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summary

High end Very High Temperalures Gar Renclors (HTGRs/VHTRa) have frve barrers bo faion
product {FP) rchease: the TRISO fue] coallng, the e elements, the core grphile, the primary codlant
syetem, and the reacoor bullding, This projent focused on measuramens and compatations of FP diffusion
ln graphine, FP adsarpueen on graphlie and FF imeraalons with dust partleles ofarblirary shape.

Diffusion Coeflacwenin of Ca wnd lodine 10 bwo nuclear graphire were obrained by the release methad
and wae of Indunively Coupled Plasma- bamn Speciroacopy (ICP-MS) and Inmrumented HNewron
Aciivatdon Analysis (IMAA) & new mathematical model for fSxsion gas release from nuclear Ml wis also

developed,

Srveral iechnigues wers mxplored o measnre adaprpieon amberma, notably a Knodom Effusion
Masn Spectromeier (KEWMS) and Inmmmented Mewron Acivabon Analysis (INAAY Some of these
meanuremenln are shll in progress, The resubs will be reported in e supplemental repon later.

Studies of FP Interacrions with dust and shape Retors for hoth chain ke partcles and agglomerates
over @ wide size ranga wepe cinalred 1hrough solwlons of the diffuslon and \rEnsporr equatlons. The
Green's Punclon Mehad For diffusion and Mome Carlo techneque [or renspan were used, and 11 was
found thal the shape fenorz are senainve to the partide arrangemems, and Lhal diffusien and ransparr of
FPs can be undered. 3everal jourmal articles relabng o the above work have been published, and more are
10 submuson end preparation,
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Project Tide: A rmmoarch program for fismen producy/dust renspont and adsorpliond/deposnion i
HTGRa

Technlcal Work Scopre [dentilcaticon: MOMNP- |

Project S5cope and Description

The Next Generabon Nuckesr Flan (NGNE) wall be & Nuclear Regulatory Commiasion (NEC)
hcensed commercial hugh temperawre gas-cooled reactor (HTGR or YHTR) plant (prismaic or pebiie
b=} capable of primducing elecinicity and high termperature proceis heat, The YOE pasiton om the NRC
approvil for HTGR licenadng |3 described b a recen document, Mechanlstle Source Terms White Paper,
INL'EXT-10- 17997, Tuly 2000, and will follow 10 CFR 52 HTGHRs have five barriera to flslon produc
relcase: the TRISO) fuel coating, e fue] elernemis, the core graphire, the primary coolant sysiem, and the
reacior bulding.  Figure 1 {fram the aferememuoned report) descnbes pahs o the source term for &
prismalic HTGR. Similar pathe apply to Lhe pebble bed reacton slso {(with additional dusi from pebble
abrasion). The radionuclkles of main interest are bitium, noble gaszs, halogens ('“I), alkah meeals,
tellurium group metals, alkaline earth metals, and noble melals,
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Flgurs 1. HTGA redbonacziida iete mies spulam

The computatlons are (o lake advaniage of e wher four retentive barclers for the normal
copdnions, a5 well ag 10 sddreas the factors tha lemd mo 1he rleages, and contmbane 10 che aource (2rms
dunng the accident condilions Tahle 1 descnbes some 1nerechons of varnows fomion producs (FRs) borh



in-core and ex-core. The repon emphasizes needs (or new dma and compunenons (or FP diffusion and
mlsorption, and interecimons wilh dust. [1 notes, for example, that,

“Thex quaniti=s and fiorm of dws in awrrenl designe for HTGRs are unknown .. Correlallons are

needed that give 1he sorpliviies ol these puclides ag o Funciion of 1@ mperature, pankal pressure, surface
mate, and conkani chermunry for normal pperming snd accidem conduione”

Tablke I: [nteracvon of [ason products both in-cope and ex-core,

" Radnwcide Ky Form Principal in-Cors Principal Ex-Cors
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T H
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Dl e carbide releTLLion el dusi
Moble metaln ""‘J'LE Elemenial Permeaten 1nlacl 500 DTuanu on maelal

Our oljecinves (Lasks) 10 Lhim researnch are to [ocus apecifically on experiments and compulalons 1o
identify phefmomeéna of intérest and 1o mindel FP imnspord and wdsorption, and dust! setosol facliated FP
transport. Towands these, we have accomplished whan iz oullined {bur rot llmleed 1o] in this mpon,



Task I: Computation & Measurement of Diffusion through Graphite

The pbjoctine for Task 1 15 bo undemake compunalions end measurements of fisson product (EE)
diffusion Lhrough graphite, whech wall be normally encoundered during the high tempemature operational
phase of HTGRAYHTRA

Afier prveral d iffere m Conuderanmone, and [nhkal explomtlons, we declded v use the redease method
to otmain diffusion cosffuiems of FPe in different graphnic species al charaneriaic HT'GR lemperahires.

We nate Lhai the telesse end profile methods thal were wsed previowsly for measurements of
diffwimn cocfficients of Cs and oeher FP difumnt in grmphile, In thess works graphite mmples were
lmpregnated with FP material, and then anneaed au specifed emperatures and for certaln 1me perods 1o
gifext FP release, Thess lechnlques involved mdanabtical measuremens of [obial and final FP
comceniraLipn in the grephite sample (raleass method), or the concemrmion profile by sechioning of the
sample (profile mahod) The diffusion cocfficiens were thon enrsoied from the data by comparison with
Lheoretical results an gven by the diffusion equation.  Additionally, in one case the releaas rates of *4Ca
from & sphere were mewsured wiing gamma spectrometny, and the diffusion coefficient was eximacied by
comparing this rat= v the theoretical eapression for the releass rare.

We have weed inductively coupled plaama-mags specimomerry (ICP-MB3) to measure PP releass rayey
from graphite spheres or cdinders infused with Ch, end abo cahbrated amd venfied the resulls againsa
Instrumenied Nenron Aciivation Anabyss (TMAA) when appropnate. The meihod ie general, and can be
appled to messurements of diffusion cocfficients ol several substances or mixtures of subslances as well,

For cur purpeses here, the diffualon of a specles In a sample |8 penerally described by the equa bons

G () T

T— Dy C{]’.I]
C(r0)=C,
Cir,.t)=0

Where, C[]‘.I}m the fission produn concenimanon {g/m'), £ i the diffusion cocfficienl {m'fa}, r
o Lhe radial coordinate {m}, T in the dsence vector {m), and ! s the dme (5. €15 the ininal umform
concentration (gfm’), allhough one can conasder npatially dependenl masen also. Additionally, we take the
anaaz Lha f[r-.l']ii finie everywhere. O deermines the diffusion coefficiem [ by comparing some
experimental data (usually the Fractional releasc tate, £ (F ), or the cumulalive fractional release (1)) with
the correspond ng Iheorehcal results, The releass rales are deflned as:

1= | -0 s



And,
A =] e

Where ¥ 13 the volume of the sample, and m & 2 unll normal vector 21 F, a point on the sutface
and 15 directed purwards {rom the bady, Convenlenl series expansions { for shon time frames) for spherical
or cyhndncal geometnes are available in the literature, and can alan be canstruned as needed for diffenng
1ntial assumprions.

In one parlcular %1 of experiments, we usad [G-11¢ manufaaured by Toyo Tansa TG-L10 &
produced using an [soatalc rubber press process and 13 seml-1soimopie. Spherkal samples were milled 10 a
radivs of 0.2 cm. The apheres were Impregnaved with ceslum usng @ mod | Mred procedure that was adapled
from Hayashi and Fubmda Ten grephite sphere= were loaded into & quartz vial {065 cm diamener, 4 cm
lengih) with 500 pg of Ca 1n the form of CsMO,. The vial was then scaled under 8 low vacuum {40 mTorr).
By heanng the sample to 500°C the milrele sah 15 principally conwerted 10 clemenial Ca,

After | hour, the lempemiure wis Increased v L100C and malovalned for 99 howns 19 uniformly
disiribuue Lhe ceslum thronghout the graphine, The tenapersiure was reduced af a rate of 1*C/mabn untl] the
ovEn bemperature wes MK The spheres were removed from che vial and reduced onoa final radius of 0 15
om umng 5iC sandpaper. The purpore of reducing the radius from 0.2 0m he 0015 .om was bo remove any Cs
which may have condenaed onto the spheres during the cooling period i the oven,

The [nlewl mass of Cs in each sphere was measured using lnstramental newtron activation analysis
{INAA)L Comparaor standards wers prepared from 2 cerifled solutkon of CsMO. purchased Moom High
Purity wtandards, A 50 pl aliquot of the wrandard solulion was pipehed onto Rlier paper placed in a high
density poebymhbylene vial with a volume of 200 pl. The nanderds were dried and capped with fouon fiu
caps. The graphne sphers and compamor Cs siandards were imadiated in the row 2 pneumatic tube
irradiation position of MURR for 3 seconde in a neirun fux of 5.0 x 10" nf{icm’s). The 127.5 kel gamma
Uoe from the decay of "™*Cs produced by the macton "Calng)™™ s wat measurad by counting the
sample 2.5 cm o whe face of a HPGe derecior. The samples were counted umlil a leas, 10,000 counts
were muaanred from the 127.5 ke phowopeak. Thee Inhial masa of Cs in the 10 graphhe spheves ranged
from 122 pgto 161 ug

The release cxperiment 13 carreed oul inswde of @ 5iC tube mounted in 8 Lindberg tube furmace. &
diagram of the clperimental apparaius in Showh in figue 1.



Cx Ladem Hallumebat
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Figure L The rebeaae cxpenment ek place inside 5iC wube that 15 doaed s ene end and mounted
werlically 1o a Lindberg tube fumace. The amowa show the helium et path,
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Figure 3. Schemalic of the release expeniment seup. The graphue sphere 15 located inside the 5:0
tube. 5 thar is releassd & oransporied to the ICP-M5 by a He- et gystéem.

The ube furmace hearg 1he sample reglon of the SIC nibe asgembly fo Lhe rargel emnperaiore. The
wop 10 cm of the 5i rube extends our of the mbe furnace and i acomsible. The temperature a1 the 22
holder 12 monitored unng a K-oype thermecouple. AL Lthe siamr ol an experimen a rmom bempereiure
graphite sphere contaimng 8 known mass of Cs is dropped into Lbe healed aample holder. A ssmple holder
consiruched of SHIC uts al the bottom of the aasembly and bolds the graphile sphere. The Ca rekeased from
the graphite sphere 18 tanspored from the dIfuskon chamber 1o an anline [CP-MS for redd thme analysis
uslng a carbon aemosal hellum gas Jet system



A gan el uses parlickes enlrmned in lowing gas to transport elements over bong disances al room
temperature, The hellum el bull for this experiment wias modeled afler 1he system used al the TRIGA
reactor In Malnz, Germany which vses carton nanocryatals, A modifled Palas GEG 1000 carbon aenoacd
genevator wag used bo prosduce carbon panbdes with dlamever lognormally diaributed arcund 50 nm. The
aerosn] generabor funoions by creaung a spark discharge between owo graphuie elearodes which vaponzes
carbon a rhe decimde surfaces. The vaporized carbon condenas into carbon panicdes emrained 10 helium
Lhal flows between Lhe graphinte elecirodes al 4 Lfimin. The carbon aerosol leden hebum s ntroduced into
the SUC tubee aszembly wsing the He-Jex Inlet lube shown In Agure & The path of ihe helium |ex (nslde the
SKC tube aseernbly |8 Wusaraved in flgure 1 by the orange arrows. The hellum Jet Aows around the graphie
sphers whare released Cs sorbs omo the carbon panlces. The Cs laden hallum jet exirs the 51C wube and
urevels through a 3 m atemnless atee] rbe thal connens bo a Perkin Elmer Nexion 300X ICP-MS vis 8 ovn
porl quanz spray chamber, shown o fgure 4. The other pord of the spray chamber containe a Liguid
nebulizer which continuously imtroduces 2 standard soluncn of 100 ngfg indmum. The indium 15 used &s
an interhal standard to monitor and correct for instriment dnfl over the avioe of he cxperimeént,. The
helium jet ops=rates for up to 5 hours ducing the enperimeant,

Figure 4: Dl Lnlel spray chamber. Inker | [lefl) from He-jev with He low rate of | Limin. Lnke 2
{ght} (oown nebullzer that Injeos 200 uLmin of 1,00 ng'g Ln a8 an internal standard,
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Al Lhe slart of an experimen, the 5¢C be amsembly is heeird to the tanget iemperature. The
helivm-jei system 3 turned on and (he JCP-MS in smmrted, tuned, and st to collect dala for 30-80 minutes
prior to lmroductlon of the graphhe sphere. Pdor 1o sample Inuraductlon realdwal Cs on the S1C whe
asernbly surfaces |3 releassd and 1ransported by e hellum-Jer v the ICP-MS detecior, This constinues a
detector backgmund of Cs. The background 13 momitered umdl 4t Pepresenw [ea than 1% of the expected
Cs count rate. The He-pn oullel ibe & disconnected while the 5¢/C rube assembly 1m0 al the 1arged
emperature and the graphite sphere 15 dropped ingide and, by graviry, deacends inko the 5iC tube sample
holder.  The sphers 1= prslioned ay shown in the culoul section of Agure 2.

Criffuddon coeflclants Are computed by measuring cumulatlve mass releass or release rate from the
graphive sphere as a fupaion of time uaing ICP-M5. The value of the diffusion eoefflclent follows vz a

regresaion anabyais.

The [CP-M5 purpul i the count rate of Cr and the imemal sandard indium measured 81 the
detector, [T musl be calibrated 1o produce « signal in uaits ofan aclual mass i@ osport @ee or quantity, The
Cs count rate is scaled w the CF mass \mospon me by mulilplicatkon with 1he calibruon fuoor,

F. {gfmrs.] which 15 & reta ol the botal mass of Ca whuch has diffused md_,m_,{g} 104N EXpeErTenl
and 1he vaal number of detectar counts acquired by the ICP-M5 K____, (7.} in the samve ime Imerval:

|
- Kumml
The my, ., was micolaied s the Co maws difference of the graphile sphére before and after the
dIffwspon experiment measured by INAA.  The calibmatlon fumor 15 wsed to calculale the release rite
Eﬂl:gf.i']. using the detecior coum rmef, ,[m.r:r,h}llt calibration faoor £ (ml'mu.] The
cxperimenial releans Tave is:

zn: =k_-.IF|.i.H:n

Integraton of the experimemal releass e with respea be Ume yelds the Cs mass difused, and
\he eaperimental frackonal release F_{1] Is whe ratlo of the mass diffused to the mass inltlally present in
the sphere. Far a given expenument, a plot of the F | [r}\rs. 1 is Aned with theormice] series or che shon
lime expression e 8 regression analyses to determine Lhe diffusion coefficient.

The Arrhenlus equatkon s used v desoribe the wemperiure dependence of the dlffuston coeflickm
Ln 1erms of the pre-exponentlal Rctor Dy {m'/3) and corresponding wolvabon epengy £ (Fmod]. We have
ohtain=d Deand E Lo (he temperalure range of 1 100- 1JM0K from an Arrhenius plot of the daid |n eolumns
d and 5 of rable 7. These values and oncertaini =5 2re grven in Lable 3.
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Table 1, Pre-exponeniial and aciivanon parzmeters for diffusion of Ca In 15G- 1 10 graphire berwesn
LIMDK and 1300X

Flaerial FP Dni{mfa) t4alnl. E{)fmol) £AE (Tfmed)
IG-110 Cs 1.0xlp’ 3 I1=10" Bz 1T

We have thus messured diffumon coefficienis of Cr in IG-110 in the temperature mnge of 1100-
1J00K by using rhe reléase method and ICP-M5S We have wird a carbon 2ermeod buden belium-gT syilzm
v I ranaprart 5 diffuslng from a heawed graphlie sphere o an online ICP-MAS to datermibne rel=ase rates and
cumubaiive rebeage 10 oreal ime, We have o ned:

0. =10 -"Ellp[_l'lnlzr[_hm”][m:fs}

The mehod we have develaped in easily adapable bo measure diffunon of siher frsion producs
ar multiple fission products, diffusion in other Hypes of grephite or other matenals of imeres, and the cffects
of oxrlaton end other chemical or phyvical stresses on diffusion behevor.

The Full dxalls of aur work on diffuskon ol Cs and Iodine (o KG-110 and WBG-19 In spherzal and
cylindrical compacts are descr|bed In e fallowing public=tkons:

= Caner, LM. Brockman. )., Layalks, &5 Roberson, )., “Measurement of Ca diffugion coefficents
in IG-110 graphiie.” | Nue, Matarials 460, 30-36 (201 5)

= Carer, LM, Brockman, .0, Rabertson, LD, Loyalka, 5K, “[CP-M5 Measurement of Cs diffusion
coefflckene in MBG-18 graphite,” 1. Muc. Maerials4ig, 402-408 (2015

= Carer, LM, Brockman, 1.1 Loyalka, 5.K., Roberrson, 1.1, “Callbration ef 2 system for measuremencs
of diffumon coefficents ol fssion producs in HTGRAYHTR core materials,® ). Redisanal Nucl Chem
DO 10 1007 /e ] 0567-005-4833-0 (201 5)

» Carter, LA, Brockman, |.D., Roberison, [ D Loyalka, 5K "ICP-BMS5 Messurement of lodine Diffusion
in IG-110 graphile for HIGRVYHTR™ (Submilted, under review)

* Caner, LM, Brockman, |.0v, Robertson, | D Lovalks, 5.K., “Dhffuson of Cesium and ledine in
Comprenasd IG-110 Graphite Compacts,” (Submitted, under review)

We have also consiruoed a deralled compurabonal mode! for Asdon produs difusion In
porons nuclear fuels and maverials. The deteils of this waork ape described in,

12



+ Simones, MF., Reinig. ML, ard Lovalks, 5K, "A Mathemalical Mondel for the Release of Noble
Gan and Ca from Porous Mucker Fuel Based on VEGA 182 Expenments © fournal of Muslear Marer
DXOF 10 1006 pmaicmart X4 D 050 {231 4)

We found thal our experiments were adequanely descrited by Lhe smpler equatkons and modals,
and thex uas of Lhe above model did o become neceasary.

In summary, we have obiained the foliowing cxpenmemal results:

Tuhle |, Sanmmary #f Experesenial Beahs

_ Temp Difhunon Cosfficienc
FP  Material Aengs FMuethod _—
(L} {1 )
o G010 1100-1300 Release 1.0:10 7 Exp -1 151G [ / ) RT |
€ NBGIS  1G-LH5 IofusooReleos L0 10 ' Expl -1.23x10° (4 /ol )/ RT |
1 IG-11D 731270 Releoas 1.6k lo™

We are continuing ra do edduional work 10 the pon progen pened 10 acquire new diffuoon deis
on @ well selected combinaton of fiasion products {as well a5 their summogatss} inte graphite and other

structural material samples
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Task 2: Adsorption Measurements

The underslanding and compumuon of Fiwsion Product (FP) retention or release, requires
measurements of adsorption lsotherms We axplored several designs of e fission produn eLlperdiment &
dIscudasd In previous reports

Initial Thermogravimetric Analysis Approach

We firt considered 8 Thermogravimewric Anabzer (TGA) with Temperature Programmed
Desorption {TPDY). A dagram of Lhe TGA 13 shown in Fygure below. A small graphite sample will have a
thin Alm ef sibver sputtered ooog ils surface. This layer will then be removerd using a glas'damond blade
on & mictomeler, The very thin slices of graphlre saturated with slbver will be placed In o TGA and the
wermnperature Increased, Using the very senshlve mass measuring capabilitles of the TGA, we ware expeaing
1o wee & gpikie 1n mame change during the heming perioad, This gpiks ia the point of analysy when using the
TPD method

Figure 1: Schemalic of the TGA and placernent of the graphite sample,

Modified Thermogravimetric Analyss Approach

In consldering (32nsithviry) lasuss with the A setup. we meod [{led our approach. In the Flgure 1,
where the graphitic sample b placed, (there 13 a small quarrz bulb. The quartz bulb aomally houses the
graphite mmple and a small amoum of siheer powdar, The wire anteched 1o the TCGA microbalancoe pasws
through the top of the bulb and attaches Lo the graphile sample. Only the graphite sample is suspeoded
from the microbalance wire, not the powder or Lhe bulb. It 13 cxpected thar the silver will form vapar,
ensconcing (he praphite. As the sibver particles sorb onio the surlace of the graphile sample, the TGA wall
derect the change in mass

14



Knudsen Cell Approach

Nelther of the above tech niques, and sonme variations on these, ylelded any wsefill resules. We then
deckded 10 adopt the technlques of Hilpert and Myers & Ball, Bodh pankes wsed 3 high temperanire vacuum
Knudzzn Cal In oonjuncikon with a mass spectromeet in wheir smdies of older grphives. This combined
echnigue had bewn weefin] in discovering binding energies and wolmililies (and hemce adsorpion isntherma)
axenciaiod with organic materials, and has become knewn es Knudsen Effumon Mass Specurometry
{EEMS). A dmpiled diagram of Lhe KEWS apparaius we are ourmenly using [for measurementa of Ag and
Sradsorption on [G-1 10 and NEKG-18 at NASA-Glénn reséarch center] & shown in fig, 2.

The presert wechnbque uses graphlhe chamacerizlon uwsing Fourker Transform Infrared
Spectrmacopy (FTIR) and Brunauer- Bmmen -Teller aurface area (BET) measuramenis ample preparaiion
tnwolved the uee of aqueous solubone of nnrate sahs en graphue powders followed by drying/vacuum
sealing and decompoatuon al > 100°C for 8 week or more, Sur{ace mass concentrahon messucements of FPs
were perommed on ihe sample, along with calibration of KEMS with measucemenis with ailver, and then
acqulsition of vapor preastire data au different wmperarures on the sampled. We also obrain prost KEMS
measurene s of FP concentraton on the vaed samples using INAA a1 MURE.

[if

Figure L A detailed diagram of the KEMS syitem al NASA-Glenn (we are presénily working in
collabeyuben with Dr. Nathan |acobson al NASA-Glenn).
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The NASA Glenn Renearch Center (GRC) has pwo differem avalable KEMS systems. wh
quadnpole and magnetic sectore. Prelminary studies of the mas specirometer properties delermined that
using a quadrupole would dlow for a higher senshlyity 10 counl mue. Lo contrasy, the magnake sector
provides great [solatlon olexact mass to chacge ratlos, This has allowed the comparlson of rabulaed valuss
for silver and sironiom avalebde inohe leremre

We fully charsoerized and calibraved the KEMS sysiem wah the mess speorommeter at NASA-GRC.
It wan determined (hat Lhe KEMS oulput signaling wan 1oo distorted by noose for satisfactory messuremenis
This has been now addressed, and {2 not an lssue moving forward, We have determined the mass and
CONCENLIALAONE nevesdary Lo baoost 1he slgnal 1o nolse ke, and more experiments will be performed. A
calibras lon curve for Sdlver 13 sheaonwn belosw In Fig. 3

Maling Polm Ap in ALZQD Call 1-2-16 jon Curmard e Tima
27w iYinihm

2BIE+0A — - =
2BIE+08 -
2AE+0F -
2 23E+03
s
= 2 DOE+DA :
Jin 1
gts:&m P= KT yisotope Abundence)
k ={P{IA MT=
1.M0E+08 7 {3785 10°8 barj0 518)4 57865 10" 18 e
(206,959, 430 unit){ 1234 K=
1 E+(A - ! | = !
3. E1E-3d bar o 2unit-K
1.03E-08
B 200 i L Lo MO 0 a0k
T

Figure 2: A sample calibration mun resuliing 10 the calibrabnon cune and calbraton consan. &'
Thin experiment war Agin Aluminum Cude cell. The resulling lachor s key Lo comvert measured intenaity
10 prosalre.

The planned smpe of the summer 2016 vish o WASA-GRC, when the Insirument bemmes
available agein, i charanenzahon of NBC-18 and 10110 with strontium and sidver.

O additiona] 1nweresd, 1 has come to our ateniion the previous and curment experimenis clucidale
orygenation of Sc-C and Ca-C bonds, impl¥ing nilrate dimassecation heating, Hilpect nobed that the metal
Eavored binder reskiue loeatlons rich in oxygen. Through chareaerization of the graphlee using BET and
FTIR, we lmend o lsolae thia affect for bemb Ag and Sr. We have also reviewed the theorstica work which
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tudicates lawer lnding energaen Lhan expenmentally observed. Yerificalion of Lhe 3r-0-C bonding wll be
of great consequence, and will be dlarnified as a vide esull of the experimanl.

Although we do not have apes e dara 10 repor a thia vme, we will subm v a supplemeniary repon
o THOE upon complnbon of fall 2006 measuremems and related anabysis
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Taskl: Dust-Gas Interactions

DMscussion

Our Focus in this 122k w on modehng of dusi-Fission Produel (FP) interactions, and thus to provide
bl for computaton of dust Tacllitated FP iranspon. Dust can be geneied by abraslon, gas Lo panlds
conversion, and degradation ol Insulalon, ele. Sonee experlments, have Indlcaisd that the carbonaceous
dus penedes produced by graphiie abrasion can be highly imegular. and 1his may be e of pandes
generated by piher mechansms feo. 1 has been also found thm graphite panicles can also be highly porows
wilh very large surface areas Lthat may make dus (ecililated FP iranspon & major [actor.  Since the FP
interaniiond with the dust can accur while the dusl is on 2 surface as well a2 in suspemsion, we will address
tmath these phenomena.

Forr Lhe larger panicle {aa commpared 1o the FP mean free path), the fundame mal apprmadh tha we
are taking 15 the Green's funoion wchnique for the diffunon equation Cur basc eppraach conoders the
diffuson of & FP in & background gas (helium for example) eround s particle {or a colkechon of parbickes).
We also will consider pariiches wath & spenified porous sinacture. ¥'e convert the diffusion equation to s
system of boundary [htegrl equations by wiing a slngwaricy subtraiwon rechalgue and then s0lving the
resulilng sysmem of equations, thereby obvaining reswlts for absorption rates of the BP an (e parlcle. The
chnigue has been applied successfully to thal of (hindered) iodine evaporation fom boh sngle parlcles,
aa wrll as parbcke msembles  We are developing and exploring applicsiona of this iechnigue further for
hinear chaine of panicles and ouher agelomeraies end shapes. Addinonally, we sre using the resubts 1o obiain
representative shape (actor thal define the absorpiwon rates for apherca thal have the mme absorplivn e
aciual parTicles Glven the complenity of Iheie shapes, (he use of shape famors in (hess scehariod may mot
sulce and our actwsl compurations may be of greacer value,

We recognize thm the diffusion squmion alone would nod suffice 10 e wcinity of surface pores,
lor smaller panicles, and for amall speces in an agglomerawe, the mean free path of the FP molecnbes
becomes comparsble to pore and parhicke mize. To sddress thess canes we are exploning the linear Bolizmann
Exuation throwgh the standard Monte Carle technique using MCINEP as well a3 our own programs for the
Direxn Simulatkon Monie Cardo lechnlqus far the non-LLoear Bollzmann equation. We descrlbe below some
detarla ol our work,

One Speed Transport Calculations of Condensation Rates and Shape Factors

The problem of condensation on panicles an based on the Linesr Bohrmann Equatwon and
associled boundary condilons has been discusssd in some detwl by Williamas and Loyalka {Asmsol
Sclence, Theory and Practice, [991). We astume 1hil vapor (gaseous phase] medecules thal siclke the
panldes condenae fully, and thal the molecules re-evaporaie from the pankde surfacss according 10 the
mamuraiion densioy (1s 8 consistert wivh the aoual case of re-eveporaiion of te molecular disributkon as
a Maxwelhan). Thus considenng an ensemble of asroan] parhickes, we can descnbe the transpon of the

wapor 10 the gas phase by the cquahons:
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The main quaniities of interaq] here arg 1he bpcal and \mal condemsabon rawes on each particls are
respeciively defined as:

J{r} =—J'!l~|'|r (r, )y {r,. L2} a0

And,
w=[dr)dr,

Here 1 is the non-dimensionalized distanes, mewsursd in terms of 2 mean free path £ and A, and
n_ are, respectively the mokevular satution deneily and density far eway Fom the sudace in the bulk of
the gas phaee. Alzo, & Is the molecular dlsributon lunction (than I8 number of molbecuwles per unit volume
per sierad)an, or die molecular "Aux”, number of molecwles per uni area per seradian per soc, a1 the speed
here in Fxed) 1, I:lj} i Lthe unn normal vector directed from & bedy iowards snd o Lhe gas phase a1 the

suriace poind [ .

We assume thal the particles are hipghly absorting in that a mokecule [ncident on 2 parilcke is fully
abaorbed o Lhe compurations we do so by asslgning an arblirarlly large meolecular absorpllon cross-sectlon
W2 the panicled), bur thal an svaparaion as specifed by BEgn. (2], and directed inouoo1he gas, |2 mainbained
a1 the particle surface. For the prenent, we have alun assumed, that all panicles are mmalar, and thal che

partuche surfaces are homogenoous.

Here we define the mean free path (m) sa:

(=1/T,

Where L e the voaal molbecubar cross-sealon (molecuwlerbackground), and & expressed o werme
of the diffusion coctficent T (mfs) of Lthe moleoules (in the background gas as}:
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Herz T i the mean or some apecific olecular specd (.. in the one spied mode] one has a
chowe], which we ke to be
. [ak:r ] ;
=
T

Where m s the molecular mass, k s vhe Bohizmann Consan, and T |5 1he empreraiare. Thus we
have,
13!.']

f:—EL’I[

m ]' 3D
4

ur) v

iy

Moue than he facter 3x' /4 appearing here s of onder 1. Ahernaie chobkoes of the “mean” speed
can lead o different foors, hut the mamn poom is oo relare the mean free path ra the diffusion coeffioemi &
then the rewules can be compared weell wit the salutons of the sdvanced molecular moedels and also che full
hnear Boluomann equation

1n order v apply the Monte Carlo 1o the above problem, we must truncate the problem geomeary
ay & finive radius, Thus, at Arsl we conskder a Anfe geometry probdemn instead:

8 e (r@)- v (r@hrfrlro)d

w(r.12) =%, 2n fr}=0

ﬂ_
w[rz.ﬂj=¥

And we let the radlus R, = |r3| he conslderably [arge 1o encompass all the pankcles, and we compute
the condensaion rate o the limil of very large £. .

Achually, since the Iranspont equatimn bere is linear, withowt Joss of generality, we can s=l,

wir.0l) =:._;r+{ﬂ"’ —n, J@fr.02)



And obtain 1 (1. £3 )by solving the equation,

Q %-;r{nnp—.,&[r.n}+;—xj¢[r.n*}m'

w4} =0, f.n,i)>0

- L
W{r:'ﬂ;}:E

And the bular omdénsation rate resulis thal we report leter covrespond to réesults for the quantity,

i=JJic)dr

Wheare,

-“.r. } —'—Iil-ﬂr (r, )y {r,.12) A}

From e mathemaical point of wiew, solving the above Eqns with many parbckes, and he onier
radms porng ta Lhe infinity in e lionet, (b maon focos of 1hs smdy.

Since our goal is 10 model vapor phyales in ke vicinly of aerozols of 1he Type typleally found amang
YHTR dus, we creaned tvwo when geometnes—a nonlinear @roo] dhaln, and an asrosol agglonee rusn.
Of course there are many mare poaubls geumeiries, recent reararch has shown thet rypucally thees asroants
will exisl in chawna af verying lenguh, or in 'clompe’ of verying mze
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For compuimional purpoases, we have sysemially congidered 1he problem as deflned by the
equalions amd computed resulls using the Monte Carlo merhod . Wi used mwo different programa:

» Our own speciahized program wmden wnh in Mathemahes 103, wherr we have uzed
Mathemanca's funclionality and visualzaiun abibites (we wall later use thie program (o exploe
depehdenct of miulls on arbilfacy surfaces condibons].

* MCHP-4ll, the Mome Cado MN-Fartdcde (MCHP) tmospord Code, wilh several basic
mosdIfcatlons thit alow 1kl code 1o be bovbstrapped (with some spubatkons] for Mass-Transpor
cabculabona, by exploaling the namure of the MOMP conle 24 & Tarstar Relizmann yrenspon simuator,

We do non desouss (e details of theae rechmgues here, b regerding Lhe use of the MCHP-8 we
nobe thal we created and nsed different moleule-background crosa-aeclion sels for the molecules in the gas
phase and the inleriors of the pamiclés We alen incréase the absorption (amd hence the Iial} cros-seclion
10 an arbltrary large valus inthe lmeclor of the particle, MONP also requlnes some cine In covnputing the
meodecular current. We uaad a Pl (Aux) ally (aze the FICHNP user manuwal for mare in demb explanations
ol nomeredature} acrans 6ll surfaces ol interear, and a coaine cally with hwo angular bins comrespnnding un
1ngoung and ouwgong currenis at the suriaces {the way the problem in defined, the owigoing cumem on the
particks in zer). The net current was philamed an difference between thess, and Lhe condensalion raie was
obtained & an inicgral of the nel curment ever the parlicle surface, We did oot 1ally for kel cond=mation
raes ad bnthe present work we have Tcused on the wial condensaukon raies on sach particla In e chain
of panlcleaand the agglomemare.

We carried o smennue calculahons b delermine the shape fachom of vanous acmenl geomeries
Our mam concluswn fram the Budy wes than complex serosol geomeurices greatdy hinder condensation

raies, and that singhe speed calculatione come very dose to 'goed eneugh’ for many pracical purpmes. A
paper relating 1o this work has been published, and full details can be found there.
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Wt have eztended our own Monle Cardo code (implememed in the Wolfram Language and ANSI-
C) to the Linzar Bolirmann Equation wath full speed and mams mbo dependence, and verified the reulis
agalnA thoss reponed for a single sphers (numerlcal resuls forthls case had been reponesd bn e lilermlue
in L989). Weagaln find that 1the condensalon raes (and hence shape factors) are relabvaly Insensitive o
the mass raio (hackgroundsvapor, as long as the mean free path = defAned in terma of 1he vapor diffusion
cortficent). A manuscnpd based on this work s in preparaiion

We have publistenl a paper on the shape Rctor in the conlinuum limil By unng the Green's
Funcilon Mebd, and we hawve reponed several results on both ithe Lical and global condenzatlon rates, We
have alao carried ow emenslve @ddonal wark on aggbomerares with a fRlely kBrge number of partickss. In
dring an, we have usad many advenced computal lenal techpigues, A manuacnp based on ths wark i3 in

PrEparaLion

Some work we camriod oul in the above conjunciion m relaled to benchmarking of Monte Carlo
calculatlons against an interesting >0 source problem, on a semi-infinile domain for which wnalpleal
sodutlon were avallable,

The lollowing publcanons provide the deiails of some of the work noted above

I. Smith, Z, and Loyalka, 5 K. "Mumerkal Solution: of the Pokon Equatlon:
Condensation/Fvaperation  on Arbiirarlly Shaped Aerosols,” Nuclear Sclemce amd
Engimeering 176, 154- 166 (2014)

2 Jeong ). While, N.E, and Loyalks, 5. K., "Three Dhmensionsl Traneporl Theony:
Evaluarion of Analytcal Fxpressions of Williama and verifiatem of MCNP,™ Annals of
Nuclear Energy. 86, 80-87 {2015]

} Whire, M.E, amd Loyelka, 5. IC, “"Computmlon of Faslon Prdnd Candensation on
Chainlike Aeroanls and Agglomerates,” Nuclesr Scence and Engineening 181, 318-330
{2015)

We have completed wery substantial addivional worke and two manusceipts are in prepanation:

I White, M. E and Loyalka 5 K, “Numencel Smions of the Preison Egquallon:
Condemeahon/Evaporabon on Arbitranly Shaped Aermsols- 11"

2. White, NE, Tompson, R end Loyalks, 5 K, "“Computmlion of Fmson Product
Condensalion on Chainlike Acrasols and Agglomerates: The Linear Boltimann Equarmn™



