236

1.68 0.119

0.94 0.026

31 Ti 17.77 0.716

10.86 0.613

4.35 0.351

2.62 0.174

1.68 0.091

0.94 0.027

55 Ti 18.21 0.712

11.13 0.642

4.45 0.472

2.68 0.304

1.72 0.178

0.96 0.055

186 Ti 16.89 0.725

10.32 0.662

4.13 0.535

2.49 0.321

1.60 0.154

0.89 0.046

*T1 at +9.1 m, 2556C; T3 at +2.1lm, 1359C; T4 at -8.6 m, 850C.
All at 80 mm from containment vessel wall.
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TABLE A-6 (Cont'd)

Cut Fraction
Tim'Te Diameter Smaller Than
(min) Location* (PM) Cut Size

304 TI 18.25 0.709

11.15 0.681

4.46 0.593

2.69 0.453
1.72 0.041

0.96 0.020

307 Ti 16.43 0.665

10.04 0.597

4.02 0.476

2.42 0.291
1.55 0.128

0.87 0.023

496 Ti 16.11 0.717

9.85 0.647
3.94 0.523

2.37 0.432

1.52 0.308
0.85 0.092

800 Ti 16.44 0.859

10.04 0.773

4.02 0.607
2.42 0.411

1.55 0.215

0.87 0.055

*T1 at +9-1 m, 2550C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 850C.
All at 80 mmn from containment vessel wall.
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TABLE A-6 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (UM) Cut Size

957 T1 16.55 0.927

10.11 0.880
4.04 0.743

2.44 0.497

1.56 0.178

0.87 0.052

2 T3 16.89 0.971

10.32 0.966

4.13 0.951

2.49 0.887

1.60 0.417

0.89 0.063

7 T3 17.31 0.927

10.58 0.904

4.23 0.688

2.55 0.381

1.63 0.112

0.91 0.030

675 T3 16.41 0.777

10.03 0.713

4.01 0.599

2.42 0.449

1.55 0.267

0.87 0.113

*T1 at +9.1 m,255*C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 850C.
All at 80 mmn from containment vessel wall.
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TABLE A-6 (Cont'd)

TieCut Fraction
TimeDiameter Smaller Than

(min) Location* (Urn) Cut Size

130 T6 12.30 0.976

SGS Outlet 7.73 0.948

5.25 0.920

3.54 0.900
2.28 0.866

1.16 0.752

0.72 0.431
0.48 0.113

423 T6 12.15 0.985

SGS Outlet 7.64 0.970

5.19 0.959

3.50 0.938

2.26 0.753

1.15 0.091

0.71 0.027

0.48 0.018

206 T7 12.99 0.951

Demister 8.17 0.909
Outlet 5.55 0.847

3.74 0.805
2.41 0.743

1.23 0.694

0.76 0.549

0.51 0.392

593 T7 11.71 0.936
Demister 7.16 0.906
Outlet 2.86 0.876

1.72 0.801

1.11 0.537

0.62 0.205

*T1 at +9.1 m, 2550C T3 at +2.1 m, 1350C; T4 at -8.6 m, 85-C.
All at 80 mmi from containment vessel wall.
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TABLE A-7

SODIUM DISTRIBUTION ON CASCADE IMPACTOR STAGES FOR TEST AClO

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (um) Cut Size

525 Ti 16.49 0.798

10.08 0.688

4.03 0.429
2.43 0.241

1.56 0.108

0.87 0.040

1365 Ti 16.39 0.775

10.02 0.684

4.01 0.484

2.41 0.314

1.55 0.157

0.87 0.048

1428 Ti 16.40 0.773

10.02 0.686

4.01 0.504

2.41 0.331

1.55 0.128

0.87 0.010

1802 Ti 17.55 0.912

10.72 0.912

4.29 0.912

2.58 0.736

1.66 0.531

0.93 0.003

0.52 0.003

0.29 0.003

*T1 at +9.1 m, 2550C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 85*C.
All at 80 nun from containment vessel wall.
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TABLE A-7 (Cont'd)

Cut FractionTime Diameter Smaller Than
(min) Location* (Um) Cut Size

2 T3 12.32 0.975

7.74 0.975
5.26 0.975

3.55 0.975

2.29 0.947

1.17 0.672

0.72 0.259
0.49 0.000

7 T3 12.25 0.917

7.70 0.910

5.23 0.881

3.53 0.742

2.27 0.358
1.16 0.075

0.72 0.022

0.48 0.011

20 T3 17.31 0.720

10.58 0.606

4.23 0.332
2.55 0.159

1.64 0.050

0.91 0.017

65 T3 19.26 0.723

11.77 0.615

4.71 0.374
2.84 0.159

1.82 0.060

1.02 0.020

*T1 at +9.1 m, 255OC; T3 at +2.1 m, 1350C; T4 at -8.6 m, 85*C.
All at 80 mm from containment vessel wall.
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TABLE A-7 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (Um) Cut Size

160 T3 19.98 0.929

12.21 0.780
4.88 0.453

2.94 0.277

1.89 0.133

1.05 0.053

229 T3 16.60 0.835

10.15 0.708

4.06 0.446

2.44 0.234

1.57 0.113

0.88 0.047

290 T3 16.65 0.776

10.17 0.701
4.07 0.493

2.45 0.261

1.57 0.183
0.88 0.139

350 T3 16.64 0.763

10.17 0.617

4.07 0.291

2.45 0.149

1.57 0.061

0.88 0.017

*T1 at +9.1 m, 255*C; T3 at +2.1 m, 1350C; T4 at -8.6 m, 850C.
All at 80 mun from containment vessel wall.
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TABLE A-7 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (UiM) Cut Size

890 T3 16.97 0.601

10.37 0.527

4.15 0.367

2.50 0.196
1.60 0.053

0.90 0.004

525 T4 15.97 0.699

9.76 0.557

3.90 0.437

2.35 0.217

1.51 0.081

0.84 0.026

645 T4 15.92 0.711

9.73 0.559

3.89 0.369

2.34 0.205

1.50 0.095

0.84 0.032

1010 T4 16.05 0.789

9.81 0.672
3.92 0.439

2.36 0.224

1.52 0.099

0.85 0.025

*T1 at +9.1 m, 255*C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 85*C.
All at 80 mm from containment vessel wall.
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TABLE A-7 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* G1ir) Cut Size

1245 T4 15.71 0.717

9.60 0.627

3.84 0.436

2.31 0.255

1.48 0.103

0.83 0.019

415 T6 11.48 0.923

SGS Outlet 7.01 0.879

2.80 0.853

1.69 0.824

1.08 0.659

0.61 0.172

0.34 0.079

0.19 0.043

657 T6 16.15 0.984

SGS Outlet 9.87 0.966

3.95 0.949

2.38 0.927

1.53 0.785

0.85 0.429

0.48 0.185

0.27 0.050

1080 T6 16.43 1.000

SGS Outlet 10.04 1.000

4.01 0.999

2.41 0.998

1.55 0.992

0.86 0.878

0.48 0.531

0.27 0.117

*T71 at +9.1 m, 255*C; T3 at +2.1 m, 135*C; T4 at -8.6 m, 85-C.
All at 80 mmn from containment vessel wall.
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TABLE A-7 (Cont'd)

Cut Fraction
Ti me Diameter Smaller Than
(min) Location* (urn) Cut Size

1221 Ti 12.25 0.997

*Demister 7.70 0.997
Outlet 5.24 0.997

3.53 0.997
2.27 0.993

1.16 0.935

0.72 0.405

0.48 0.031

*T1 at +9.1 m, 255*C T3 at +2.1 m, 135OC T4 at -8.6 m, 85*C.
All at 80 mmn from containment vessel wall.
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TEMPERATURES AND PRESSURES IN THE CONTAINMENT ATMOSPHERE

Temperatures of the atmosphere and the vessel wall were measured at numerous
locations by stainless steel sheathed, Type K Chromel-Alumel thermocouples.
Locations of thermocouples are defined in Table B-i and Figure B-i. Coordi-
nates used to define the thermocouple locations cited in Table B-i are
illustrated in Figure B-i.

Wall temperatures, averaged over each operating period, are listed in Tables
B-2, 8-3, B-4, and B-5 for Tests AC1, AC2, AC3, and AC4, respectively.
Containment temperatures and pressures, averaged over each operating period,
are listed in Tables B-6, B-7, B-8, and B-9 for Tests AC1, AC2, AC3, and
AC4, respectively.
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9000

EQUIPMENT DOOR

+ 11.03 m

/777T 077777 0 ELEVATION

- -9.71 m

HEDL S1M-113.4

FIGURE B-i. Spatial Coordinates Used to Define Thermocouple Locations in
Table B-i.
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TABLE B-i

THERMOCOUPLE LOCATIONS FOR TESTS ACi THROUGH AC4

Thermocouple Wall or
Number Atmosphere Location

1 wall Inside CV surface, top head center, +11.0 mn
2 atmosphere 1.22-n radius, 2850, +10.7 in

3 wall Outside steel surface, top head center, +11.0 mn
4 wall Outside steel surface, 180 , +6.10 mn
5 wall Outside steel surface, 1800, +1.22 in

6 wall Outside steel surface, 1800, -3.05 in

7 wall Inside CV surface, 1700, +7.32 in

8 atmosphere 0.61 in from wall, 2360, +2.14 in

9 wall Inside CV surface, 180% +1.22 mn
10 atmosphere 0.61 m from wall, 850, +1.22 in

11 wall Inside CV surface, 3450, +1.22 in

12 wall Inside CV surface, 300, -5.80 mn
13 atmosphere 0.31 mn from wall, 950, -5.80 mn
14 wall Inside CV surface, 2250, -5.80 mn
15 atmosphere 0.31 mn from wall, 315% -5.80 mn
16 wall Inside CV surface, bottom head, 300% -5.80 in

17 wall Inside CV surface, bottom head near center-
18 atmosphere 2.75 mn from center, 180, +7,32 mn
19 atmosphere 2.75 mn from center, 330% -3.66 in

20 wall Inside CV surface, 100% +1.53 mn
21 wall Inside CV surface, 345% +7.32 in

22 atmosphere 1.8 mn from center, 2600, +7.32 mn

23 atmosphere 2.75 in from center, 2700, +3.66 in
24 atmosphere centerline, 0.41 mn above burn pan
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lAfLEI r--2. COW4AINMEN1 WALL. IEMf'ERATURF DJATA F41R AC-7.

AOCRAOC 1AEAIIE 09ER lImE 1INTERVAL
FOR IIICN11FIE1 1)IRM0COUFLiti, (DEG C)

1F17181180 TIME. INTERVAL. IC IC IC lC IC TC IC IC IC OC IC TC IC IC A~VCf<i; F

FEI ~OI' M I NUTES 1 3 4 5 t ? 11 12 14 16 17 20 21 14 IC'S

100O-- 200 104.4 900 96 94.3 aO.3 99. 2 83,4 92. 7 96. 7 92.5 68.7 62.2 90,2 102'.8 89.4

2 210- 270 110.6 102.8 102.8 99.4 23. 104.5 87,9 98. 0- 105.3 .1-9- 71.4 - 610. Q6. 2 106. .94.

3 20 330 114.6 107.1 108.1 10. 80.6 109.1 91.9 102.8 109.9 104.4 74.0 224 101.7 112.3 0
4 3-390 i 16. 1 083.7 11 1.1 108.6 06. 1 111 .7 94.0 106.2 113.5 108.2 76.7 221046 150 1

3 0- 430 117172 110.1 113.5 111.5 91.0 14. 95. 109.Y3 10. 12.5 81. 29.1. 107. 11.

6 450- 510 119.5 111. 115.it"2 113S.6 95.3 115.0 97.3 111.6 124.3 116.0 87.1 84.0 11. 100 10

St d0, 11 112.5 11. 1. 90 166 9. 1. 28.8- 11.- 92.2 87.0) 111.0 11.4 1

&7 30 - 0) 14. 117.1 16.7 102.4 11. 99.2 15.0 128, 122.3 95.9 91.7 112.6 119.?

630) 690 121 ' 113.? 11 7. I 1 16 .7 1 05.,0 11 8.0o 98 .6 15. 3 1 27.1 121 .7 98 .7 93.1 112;f.0 119.6 i

10 69 70 1.6 11. 116.1 116.2 104.6 117.7 Y2.9 115.4 127.2 121.2. 102.0B 592. . 117 119.

11 75O 870 120:6 112.7 115. 9 115.2 10.1 117.2 97.3 114.9 129.1 121.6 107:5 '?Z:2 111.9: 118.5 1

1, 820- 990 123. 115.1 11. 116.8 109.V 118.4 -97. a.316.2 130.1t; 123.4 109.0 - 94.7 .113 6 1 19.?Z

13 9 110 -- ~ 114.5 11. 11 6.4 111.1 117.9 91. 11. 133.3 123. 110.9 95.9 112.0 11,1.11jj. 1 . . 1 - 9 t , 1

14 1110 1'3 24 5 115 1150 16. 112.0 108. 3 96 .9 11 7. 134.9 1 25.4 1 12.6 978 132 1.)

135 1 230 .1'350 1't5 4 112.2 1 15.1) 112.3 112.8 118U.2 96 .9 117.08 1 36 .7 125. . '114 .5 9v.9 11 3.04 119.3 1

16 1350-1470 124. 7 116:5 115.1: 117:,5 113.6 118.38 97.2 118.:0 143.8 127.0 114.81 101.5 ' 113? 11:.4 111.

11 17-50 127 114.8 113.9 1lo.5 114.2 117.2 96.8 116.8 1 47.6 127.8 114.8 .103.9 112.4 Ila. 16.9

F%) 1590 -110 125.8 172 14.4 1 11. 1.3 98.0 118.5 145.0 128.7 14,8 106.9 1139 11 1a0

v 2710 - 183 12. 118.5, 115.2 11.4 115.4 11 9.0 986.5 1 1 9.5t 158.1 1 743.8 11 4 .4 i0y. 7 110.0 1)8.3 119.

20 13-90 154117) 111.0 11.8 115. 111. 9. 118.1 139.6 127.6 113. 112.5 i1-.2 1121.3 117.6,

21 13-00 1. 0. 192 102 113.3 113.01 91.5 110.4 120. 117,6 110.2 1.7 105.4 111.6 110.:6

22 2050-22-0 103.5 98.7 101,1 100.2 107.3 104.7. 849 1 01.1. 103.4. 104.9 9 10 15. 94. 103.1 101.3

clIif' SIT? T11ABLE D:-j. FOR r))LRMOC0UILC LOC I IOTIS



TABLE: li-. 2086lllMFtiT WALL )EMPERATIRE DATA FOR ACi-S

A.VERA of.JEMPECRATURE OVER TIME INTERVAL
FOR IDER IIFIDI' THER MOCOUPLES. (PEC) 0

tiLRATINO TIME 184TERVAL TC TE 10 TO IC TO TO TO TO TC IC FE TO TO AVERtiSEPERIODi M I NUES 1 3 4 5 6 7 9 it 12 14 16 17 20 21 14 TEE

1 180- 200 97.9 93.5 94.5 971.8 67.7 96.6 83.9 80.2 9?2.2 86.3 63.9 54.6 69.9 97.2 85.62 210- 270 101.6 97.0 98.5 95.7 72.0 99.8 87. 91.3 96.5 89.9 64.9 58.2 93.2 101.3 89.13 270-: 330 1 04.0 99.3 1 01,6 98.8 218.3 1 02.2 89.5! 94.3 99.9 9 3.4 6 7. 62.3 95.7 103.:8 92.24 330_- 390 104.7 100.2 103.7 100.9 82.7 103'. I.6 I 9.1 96 .4 1 00,0 96,1 73.1 67.4 ?91. 0 5 123 94.4290-O 450 105.0a 100,8 102.0 102.4 86.3 104.6 92.2 98.3 103.1 98.6 77.6 69.2 99.0 106.2 96.4
6 420O- 210 114.4 107.3 112.1 109.7 910,4 110.1 9.:2 103.4 109.0 151 84.6 74,0 105.8 113. 102.67 510- 570 13 12.8 1184 116.5 95. 3 11. 102.5 109.0 114.2 -11111 91.4 7;1.6 111.2 119.1 108,38 270-: 630 127. 17.6 123.4 122.6 100.4 120D.6 105.Y 114.5 19.3 16.8f 96.2 019 167 12.t1.9 630- 69/0 132.4 122. 127.6 128.2 105.3 124.9 109.6 119.8 124 .6 1,2.0 1 00.1 82.9 121.3 120.9 110.110 6 _- 720 137.1 126.4 131.0 1 32. 8 1 09.9 128. 1 12.? 124.5 10.0 126. .1 02.6 89.0 122.0 132.7 122.1

w11 750- 810 141.2 130.3 133.81 136:2 114.1 137,2 11 4. 128.6 1314.2 130:2 104.8 93.6 1280 136.0 12. 61 2 80 930 1427.? 134. 137.0 1 40.9 119.8 13b6 117.2 1 33. 139.2 132.2 10Ok.0 98.2 131.6 139.8 129.913 9 30-1 0250 149.8 13. 19.8 144. 126.1 140 2. I.4 193 1 38. 143.4 140.4 1 11.7 1 04.4 1 34.8 1 43.0 1 34 .01 4 102) 0-1170 1 40a.5 1 38. 139.3 1 42.0 129.8 1 40. 11 l7.9 1 401.0 1 44.2 1 41.3 116.1 108.6 134.1 1 42. 9 134. 712 1 11 11 1 1 l , . 4 'l l.170-1290 
14;,9 137.4 138.4 143,2 16 140.3 17.5 140. 14.6 142.3 186 11.4 132.8 1 42.5 432.0)

16 1290-14110 147.9 137,31 137. 4 142,6 1 32.2 140.01 117.2 140.0 145.9 142.8 116.2 113.3 133.9 142.8 135.1l 1410-1530 147.1 136. 136. 1 l41.9 133.0 1 30. 116.81 139.7 146.:2 142.7- 117.4 112. 3 133.011 43. 13.10 1530-1650 146.3 136. 13e,.9 141.3 133. 137.8 16.7 139. 148.3 143.0 17.0 I1li.0 133.5 144.3 132.5:119 1650 -1770 1 40 .1 1 37 .4 1 40 .9 1 43.0 133.7 13 7 .9 11 7 .9 1 40 .0 152. 0 144 .8 11 7.,2 11 9 .9 1 34 .4 1 46.32 134.7220 1 770-11190 147.7 137.6 143.0 143.4 134.2 13 11. 2 117. 6 1 40 .3 1 48 .2 1 42.0 11 7 .9 12.!1.4 1 33.6 146.3 13 6. 0
21 1)190-2010 133.7 126.6 133.2 131.2 131.0 132.6 108,6 131.0 130.4 131.7 117.7 121.1 121.0 135. 1 127.6e22 2010- 222-0 117.6 111.8 116.7 1111.1 1 19.9 120.0 92.9 -116.4- 112.5 113.2- 112.9 112i.2 104.83 119.7 -113.2

NO IC: S;EE .8C1-1. FOR 1 ILRliOFUI4LE LOCAli 10112



1VLCEl 84. COMUA1NMENT WALL TEMPERATURE, DATA FOR AC.-9 - -

6AV1RA0E TENFERMIURE OVER TIME INICRYAL.
FOR IIjEHI1FICI4 THIERMOCOUPLEIS. (D'EG C)

uLERAl16 1N INCL INTER'VAL IC iC TC IC IC TO IC TO IC IC I12 IC r AVERAGE
FERIof. MINUTES 1 3 4 5 6 y 1 12 14 16 21- 14 TL

1 0 4 1 18.3 1ot.:3 103.5 98.0i 5 1.3 1 01. 93.1 100.1 127.5 89.6 70.2 46 4 102 5 112.0 94.7

170- 12-0 137.2 122.9 122.2 119.4 61.7 122.2 107.8 11..-137.4 107.25 1.4 9. 129.192 .110.1

3 20- 110 161.2 145. 143.6 144.4 78.1 140. 1213.2 16.8 1 51 6 132. 95. 5 Ui01-:2 147.; 106

I 160 220 171.8 156.6 156.7 160.5 94.1 16 141.4 1402 167. 11.11 102.9 15 6 160 6 19, 12.

220- 210 1813.5 167.2 I7.".9 176.7 113.1 163.1 152.4 11;6 .0 1684 .0 1 69. .0&6.7 1 55. .3 175 .5 12 1 .4 160.

6 280- 340 1 94.7 1 77.6 1 83.3 190.5 130.9 174.0 163.7 130.7 198.4 185.5 112.3 192:7 108.7 102.0 174.

340- 400 198.8 182.3 19. 170 14. 16 167.1 179.- 2 00.3 135 174 ' V 0 128.0 11L. 9
3 40--46 21.c 19.4 01? 7, 1 5. 19. 177. 91.421. 202.2 123.3 26'.6 '06 lt. 1/.

co 460- 2,20 210.1I 1Y40 206.6 2 10 .3 17.6. 198 .9 1 76.1 1 9 . 1 289 2074 127.3 J00 .8 2.01 .8 -00 .921.
5', 22C 280 194.0 10.2 19. 19. 57.2 193.1 163.2 169.5 194.9 195. 129. 313 / U4 9 19. 122.15

it Z;80- 640 181 .9 169.5 102t..6 184.8i 74$ 101.4 123.4 182.3 105.1 186.3 131. 24.i50 173.2 184.9 183.0

12 640 700 1.151293 174:. 1732 17.3 176.0 143.5 .473.6 . 174.4 175 .3 132.- 273.4 .161. 177 141

13 /Q 7/0 161.0 120) 1t 4.4 162. 1 2. 67.0 134.7 1.4, 165.9 16.6.4 123.4 252. 12.4 14.0 1&.

83 40 .5 142.1 15 4.25 1522. 6 1 01 127.6 125.8 124.9 14.0 112. 9 133.2 232.4 142. 12. 155.1Ii
84 4 4-. 1. 1.' 144.4 121 120. 11. 14 7.2t 1423 1 47.2 13.0 266 134.4 5 .190 11

11 yU 90 13.1 127.9 138. 2 12. 141.3 142.4 L112.2 139.4 132.6 1 38.3 131.80 199.7 125.2 1-10. 1i9 .2

1 020 128.7 12. 120. 12 13. 132,1 106.0 131. 127.4 129.9 130.1 I0" 117.6 1-33. 131.6
1 1140 1 117.,6 111.438. 112. 1.2 123. 96.6 192 113.7 112.6 126.5 164.4 10. 129 100

12l50 " 1I.1 '0). 10. 12.8 112,7 1 10.7 87.1I 1 0,. 4 104.2 1 05.6 121. 1 .19 91.4vI t 0 . 0. 109.2 18.

NOI '1 I I -1t . F-W1 THlFI/M0Ltf)LWPLE UL Al 1 TONS1



TADLE 11-5. CONTAINMENT WALL TEMPERATURE DATA FOR AC-10

AVERAGE TEMPERATURE OVER TIME INTERVAL
FORIDE NTIFIED THERM OCOUPLES. (bEG C)

- - - ------------ ----------------------------------------------------
OPERATING TIME, IN4TERVAL TC C C TC TC C TC TC TC TC TC TE E AVRGPERIOD MINUTES 1 3 4 5C 6C 7C 9 11 12 14 16 1R2A2G1ET

1 180- 195 110.6 100.4 103.7 100.4 70.2 106.8 07.9 967 132 6. 7.0 51 9,7 0.1 3521- 7 119.9 107.6 110.9 107.9 77.1 114.0 93.3 104.2 114.7 105.4 76,0 66.6 102.7 115.5 101.13 270- 330 131.5 110.5s 120.7 118.4 87.1 123.6 99.8 112.4 123.0 115.9 02.6 75.7 109.8 125.4 110.34 330- 390 136.6 124.0 126.1 124.5 94.6 128.5 103.1 117.6 126.6 122.1 81. 0 83.0 113.1 130.3 115.5390- 450 1 40.2 127.4 1 29.:9 1 2H,8 101.0 132.4 105.4 122.2 131.4 127.0 90.9 90.1 116.0 133.8 119.7
0 450- 510 143.6 130.4 132.8 132.4 106.15 135.6 1071.6 126.1 135.3 131.2 ?4.4 96.6 118.7 136.7 123.47 510- 570 1 47.3 1 33.5 1 35.5 1 35. 1 11.3 1 30.7 110.9 129.8 138.9 135. 97.4 102.5 121.3 139.8 127,08 570- 630 150.6 136.7 137.8 185 15. 141.2 11. 133.0 144. 137.8 9, 0. 2. 4. 3.9 60 69 154.1 140,0 140,1 141,4 11 9 .4 1 43 .8 11 4.,6 1 36.6 151.0 140.7 102,2 112.7 1.8 145.8 133.4CD 10 690- 750 156.9 142.6 142.0 143.6 122.8 146.0 116,1 139.2 153.8 142.9 104.1 117.3 127.3 140.0 135 .9

1011 750- 8170 158.5 144.6 143.7 145.4 127.0 148,2 116,8 141.8 155.9 145. 107.0 124.1 128.2 150.0 138.12 870-1990 1 59.4 145.7 144.2 146.2 130.5 150. 8 116.8 144.1 156.4 148.3 109.3 131, 13. 15.413 1990-110 158.1 144,9 143.6 145.2 1 32.6 1 50.0 115.3 1 44.6 155.3 147.6 110. 137.3 15.9 150.0 4140.14 11-1230 156,0 143.1 141.8 143.3 133.2 149.1 114.0 143.4 158.7 146. 2 1 11 .7 140. 133 .8 1 481.2 140. 21230-1350 154.3 141.5 139.9 141.1 132.8 147.7 111.8 142.1 157.2 144.6 112 .1 142.8 1 3 1.7 1 46.32 139. 0
16 1350-1410 156.6 142.6 139.1 140.9 132.6 147.9 112.6 142.8 160,6 144.7 112.3 144.3 133.4 146.0 139.011 1410-1470 158.9 145. 1 39.8 1421 132.9 1 48.9 1 13.6 1 44.0 1A. 6 145. 1 12.7 145.4 134.5 146.8 140.818 1470-1520 15. 143 .4 1 39 .0 140.9 133.1 1 47 .4 111. 8 1 41.3 1 49 .2 143.1I 1 12.0 145.7 129 .4 1 45 ,0 1 38 .41 1520-1580 14.9 134.9 134 .4 134.2 1 31 .8 1 42.5 106. 133.5 131.3 135.1 112.2 142.9 120.0 139.5 131.71 500-1640 15.2 125.9 128.4 126.1 128.5 136.6 101.7 126.1 122.0 126.4 111.3 138.1 112.8 133.0 125.1

21 1640-1700 126.8 118,1 122.1 118,5 124.3 130.5 96.7 119,8 115.4 118.7 109.8 13i. 5 106.7 126.5 119.122 1700-_1760 119,3 111.5 115.9 111,6 119.8 124.2 91.7 113.5 100.:2 111.:6 107.9 128.6 100.7 199 113.223 1760- 1820 112.6 105.4 110,0 105.1 11 4.9 118.0 87.0 107,7 102.3 105.3 105. 123.5 95, 11. 107,61480_-1880 106.2 99.6 104.3 99.0 110.3 111.6 82,5 101,6 96.2 99.3 103.5 117.6 89.7 107.2 102.125 1800-1940 100.0 94.0 98.7 93.2 105.5 105.4 78.0 95.8 90.9 93.7 101.0 112.2 84.6 101.1 96.7
26 1940-2000 94.8 89. 93.7 88.2' 100.9 100.1 74.3Z 91.6 88.0 89.1 98.4 04 80. 960 :24'000-2-060 Y0.5 85. 89.5 84.2 96,7 95,4 71.5 87,8 84.4 85. 95.8 104.4 77.6 91. 88.06

NOTE, SEE TABLE B-1. FOR THERMOCOUPLE LOCATIONS



ITA WE 1' -6. WiOIVA ItJMEN I ArllcOF'IE~fE 1EMIERATURES AND1 PRESSURE lIN AC- 7

AVECAOL 1LfT~nIERAUR E OVER VInE: INITERVAL CUN16113r6,4I14
FORIDE NOCTIFIEF 1HERMOCOUMLEO (bEcG C) PRE ,SURE

t1l1CT1A I1I N3 TIME INTERVAL IC re Ic TC IC t; C It IC lC AVERAGE hi FAZCArL
lI h III)I m1NUTES a 10 13 1 5 1 8 1 9 22 25 IC'S AO0LUIE

UI 200 1167 114.0 112.4 10.0: 109.0 11. 109. ?:3 119.6 122.:4 1 14.0 131.

270 124 1.4 118 1181.0 1113. 130.9 119.3 129.2 .136.9 126. 0 91.J
3 .7 30 129.4 120. .20 .0 1 21. 1 11 9.5 11. 3 1 21.7 127.9 1[32. IT116.1 .

30390 12.9 2.4 125 .0 1 23.?7 123 . 9 131 .4 1267 130.0 132 .0 12 7. 90,;3
390 450 121. 12.6 120.3 127.0 120.1 13.2 132.6 1.0 13.3 129. t.

6 450- 510 120.01 120.:? 131.:1 129.:1 1310.5 133:6 134.3 132. 135.3 131.1 961.2
105/0 126.4 126.0 1304 131.4 133.0 131,5 136.3 -130.3 1313- 130.7 90.1

57v 630 131.6 130. 134.j 13. 145 170 168 135.7 13, 134.6 91.
013 690 127.2 16.3 131.3 1.9 131.1 132.7 133.6 131. 130.7 130.1 9.2

,1 700 126.0G 12,6.0 130.1) 1291.7 131.0 132.3 133.7 131.4 131.2 130.3 SfE. "

l 75- 010 1 28.0 121.41 132.3 131.01 133.0 134.0 136.2 133.81 133.6 132.1 90.?
0; 70- 990 130.O:5 129.2 1 34. 14.3 134.0 1 366 138.1 135.4 135.9 134. .91.9

13 990 111 2.0 121.5 13.3 130.9 1 35.? 1 350 138.8a 133 .9 1 34 .1 1 3.2 Y9.0

14 1110_ 12.30 13. 13. 132.:2 139.3 139.0 1 139.0) 142.2 130.0 138.7 13 7.5t 931.0t
130 160 129.4 136.4 130.1 139.2 130.0 142.2 136.8- 136. 137.0 9.

3b-1470 1333 129.6 137.1:6 140.3 140:,, 137.9 1 43.2 1 36.7 136.0 1 37.2 90J.0

-/ 140190 130,5 127.9 1 36. 1 41.3 1 41. 1.35. 143.1-134.6 -134.0 -1 13. 0
1j 1410 1 710 1 34 .9 1310 1 41. 1 42 .3 1 42 .? 140 .? 145. 139.6 139.6 13. 90.0S
1 1710 1830 135.0 131.2 143.0 1412.5 143.? 141.6 144.2 140.2 140. 1 40.0 90.1

1 16" lY30 127.4 124. 132. 133. 136. 134.9 130. 33.2 130.2 13.5 t; 0.

.11 19302010 114,1 112.1 110.2 117.1 119.10 119. 2 119.6 117.8 117.8 149 9.
"? 2'02220 . 10, 1i04 1*111 120 10.9 10. 104.3 104.5 104.8i *- I0.5 /.

NOl 1. , 1. .I IC1 OR 1 I1L 101JF11LE L.C 10,I0IOW



I t£ILRA

[,0 oa IE /r uu4)D0 ArOlifi, IEIWLRAUC 0110; , 410011C; 1.PR -AC

lt, L. [(i lNlijVY L. [1- I-C ILC CG I I c r c IL AVL-R .SL & t, I.14440 IhIIIJ 20 1, 29 2 23 24 10 1,, s 1 LulL

200o 10u3,,, 10 4 100. 4 96.4 L-, I ob. Y0,0 103.6 105.6 U4.o 6 ?;
22 40.-. 0. )a 11 6 102.0 109.0 ill.3. 95.01 105. 0 too.10,70 i u 1.,. 7 1OZ. 1,), .4 11" 104.9 110.5 11i2.4 9i.3j 107.0u ,,.t, 1:2. 0oo 13. 0. 131 3 106.4 110.0 111.6 9y. 106,7.

-Io 11. 1 114 lo. It3 1 . 111.1/ 115.2 117.1I 10. 112.0 U.
I- 41, 12t;. a :. 12.3 116.1 I1!.. 43.51.o 123.7 128.2 130.9? 1,/.. 124. 1510- 570 132., 13i1 .4 126i.;- 124.. 123 4 13'S8 130.4 *-130.0 -- 13W2,9 .1 4. 130.5J /U:oO 3.1 136.4 134.6 129 .9 I '11 9 144.1 137.0 1 41.6 144.5 137.2 13/. 3 y'o v'.3,- 6,90 143.9 140.12 1402. ; 134.01 13 1 1141 141.01 14 6.9 11 50.0 130.6 442. 1 *O.9/20 14U. 4.4 1 .30,4 1.,4 1.4 4 14.5.6 151,3 154. 141.4 1t46.1 "
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TOOLE R U. COITMINhENI1 A7M0211i11061 lr*'IRATJRE ANtI PK'.208I InI "-9

AVERcACE ithFIIiLt UVLlR II lt IITLVAL L) ~~ll
f 0k II-fIEHIJ 1IIEEIIOCOUTLES, (l)tS G1 iREtARt

;0'24 ING 1[1 iE I NTIERVAL IC ii it [ L IC II TC Ic I TC I2 c VEIIAE 1,PI. ,
I OD hN - 0 13 15 10 19' 22 23 2 4 i0 IS ~b&OtIUTE

6-164 163.2 1a2.7 1514.3 14.:2 139.3 174.:4 149.0 143.4 17/2.2t 140.9 156.1 1.1
/t 20 1?0.3 14 6b 157.8 125.0 1 49.0 17. 158.4 ": 170.6 178.0 8. 167.20 101.1,

166 lf77 5 1 75 1 1/3.1 1713.5 -168.2 1911.4 101.2 I113.7 190.5 122 182.4-
160 220 114 1/'. 1.6 1063 10. 1 95.0 191.91 195 15.5 21.9 19.

210 00 lii '3.3 17.1 14. 204.7 201.2 190.9 205.2 2o. 204.2

-Ail 197.0 19)-1 13. 1 24.:4 207. 4 216. 7 210.:7 21 1, 0 21 7. 28. 2153 40 -400 10. 9v _ "12. 2I. 20.2I52 81. 21. .74.,. 4 2133.3 vi
460 1 u.3 1. 9.0 221 226 .0 235t.5 222.8S 230.3 236.0 213 230.5 2.

' 50 2.a5 216 "1. 14. 212.1 22,6 2,1.4 214.9 220.6 24, 14200 'j 107. y 1 1,5. b0 17i 20. 20.5 1.7 197.3 200.7 10C.1 .

1 i)-40~ 17/.3 1 Y'3 1 103.9 iUt. 2 109.0 189. 3 189.0 184.9 190,0 201)3.0a 127.3 y-
A-700 1c.. . , 17 2.10 124.4 12/6.9 177.3 17;1.1 175.9- 1278.5 107.3 175.4 Yk.?

* 6 5.0 191 13.5 16,4.4 160.:4 148.:2 148.0:11 167.3 169.3 18e6.3 1421.1 99.

40- 900 143.o 1411.2/ 143.3 144.8 14-.0 148.0 147.0 140.1 14V.9 15l3.4 146.7 V9.0u

Il 0-960 1 35,.3 1312.9y 132-.6 133.6 136. 2 1319.2 135.6 131.5 138.0 141. 136.2 '9.
020 u 127 .91 122. 0 1 A24. 125!. 2 12 7.2; 131.2 124.9 1219.0 129.6 131.9 -127.9 99.0

10 *0 111 1~) 15t.7 111.2 107.9 111.1 114.4 1 12.3 112.9 114.7 115;.2 116. 13.? 9? 77.
I401250 L0' 102. "l22 102.1 1035.1 104.2 107 .1 104.7 106.0 104.0U 102.:3 100. 0 1 00.1
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JAERLE 1L-9. COIIUAINMI NT ATMOSPHERE TEMPERMIURER AND' PRESSURE IN AC-j0

AVERAGE TEMPERATURE OVER TIME INTERVAL. CONTAINMENT
FOR IDENTIFIED !IIERMOI:UUPLES, (DIEG C) PRESSURE

OPERATIING TIME INTERVAL TC TC IC IC IC TC fC IC IC IC AVERAGE K ,PASCAL
-PER IOD MI NUTIES 2 8 1SO 13 15 18 19 22 23 24 10 SC'S AIISOLUTE

I 180-- 195 1 22.4 123.9 124.0 114.4 111.6 128.3 116.:8 124.7 12.6. 119.3 121.4 148.9
2 210- 270 142.7 14. 1 1,45.1 1 37.7 132 0 1 53.9 1 40. 145.3 153.3 134.0 143.1 102.8
3 27-330 13 .0 153.a 1 52.9 1 44.2 143.5 161.8 150. 1 56.5 1 59 .6 1 48 .9 152 .5 1 01.1
4 330-_ 390 1 55.0 1 54 .2 151.8a 1 45.7 1 4/. 1 60.6 151. 157.8 159.5 1 55.1 1 53.9 100.6'
5 390 450 1559 157 .4 155.'2 1 53 .7 151.2 164.8 1 tl54 16.8 164.0 163.5 158.2 101.0

6 450-- 510 159.0 161.6 1518:5 157,0 135,.1 167.4 1588 164.2 1 67. 1 169.3 161. 101,:3
7 510- 570 165.6 167. 163.6 16. 61. 171.2 15.1 169.0 171.5 12.1 167.0 101.2
O 570- 630 1 67 .1 17. 1698 163. 162 .1 173.6 166. 171.7 1 73 .6 1723 1 680.9 101.1
'9 630- 690 170 .2 173. 170.6 167.4 1 65.0 177.0 11o9. 17.5 17. 172.0 17. 10.

10 690- 750 1 72 .2 1 74.4 1 72.1 1 67.8 1 67,5 179,2 171.6 1 78 .0 179.5 7.5 137 10.

11 750- 870 170.4 17-1.9 172.7 1.6 170:. 17.6 172.7 177.8 179.1 185.8 175. 0.
12 870- 990 104 1 74.1 174.4 170.7 1 69.? 179.2 1 74.3 1 78.1 1 79.7 180.9 175.2 10,

13 990-1110 167.2 170.9 172.0 170.2 168.7 176.5o 11.5 175.3 176.8 1.0.5 173 .0 101.2
1 4 1 110-1 230 1 64 .6 168 .8E 1 69 .2 1 66 .5 167.6 1 73.8a 1 69 .7 1 72 .9 1 74 .2 .181. 170 .9 101. 2

1I 12015 163,.3 166.9 168 .5 1 61. 1 16. 172,.1 169 .5 171 .1 1 74 .0 18. 16.:0.

1 1350-1410 171.2 173.8 175,5 11.4 171.81 179.0 174.3 17. 180.O9 103.1 175.91 100.7
17 1410-1470 172.8 14.0 174,2 17. 105 101 736 178.4 180.6 185.2 17. 00.7
18 1470-1520 158.1 157.3 155. 4 54115.5 155 .5 154 16. 158.0 163.2 162.2 17. 60.2 100.7

19o 15018 44 .0 136.4 1 33 .9 1 33.1I 1 34.4 148.7 156 4. 1 45. 143 199 100
2 0 1 500--1640 1 34 .3 126 .3 1 23 .5 122.1t 1 23. 7 1 39 .2 124.8 1 33. 7 1 34 .8 12 9 .6 129.2 101

21 1640-1700 126.:4 1 1 116.1 1 :1. 116. 3 131.:3 117.7 1 25.8 126.9 121.:4 1 21.5 1 01.1
25 1 700- 1760 119.1 110.3 107.9 1 06.1 1 07. 122.9 109.1 116.2 17.3 11.3 117.9 10,9
23 1 760-18I20 112.5 104.0 101.7 100.0 1 01.6 1 15.8 102.9 109. 3 11 0.4 1 05.4 1 06 .4 100.9 124 1 820--lA00 10t;.6 94.3 93.5 92.4 94.4 106.5 95.9 1 00.6 10 1.2 98.5 98.3 100.9
25 1 00- 1940 99 .4 87 .7 87 .6 86 .7 88 .7 99 .7 87.9? 94 .0 94.8 9?2 .6 91.9 101 .2

2 6 1940-2000 95.0 86.:2 84.:7 815.9 816. 97.4 06.9 92.7 93.8 90.2 90.4 101.3
27 2000- 2060 91,4 85.1 83.7 82. 83. 3 94.0 83.4 90.0 90.8 86.6 87.1 101.3

N01E: bEE TABILE 8-1. FOR TIIERMOCOUPLE LOCATIONS
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TADLE C-1. TEMPERATURE 6RADIENT rN CONTAINMENT ATMtJSF'I:E

NEAR VESSEL WALL AT MILl-HEIGHT IN TEST AC-?
-- ----------- - ---------------------------------

TEMIPLRATURE, ([PEG C)

TIME WALL 0.95 CM 1.9 CM 5.08 Ch 30.5 CM
MIIU1TES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL

0 60.3 63.6 64.1 64.3 64.1
5 63.5 88.1 89.9 91.9 94.010 65.4 88.6 89.5 90.9 94.1

20 60 , 91.9 94.3 96.7 100.4
25 70.1 91.7 94.3 97.2 100.1

30 71.2 89.7 92.6 96.2 99.6
35 72.7 91.6 94.0 97.4 101.3
45 74.3 92.1 96.2 97.9 100.4
50 75.1 91.2 95.3 98.1 101.1

55 75.9 91.7 97.0 102.1 101.4

60 76.7 91.7 96.9 101.8 100.9
911 a1. 2 97.0 103.1 108.4 104.2125 84.6 100.5 107.2 112.9 103.5
155 87.3 102.9 109.9 114.3 116.U
Is" 89.8 102.5 107.8 107.3 107.5

220 93.4 112.4 120.7 125.3 115.3
250 97.8 116.8 124.6 125.6 L23.1
200 100.3 115.8 122.5 123.4 121.1
310 102.2 117.7 123.7 127.2 122.5
345 103.7 117.2 121,9 123.2 123.8

375 105.2 119.4 124.3 126.5 126.8
405 106.7 121.2 125,2 128.2 130.7
43 5 107.0 121.4 125.2 128.3 131.9
465 109.2 123.7 127.5 130.2 134.6
ti00 110.8 124.9 129.2 131.9 136.6

530 111.2 124.0 127.8 131.6 138.1
51,10 110.? 122. 8 126.4 12Y.8 139.2S90 112.7 126.2 130.6 135. 5 143.4625 112.6 125,4 128.3 132.4 141.8655 112.1 124.0 127.7 131.8 141.3

685 111.8 124.2 128.0 132.1 139.Y
73.5 111.3 122.8 126.7 131.1 137.5
750 112.0 122.9 126.7 130.9 135.7
780 111.6 122.1 126.0 130.3 133.8
810 111.2 12 1.5t 125.6 130.3 132.8

840 112.6 123.4 128.5 135.0 137.5
875 113.6 124.6 129.1 134.7 137.1
905 113.6 123.8 128.4 134.1 136.4
935 113.6 123.3 127.6 133.6 136.6
?65 113.7 123.1 127.3 133.1 135.8

1000 113.3 122.9 127.2 132.? 135.1
1030 112.3 121.7 125.9 131.9 134.3
1060 112.7 122.4 126.7 132.9 135.4
1090 112.5 123.3 127.8 133.2 135.1
1125 111.8 122.3 126.7 132.9 135.4

1155 113.6 124.9 130.2 138.2 140.5
1185 113.3 123.9 128.9 136.3 138.9
1215 113.2 123.5 128.3 135.8 138.2
1250 113.6 125.2 130.2 136.5 138.7
1200 113.9 124.6 129.4 135.7 137.9

1310 113.7 124.3 129.1 135.4 137.6
1340 112.9 123.2 127.5 133.7 136.21375 113.7 124.8 130.0 137.7 140.41405 113.6 123.9 128.4 135.3 139.01435 113.6 124.4 129.3 135.7 137.4
1465 113.2 123.4 127.9 134.3 137.6
1500 112.4 122.9 127.6 133.7 135.71530 111.6 122.0 126.3 132.4 134.7
1565 112.4 12j.2 130.8 138.9 139.1
1595 113.3 125.3 130.8 139.9 142.9
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r*APLE C-1. TEMPERA~TURE GRADIENT IN CONTAINMENT ATMOSPHER<E

NEAR VESSEL WALL AT MID-14EIGHT IN TEST AC-7

TEMPFERATURE, ([DEG C)

TIME WALL 0.95 Ch 1.9 CM 5.08 CM 30.5 Chi
MINUTES SURFACE FROM UALL FROM WALL FROM WALL FROM WALL

162---- 11---.7 12---.3 130.---- 1------ 141.7--

1625 114.1 125.3 130.5 138.7 141.7
1690 113.8 125.2 130.3 138.0 140.4
1720 114.3 126.3 131.8 140.2 142.9
1750 115.1 126.6 132.1 140.2 142.4

1780 115.2 126.2 131.4 139.6 142.2
1815 115.4 127.2 133.1 141.8 142.8
1845 116.2 127.6 133.4 142.3 144.9
1875 115.4 125.3 130.0 137.9 141.6
1905 112.9 120.7 123.8 128.6 132.9

1945 108.7 114.1 116.1 118.6 121.2
1975 106.2 111.6 113.9 117.1 117.6
26005 105.7 112.1 114.6 119.2 121.72035 102.6 107.8 110.2 113.7 114.7
2070 99.6 104.3 106.5 109.7 110.2

2100 97.2 101.8 103.8 106.6 107.1
2130 94.9 99;5 101.3 103.9 104.4

210 92.7 97.2 98.9 101.2 101.7
2195 90.4 94.6 96.3 98.2 98.6
2225 88,.4 92.4 94.1 95.8 96.3

2255 86.8 90.2 91,9 93.4 94.1
2300 84.2 87.5 88.8 90.1 90.4
2340 82.2 85.4 86.4 87.5 87.9
2.380 80.3 83.5 84.3 85.1 85.5
2440 77.3 80.9 81.2 81.8 82.2

2480 75.4 79.0 79.2 79.0 80.1
2540 72.0 76.6 76.6 77.2 77.6
2580 71.2 74.9 74.9 75.6 75.9
2640 69.1 73.3 72.9 73.5 74.0
26030 67.7 71.4 71.3 72.0 72.6

2740 65.8 69.2 69.3 69.9 70.4
2780 64.5 68.1 683.1 68.7 69.1
2840 62.8 65.9 66.0 66.6 67o2
2880 61.6 64.8 64.9 65.4 65.9
2940 59.9 63.0 63.1 63.6 64.1

2980 58.9 61.6 61.9 62.6 63.1
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TABLE C-2. TEMPERATURE GRADIIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL AT MID-HIE16HT IN TEST AC-B

TEMPERATURE, (DEG C)

TIME WALL 0.95 CM 1.9 CM 5.08 CM 30.5 CM
MINUTES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL

0 63.2 66.2 66.5 66.8 66.8
5 66.2 83.9 85.1 86.4 88.0

10 67.9 86.0 87.3 89.2 91.5
1s 69.4 88.8 89.9 91.8 94.2
20 70.1 86.9 88.7 90.7 93.7

25 70.9 86.4 88.2 89.7 92.8
30 71.7 86.9 88.2 89.8 91.3
35 72.3 86.4 87.5 89.0 90.5
40 73.2 06.9 87.6 08.8 90,6
45 73.7 86.6 87.2 88.4 90.1

50 74.2 86.5 86.8 87.8 89.8
55 74.4 87.2 87.4 88.4 89.8

65 74.8 86.6 86.8 87.8 89.5
95 79.0 93.6 94.3 95.2 96.9
125 83.5 95.8 96.3 97.4 99.1

155 87.3 97.7 98.4 99.9 101.9
185 89.6 96.9 97.4 98.4 99.9
215 91.9 100.1 101.5 102.8 105.7
245 93.4 100.4 10119 103.3 105.7
275 94.3 100.4 101.6 102.8 104.7

305 96.1 102.7 104.6 106.4 108.6
335 96.7 103.0 104.6 106.1 108.1
365 97.0 102.6 104.1 105.3 107.5
395 9?7.2 102.9 104.2 105.7 107.5
425 99.2 106. 7 109.7 112.6 115.5

4.55 102.8 111.8 .115.3 118.9 122.7
485 106.3 114.7 118.1 122.0 124.9
515 109.2 117.5 121.1 125.0 129.1
545 111.1 120.6 124.7 129.4 132.4
575 114.7 123.4 127.4 132.713.

605 116.9 125.6 129.6 134.8 137.8
635 119.4 128.8 133.3 139.2 141.9
665 121.7 130.8 135.4 140.9 143.6
695 123.4 132.7 137.1 142.2 145.4
725 125.2 134.5 139.3 145.3 147.7

755 126.8 136.7 141.4 146.6 149.7
785 128.1 138.7 143.7 149.0 151.9
815 129.8 139.8 144.3 149.7 153.3
845 130.7 141.5 146.7 152.0 155.6
875 131.7 142.3 147.3 152.7 156.4

905 132.8 143.4 148.3 153.8 158.2
935 133.9 144.7 150.0 155.6 160.0
965 134.8 145.5 150.6 156.2 160.9
995 135.2 145.3 149.7 156.3 158.3
1025 135.1 145.2 149.8 156.4 158.2

1055 134.6 144.1 148.4 154.8 156.8
1085 133.8 143.7 147.3 152.2 154.0
1115 134.1 145.5 150.1 156.2 158.0
1145 134.6 145.9 150.6 156.7 159.6
1175 134.3 145.7 150.3 156.2 158.6

1205 134.3 144.9 149.1 154.8 157.2
1235 133.4 143.7 147.7 153.1 155.1
1265 133.7 144.6 149.1 155.2 157.9
1295 133.6 144.6 149.2 155.2 157.1
1325 133.6 144.6 149.0 154.8 157.3

1355 134.0 144.8 149.2 155.2 157.6
1385 134.0 144.? 148.4 153.2 155.8
1415 133.9 145.7 149.5 153.6 156.4
1445 133.9 145.3 148.7 152.8 155.9
1475 133.6 145.7 149.7 154.6 157.3
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TAB4LE C-2. TEMPERATURE GRADIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL Ar MIlD-HEIGHT IN fESI AC-a
----------------------------------

TEMPERATURE, ([DEG C)

TIME WALL 0.95 CM 1.9 CM 5.08 CM 30.5 CM
MINUTES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL

1505 133.8 145.0 148.8 153.4 156.8
1535i 134.1 146.1 150.6 154.4 157.5
1565 133.6 144.8 148.5 152.9 155.9
1595 132.8 144.7 148.9 153.4 157.4
1625 133.9 146.4 150.6 155.4 159.3

1655 134.1 146.4 150.b 155.4 156.8
1685 134.3 147.2 151.3 156.0 158.7
1715 134.4 147.3 151.6 156.0 158.8
1745 134.4 146.4 150.2 154.7 157.4
1775 134.2 146.7 150.6 155.2 158.0

1805 134.1 146.2 150.1 154.7 157.6
1835 133.91 145.6 149.2 153.8 156.9
1865 133.2 144.1 147.4 151.9 154.2
1910 127.2 134.2 135.7 137.6 130.7
1940 123.5 129.0 131.1 132.9 133.7

1970 119.7 125.7 126.9 128.3 129.1
2000 116.1 121.7 122. 9 124.4 125.22030 111-9 118.1 119.3 120.8 121.6
2060 109.8 114.8 116.0 117.4 118.2
2090 106 .9 111.8 112.9 114.3 114.1

2120 104.1 108.9 110.0 111,2 111.1
2150 101.6 106.3 107.3 108.5 108.3
2180 99.3 103.8 104.7 105.9 105.0
2210 97.3 101.4 102.2 103.4 103.9
2243 95.0 98.6 99.2 100.2 100.1

2275 92.7 96.3 97.1 98.0 97.9
2320 89.6 93.2 94.0 94.8 94.9
2360 87.4 90.5 91.4 92.0 91.9
2400 85.1 87.9 88.8 89.3 89.3
2440 82.9 851.6 86.3 06.7 86.7

2480 00.7 83.4 84.2 04.4 84.6
2520 78.9 81.7 82.8 83.4 83.7
2560 77.4 00.1 81.0 81.8 81.9
2600 75.6 70.,4 79.3 80.1 80. 3
2640 74.1 76.7 77.6 78.5 78.6

2600 72.5 75.2 76.0 76.7 76.9
2720 71.0 73.6 74.4 75.2 75.3
2760 69.4 72.0 72.9 73.7 73.8
2800 67.9 70.6 71.3 72.2 72.3
2840 66.7 69.1 69.8 71.2 70.9

280~ 65.4 67.8 68.6 69.7 69.6
2920 64.4 66.6 67.2 68.3 68.4
2960 63.3 65.4 66.0 66.9 67.2
3000 62.2 64.3 64.9 65.8 66.0
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TABLE C-3. TEMPERATURE GRADIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL AT MID-HEIGHT IN TEST AC-9

TEMPLRAIURE, (('ES r)

TIME WALL 0.95 CM 1.9 Ch 5.08 CM 30.5 CMiMINUTES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL- - - - --------- -- -- - - - - -- - - - - - -0 55.7 58.6 59.1 59.3 59.6
62.9 103.8 106.1 108.6 112.610 67.3 106.7 108.1 110.4 114.11s 71.2 108.7 110.1 111.9 117.320 75.1 112.0 113.8 117.5 125. 2

25 77.8 108.1 111.7 116.7 125.7
30 79.9 104.4 109.0 116.3 126.135 84.8 108.9 115.8 130.3 135.540 87.8 116.5 122.9 138.6 141.545 91.6 119.6 127.5 144.3 147.9

50 95.0 126.7 134.7 147.7 150.7
55 99.4 131.6 140.9 150.3 155.860 102.5 137.2 144.0 150.7 161.1

65 104.1 135.4 141.4 146.8 159.795 120.1 150.2 155.3 159.0 171.1
125 13Y.5 170.8 177.1 181.2 179.4'155 149.7 172.6 177.0 182.9 179.9185 157.2 175.3 180.0 184.1 182.5

2I,15 168.7 193.2 199.3 203.4 195.2
245 173.2 190.4 196.3 200.6 196.6
275 180.3 197.4 204.9 210.6 203.0305 189.0 205.9 212.8 215.3 213.73315 191.9 205.1 210.2 214.3 214.33 65 190.1 201.3 203.6 204.5 212.03V5 195.2 211.1 217.7 224.2 227.3

425 202.5 217.7 224.8 232.1 232.2455 208.6 225.4 229.9 236.6 236.1495 207.7 220.0 223.9 229.3 229.7515 193. 5 199.8 200.3 200.3 203.8
545 186.4 194.4 196.3 198.4 199.4

575 100.5 188.7 190.9 193.4 193.960t; 174.8 182.7 184.7 186.6 187.1635 168.7 176.3 178.0 179.7 180.0665 162. 4 169.4 170.3 170.7 172.1695 158.7* 167.8 169.6 172.3 172.1

72b 154.1 162.2 163.6 165.8 165.8755 151.2 15;9.6 161.4 163.6 164.0705 146.2 153.4 154.8 155. 9 15,6815 141.9 149.2 150.7 152.2 152.7845 137.7 144.8 146.4 148.1 148.4
875 133.7 140.2 141.4 142.3 143.29U5 129.5 115.9 137.1 137.9 138.8535 125.2 131.1 132.2 132.6 133.4965 121.1 126.83 127.8 128.4 129.39 95 117.2 122.8 123.8 124.3 125.2

1025 113.6 119.0 119.8 120.2 121.31055 109.2 113.3 113.4 112.9 114.61085 105.5 109.4 109.6 108.9 110.81115 102.1 105.9 106.1 105.6 107.21145 98.9 103.8 104.9 105.6 105.6
1175 97.0 102.3 103.5 104.7 104.81205 94.9 99.8 100.9 101.9 102.21235 92.8 97.7 98.8 99.6 99.91265 90.8 96.0 97.6 99.4 99.01313 86.9 91.4 92.8 94.5 93.9
1360 84.5 89.4 90.9 92.8 92.31400 82.4 86.9 88.2 90.1 89.81440 00.4 84.8 86.1 87.9 87.61480 78.4 82.6 83.8 85.5 85.41520 76.6 80.7 81.8 83.6 83.3
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TABLE C-3. TEMPERATURE GkALPIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL AT MID-HEIGHT IN TEST AC-9
------------------------------------------------

TEMPERATURE, (DEG C)

TIME WALL 0.95 CM 1.9 CM 5.00 CM 30.5 Ch
MINUTE:. SUR~FACE FROM WALL FROM WALL FROM WALL FROM WALL

1560 74.7 78.7 79.9 81.4 81.3
1600 72.9 76.9 76.0 79.4 79.4
1640 71.3 75.1 76.3 77.8 77.6
16U0 69.8 73.3 74.3 75.6 75.8
1720 68.2 71.6 72.6 74.0 73.9

1760 66.7 69.9 71.0 72.3 72.3
1800 65.2 68.4 69.3 70.6 70.7
1840 63.9 66,9 67.9 69.2 69.2
1880 62.6 65.6 66.6 67.8 67.8
1920 61.2 64.1 65.0 66.0 66.3

1960 59.9 62.9 63.7 64.9 65.0
2000 58.7 6 1. t 62.4 63.3 63.4
2040 57.6 60.3 61.1 62.1 62.1
2080 56.6 59.1 59.8 60.8 60.8
2 120 55557.9 58.7 59.7 59.7

216 0 54.4 56.7 57.4 58.4 58.4
0200 53.5 55.8 56.4 57.4 57.4
2240 52.5 54.6 55.3 56.2 56.2
22830 51.6 53.8 54.4 55.3 55.3
23210 50.7 52.8 53.5 54.3 54.3
2360 49.9 51.0 52.4 53.3 53.3
2400 49.1 50.9 51.5 52.3 52.4
2440 43.3 50.1 50.;? 51.4 51.5
2400 47.5 49.2 49.7 50.4 50.6
2520 46.8 4a.4 49.1 49.8 49.8

2560 46.1 47.7 48.3 49.0 49.0
2600 45.4 46.9 47.3 40.1 48.1
2640 44.7 46.2 46.7 47.4 47.4
2680 44.0 45.6 46.1 46.8 46.7
2720 43.4 44.8 45.3 46.0 45.9

2760 42.8 44.1 44.6 45.2 45.2
2000 42.2 43.6 44.0 44.6 44.6
2840 41.6 42.9 43,4 43.8 44.0
2880 41.1 42.3 42.7 43.4 43.4
2920 40.6 41.8 42.3 42.0 42.8

2960 40.1 41.2 41.6 42.2 42.3
3000 39.7 40.e 41 .2 41.7 41.7
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TABLE C-4. TEMPERATURE GRADIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL AT MID-HEIGHT IN TEST AC-10
--------------------------------------------

TEMPERATURE* (DEG C)
----------------------------------------------------

TIME WALL 0.95 CM 1.9 CM 5.08 CM 30.5 CM
MINUTES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL

10 65.6 92.3 94.1 95.9 98.7
1s 66.9 90.0E 92.8 95.1 98.8
20 68.3 95.4 97.1 96.3 99.2

25 69.8 95.5 96.9 100.3 101.4
30 71.4 96.2 96.6 101.1 103.1

35 73.1 96.1 96.6 101.4 104.4
40 74.5 95.8 97.2 103.4 106.4
45 76.1 96.9 98.3 104.9 108.7
60 79.8 99.1 100.8 104.3 108.7
65 80.6 97.8 100.3 104.1 108.2

95 85.7 100.7 103.9 108.5 111.9
125 09.4 104.5 107.8 113.0 117.1
155 93.4 110.4 114.3 120.1 124.1
185 9?5.7 109.7 114.0 120.6 123.4
216 100.6 119.1 125.6 134.4 139.7

250 104.8 124.3 131.4 141.6 145.9
280 107.9 126.7 134.3 145.2 149.3
310 110.3 128.6 136.5 147.9 151.9
340 111.9 1283.8 136.2 146.9 151.6
370 113.4 131.3 139.2 150.2 154.3

400 114.9 132.8 140.7 151.7 155.9
430 116.5 135.7 142.8 153.2 157.7
460 117.7 135.7 143.0 155.3 159.4
490 119.0 137.0 145.0 156.9 161.7
520 120.3 139.1 147.3 159.2 163.7

550 121.7 140.6 149.1 161.5 167.3
500 122.9 141.2 149.8 162.6 168.7625 124.4 14 3. 6 152.1 164.6 171.1
655 125.6 145.2 153.9 166.6 173.4
685 126.3 145.4 154.0 167.4 174.4

715 127.2 146.8 155.4 168.7 174.7
745 120.0 148.1 157.0 170.6 176.6
775 128. 3 148.0 156.4 169.7 176.1
005 120. 4 140.1 155.0 168.9 175.6
L335 120.3 151.2 157.9 169.8 175.5

065 127.7 156.0 161.9 171.5 178.3
095 137.3 163.5 171.7 175.0 177.4
930 137.6 163.7 172. 7 177.9 175.6.
960 137.7 164.6 172.2 175.2 175.5
990 137.1 160.2 169.8 173.3 173.0
1020 136.9 159.3 171.3 174.9 174.7
1050 136.1 157.7 168.0 172.1 173.61080 135.3 156.7 167.7 171.6 172.4
1110 135.2 156.1 167.6 171.0 171.7
1140 134.5 155.3 166.8 170.6 171.2

1170 133.4 153.8 164,8 167.3 169.6
1200 133.5 154.7 167.4 172.4 171.21230 133.1 154.3 166.1 170.3 170.8
1260 131.9 151,6 162.3 166.3 168.8
1290 131.6 152.3 163.1 168.0 169.3

1320 131.3 152.1 161.7 166.8 169.1
1350 131.7 153.5 164.5 169.6 172.2
1385 133.8 156.1 167.9 174.3 179.2
1415 134.3 156.0 168.1 174.9 176.4
1445 134.4 154.2 164.7 172.1 176.2

1475 133.3 152.5 161.5 169.3 171.31505 128.2 141.9 147.4 152.1 152.41535 122.4 132.6 135.8 138.7 138.7
1565 118.3 128.0 130.4 131.2 131.3
1595 114.7 123.4 125.4 125.4 125.6
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TABLE C-4. TEMPERA1URE GRADIENT IN CONTAINMENT ATMOSPHERE

NEAR VESSEL WALL AT MItI-HEIGHT IN TEST AC-10

TEMPERATURE, (DEG C)

TITHE WALL. 0.95 Ch 114? CM 5.08 CM 30.5 Ch
MINUTES SURFACE FROM WALL FROM WALL FROM WALL FROM WALL

1625 111.4 119.6 121.46 121.9 121.9
1655 10a.4 115.8 117.8 117.8 117.9
1685 105.5 112.6 114.5 114.5 114.5
1715 102.4 108.4 109.5 109.1 109.4
1745 99.5 104.9 105.9 105.6 105.8

1775 94.7 102.1 103.3 103.1 103.3
1805 94.0 99.1 100.0 99.3 99.9
1835 91,3 95.2 95.2 94.4 94.3
1065 88.6 92.2 92.2 91.3 91.6
1895 86.0 89.4 89.4 88. 4 88.5

1925 83.4 86.6 86.3 85.1 85.4
1955 81.7 86.1 87.1 86.8 86.9
1985 80.2 84.8 86.0 86.0 86.2
2015 78.6 83.3 84.7 85.1 85.2
2045 76. ' 81.51 82.7 82.6 82.7

2079 75.5 80.3 81.5 81.7 81. 9
2 20 1 70.2 75.1 76.8 77.9 78.1
2 24 1 68.9 73.4 '/4.9 76.1 76.4
2281 67.6 71.9 7.3.4 74.6 74.8
2321 65. 9 70.2 71.8 72.9 73.0

2361 64.7 68.7 70.0 71 .2 71.3
2401 63.4 67.3 68.7 69.7 69.8
2441 62.2 65.9 67.1 68.0 68.4
2521 60.0 63.9 64.7 65.3 65.6
2561 58.7 L2.6 63.6 63.9 64.2
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RATIO OF STANDARD TO ACTUAL GAS VOLUME IN THE CONTAINMENT ATMOSPHERE

The volume occupied by a given molar quantity of gas in the containment
atmosphere varied throughout the tests as the gas temperature and pressure
varied. Assuming that the containment atmosphere behaved as an ideal gas,
the following relationship holds for relating standard volume to actual
volume:

V STP = (273) P
VACTUAL T(1)

where:

STP = 0 SC, 101 kPa abs (320F, 14.7 psia)
VSTP = Volume at standard temperature and pressure

VACTUAL = Volume at actual temperature and pressure
P = Actual pressure (kPa abs)
T = Actual temperature (K)

The ratio of standard to actual volumes in the containment atmosphere are
listed in Table D-1 for Tests AC7 through AClO.
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TABLE D-1
RATIO OF STANDARD TO ACTUAL GAS

VOLUME IN THE CONTAINMENT ATMOSPHERE

RATIO (Std ma3 Per Actual mr3)

(uinr) AC7 AC8 AC9 AC10

0 0*79'9 0,797 0.821 (a)
5 0,798 0.789 0,794 (a)

10 0.797 0.784 0.783 0.802
15 0.795 0.781 0*782 0.798
20 0.792 0.777 0.775 0.797

30 0.879 0.815 0.773 0*842
40 0*954 0.903 0*778 0.922
50 1.031 0.988 0.776 (a)
60 1.095 1,075 0,759 1.105
70 1.127 1.171 0.678 1.193

80 1*149 1.254 0*621 1.215
100 1.167 1.252 0.614 1.209
120 1.186 1.251 0.589 1.202
140 1.195 1.245 0.587 1.200
160 1*190 1.245 0.584 1.193

180 1.172 1.235 0.583 16190
200 0*741 0*776 04574 0.725
220 0*675 0.717- 0.564 0.650
240 0.674 0*.706 0,572 0.650
270 0.681 0.704 0.558 0.641

300 0.680 0.705 0.551 0.640
330 0.676 0*701 0*546 0.632
360 0.674 0,700 0*551 0*637
390 0*670 0.702 0.539 0.634
420 0,669 0.683 04533 0*631

450 0.670 0.677 0*527 0,627
480 0.665 0*669 0*533 0.628
510 0.666 0.663 0.561 0.623
540 0.667 0.658 0.567 0o618
570 0.661 0,651 0*573 0.617

600 0.662 0,649 0.579 0.617
630 0,667 0,644 0.588 0.615
660 0.668 0*641 0.598 0.613
690 0*669 0*638 0.601 0.611
720 0.671 0.636 0.610 0.610

(a) Data not available
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TABLE D-1 (Cont)
RATIO OF STANDARD TO ACTUAL GAS

VOLUME IN THE CONTAINMENT ATMOSPHERE

RATIO (Std m3 Per Actual m3)
(ming) AC7 ACS AC9 AClO

- --------- - - --- - - -- - - - -
750 0.672 0.633 01610 0.608
780 0.672 0.629 0*622 0.608810 0.671 0.627 0*628 0.608840 0 #663' 04624 09634 0.609870 0.666 0.623 0.641 0.605900 0.668 0.620 0.647 0.607
930 0.666 0.618 0.656 0.608960 0.667 0.616 0.663 0.609990 0.670 0.614 0.670 0.6101020 0.670 0.616 0.676 0.6081050 0.670 0,618 0.687 0*610

1080 0.670 0.620 0.695 0.6121110 0.669 0.620 0,701 0.6131140 0.659 0.616 0.710 0*6131170 04660 0.616 0*709 0.6151200 0.662 0.618 0.714 0#614
1230 0.661 0.619 0*719 0*6151260 0*660 0.616 0.721 0,6171290 0.659 0.617 0.731 0.6121320 0*664 0.617 0.735 0o6141350 0.659 0.618 0.737 0.612
1380 0*659 0.617 0.741 0*6061410 0.666 0.618 0.744 0*6001440 0*661 0.621 0.748 0*6061470 0.665 0.619 0.751 0,6051500 0.667 0.618 0.759 0.626
1530 0.669 0*619 0.763 0.6511560 0.655 0.621 0.766 0.6611590 0.655 0.624 0*769 0.6711620 0*658 0.619 0*773 0,6791650 09657 0#618 0.776 0.685
1680 0.659 0.619 0.778 0.6921710 0.655 0.618 0.782 0.6991740 0.657 0.618 0.785 0.7071770 0*657 0.617 0.787 0.713

(a) Data not available
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TABLE D-1 (Cont)
RATIO OF STANEIARD TO ACTUAL GASVOLUME IN THE CONTAINMENT ATMOSPHERE

RATIO (Stdt m13 Per Actual as3)
TIME
(mnir) AC7 AC8 AC9 AC10
---- -- ---------- - - --- - - -- - - - -

1800 0.656 0*615 0*786 0*7181830 0.651 0.616 0.785 0.727
1860 0.654 0.617 0.789 0.7341890 0.666 0.632 0.792 0.7431920 0.683 0.642 0.794 0.7511950 0.691 0.652 0.797 0.7511980 0.690 0.658 0.800 0.750
2010 0*690 0.664 04801 0.7542040 0.699 0,672 0.804 0.7582070 0.704 0*678 0.806 0.7602100 0.709 0*683 0.808 0.770213.0 0.716 0*688 00810 0.771

2160 0.722 0.695 0.814 0.7732190 04,726 0*699 0.816 0,7752220 0.731 0*705 04819 0.7762250 0,734 0*709 0.*820' 0.7782280 0.740 0*712 0.822 0.781

2310 0*744 0.717 0.824 0.7852340 0.747 0#721 0.825 0.7882370 0.751 0*725 0.828 0.7912400 0.755 0.728 0,830 0.7942430 0,757 0.732 0.831 0*797

2460 0.761 0,735 0.833 0.8002490 0.764 0.738 0.835 0.8022520 0.767 0*741 0.837 0.8052550 0.769 0.744 0,838 0s8072580 0.772 0,747 0.840 (a)

2610 0*773 0.751 0.842 (a)

(a) Data not available
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TABLE El
TEMPERATURES, FLOWJ RATES AND PRESSURE DROPS

IN AIR CLEANING SYSTEM - TEST AC7

GAS FLOW, CU.m/s GAS TEMP. DEG C AVE TEMP, DIEG C PRESS. [DROP, KPs

ACTUAL ACTUAL
SGS SGS SOS SaS DEMIST. SOS

OPERATING TIME INTERVAL STD. INLET OUTLET INLET OUTLET OUTLET LIQUID GRAVEL DEMIST. TOTAL
PERIOD MINUTES OAS 97 DAS 19 ['AS 53 DAS 19 DAS 53 DAS 54 (a) (b) DAS 103 [lAS 102

I 1S0- 200 0.34?5 0.5092 0.3981 105.1 22.6 23.7 22.7 22.0 0.64 8.57
2 210- 270 0.0539 0.0806 0.0819 116.2 25.3 34.8 25.5 24.6 0.41 6.80
3 270- 330 0.1582 0.2425 0.1818 128.1 27.7 32.0 28.3 27.5 0.93 7.42
4 330- 390 0.2967 0.4605 0.3467 131.6 31.5 32.9 32 .5 31 .7 1 .22 a. 2.

5390- 450 0.3027 0.4687 0.3546 134.3 35.0 36.2 36 .1 35 .1 1 .08 8 .11

6450- 510 0.2988 0.4635 0.3514 134.9 36.2 36.8 37.3 36.3 1.03 8.72
7 510- 570 0.3079 0.4741 0.3630 132.8 37.7 37.9 38.7 37.7 1.06 s.-6
8 570- 630 0,3138 0.4912 0.3713 139.5 38.7 38.7 39.7 38.7 1.04 8.2'
9 630- 690 0.3310 0.5102 0.3916 133.2 38.8 38.8 39.9 38.9 1.07 7.44

10 690- 750 0.3118 0.4809 0.3663 133.4 36.4 37.1 37.9 36.9 1.04 9.03

it 750- 870 0.3145 0.4685 0.3704 116.8 36;7 36.7 37.7 36. 9 1.00 8.24
12 870- 990 0.3076 0.4810 0.3630 139.1 38.0 37.9 39.0 S6.0 1.00 8.:38
13 990-1110 0.3025 0.4701 0.3S79 136.5 38.7 38.3 39.8 38.d 0.99 8.30
14 1110-1230 0.3105 0.4889 0.3681 141.9 39.3 38.7 40.4 39.5 1.03 3.40'
15 1230-1350 0.3009 0.4715 0.3568 140.0 39.4 38.8 40.7 39.3' 1.00 8.50

16 1350-1470 0.3067 0.4795 0.3832 139.1 39.0 38.7 40.5 39.6 1.01 8.98
17 1470-1590 0.3083 0.4768 0.3655 134.5 39.4 38.8 40.5 39.6 1.02 8.95
le 1590-1210 0.3031 0.4782 0.3597 142.8 39.7 39.7 41.2 40.3 1.00 9.09
19 1710-1830 0.3015 0.4755 0.3585 142.7 40.3 40.0 41.6 40.7 1.01 9.09
20 1830-1930 0.3017 0.4L57 0.3590 133.8 40.5 40.0 41.6 40.5 1.02 9.33

21 1930-2050 0.0923 0.1332 0.1090 107.4 38.2 40.7 39.3 38.3 0.37 8.29
22 2050-2220 0.0696 0.0971 0.0822 93.1 36.9 39.1 37.8 36.0 0.30 8.34

(a) - AVERAGE OF FOUR THERMOCOUPLES

(b) - AVERAGE OF THREE THERMOCOUPLES



TABLE E2
TEMPERATURES, FLOW RATES AND PRESSURE DROPS

IN AIR CLEANING SYSTEM -~ TEST AC8

GAS PLOW, CU.m/s GAS TEMP, PLO C AVE TEMP, DEG C PRESS. DROP. tKPa

ACTUAL ACTUAL

OPERATIN SIEINEVASY SOS DEMIST. SOS
OPRTN IEITRA T. INLET OUTLET I NLE T OUTLET OUTLET LIQUID GRAVEL DJEMIST.. TOTALPERIOD MINUTES GAS 97 GAS 19 GAS 53 GAS 19 GAS 53 GAS 54 (a) t8) OAS 103 GAS 102--------------------------------- ------------- -------- --------- -------- -------- --------- -------- -------- -------- --------

1 180- 200 0.4033 0.5442 0.4662 78.6 28.1 28.8 27.8 27.1 1.10 8.732 210- 270 0.0695 0.0975 0.0838 95.1 43.3 42.0 45.5 44.6 0.24 7.113 270- 330 0.1699 0.2416 0.2143 103.8 61.2 60.2 62.9 61.9 0.59 7.684 330- 390 0.3277 0.4702 0.4107 107.0 58.8 59.0 60.1 58.7 1.10 8.225390- 450 0.3288 0.4765 0.3966 109.7 45.4 46.6 46.6 45.5 1.08 8.09

6 450- 510 0.3288 0.4822 0.3919 113.4 41.0 42,4 42.0 41.0 1.00 8.057 510- 570 0.3325 0.5119 0.3976 131.9 41.4 42.5 42.1 41.2 1.09 7.6o.8570- 630 0.3242 0.5054 0.3878 137.8 42.1 42.8 42.9 42.0 1.07 1.71rn 630- 690 0.3014 0.4761 0.3600 142.4 41.1 42.0 42.1 41.2 1.01 9.07~ 0690- 750 0.3023 0.4813 0.3623 146.5 42.7 43.3 43.7 42.7 1.03 9.121

11 750- 810 0.3054 0.4915 0.3672 151.1 43.8 44.1 44.7 43.7 0.99 8.212 810- 930 0.3030 0.4920 0.3648 154.? 44.1 44.2 45.1 44.2 1.00 8.2813 930-1050 0.3027 0.4960 0.3652 150.8 44 .9 44 .5 15 .9? 44 .9 0 .99 8 .5214 1050-1170 0.3013 0.4904 0.3637 155.9 45.0 44.6 46.0 45.1 0. 90 .. 5715 1170-1290 0.3013 0.4859 0.3640 152.0 4S.3 44.7 46.3 45.3 0.99 6.01

16 1290-1410 0.3021 0.4746 0.3642 141.8 45.2 44.9 46.4 45.4 0.99 8.8117 1410-1530 0.3029 0.4459 0.3653 115.7 45.4 44.9 46.5 45.5 1.00 9.1218 1530-1650 0.2794 0.3895 0.3373 95.0 45.7 45.5 46.7 45.8 0.96 9.0419 1650-1770 0.2215 0.3134 0.2666 101.3 45.4 46.6 46.5 45.6 0.76 9.0220 1770-1890 0.1728 0.2418 0.2085 97.1 46.1 47.6 47.2 46.2 0.61 8.61

21 1890-2010 0.0636 0.0921 0.0763 110.4 44.6 48.4 45.5 44.5 0.22 8.6022 2010-2220 0.0686 0.0953 0.0820 93.6 42.3 45.5 43.2 42.2 0.24 8.42

(s) - AVERAGE OP POUR THERMOCOUPLES

(b) - AVERAGE OP THREE THERMOCOUPLES



TABLE E3
TEMPERATURES, FLOW RATES AND PRESSURE DROPS

IN A10t CLEANING SYSTEM - TEST AC?

GAS PLOW. CU.m/s GAS TEMP. DEG C AVE TEMP. DEG C PRESS. DROP. KPa------------- ----------------------------- --------------- ------------ ------------------
ACTUAL ACTUAL
SOS SOS 505 S0S DEMIST. SOSOPERATING TIME INTERVAL SlID, INLET OUTSET INLET OUTLET OUTLET LIQUID GRAVEL DEMIST. TOTALPERIOD MINUTES LAS 97 VASl 19 LAS 53 LAS 19 LAS 53 DAS 54 (a) ( bI ) AS 103 LAS 102-------------------------------------- -------------- --------- --------------- -------- -------- -------- -------- -------- -------- --------

1 60- 64 0.3067 0.4008 0.3472 66.2 20.? 29.1 19.6 18.3 0.92 8.26270- 120 0.0727 0.1186 0.0031 150,3 23.6 29.4 23.5 22.7 0.25 7.083 120- 160 0.1455 0.2584 0.1t94 190.0 30.4 35.2 31.3 30.5 0.52 7.C74 160- 220 0.2590 0.4653 0.3483 199.6' 40.0 44.8 41.3 40.3 1.01 8.805220- 280 0.2544 0.4639 0.3097 208.6 47.4 52.5 49.6 47.5 1.05 8.76
6 280- 340 0.2511 0.4669 0.3866 219,0 50.1 55.4 51.2 50.1 1.09 8.637 340- 400 0.2558 0.4736 0.3127 217.0 50.4 55.9 51.5 50.5 1.14 8.53rn a 400- 460 0.2736 0.5278 0.3350 237.5 50.8 56.4 52.0 51.0 1.26 8.8?a. 9 460- 520 0.3338 0.6224 0.4085 220.5 50.8 55.6 51.0 50.8 1.46 9.1?10) 520- 580 0.1468 0.2585 0.1777 193.0 47.1 51.t 48.2 47.2 0.56 3.12

11 580- 640 0.1456 0.2509 0.1759 182.1 46.0 4?.0 47.0 45.9 0.62 8.0812 640- 700 0.1455 0.2446 0.1751 170.9 44.7 47.6 45.7 44.7 0.5? 7 .8o13 700- 780 0.1438 0.2376 0.1726 162.4 43.3 45.7 44.4 43.3 0 .57 7 .5714q 780- 840 0.0626 0.0996 0.0749 145.2 41.4 44.1 42.7 41.7 0 .25 6 .9915 840- 900 0.0634 0.0989 0.0756 136.2 39.7 41.7 40.8 39.8 0 .24 7 .72
16 900- 960 0.1600 0.2467 0.1901 131.7 38.8 40,7 39.7 38.7 0.60 8.3'17 960-1020 0.1631 0.2467 0.1430 124.0 37.6 39.8 38.5 37.5 0.61, 6.21-to 1020-1140 0.3144 0.4605 0.3 02 110.2 35,1 36.3 36.0 35.0 1.17 3,9519 1140-1250 0.0661 0,0944 0.0773 100.7 33.2 35.1 34.0 33.0 0.27 6.86

(a) - AVERAGE OF FOUR THERhOCOUPLES

()- AVERAGE OF THREE THERMOCOUPLES



TABLE E4
TEMPERATURES, FLOW RATES AND PRESSURE DROPS

IN AIR CLEANING SYSTEM - TEST ACIO

GAS FLOW. CU.&/% DAB TEMP. DEG C AVE TEMP. D C PRESS. DROP, KPa
----------------------------------------------------- ---------------------------- ------------------ ------------------

ACTUAL ACTUAL
SOS SOS SOS SOS DEMIST. SOS

OPERATING TIME INTERVAL STD. INLET OUTLET INLET OUTLET OUTLET LIQUID' GRAVEL DEMIST. TOTAL

PERIOD MINUTES OAS 97 DAS 19 GAS 53 GAS 19 GAS 53 GAS 54 (a) (b) GAS 103 GAS 102
--------------------------------- ------------- -------- -------- -------- -------- -------- -------- -------- -------- --------

1 190- 195 0.4567 0.68 0.5267 116.9 26.3 27.3 26.4 25.9 1,01 9.29

2 210- 270 0.0754 0.1145 0.0874 129.5 29.8 33.9 29.0 28.2 0.33 6.41

3 270- 330 0.1474 0.2423 0.1726 155.4 32.0 35.5 32.9 32.0 0.54 7.66

4 330- 390 0,2929 0.4912 0.3460 156.1 36.9 39.7 37.9 37.2 0.99 8.33

5 390- 450 0.2897 0.4824 0.3457 164.9 40.7 42.9 41.7 40.9 1.02 a.13

6 450- 510 0.2891 0.4836 0.3451 167.8 41.5 43.8 43.1 42.3 1.02 7.98

7 510- 570 0,2919 0.4765 0.3379 171.7 42.9 44.1 43.6 42.8 1.01 7.38

a 570- 630 0.2972 0.4873 0.3456 174.2 44.1 44.9 44.9 44.0 1.01 7.25

9 630- 690 0.2689 0.4600 0.3210 177.8 41.5 43.7 43.5 42.7 0.96 9.63

10 690- 750 0.2813 0.4840 0.3386 180.4 44.2 44.9 45.3 44.4 0.98 9.99

11 7;0- 870 0.2801 0.4793 0.3391 179.0 45.7 45.9 46.6 45.7 0.97 7.91

12 070- 90 0.27'65 0.4755 0.3340 180.2 45.3 45.1 46.2 45.3 0.96 8.21

13 990-1110 0.2799 0.4768 0.3379 175.9 45.0 45.0 46.4 45.6 0.96 8.26

14 1110-1230 0.2751 0.4662 0.3329 173.5 45.9 44.9 46.0 45.8 0.96 8.19

is 1230-1350 0.2769 0.4662 0.3348 170.6 45.5 44.6 46.6 45.6 0.97 8.40

16 1350-1410 0.0409 0.0692 0.0492 172.9 43.6 45.1 45.9 45.0 0.35 7.63

17 1410-1470 0.1389 0.2375 0.1672 177.9 44.5 45.2 45.6 44.6 0.60 8.93

18 1470-1520 0.2730 0..4394 0.3301 151.2 45.6 46.1 47.0 45.8 0.98 9.41

19 1520-1580 0.0783 0.1196 0.0944 126.4 44.7 45.9 45.9 44.9 0.44 8.08

20 1580-1640 0.0641 0.0944 0.0782 114.9 48.5 47.9 50.5 49.5 0.40 8.25

21 1640-1700 0.0700 0.1009 0.0858 109.5 51.2 50.9 53.4. 52.3 0.40 9.05

22 1700-1760 0.1682 0.2392 0.2063 103.3 51.5 51.6 53.3 52.4 0.69 8.38

23 1760-1620 0.1693 0.2376 0.2089 98.3 53.4 52.6 56.7 55.8 0.66 9.07

24 1920-1880 0.3418 0.4720 0.4216 92.4 53.4 52.3 57.0. 55.7 1.16 8.95

25 1880-1940 0.3622 0.4916 0.4446 86.1 51.7 50.0 54.0 52.7 1.25 9.02

26 1940-2000 0.0966 0.1312 0.1198 86.3 55. 2 53 5 59.3 58.4 0.47 7.53

27 2000-2060 0.0803 0.1005 0.1020 84.8 63.5 60.5 67.9 66.6 0.43 7.26

(a) - AVERAGE OF FOUR THERMOCOUPLES

(b) - AVERAGE OF THREE THERMOCOUPLES



TABLE ES. SCRUBBER TEMPERATURES AT SELECTED TIMES FOR TEST AC7

GAS TEMPERATURE DEG C LIQUID TEMP DlEG C GRAVEL TEMP DlEG C

CY SOS DEMIST DEMIST l6in.(b)18 in. 36 in 36 in 20in. 301n. 401n. AVG. AVG.
DUCT IN IN OUT 45DE0 230DEG 230DEG 120DEO 45DEG 45DEG 45DEG LIQUID GRAVEL

TINE IN
MN DA537(a) VASIV DAS 53 DAS 54 DAS57 ('AS 61 MAS 58 MAS 63 DlAS50 DAS51 DAS52 4 TC'S 3 TC'S

120 112.3 29.8 26.9 31.6 20.7 22.9 21.9 24.1 20.4 21.1 23.2 22.4 21.6
190 118,6 29.6 28.7 33.8 21.9 22.7 22.6 23.9 18.9 20.9 21.7 22.8 20,4
245 137.7 118.2 25.4 31.3 24.9 26.7 24.9 26.7 24.9 24.9 24.9 25.8 24.9
300 135.3 127.9 27.9 32.4 27.8 29.3 27.8 29.3 27.8 27.9 27.8 28.6 27.8
360 135.1 131.3 31.7 32.9 31.0 33.4 31.6 33.6 31.8 31.7 31.6 32.6 31.7

425 13748 134.2 35.3 36.8 35.6 37.2 35.3 37.2 35.3 35.3 35.2 36.3 35.3
480 I41 6 137.7 36.5 37.5 36.6 38.3 36.5 38.4 36.5 36.5 36.4 37.5 36.5
540 134.0 131.1 37.7 38.0 37.9 39.8 37.9 39.7 38.0 37.7 37.8 39.9 37.9
600 142:3 139.3 38.8 39.8 39.0 40.8 38.9 40.7 39.9 38.7 39.8 39.9 38.9
660 136.2 132.7 39.8 39.8 39.0 40.8 38.9 40.8 39.0 38.9 38.9 39.9 38.9

725 137j7 134.9 36.9 37.0 37.0 38.6 36.9 38.6 37.0 36.7 36.7 37.7 36.8
780 135,3 132.9 37.4 37.4 37.7 39.3 37.5 39.4 37.7 37.4 37.5 38.5 37.6
840 14544 105.7 35.9 36.1 36.2 37.9 36.2 37.9 36.1 36.1 36.1 37.1 36,1

rn 900 141.2 138.7 37.6 37.7 37.7 39.5 37.7 39.6 37.6 37.6 37.7 39.6 37.6
'I 960 141.2 138.0 38.3 38.1 38.6 40.2 38.5 40.3 38.6 38.3 38.3 39.4 38.4

1025 138 8 136.0 38.83 38.4 39.1 40.8 38.9 40,8 38.9 38.8 38.8 39.9 38.9
1080 136.8 134.4 38.8 38.3 39.1 40.8 .38.9 40.8 38.9 38.8 38.8 39.9 38.8
1140 148.1 145.4 38.3 30.3 39.1 40.8 39.0 40.8 39.1 38.9 38.9 39,9 3?.0
1200 144.0 141.8 39.8 38.9 40.4 41.9 40.0 41.8 40.4 39.9 39.8 41.0 40.0
1260 145.6 143.1 39.8 39.1 40.1 41.8 39.9 41.8 40.1 39.8 39.8 40.9 39.9

1325 137.8 135.7 36.9 37.4 40.0 41.6 37.7 39.7 39.9 39.9 38.9 39.7 39.6
1380 143.2 141.3 39.8 38.9 40.0 41.7 39.9 41.7 39.9 39.8 39.8 40.8 39.8
1440 141.9 140.4 39.4 38.6 39.7 41.4 39.6 41.4 39.8 39.5 39.6 40.5 39.6
1500 135.5 114.4 39.7 38.8 40.4 41.6 39.8 41.6 42.5 39.8 39.7 40.9 40.7
1565 147.7 144.2 39.4 39.1 39.7 41.3 39.6 41.4 39.6 39.4 39.4 40.5 39.5

1620 144.1 141.4 40.4 39.8 40.7 42.4 40.6 42.4 40.6 40.4 40.5 41.5 40.5
1880 141.7 139.7 40.2 39.7 40.4 42.2 .40.3 42.1 40.4 40.2 40.2 41.3 40.3
1740 143.7 141.6 40.8 40.1 41.0 42.7 40.9 42.7 41.0 40.8 40.8 41.8 40.9
1800 143.9 141.3 39.9 39.7 40.2 42.0 40.2 41.9 40.2 40.1 40.1 41.1 40.1
1865 142..5 139.9 40.8 40.3 41.0 42.8 41.0 42.8 40.9 40.8 40.9 41.9 40.9

1920 120.4 119.3 39.9 39.6 40.1 41.9 40.1 41.9 40.1 39.9 40.0 41.0 40.0
1980 120..2 107.5 37.9 41.0 38.0 39.9 39.0 39.8 37.9 37.9 37.9 38.9 37.9
2045 112.5 99.6 37.7 40.1 37.7 39.5 37.7 39.5 37.7 37.6 37.6 38.6 37.6
2100 106.'6 94.6 37.2 39.3 37.1 38.9 37.1 38.9 37.1 37.0 37.1 38.0 37.1
2160 101.3 92.0 36.7 38.8 36.7 38.4 36.7 38.4 36.6 36.5 36.6 37.6 36.6

(a) DAS 37 M4EANS DATA AGUISITION SYSTEM CHANNEL NUMBDER 37

(b) DISTANCES ARE MEASURED FRON THE BOTTOM OF THE POOL



TAB'LE E6. SCRUBBIER TEMPERATURES AT SELECTED TIMES FOR TEST ACS

GAS TEMPERATURE DEG C LIQUID TEMP DEG C GRAVEL TEMP DEG C

CV SOS DEMIST DEMIST 161n,.(b)18 in. 36 in, 36 in 20ir,, 301n. 40in. AVG. AVG.
DUCT IN IN OUT 45DE6 230DEG 230DEG 120BE0 45DEG 451DEO 45DEG LIQUID GRAVEL

TIME IN
MN DAS37(&) DAS19 [lAS 53 BAS 54 DAS7 [JAS 61 DAS 58 DAS 63 DAS50 DAS51 DAS52 4 TC'S 3 TC'S

120 95.2 30.9 30.1 30.6 25.5 27.6 26.7 29.7 25.6 26.3 27.9 27.1 26.6

180 102.1 30.9 30.2 30.9 25,6 27.5 26.6 28.3 25.6 26.4 28.0 27.0 26.7

240 112.1 97.3 44.6 42.4 46.2 47.5 45.6 47.9 46.1 45.9 46.5 46.8 46.2
300 116.6 104.4 62.2 61.4 63.6 64.9 62.9 65.3 63.7 62.6 63.4 64.2 63.2
360 114.7 107.5 60.4 60.3 61.6 63.2 61.4 63.5 61.1 60.3 61.9 62.4 61.1

420 116,8 107.2 44.6 45.9 44.1 46.6 44.7 46.4 44.6 44.3 44.5 45.5 44.5

480 136.9 119.9 40.9 42.4 40.9 42.5 40.8 42.6 40.9 40.6 40,7 41.7 40.7

540 145.1 132.2 41.1 41.5 41.3 42.9 40.8 41.6 41.3 41.3 41.2 41.6 41.3
600 151,3 137.1 42.2 42.6 42.2 43.9 42.1 43.8 42.3 41.9 41.9 43.0 42.1
660 156.? 143.1 41.2 42.2 41.8 42.9 41.1 43.1 41.6 41.1 41.1 42.2 41.2

720 161.3 147.3 42.8 43.4 43.6 44.6 42.0 44.6 43.0 42.7 42.7 43.9 42.9

700 164.6 150.9 43.8 44.0 44.5 45.7 43.9 45.6 44.1 43.8 43.9 44.9 43.9
940 165,8 152.8 43.7 44.1 43.8 45.4 43.6 -45.6 43.6 43.5 43.6 44.6 43.6
900 170,1 156.0 44.6 44.4 44.6 46.5 44.6 46.5 44.7 44.4 44.6 45.6 44.6

rn 965 170.4 159.9 45.1 44.8 45.2 46.9 45.1 46.9 45.4 45.0 44.9 46.0 45.1

10 020 168.8 159.6 45.0 44,6 45.0 46.9 45.1 46.8 45.1 45.0 45.0 45.9 45.0

1080 163.1 15!3.9 45.1 44.6 45.:3 46.9 45.1 46.9 45.2 45.1 45.1 46.0 45.1
1140 16. 14.5 45.2 44.6 45.3 47.0 45.1 46.8 45.1 44.9 45.1 46.0 45.0
1200 166.5 157.3 45.3 44.6 45.4 47.2 45.3 47.2 45.4 45.3 45.3 46.3 45.3
1260 168.5 133.9 45.5 44.8 45.6 47.3 45.4 47.2 45.4 45.3 45.4 46.4 45.4

1320 166.7 149.0 45.3 45.0 45.4 47.2 45.3 47.3 45.4 45.4 45.3 46.3 45.4

1380 167.1 133.3 45.0 44.6 45.2 46.9 45.0 46.9 45.1 45.2 45.0 46.0 45.1
1440 164.4 122.7 45,8 45.3 45.9 47.6 45.7 47.7 45.9 45.7 45.7 46.7 45.9
1500 167.8 105.2 45.7 44.9 45.7 47.4 45.6 47.4 45.7 45.4 45.6 46.5 45.6

1560 162.9 99.9 44.9 45.2 45.6 47.2 45.4 47.3 45.4 45.3 45.4 46.3 45.4

1620 165.7 100.9 46.1 45.8 46.1 47.8 46.0 47.9 46.0 45.9 46.1 47.0 46.0
1690 169.7 113.2 44.6 46.3 44.8 46.6 44.9 46.6 44.8 44.7 44.7 45.7 44.7
1740 166.1 95.3 45.9 47.0 45.8 47.6 45.8 47.7 46.1 45.7 45.8 46,7 45.9

1800 168.2 92.8 46.4 47.7 46.5 48.4 46.5 49.3 46.4 46.3 46.4 47.4 46.4

1960 163,7 95.1 46.3 47.7 46,3 49.1 46.3 48.2 46.3 46,2 46.4 47.2 46.3

1920 141.1 112.0 44.9 48,6 45,0 46.8 .44.9 46.8 45.0 44.8 44.9 45.9 44.9

1980 130,7 108.9 44.3 47.7 44.3 46.2 44.3 46.2 44,2 44.2 44.3 45.2 44.2
2040 122.9 103.9 43.4 47.4 43.4 45.2 43,3 45.2 43.3 43.2 43.3 44.3 43.3
2100 116.1 100.0 42.3 46.5 42.4 44.2 42.3 44.2 42.3 42.3 42.3 43.3 42.3
2160 110.1 96.4 41,4 45.1 41.4 43.2 41.3 43.1 41.3 41.2 41.3 42.3 41.2

(a) [lAS 37 MEANS DATA AGUISITION SYSTEM CHANNEL NUMBJER 37

(b) DISTANCES ARE MEASURED FROM THE BOUTTOM OF THE POOL



TABILE E7. SCRUBBER TEMPERATURES AT SELECTED TIMES FOR TEST AC9

GAS TEMPERATURE ['EG C LIQUID TEMP DEG C GRAVEL TEMP [lEG C
------------------------------------------------ -------------------------------- ---------------------

CV BBS I)EMIST DEMIST l61r..(b)19 in,. 36 in 36 1 r, 2Oir.. 30Oirn. 4011w. AVG. AVG.

DUCT IN IN OUT 45DEG 230DEG 2300E0 120DEG 45D'EO 45DEG 45DEG LIQUID GRAVEL

TIME IN
MIN DAS37(a) BAS17 PAS 53 GAS 54 DAS? [PAS 61 DAS 58 DAS 63 DAS50 ELAS51 DAS52 4 TC'S 3 TC'B

----------------------------------- ----- -------------- --------- ------- ------ ------- ------------- --------------

120 200.8 181.3 26.3 31.9 29.2 27.7 25.9 27.8 26.4 26.6 26.1 27.7 26.4

180 198.4 192.2 38.9 43.5 39.9 40.7 39.1 40.9 39.2 39.3 39.0 40.2 39.2

240 212.1 205.4 47.2 51.7 47.7 48.8 47.1 48.9 47.2 47.1 47.1 48.1 47.1

300 231.2 221.8 50.0 55.3 50.3 51.8 50.0 51.9 50.1 49.9 49.9 51.0 50.0

360 217.7 210.9 50.6 56.4 50.8 52.6 50.7 52.5 50.8 50.5 50.6 51.7 50.6

420 243.8 233.4 51.1 56.9 51.9 52.8 51.1 52.8 51.5 50.9 50.9 52.1 51.1

480 241.9 236.6 51.4 55.7 51.8 53.3 51.5 53.3 51.8 51.3 51.0 52.5 51.4

540 203.0 194.3 47.3 51.9 47.4 49.2 47.4 49.2 47.3 47,2 47.3 48.3 47.3

600 193.2 184.3 46.2 49.9 46.2 48.1 46.2 48.1 46.2 46.0 46.1 47.1 46.1

660 177.6 170.8 44.8 47.4 45.0 46.7 44.9 46.7 44.9 44.7 44.8 45.8 44.8

720 170.4 163.7 43.7 47,3 43.8 45.6 43.8 45.6 43.7 43.6 43.6 44.7 43.6

780 160.3 154.6 42.3 44.3 42.6 44.4 42.6 44.4 42.4 42.3 42.4 43.5 42.4

840 153.4 137.5 40.0 42.2 40.3 42.0 40.2 42.0 40.1 40.1 40.2 41.1 40.1

m 905 140.9 135.3 39.3 41.0 39,3 41.1 39.3 41.1 39.3 39.2 39.3 40.2 39.2
1 960 131.4 127.9 38.1 40.5 38.2 39.9 38.2 40.0 38.1 38.1 38.1 39.1 38.1

1020 122.9 119.9 37.0 39.8 37.0 38.7 37.0 38.8 36.9 36.8 36.8 37.9 36.9

1080 110.7 109.4 34.9 36.4 35.0 36.8 35.1 36.8 34.9 34.8 34.9 35.9 34.9

1140 103.3 102.2 33.5 35.4 33.6 35.3 33.5 35.3 33.4 33.4 33.4 34.4 33.4

1200 105.1 100.3 33.2 35.2 33.2 34.8 33.2 34.8 33.1 33.0 33.0 34.0 33.0

1260 102.0 71.7 33.4 36.9 32.7 34.4 32.7 34.4 32.6 32.6 32.4 33.5 32.5

1333 96.2 61.6 32.2 32.9 31.8 33.4 31.7 33.5 31.6 31.6 31.4 32.6 31.5

1380 93.5 51.2 31.9 31.2, 31.7 33.3 31.6 33.4 31.5 31.6 31.1 32.5 31.4

1440 90.2 43.3 31.6 2?.71 31.7 33.3 31:6 33.3 31.6 31.6 30.9 32.5 31.4

1500 86.7 38.9 31.1 28.9 31.7 33.2 31.6 33.2 31.6 31.6 30.6 32.4 31.2

1560 83.4 35.9 30.6 28.3 31.7 33.0 31.4 33.1- 31.6 31.6 30.3 32.3 31.2

1620 80.3 33.7 30.2 27.9 31.6 32.8 31.3 33.1 31.5 31.6 30.1 32.2 31.0

1680 77.4 32.3 29.9 27.8 31.5 32.8 31.2 32.9 31.4 31.6 29.9 32.1 31.0

1740 74.8 31.2 29.6 27.4 31.3 32,6 31.0 32.8 31.3 31.6 29.7 31.9 30.8

1800 72.2 30.3 29.5 27.2 31.3 32.5 30.9 32.6 31.3 31.4 29.4 31.8 30.7

1860 69.8 29.5 29.1 26.9 31.1 32.4 30.8 32.6 31.1 31.4 29.3 31.7 30.6

1920 67.4 28.9 29.2 26.7 31.1 32.3 30.7 32.4 30.9 31.3 29.2 31.6 30.5

1980 65.3 28.2 28.9 26.4 30.9 32.1 30.5 32.3 30.8 31.2 28.9 31.4 30.3

2040 63.3 27.9 28.6 26.3 30,7 32.0 30.4 32.1 30.6 31.1 28.8 31.3 30.2

2100 61.3 27.4 28.7 26.1 30.6 31.8 30.2 32.0 30.5 30.9 28.7 31.2 30.0

2160 59.5 27.2 28.4 25.9 30.5 31.7 30.2 31.9 30.4 30.8 28.6 31.1 29.9

(a) PAS 37 MEANS DATA AGUISITIO14 SYSTEM CHANNEL NUMBER 37

(b.) DISTANCES ARE MEASURED FROM THE BOTTOM OF THE POOL



TABLE ES. SCRUbbER TEMPERATURES AT SELECTED TIMES FOR TEST AC1O

GAS TEMPERATURE DiEG C LIQUID TEMP DEG C GRAVEL TEMP DEG C

CV SOS DEMIST DEhIST 161n.(b)18 in. 36 in 36 in 20in. 3Gmn. 401n. AVG. AVG.
DUCT IN IN OUT 45DE3 230DEG 230DEG 120DEG 45DEG 45DEG 45DEG LIQUID GRAVEL

TIME 1I4
KIN1 DAS37 (a~ DAS19 GAS 53 GAS 54 DAS57 GAS 61 GAS 58 GAS 63 DAS50 DAS51 DAS52 4 TC'S 3 TC'S

120 123.8 28.1 26.4 28.1 24.4 26.4 25.3 27.3 24.4 24.7 25.3 25.9 24.0
180 135.3 28.3 26.5 40.9 24.5 26.4 25.4 27.3 24.4 24.8 25.4 25.9 24.9
240 156,9 138.4 27.9 33.9 28.2 29.8 28.1 29.8 28.3 27.? 28.0 29.0 28.1
300 161.7 157.6 32.3 35.8 32.4 33.9 32.2 33.9 32.2 32.2 32.2 33.1 32.2
360 161.5 162.7 37.3 39.9? 37.4 38.9 37.3 39.1 37.4 37.3 37.3 39.2 37.3

420 166.8 166.5 40.8 43.1 41.1 42.7 40.9 42.7 41.1 40.8 40.9 41.8 40.9
480 168.8 168.3 42.7 43.8 42.7 44.5 42.7 44.4 43.1 42.4 42.7 43.6 42.7
540 173.6 173.9 42.2 44.5 43,1 44.6 41.2 42.4 43.6 43.0 43.1 42.8 43.2
600 174.8 173.8 44.2 45.0 44.2 45.9 44.2 45.9 44.2 44.1 44.2 45.1 44.2
660 176.8 176.4 42.0 43.6 42.3 43.9 42.1 43.9 43.1 41.9 42.1 43.1 42.4

720 182.0 180.7 44.2 44.7 44.6 46.2 44.3 46.2 45.1 44.2 44.3 45.3 44.5

700 178.9 178.3 45.6 45.9 45.7 47.4 45.5 47.4 45.6 45.4 45.6 46.5 45.5

n840 178.2 176.9 45.8 45.7 45.9 47.8 45.9 47.7 45. 45. 45. 46:8 45.9
9105 122.2 181.3 44.5 45.0 44.6 46. 44.6 46.4 44.8 44. 44.6 45. 44.6
960 179.0 178.2 45.2 44.7 45.6 47.2 45.4 47.2 45.6 45.1 45.4 46.3 45.4

1020 180,0 177.6 38.9 45.3 45.9 47.6 43.3 43.2 46.1 45.7 46.0 45.0 45.9
1080 179.9 176.7 45.7 45.0 45.7 47.6 45.7 47.4 45.7 45.4 45.7 46.6 45.6
1140 175.9 173.7 45.8 45.1 45.9 47.7 45.9 47.6 45.9 45.6 45.8 46.8 45.8
1200 173,3 172.0 46.3 45.2 46.5 48.3 46.4 48.2 46.6 46.2 46.3 47.3 46.4
1260 169.9 165.3 45.7 44.6 45.8 47.4 45.7 47.6 45.9 45.4 45.6 46.6 45.6

1320 171.1 169.3 45.1 44.7 45.7 47.4 45.4 47.3 45.5 45.3 45.4 46.5 45.4
1380 178.1 172.1 34.6 45.6 45.9 47.7 39.7 40.3 45.6 45.7 45.9 43.4 45.8
1440 177.3 177.6 44.6 45.6 44.6 46.6 44,83 46.6 44.8 44,.4 44.6 45.7 44.6
1500 161..5 152.3 45.7 46.9 45.9 47.8 46.1 47.7 46.1 45.7 45.8 46.9 45.9
1560 146.5 122.9 44.6 45.7 44.9 46.7 45.0 46.5 44.8 44.6 44.7 45.8 44.7

1620 137,2 113.3 49.3 48.5 50.3 51.9 49.8 51.6 50.4 50.1 50.2 50.9 50.2
1880 129.8 107.7 51.4 50.6 52,6 54.4 52.4 54.2 52.4 52.3 52.4 53.4 52.4
1740 121,4 102.0 51.1 51.5 52.5 53.8 51.9 53.8 52.5 52.1 52.3 53.0 52.3
1800 114.7 97.8 54.3 53.6 57.7 59.2 56.8 59.8 57.6 56.9 57.2 58.4 57.2
1860 104.0 91.0 53.4 51.5 54.8 56.9 54.6 56.6 54.6 54.6 55.2 55.7 54.8

1920 97.2 86.6 51.4 49.4 51.2 55.1 52.8 54.8 49.4 52i.7 53.1 53.5 51.8
1980 97.3 86.4 57.9 55,6 61.1 62.6 60.9 63.0 61.3 60.7 60.9 61.9 61.0
2040 93.2 83.9 64.9 61.5 67.8 69.8 67.8 70.7 68.3 67.3 67.7 69.0 67.8
2098 85.4 78.0 63.6 60.0 64.8 69.4 66.6 69.8 55.5 65.1 65.7 67.7 62.1
2201 84.4 66.2 69.1 50.8 82.8 72.7 70.4 71.9 84.4 86.7 77.9 74.4 82.7

(a) DAS 37 MEANS DATA AGUISITION SYSTEM CHANNEL NUMBER 37

4b) DISTANCES ARE MEASURED FROM THE BOTTOM OF THE POOL



A PP E ND IX F

ON-LINE GAS ANALYSES OF

CONTAINMENT ATMOSPHERE

F-1



This Page

Was Intentionally

Left

Blank



TABLE F1
ON-LINE GAS ANALYSIS OF CONTAINMENT

ATMOSPHERE FOR TEST AC7

VOLUME PERCENT
-------------------------------------------------------

OPEATIG TMEOXYGEN HYDROGEN
OPEATNG IM ---------------- ---------------PERIOD INTERVAL HIGH (a) LOW (b) HIGH LOW
--------------- --------- -------- -------- -------- --------

1 180- 200 (C) 16,7 0,02 -0.06
2 210- 270 (C) 17*2 0.02 -0,01
3 270- 330 (C) 17.8 0.02 -0.01

.4 330- 390 19.9 19.3 -0.02 -0.03
5 390- 450 20.5 20.0 -0.01 -0.03

6 450- 510 20.6 20.1 -0.01 -0.02
7 510- 570 20*8 20.4 0.00 -0.02
8 570- 630 20.9 20.5 0.00 -0.01
9 630- 690 20,9 20.6 0.00 -0001

10 690- 750 20.9 20,6 0.00 -0.01

11. 750- 870 20.9 20e6 0.01 -0,01
12 870- 990 20*7 20.3 0.02 -0.03
13 990-1110 20.9205 0.02 -0.01
14 1110-1230 21.0 20.5 0.02 -0.01
15 1230-1350 21.1 20.7 0.05 -00

16 1350-1470 20.8 20.5 0.05 0.00
17 1470-1590 20.5 20.6 0.08 0.00
18 1590-1710 20*8 20.5 0.04 0.00
19 1710-1830 20,8 20.5 0.03 0.00
20 1830-1930 20.8 20.5 0.04 0.00

21 1930-2050 20,7 20.6 0.08 0.02
22 2050-2220 20.8 20.6 0.08 0.03

(a) Samplz~ed froa, +6.1 meters elevation*,
(b) Sarfipled fromt -6.7 meters elevation*
(c) Data rnot available.
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TABLE F2
ON-LINE GAS ANALYSIS OF CONTAINMENT

ATMOSPHERE FOR TEST AC8
(Invalid data f~romn timge zero-675 minutes)

VOLUME PERCENT
-----------------------------------------------------

OXYGEN HYDROGENOPERATING TIME-- - - - - - - - - - - - - - - - - - - -
PERIOD INTERVAL HIGH (a) LOW (b) HIGH LOW

----------------- --------- -------- -------- -------- --------

10 690- 750 1948 20.0 -0.04 0*06
11 750- 810 19.8 20.4 -0.04 0.06
12 810- 930 19.8 20.5 -0.04 0.06
13 9:10-1050 20.0 20*5 -0.03 0*06
14 1050-1170 20,2 20.4 -0.01 0,08

15 1170-1290 20.2 20*4 -0001 0408
16 1290-1410 20.3 20.4 0.01 0.09
17 1410-1530 20.2 20.3 0.00 0.09
1s 1530-1650 20.4 20.3 0.00 0409
19 1650-1770 20.3 20*2 0.02 0,10

20 1770-1890 20.2 20*1 0.05 0.12
21 1890-2010 20t6 2042 01,08 0 115
22 2010-2220 20.8 20*4 0.06 0.14

(a) Sampl1ed front +641 meterS ce:levation,
(b) Sampled front -6#7 meters elevation.

F- 4



TAB~LE F3
ON-LINE GAS ANALYSIS OF CONTAINMENT

ATMOSPHERE FOR TEST AC9

VOLUME PERCENT
--------------------------------------------------------

OXYGEN HYDROGENOPERATING TIME-------------------------- ------------------ CARBONPERIOD INTERVAL HIGH (a) LOW (b) HIGH, LOW DIOXIDE
------------------------------ -------- -------- --------

1 60- 64 17*5 17.5 0.06 0.12 0.74
2 70- 120 16.1 17.5 0.13 0.13 0*873 120- 170 15.2 16.3 0409 0*15 2,304 170- 220 17.1 17.6 0.08 0.14 2.605 220- 280 17*5 18.2 0.,05 0.11 2*84

6 280- 340 17.7 18.4 0.06 0.04 2.19
7 340- 400 19.4 18.97 0.05 0.11 2.878 400- 460 18o3 19.0 0.13 0.16 1.62
9 460- 520 1s.8 19o4 0.07 0.06 2*6410 520- 580 19.1 1909 0.06 0.06 2.37

11 580- 640 18.9 20.6 0.06 040b, 1*26
12 640-- 700 19.0 20.3 0.05 0.06 2.9713 700- 780 19. 7 20.2 0.04 0.05 2.30
14 780- 840 20.4 21.1 0,03 0.05 1.34
15 840- 900 20.7 21.5 0.03 0.04 0.81

16 900- 960 21.1 2147 0.02 0.02 0*40
17 960-1020 21.4 21,9 0.00 0.01 0.1718 1020-1140 21.7 22.2 -0.02 -.001 0.04
19 1140-1250 21.8 22.2 -0.03 0.00 0*02

(a) Sampl'ed from +6.1 meters elevation,
(b) Sampl1ed from -6*7 meters elevation.
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TAB4LE F4
ON-LINE GAS ANALYSIS OF' CONTAINMENT

ATMOSPHERE FOR TEST AC10

VOLUME PERCENT
----------------------------------------------------

OXYGEN HYDROGEN
OPERATING TIME-- - - - - - - - - - - - - - - - - - - -

PERIOD INTERVAL HIGH (a) LOW (b) HIGH LOW
---------------- --------- -------- -------- -------- --------

1 180- 200 20o3 17.0 0100 0000
2 210- 270 19.0 16.4 -0.01 -0.01
3 270- 330 19.7 17.7 -0.03 0000
4 330- 390 20.8 19.2 -0,03 0000
5 390- 450 20.8 19.8 -0.02 0.01

6 450- 510 20*8 19.9 -0*02 0.00
7 510- 570 20.8 20.0 -0.02 0000
8 570- 630 20.8 20.0 -0.02 0.00
9 630- 690 20.8 20.1 -0.01 0.01

10 690- 75~0 20.6 20.2 0,03 -0*04

-11 750- 870 20.6 20.3 0.01 -0,04
12 870- 990 20.5 20*4 0.02 -0.04
13 990-1110 20.6 20.4 0.01 -0.04
14 1110-1230 2045 20,4 0400 -0.03
15 1230-1350 20.6 20.44 0.00 -0.03

16 1350-1410 20*6 2041 0.02 -0.02
17 1410-1470 20.5 19.8 0.02 0.01
18 1470-1520 20,6 20*1 0.03 0.00
19 1520-1580 20.7 20.5 0.04 0401

20 1580-1640 20.8 20.6 0.06 0*03

21 1640-1700 20.8 20.7 0*06 0,02
22 1700-1760 20.8 20.8 0.05 0.00
23 1760-1820 20.8 20.9 0,02 -0.02
24 1820-1880 20.8 21.0 0*01 -0.03
25 1880-1940 20.8 21.1 0.02 -0.04

26 1940-2000 20.9 21.1 0.00 -0.04
27 2000-2060 21.1 21.0 0.03 -0*04

(a) SampeFled from +6.1 meters elevation.,
(b) Sampled fromi -6#7 meters elevation.
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TABLE Gi

SGS POOL SODIUM INVENTORY - TEST AC7.

Oper. Conditions At End Of.Operating Period GInrngaPeriod Time Volume L Na In Pool Op. PeriodNo. (min) (liters) (g Na/1) (kg Na) (kg Na)

1 200 2470 1.03 2.544 2.542 270 2440 2.18 5.319 2.773 330 2400 4.43 10.632 5.314 390 2400 8.55 20.520 9.895 450 2350 13.43 31.560 11.04
6 510 2410 16.9 40.729 9.177 570 2380 20.3 48.314 7.598 630 2330 25.1 58.483 10.179 690 2160 30.3 65.448 1.2b10 750 2550 28.8 73.440 7.99

11 870 2400 33.7 80.880 1.2c12 990 2400 43.5 104.400 23.5213 1110 2350 52.3 122.905 18.5014 1230 2330 60.8 141.664 18.7615 1350 2380 65.5 155.890 14.23
16 1470 2360 70.5 166.380 10.4917 1590 2360 77.6 183.136 16.7618 1710 2380 83.0 197.540 14.4019 1830 

9920 1 3 (a) 2430 85.4 207.522 99132370 95.0 225.150 17.6321 2050 2560 90.5 231 .680 6.5322 2220 2550 91.0 232.050 0.37

Total24 
.9 0

(a) End of Na spray at 1930 minutes.(b) Includes 3.26 kg Na drained from pool at t 635 minutes.(c) Includes 5.18 kg Na drained from pool at t =751 minutes.(d) Includes 8.44 kg Na drained from pool.



TABLE G2

SGS POOL SODIUM INVENTORY - TEST AC8

Opr.Conditions At End Of Operating Period Incremental
OPero.ie Vlm CLN nPo Gain During

Perid Tie VlumeL N In oolOp. Period
No. (min) (liters) (g NaIL) (kg Na) (kg Na)

1 200 2500 0.41 1.025 1.03
2 270 2490 1.35 3.361 2.34
3 330 2420 2.25 5.445 2.08
4 390 2350 4.7 11.045 5.60
5 450 2330 6.65 15.495 4.45

6 510 2350 11.1 26.085 10.59(b7 570 2270 15.6 35.412 01
8 630 2270 21.7 49.259 13.85
9 690 2580 23.6 60.888 11.63

10 750 2580 28.5 73.530 12.64

11 810 2360 34.0 80.240 1.3c
12 930 2420 43.5 105.270 25.03
13 1050 2400 53.0 127.200 21.93
14 1170 2410 61.0 147.010 19.81
15 1290 2400 71.5 171.600 24.58

16 1410 2420 76.0 183.92 12.32
17 1530 2430 84.0 204.12 20.20
18 1650 2400 92.5 222.00 17.88
19 1770 () 2460 92.5 22.55 5.55
20 1890(a 2410 95.5 230.15 2.60

21 2010 2450 96.0 235.20 5.05
22 2220 2480 98.0 243.04 7.84

Total 292 d

(a) End of Na spray at 1890 minutes.
(b) Includes 0.78 kg Na drained from pool at t = 510 minutes.
(c) Includes 5.42 kg Na drained from pool at t =751 minutes.
(d) Includes 6.20 kg Na drained from pool.
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TABLE G3

SGS POOL SODIUM INVENTORY -TEST AC9

Condtios A En Of pertin PeiodIncrementalOper. CUdtosA n fOeaigPro Gain During
Period Time Volume CL Na In Pool Op. Period
No. (min) (liters) (g Na/z) (kg Na) (kg Na)

1 64 2420 0.47 1.137 1.142 120 2530 1.68 4.250 3.113 160 2530 4.00 10.120 5.874 220 2480 8.30 20.584 10.465 280 2450 12.6 30.870 10.29

6 340 2390 17.2 41 .108 10.247 400 2390 21.1 50.429 9.328 460 2400 26.8 64.320 13.909 520 2400 28.5 68.400 4.0810 580 2380 30.0 71 .400 3.00

11 640 2360 30.9 72.924 1.5212 700(a 2340 31.4 73.476 0.5513 780(a 2330 32.7 76.191 2.7114 840 2510 30.5 76.555 0.3615 900 2510 30.6 76.806 0.25

16 960 2480 30.9 76.632 (-)0.1717 1020 2450 31.2 76.440 (-)0.1918 1140 2400 32.7 78.480 2.0419 1250 2390 33.0 78.870 0.39

Id ta 1 78.87

(a) End of Na spray at 780.minutes.
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TABLE G4

SGS POOL SODIUM INVENTORY - TEST AC10

Opr.Conditions At End Of Operating Period Incremental
Nar Intoo Gain DuringPeriod Time Volume L aI olOp. PeriodNo. (min) (liters) (g Na/t) (kg Na) (kg Na)

1 195 2330 0.99 2.307 2.312 270 2500 2.71 6.775 4.47
3 330 2450 5.76 14.112 7.34
4 390 2410 11.6 27.956 13.845 450 2360 17.6 41.536 13.58

6 510 2310 22.7 52.437 13 .33 (b)
7 570 2300 28.5 65'.550 13.118 630 2220 36.0 79.920 14.379 690 2580 36.0 92.880 12.96

10 750 2550 42.0 107.100 14.22

11 870 2290 55.0 125.950 23 .57(c)12 990 2380 62.0 147.560 21.61
13 1110 2400 71.5 171.600 24.03
14 1230 2430 81.0 196.830 25.22
15 1350 2400 90.0 216.000 19.17

16 1410 2500 84.5 211 .250 -)4.75
17 1470 () 2480 86.5 214.520 3.27
18 1520(a 2440 89.5 218.38 3.86
19 1580 2430 90.8 220.644 2.26
20 1640 2440 92.5 226.188 5.54
21 1700 2425 93.5 226.738 0.550
22 1760 2365 (d) ------
23 1820 2330 101.5 236.495 9.76
24 1880 2400 (d) - - - - - -
25 1940 2370 102.0 241.740 5.25

26 2000 2360 (d) - ----
27 2060 2350 103.0 242.05 0 .31

Total24.8e

(a) End of Na spray period.
(b Includes 2.43 kg Na drained from pool at t = 504 minutes.Cc Includes 4.70 kg Na drained from pool at t = 750 minutes.
(d) Not analyzed.
(e) Includes 7.13 kg Na drained from pool.
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TABLE G5

DEMISTER DRAIN VOLUME AND SODIUM CONTENT - TEST AC7

Conditions At End Of Operating Period CumulativeOperating Volume CNa Mass VolumePeriod Time Collected CL Collected CollectedNo. (min) 4t) (g Na/t) (g Na) (0)

1 200 0 (a) 0 02 270 0 (a) 0 03 330 0.018 0.02 0 0.024 390 0.005 0.02 0 0.025 450 0.005 0.02 0 0.03
6 510 0.395 0.02 0.01 0.427 570 0.158 0.02 0.01 0.588 630 0.513 0.02 0.01 1.099 690 0.018 0.03 0 1.1110 750 0.281 0.02 0.01 1.39

11 870 1.788 0.05 0.08 3.1812 990 2.856 1.92 5.49 6.0413 1110 3.550 5.28 18.75 9.5914 1230 3.352 8.65 28.99 12.9415 1350 2.859 10.57 30.21 15.80
16 1470 3.000 11.40 34.20 18.8017 1590 2.408 12.39 29.83 21.2118 1710 1.984 14.17 28.12 23.1919 1 8 3 0 (b) 1.859 17.77 33.04 25.0520 1930' 1.228 22.21 27.28 26.28
21 2050 0.217 24.4 5.30 26.4922 2220 0.004 30.1 0.13 26.50

Total 26.50 241.46

(a) No analysis due to zero sample flow.
(b) End of Na spray at 1930 minutes.

G- 7



TABLE G6

DEMISTER DRAIN VOLUME AND SODIUM CONTENT - TEST AC8

Conditions At End Of Operating Period Cumulative
Operating Volume Na Mass Volume
Period Time Collected C L Collected Collected

N.(min) 00 (g Na/.) (g Na) (z.)

1200 2.56 0.16 0.40 2.562 270 0.41 0.25 0.10 2.97
3 330 4.78 0.12 0.57 7.754 390 6.88 0.091 0.63 14.635 450 0.050 0.10 0.01 14.68

6 510 0.032 0.10 0.01 14.727 570 0.023 0.10 0.00 14.798 630 1.22 0.12 0.15 15.969 690 3.18 0.43 1.38 19.14
10 750 4.05 1.63 6.60 23.19

11 810 3.68 4.40 16.19 26.8712 930 7.165 8.35 59.83 34.03
13 1050 4.295 11.50 49.40 38.33
14 1170 7.645 11.91 91,09 45.97
15 1290 6.50 14.27 92.78 52.47

16 1410 4.52 15.54 70.25 56.99
17 1530 3.77 17.40 65.60 60.76
18 1650 2.63 20.82 54.75 63.39
19 1770 ()0.823 24.4 20.05 64.22
20 1890(a 0.217 26.0 5.65 64.43

21 2010 0 -- 0 64.4322 2220 0.760 31.8 24.17 65.19

Total 65.19 559.61

(a) End of Na spray at 1890 minutes.
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TABLE G7

DEMISTER DRAIN VOLUME AND SODIUM CONTENT - TEST AC9

Conditions At End Of Operating Period Cumulative
Operating Volume CNa Mass Volume
Period Time Collected CL Collected Collected
No. (min) (Y-) (9 Na/i,) (g Na) (0)

1 64 0.13 39.6 4.99 0.13
2 120 0 (a) 0 0.13
3 160 0 (a) 0 0.13
4 220 1.53 51.0 77.83 1.66
5 280 2.91 28.0 81.42 4.57

6 340 3.09 22.0 67.91 7.66
7 400 3.11 21.7 67.70 10.77
8 460 6.33 22.0 139.26 17.10
9 520 1.83 23.0 42.07 18.93

10 580 1.10 22.0 24.16 20.03

11 640 0.36 14.0 5.04 20.39
12 700 (b) 0 (a) 0 20.39
13 780' 0.44 7.9 3.44 20.83
14 840 0.03 8.8 0.24 20.86
15 900 0.02 8.7 0.16 20.88

16 960 0 (a) 0 20.88
17 1020 0.02 10.6 0.19 20.90
18 1140 1.84 8.6 15.85 22.74
19 1250 0.23. 18.9 4.27 22.97
20 2984 1.44 26.5 38.08 24.41

Total 24.41 572.62

(a) No analysis due to zero sample flow.
(b) End of Na spray at 780 minutes.
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TABLE G8

DEMISTER DRAIN VOLUME AND SODIUM CONTENT - TEST AC10

Conditions At End Of Operating Period Cumulative

Operating Volume CNa Mass Volume
Period Time Collected CL Collected Collected
No. (mi)n) (g Na/i.) (g Na) Mt

1 195 0 (a) 0 0
2 270 0 (a) 0 0
3 330 0 (a) 0 0
4 390 0 (a) 0 0
5 450 0 (a) 0 0

6 510 0.054 2.2 0.12 0.05
7 570 0.239 2.45 0.59 0.29
8 630 1.364 4.00 5.46 1.66
9 690 2.108 9.9 20.87 3.77

10 750 2.612 14.7 38.40 6.38

11 870 4.237 16.9 71.76 10.61
12 990 6.351 20.45 129.90 16.97
13 1110 5.480 23.5 128.78 22.44
14 1230 4.933 26.0 128.29 27.38
15 1350 4.673 28.75 134.43 32.05

16 1410 0.476 26.0 12.38 32.53
17 140()0.01 27.5 0.25 32.54
18 1520' 2.152 24.0 51.65 34.69
19 1580 Wc (c) (c)--
20 1640 0.499 16.0 7.98 35.19

21 1700 1.728 2.44 4.22 36.92
22 1760 (c) (c) (c)--
23 1820 2.741 0.44 1.21 39.66
24 1880 (c) (c) (c)--
25 1940 5.04 18.8 94.75 44.70

26 2000 (c) (c) (c)--
27 2060 5.768 2.5 14.42 50.46

Total 50.465 845.46

(a) No analysis due to zero sample flow.
(b) End of Na spray at 1520 minutes.
(c) No analysis. Sample combined with following period.
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t TABLE G9

SODIUM AND NaI RECOVERED BY POST-TEST

DEMISTER WASHES

Na I
Mass of Na Recovered (g Na) Recovered

Wash (g NaI)
No. AC7 AC8 AC9 AC10 ACID

1 39 394 336 175 3.83
2 232 259 43 264 7.15
3 196 256 21 40 1.14

4 183 98 64 95 3.17
5 47 35 74 2.65
6 26 9 55 2.06

7 4 30 1.17
8 19 0.72

9 10 0.56
10 9 0.46

Total 723 1007 512 771 22.91
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TABLE GIO

SODIUM AND Nal RECOVERED BY POST-TEST

WASH OF BACKUP HEPA FILTERS

Sodium
Na I

Measurement AC7 AC8 AC9 ACID ACID

HEPA Filter A

Recovered During Leach, g 16.59 27.76 6.45 75.1 0.3044

Blank, g 2.67 2.67 2.67 67.3 0.0094

Net mass, g 13.82 25.09 3.78 7.8 0.2950

HEPA Filter B

Recovered During Leach, g 18.55 19.00 4.60 73.8 0.3134

Blank. g 2.67 2.67 2.67 65.0 0.0094

Net Mass, g 15.88 16.33 1.93 8.8 0.3040

Total Net Mass

From Both Filters, g 29.70 41.42 5.71 16.6 0.599
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TABLE Gl

NaI INVENTORY IN SGS POOL - TEST AC10

Conditions At End Of Operating Period Incremental
Operating 01 Gain During
Period Time Pool Volume %"L NaI In Pool Op. Period

No. (min) (liters) (g NaI/j) (g NaI) (g NaI)

1 195 2330 5.7(-4) (b) 1.32 1.32
2 270 2500 7.5(-4) 1.87 0.55
3 330 2450 5.8(-4) 1.42 -0.45
4 390 2410 2.36(-3) 5.69 4.27
5 450 2360 3.61(-3) 8.52 2.83

6 510 2310 4.42(-3) 10.212.7)
7 570 2300 5.19(-3) 11.94 1.73
8 630 2220 5.90(-3) 13.10 1.16
9 690 2580 6.14(-3) 15.84 27 d

10 750 2550 6.76(-3) 17.24 2.01

11 870 2290 7.59(-3) 17.38 0.14
12 990 2380 8.03(-3) 19.11 1.73
13 1110 2400 8.39(-3) 20.14 1.03
14 1230 2430 8.66(-3) 21.04 0.90
15 1350 2400 8.79(-3) 21.10 0.06

16 1410 2500 9.14(-3) 22.85 1.75
17 1470 () 2480 9.56(-3) 23.71 0.86
18 1520(a 2440 9.84(-3) 24.01 0.30
19 1580 2430 1.00(-2) 24.30 0.29
20 1640 2440 1.04(-2) 25.38 1.08

21 1700 2425 1.07(-2) -25.95 0.57
22 1760 2365 1.10(-2) 26.02 0.07
23 1820 2330 1.12(-2) 26.10 0.08
24 1880 2400 1.11(-2) 26.64 0.54
25 1940 2370 1.12(-2) 26.54 -0.10

26 2000 2360 1.14(-2) 26.90 0.36
27 2060 2350 1.15(-2) 27.03 0.13

Total284(e

(a) End of Na spray period.
(b) Numbers in parenthesis are exponents of ten.
(c) Includes 0.78 g NaI drained from pool at t =509 minutes.
(d) Includes 0.61 g NaI drained from pool at t =750 minutes.
(e) Includes 1.39 g NaI drained from pool.
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TABLE G12

NaI CONTENT IN DEMISTER LIQUID EFFLUENT - TEST AClO

Operating Conditions At End of Operating Period NaI Mass
Period Time Volume Collected C L Collected

No. (mi ) Ct) (g NaI/Z) (g NaI)

1195 0
2 270 0
3 330 0
4 390 0
5 450 0

6 510 0.054 0.052 0.0028
7 570 0.239 0.068 0.0163
8 630 1.364 0.211 0.2878
9 690 2.108 0.705 1.486

10 750 2.612 0.959 2.505

11 870 4.237 1.032 4.373
12 990 6.351 0.966 6.135
13 1110 5.480 0.952 5.217
14 1230 4.933 0.944 4.657
15 1350 4.673 0.966 4.514

16 1410 0.476 0.912 0.434
17 1470 ()0.01 0.915 0.0092
18 1520(a 2.152 0.856 1.811
19 1580 (b) (b)
20 1640 0.494 0.420 0.210

21 1700 1.728 0.072 0.124
22 1760 (b) (b)
23 1820 2.741 0.013 0.0356
24 1880 (b) (b)
25 1940 5.04 0.441 2.223

26 2000 (b) (b)
27 2060 5.768 0.066 0.381

Total 50.465 34.42

(a) End of Na spray.
(b) No sample.
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