INSTITUT POLYTECHNIQUE DE GRENOBLE

STTTIZX

N° attribué par la bibliotheque
|

THESE
pour obtenir le grade de
DOCTEUR DE Grenoble INP
Spécialité « Mécanique des Fluides, Energétique, Procédeés »

préparée au laboratoire Science et Ingénierie dasdux et Procédés
dans le cadre de 'Ecole Doctoraddéngénierie, Matériaux, Mécanique, EnvironnementEnergétique,
Procédés, Production »

présentée et soutenue publiqguement
par

Fatima-Zahra ROKI

le 29 Janvier 2009

ETUDE DE LA CINETIQUE ET DE LA THERMODYNAMIQUE
DES SYSTEMES REACTIONNELS (X-I-O-H) PAR SPECTROMETRIE
DE MASSE HAUTE TEMPERATURE

DIRECTEUR DE THESE : Christian Chatillon
CO-DIRECTEUR DE THESE : Alexander Pisch

JURY
Yann BULTEL Grenoble INP/LEPMI Président
Jean-Claude TEDENAC LPMC, Montpellier Rappar
Rudy KONINGS ITU-Euratom, Allemagne Rapisr
Christian CHATILLON CNRS / SIMaP, Grenoble Directeur de thése
Alexander PISCH CNRS-Lafarge, Lyon Co-DBieur
M€ Marie-Noélle OHNET IRSN / DPAM, Cadarache Exaateur

Didier JACQUEMAIN IRSN / DS, Cadarache Bxiaateur






REMERCIEMENTS

Ce travail a été réalisé en collaboration avecSNRDPAM (I'Institut de Radioprotection et
Sureté Nucléaire/ Direction de la Prévention desdants majeurs de Cadarache) que je tiens
a remercier de m’avoir choisie en tant que candighatur la réalisation de ces travaux de
recherche.

Je remercie, M° Marie-Noélle OHNET (mon tuteur IRSN), 'MDidier Jacquemin, ¥
Sylvie Fillet et M™ Béatrice Simondi-Teisseire pour la confiance,tbaomie et I'intérét que
vous m’avez accordé tout au long de ce travail.idMBoélle, je souhaite te remercier plus
particulierement pour ta patience, ta motivati@m &€ncouragement, ton suivi et tes services
qui n’ont fait que rapprocher les distances enaddache et Grenoble.

Je tiens également a remercier le service engimgeeie I'IRSN: Messieurs C. Marquie, B.
Durville, J. Huret (les 3 Z°) et F. Bot-Robin... poleur bonne humeur pendant le montage et
les qualifications du réacteur. Et je n'oublie paservice SEMIC en particulier F. Cousin et
L. Cantrel pour leur aide a comprendre la modétisatle I'accident grave avec le code
ASTEC.

Je remercie également toute personne de I'IRSNtayarticipé de prés ou de loin a la
réalisation de ce travail.

Cette étude n’aurait pu se faire sans le cofinaecerd’EDF et je tiens aussi a lui exprimer
ma gratitude.

Je souhaite aussi manifester toute ma gratitudd &hvistian Chatillon, mon directeur de
thése qui a su m’encadrer et qui n'a pas ménagéffets pour m’aider a mener a son terme
ce travail. Il a aussi fait preuve de beaucoup atepce a mon égard et il a su supporter mes
caprices et coups de tétes tout au long de ces armées de thése. Merci Christian, ton
enthousiasme, ton dynamisme et ta motivation nvoasiment touchée et encouragée a mener
a bien ce travail.

Je souhaite aussi remercier A. Pisch (mon co-@iveriet L. Michelutti pour leur aide, leurs
bons conseils et leur accueil chaleureux...

Je remercie également I'équipe SMHT: H. Collas,Artaud, |I. Nuta, M. Gouello, G.
Honstein...pour leur aide, leur sympathie et pour les bonmeris passées ensemble surtout
a I'heure du godter.

Je suis également reconnaissante envers le peflstunr@MaP ainsi que les doctorants et
stagiaires (E. Fischer, M. Botella, L. Di-Giaconldo,Cuoq, Fabienne, Nadine, Alain L.M,
Manu...) et je les remercie vivement pour 'ambiarateleureuse du premier étage du
batiment recherche. Je n'oublie pas I'équipe Ya(Mristafa, Kostas, Yan...) surtout pour le
chocolat...

Un grand merci pour une amie « Nourhane » qui en'sypauler et me supporter durant les
moments difficiles et qui a aussi su partager awecles moments de joie et de bonheur.

Je souhaite aussi remercief M. Kahil pour son soutien et ses précieux congeils de la
préparation de la soutenance.

Et je n'oublie pas de remercier mon mari qui a faguve de beaucoup de patience, qui a
toujours été a I'écoute et qui m’a aidé a surmoletepassages les plus difficiles...

Fatima-Zahra






Table de matiere/ Contents

INTRODUCTION GENERALE.......cii i e 220D

CHAPITRE Lttt ettt e e e e e e e e e e e e e e s e s s snnnneeeeeaeaaeeeaaeeeeesnannnnes
MOTIVATION DE L’ETUDE ET OUTILS SCIENTIFIQUES D'’ANA  LYSES.......... 10
l.1. CONTEXTE: LEVALUATION DU TERME SOURCE IODE ENCAS D’ACCIDENT
GRAVE DE REACTEUR NUCLEAIRE.........iititimeeeiit oo eee e seesiesssiesessessssenns 11
[.1.1. Accident grave de réacteur NUCIaire............... .o ceeereevvviiiiiiiininns ceenenn 11
[.1.2. Objectif du programme CHIP....... ...t e eeeee e 14
[.1.3. Spécification des conditions aux limites ptauréalisation des essais analytique 18
I.1.4. Principe de conception du dispositif d'essa... " 24 0
.2. SPECTROMETRIE DE MASSE A HAUTE TEMPERATURE .................................. 22
1.2.1. Principe... PPN 24
[.2.2. Les ceIIuIes d effu5|ons couplees au SMHT e 24
I.2.3. Etalonnage/Calibration du spectrométre... st £t e e n et e aeeanernn s 20
[.2.4. Description du SPECIIOMELIe. ... ..vuv i et e e e e e e eaeee e 26
[.2.5. Gamme de mesure SPeCtrOMEtIIQUE..........vv vt iiriee e ciiieeie e e 31
.3. METHODE D’INTERPRETATION: 2IEME ET 3IEME LOI B LA
THERMODYNAMIQUE . ... ¢ttt ettt eeeaeaeessnnnnes 31
l.4. ROPRIETES THERMODYNAMIQUES DU SYSTEME CS-I-O:H............ .......... 34
1.4.1. Données thermodynamiques sur le system@-els.- ................................... 35
I.4.2. Données thermodynamiques sur le systemie.CS=..........ccovevvvvvveevvnen 00 37
1.4.3. Thermodynamique du systéme CSI-CSOH............co i vcviee i e, 38
|.5. ETUDE CINETIQUE: REACTEUR THERMOCINETIQUE CHIP.......ccc0cvvevernnee. 42
(RST8] g [od=T o) [0 a o [V I €= T (=0 | 43
1.5.2. Descriptif du réacteur thermocCinétique..........ccveeviii it iiiii e, 45
[.5.3. Régime d’écoulement............ccooviiieiie i e e e e e 46
BIBLIOGRAPHIE . .. ..ot e e e e e e e et e e e e e e e eas e 52

CHAPTER II:

PART I: THERMODYNAMIC STUDY OF THE CSOH(S,L) VAPORI ZATION BY

HIGH TEMPERATURE MASS SPECTROMETRY ..ottt i e e 56
PART II: CRITICAL ASSESSMENT OF THERMODYNAMIC DATA FOR CSOH
GAS PHASE MOLECULES ... ... e et e e e e e e aaes 73
I N @ 15 1 L I 0 74
[1.2. PRECEDING GURVICH ET AL. ASSESSMENT ...t e, 75
I1.3. CRITICAL ASSESSMENT OF THERMODYNAMIC DATA FORHE GAS PHASE
........................................................................................................................................ 77
[1.3.1. CSOH(Qg) flames StUdIES.........ceuiie e e e e v e 77

[1.3.2. Mass SPeCtrometric StUIES. ......ovvii it e e e e e 82
[1.4. SUMMARY AND CONCLUSION......ciiiiiiiiii i e eiiiiiiiie e ssniinnen oee 91



APPENDIDX H-A . e e 101

CHAPTER Il
CRITICAL ASSESSMENT OF THERMODYNAMIC DATA FOR THE C S-I

SYSTEM: VAPOUR PRESSURE DATA . ..ottt e e e e e e 104
AB S T R A T .ttt e e e et e e e e e e e e e e 105
L. INTRODUGCTION. .. ottt ittt e et et e e et e et e e et e e e e e eens 105
[11.2. CONDENSED PHASES DATA PREREQUISITES.......coooiiiiiie e v e e 107
[11.3. DISSOCIATION ENERGY DETERMINATIONS. ...t e 112
l1l.4. TOTAL PRESSURE DETERMINATIONS.......coiiiiiie i veiieie e 113
[11.4.1. Knudsen effusion method...............oooi i e 114
[11.4.2. Transport/transpiration methods..............ocooiiiiiicii .119
[11.4.3. Total pressure MeasUremMeENTS........ovv. i et et e e eareae e eaaen o 124
1 S I T o U 1= (o P 125
l11.5. CRITICAL ANALYSIS OF CSI(S,L,AND G) COMPOUNB THERMODYNAMIC
PROPERTIES ...ttt e ettt et e e e e e e e e e e e e e e e e e s e s s mnnnneeeeaaeaaeeaaaaseaanans 126
[11.5.1. Proposition for a new equilibrium constar dimmerization Kin............... 126
[11.5.2. Equilibrium constant for the dimmerizati@Csl(g)=Csgl2(g)...... .o veenernn . 128
[11.5.3. Third law enthalpies for vaporization oti@n Csl(s,)=Csl(g).............u- .. 130
[11.5.4. Selection of the Csl(s,l) monomer entlyadjp vaporization..................... 131
I11.5.5. Selection of the melting enthalpy and parature..................... oo vieeen e 137
[11.5.6. Csl(liquid) heat capacity selection.............coceeai i e 139
[11.6. CONCLUSIONS. .. ..cett i e e et et e e e s e e e eeme 142
REFERENGCES. ... .ottt ettt e e e e e e e e e e e e e s s st beeeeeeeeaeeeseeeannnnnnnnes 147
APPENDDX A e e e e e e e e 152
N 1 G |y PN Ko o
CHAPTER IV
THERMODYNAMICS OF THE CSI-CSOH GAS PHASE SYSTEM............ ooo...e. 158
IV.1. INTRODUCGTION ... ..ottt ittt ittt ettt e e e e e e e e s s erenee e e e e e e e e e e e e e e e aanaes 159
IV.2. EARLIER WORKS ... ettt it st e e e e e e e e e et e rrraaaeeas 159
IV.2.1. Blackburn and Johnson (1988) preceding\stu.............cccvvviveieinnennn . 160
IV.2.2. Analysis of Blackburn and Johnson Thermmaiyic data........................ 162
IV.3. PRESENT MASS SPECTROMETRIC VAPORISATION DATA.................... 168
IV.3.1. Sample Preparation. ... ... e e 169
IV.3.2. lonization processes and gas phase (o0]111 (1) (0 1= 171
IV.3.3. Vapor pressure determinations.. .. T Iy 2
IV.3.3.1. Calculations assuming no new specmtlaergas phase ........................ 175
IV.3.3.2. Calculations assuming a new speciebengias phase.......c..cccceenn. 180
IV.4. THERMODYNAMIC FUNCTIONS OF THE C80OH(G) MOLECULE............... 185
IV.4.1. Structure of the molecule............cooi i e 186
IV.4.2. Molecular Vibrations............cooviiiiii i e e e e 192
IV.4.3. Other molecular parameters. ... ......oo v e e e 193
IV.4.4. Thermodynamic fUNCHIONS.........oi it e e e v neea e 193
IV.5. SECOND AND THIRD LAW ANALYSIS... oot e e 194

IV.6. CONCLUSION AND PERSPECTIVES.........cocoiiee. 196
APPENDIX IV-A . 200



APPENDIX IV-B. .0 200

APPENDIX IV-C ..ottt ettt et e e e e e e e e e e e e e e s same s e e e et e e e e aaeeeeeeas 202
CHAPTER V
BUILDING AND TESTING THE CHIP THERMO-KINETIC REACTO R............. 207
V.1. NTRODUCTION.. : . .. 208
V.2. CONSTRUCTION OF THE CHIP REACTOR PRELIMINAR@ONDITIONS ...... 210
V.2.1. MOIECUIE SOUICES. .. ...ueit it e e e e e e e e e e .210
V.2.2. Gas flow and vapours conditions in CHIRCteR...............ccccevviviiinnn .. 211
V.2.3. Choice of materials and corrosion cCondsion...............coovevieveiieninn oo 212
V.3. CALCULATION OF GAS AND VAPOURS FLOW MODES INHE CHIP
= O @ TP 214
RV 0 I 0LV =T 1 = 12
V.3.2. Calculation tests for the N0zZzles............ooiiiii i e, 218
V.3.3. Calculation of the source lines upstreagspure range.............ccoeevevvnen o 219
V.3.4. Calculation of molecular flow between thhaaking cell and the condenser. ... 222
V.3.5. Pressure at effusion from known gas pressuthe introduction line............ 225
V.4. FLOW PARAMETRISATION FOR SPECTROMETRIC EXPERENTS............ 227
V.5. THERMAL TEST OF THE CHIP REACTOR.. P22 10
V.6. POSITIONNING TEST OF CHIP REACTOR . e 232
V.7. PRESSURE CALIBRATION TESTS OF THE CHIP REACTOR 234
V.7.1. Check of the mass spectrometer responseafdr injection Ilne .................. 234
V.7.2. Calibration tests with pure componentdatrtmelting temperature............. 238

V.7.3. Ar pressures at the melting temperatures.. ..o eecvvvveiieiieiinininnnnn . 240
V.8. CONCLUSIONS AND PERSPECTIVES...ccciii i 00 244
AP P END X - A e e e e e e e e e e e e 249
APPENDIX HI-B... e e e e e et et et et nen e e e ann e 0 215
APPENDIX H-C .o e e e e e e e e e e nae e aeneeeneaena 20T
N G 5 PP

CONCLUSIONS GENERALES ET PERSPECTIVES......ccoii e e 280






INTRODUCTION GENERALE







Introduction Générale

bY

Le présent travail sur les composés a base dlageeptibles de se dégager dans
I'environnement lors d’'un accident nucléaire gréaecident de fusion du coeur d’un réacteur
a eau sous pression, dont la probabilité d’occoeeest trés faible) a été entrepris en
collaboration entre le CNRS/INPG/ SIMa@renoble) et 'IRSN/DPAN (Cadarache) et est
cofinancé par Electricité de France (EdF). Ce pregesitue dans le cadre plus vaste d’'une
collaboration internationale visant a évaluer ce fon appelle dans le milieu du nucléaire le
«terme source», définissant les quantités de piodadioactifs susceptibles d'étre rejetées
dans I'environnement. La collaboration internatienaécessitant des communications et des
rapports en langue anglaise, le présent documeiié aédigé pour ce qui est des études
détaillées en anglais et sous la forme de pubticatiscientifigues. Parmi celles-ci, la
publication concernant I'étude spectrométrique e Maporisation de CsOH(s,l) -
(Thermodynamic study of the CsOH(s,l) vaporizatigrnigh temperature mass spectrometry
F. Z. Roki, C. Chatillon, M. N. Ohnet, D. Jacquemal. Chem. Thermodyn. 40 (2008) 401-
416) - constitue telle quelle une partie du chagitr

En premiere partie, et a la demande de I'INP-Grneli-ormation doctorale -, un exposé des
motivations de ce travail et des outils utilisés pesenté en francais, complété par des
résumeés étendus des résultats obtenus ainsi gaesttatégie de recherche qui sous-tend ces
travaux. Ce travail permet de proposer des pisgtagcherche pour évaluer plus exactement a

I'aide des outils thermodynamiques et cinétiquesime source.

Ce que I'on nomme dans l'industrie nucléaire leerie source » comporte un nombre
important d’éléments chimiques qui doivent étreveiliés soit a cause de leur nocivité

chimique soit a cause de leur radioactivité. Céméhts sont produits a partir de la fission du
combustible nucléaire. En cas d’accident nuclégieee résultant de la défaillance cumulée
de plusieurs systemes de sécurité indépendantsmmeaelui de Three Mile Island (USA) ou

plus récemment Tchernobyl (Ukraine) — la fusioncdmbustible et la rupture des gaines de
confinement conduisent a la libération des élémdatfission les plus volatiles qui peuvent
alors se répandre en premier lieu dans le ciraitedroidissement, puis vers I'enceinte de

confinement du réacteur ou dans I'environnementérexdr quand ces barrieres de

! Sciences et Ingénierie des Matériaux et Proc&tddartin d’Héres.
Z Institut de Radioprotection et Sureté Nucléair€dedarache / Direction de la Prévention des Actilen
Majeurs



Introduction Générale

confinement sont défaillantes. Pour un réactelapeessurisée, parmi ces €léments volatils,
le Caesium et I'lode sont les plus importants, isypar le Tellure, le Molybdéne, etc...

Des expériences de fusion du combustible et deasae ga différentes échelles ont été
réalisées depuis une vingtaine d’années (Vercordgcavio,....... Phébus) au CEApuis
conjointement CEA-IRSN.. Ces expérimentations nat spas toujours suffisamment
analytiques pour comprendre les différents mécagssmis en jeu mais ont permis de cibler
les principales questions que pose l'accident mirdégrave. Notamment, les calculs
thermodynamiques indiquaient qu’il ne devait pawvgir d'iode gazeux a la breche du circuit
primaire alors qu’expérimentalement, dans les se€8hébus, il en a été observé une quantité
significative au vue des conséquences possibles quopulation environnante. L'explication
pourrait étre une limitation cinétique. Afin d’avoune meilleure compréhension des
phénomenes impliquées, il a été décidé de réaleskessais a une échelle plus réduite et plus
« analytique » afin d’observer un nombre réduitptiénomenes et de permettre de valider
cette hypothese.

Sur le plan théorique, le comportement de ces él&sreed’abord été analysé historiquement
a l'aide de l'outil thermodynamique, c'est-a-direr galculs d’équilibres sur les bilans de
matiéere originale contenue dans le cceur du réaatetiensemble étant placé dans différentes
conditions de température et de pression corregparalix difféerentes zones d’'un réacteur
nucléaire, ou aux différentes phases d’'un accidenttransport de ces éléments nécessite
aussi de prendre en compte le couplage de la tligmmamique et des flux de matiére et de
chaleur — exactement comme cela se fait pour cordped’élaboration des matériaux dans
un four ou réacteur chimique -. Dans le cas d’'uénpimene accidentel, la rapidité de
certaines séquences demande aussi de prendre @btedes) cinétiques de réaction dans un
couplage avec des flux. Ce sont ces outils de sitoual qui sont en phase de mise au point au
service modélisation de la DPAM a I'IRSN pour asalyle comportement de I'iode lors de
son transfert entre le cceur en fusion du réactelereeinte de confinement. Ce travail de
thése porte plus particulierement sur les condstien début du circuit de refroidissement
dans la zone dite «bréche en branche chaude st-aethre entre 800 et 1300 K,

correspondant a I'entrée des générateurs de vapeur.

% Le Commissariat & I'Energie Atomique
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La simulation plus fine des phases de I'accidernhgralors une démarche plus scientifiqgue
qui va requérir des données de base comme lesig¢téspthermodynamiques, les constantes
cinétiques ainsi que celles liées au transport diene et de chaleur, sans oublier les effets de
radiolyse due au milieu fortement radioactif. Le&gmnt travail se situe a ce niveau de la
recherche scientifique. L’objectif était donc digia des données thermodynamiques et
cinétiques sur la volatilisation et le transportlitede, c'est-a-dire des principaux composeés
iodés susceptibles d’étre rencontrés dans la zenk dranche chaude en sortie de coeur
dégradé. La complexité des phases vapeurs de l#odecessité |'utilisation d’'un outil
d’analyse suffisamment universel et pour cela lathode de Knudsen associée a un
spectrométre de masse a haute température (SMHI§ a&hoisie. Deux objectifs étaient
poursuivis en paralléle: - (i) une étude thermodyigaie classique, avec les moyens existants,
sur les vapeurs connues ou a mettre en évidengaeguent expliquer le transport de I'iode,
et - (ii) une étude cinétigue visant a comprendrels) mécanismes expliquent la présence
d’iode volatile a la bréche en branche chaude eGHttde thermo-cinétique nécessitait la mise
en place d’'un réacteur spécifique se couplant alHEMson dimensionnement jusqu’a sa

conception et sa mise en service sont présenté&scaanavail.
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Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

|.L1. CONTEXTE: L'EVALUATION DU TERME SOURCE
IODE EN CAS D'ACCIDENT GRAVE DE REACTEUR
NUCLEAIRE

[.1.1.  Accident grave de réacteur nucléaire

Dans un réacteur nucléaire, le combustible nudéetiles produits radioactifs qu’il contient

sont confinés par trois enveloppes étanches sueesss

* la premiéere est constituée par le gainage métallagbase de zirconium qui contient
les pastilles de combustible a base de (f®&nhsemble pastilles et gainage formant un
crayon combustible),

* la seconde est constituée par le circuit primagreedroidissement du cceur. Ce circuit
est composé (figure I-1):

o de la cuve du réacteur contenant les crayons cstibli montés en

assemblage,

0 de générateurs de vapeur qui assurent le refremisst de I'eau du circuit

primaire par échange de chaleur,

o d’un circuit assurant la circulation de l'eau dérgmlissement dans la cuve
autour du coeur vers les générateurs de vapeurpretittié de branches
chaudes (eau chauffée par le coeur) entre la stetia cuve et 'amont des
générateurs de vapeur et de branches froides @fenidie au niveau des
générateurs de vapeur) entre I'aval des génératleuvsapeur et I'entrée dans

la cuve.

» la troisieme est constituée par I'enceinte de camfient en béton qui contient

'ensemble des éléments ci-dessus.

L'occurrence d'un accident de réacteur conduisafa &usion du coeur est de tres faible
probabilité car elle suppose une combinaison dailtifces des systemes de sécurité du

réacteur et/ou d’erreurs humaines et I'impossébitie ramener le réacteur dans une situation

11



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

shre. Cependant, un tel accident peut conduire saréets radioactifs importants dans
I'environnement. Une séquence d’évenements typiguoessant survenir dans un accident
grave de réacteur, qui conduirait a la rupture alufinement, peut-étre décrite de la maniere
suivante:

e une breche (rupture de canalisation) dans le tingumaire ou circule I'eau de
refroidissement du cceur du réacteur peut constittaEnement initiateur; la breche
entraine une perte de I'eau de refroidissementirduitprimaire qui se déverse dans
le puisard de I'enceinte de confinement (Figurg étlun abaissement soudain de la

pression de confinement jusqu’a 2 bars environ.

Rejets de produits radioactifs
vers |’environnement

o @

: i b Kiim \ &=
. A Echauffement et = EH -
Ence'mte de pressurisation enceinte Fuites confinement
confinement Wrois ou perte intégrité
Combustion e enceinte
hydrogéne
= E.ventége —
L filtration
j I’El‘—f Générateur
Cuvedu __— f B % de vapeur

réacteur . Fusion

__ Circuit
Coeur conte.nant = primaire
le combustible .
Breche
(événement
Coulée de matériaux initiateur)
fondus .
— puisard

A Cheminée
Perte intégrité

enceinte

Figure I.1: L’accident grave de réacteur nucléaireprésentation schématique du déroulement et des

conséquences possibles

» le coeur contenant le combustible nucléaire s’édbgplus de 2300 K) car il n'est
plus refroidi, entrainant la dégradation mécaniguéhermique des matériaux qui le
constituent et le relachement, par vaporisation, cdeains produits de fission
radioactifs,

 les produits de fission radioactifs (PF) forment s deaérosols par
condensation/nucléation/agglomération (phase caggenolide ou liquide) et/ou des
vapeurs qui sont transportés par I'écoulement de pmavenant du cceur dégradé,
essentiellement entrainés par la vapeur d'eau dtigdrogéne vers la breche du

circuit primaire et atteignent I'enceinte de coefiment,

12



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

dans le circuit primaire comme dans I'enceinte algfioement, les produits de fission
radioactifs peuvent se déposer et étre remis gresgsn au cours de I'accident,
la dégradation du cceur peut entrainer la formatemélanges de matieres en fusion,
lesquelles s'écoulent & travers le cceur, et vaucsimuler en partie basse de la cuve
du réacteur, avec des réactions chimiques de digsolreprécipitation (création d’'un
systeme complexe U-O-Zr-Fe-Cr-Ni etc) qui causantubture de celle-ci (Figure I-
1). Les matériaux fondus peuvent ensuite entrecagmiact avec le béton du sol de
I'enceinte (radier) de confinement produisant k&étation de gaz (1 CO, CQ) dans
I'enceinte de confinement et éventuellement augreent du béton avec ouverture de
I'enceinte vers le sol (perte d’intégrité de I'emte),
I'atmosphére de I'enceinte de confinement se réféhaous I'effet de la présence de
gaz chaud (vapeur, hydrogéne,...) et des produitaeiifs et la pression dans
I'enceinte augmente. Une combustion de I'hnydroggoeumulé dans I'enceinte peut
survenir et induire une augmentation de pressipplémentaire,
une fraction des produits radioactifs en suspendg@ns I'enceinte peut étre émise vers
I'environnement par différentes voies:

0 soit par les chemins de fuite existant dans legsipae I'enceinte (rejets faibles

mais continus) ou par le sol apres le percemenadier de I'enceinte,

0 soit par l'intermédiaire d’'une ligne d'éventagel’daceinte (Figure I-1). Cette
ligne d'éventage n’est utilisée, au bout de queldueires, que si la montée en
pression, menace l'intégrité de I'enceinte. L'éaget se fait par ouverture de
I'enceinte sur I'environnement au travers d'un égs¢ de filtration dont

I'objectif est de limiter le rejet de produits radctifs.

Divers moyens de mitigation peuvent étre mis enreepgur tenter de sauvegarder l'intégrité

de I'enceinte de confinement du batiment réacteanme par exemple des recombineurs de

I'hydrogéne.

Méme si la prévention des accidents est assur@ecemnier lieu par la conception du réacteur

et de ses systémes de slreté et par la mise ere chueoncept de défense en profondeur, il

est indispensable de caractériser les processusigpley décrits plus haut susceptibles

d’intervenir dans le déroulement de I'accident dansut d’étre en mesure :
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- de mettre en place des mesures de gestion desemtxidfin de contribuer a la
prévention aussi bien qu’a la limitation des conségges d’un accident pour 'lhomme
et 'environnement, et d’évaluer leur efficacité,

- de fournir une bonne évaluation de la cinétiqueJadeomposition et du niveau du
rejet de produits radioactifs vers I'environnemerte que I'on appelléévaluation du
terme source de maniére a consolider les plans particuliéirgedvention (PPI) a
mettre en ceuvre pour la sécurité des populatioggadtier I'efficacité des moyens de
mitigation mis en place.

C’est I'objectif de la recherche menée dans le doendes accidents graves a 'lIRSN/DPAM
et des programmes expérimentaux réalisés au SEREIA

[.L1.2.  Objectif du programme CHIP (CHimie de I'lode dans ke

circuit Primaire)

En cas d’accident nucléaire dans un Réacteur &PEzasurisée (REP), l'ioélelu fait de son
caractére volatil peut étre relaché du cceur dutegmcet étre transporté dans le circuit
primaire de refroidissement (eau) vers I'enceirgednfinement, sous forme gazeuse (vapeur
ou par les gaz produits lors de la propagationateident) ou aérosol. L'iode faisant partie
des radio contaminants les plus critiques car ayle# conséquences sanitaires sur la
population (fixation sur la thyroide) et sur I'eriinement, il est essentiel de disposer
d’'outils de calcul validés permettant, pour lesus#ges accidentelles les plus probables,
d’évaluer les conséquences radiologiques possiale [fhomme d’un relachement de I'iode
dans I'environnement. Une des difficultés majeudass la mise en ceuvre de ces outils de
calcul est qu’il n'existe pas suffisamment de daméxpérimentales validées concernant le
comportement physico-chimique de l'iode dans leuwirprimaire jusqu’a la breche ou va
s'effectuer le premier relachement (fissurationsdi@ncircuit qui peut étre produit par rupture

ou dégradation du matériau).

1 Institut de Radioprotection et Sureté Nucléaire Gldarache / Direction de la Prévention des
Accidents Majeurs

2 Service d’Etude et de Recherche expérimentale IauChimie et I'Ilncendie / Laboratoire
d’Expérimentations Environnement et Chimie

3 Elément issu de la réaction de fission de I'uramiu
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Depuis l'accident du réacteur n°2 de la centraleléaire américaine de Three Mile Island
(TMI-2), le 28 mars 1979, qui s’est traduit parflgion de la moitié du cceur du réacteur et
des rejets de produits de fission limités, un erdende programmes expérimentaux de
recherche en slreté a été réalisé par de nombmgaxismes internationaux a travers le
monde. De nombreux modéles de simulation ont égale@té développés pour calculer le
déroulement de tels accidents, en évaluer les qaesées et apprécier l'efficacité des
différentes mesures qui pourraient étre mises emexgour en limiter les effets.

Le programme expérimental Phébus PF, lancé pastitih de Protection et de Sdreté
Nucléaire en 1988, est I'un des principaux prograshe recherche internationaux consacrés
aux accidents graves de réacteurs a eau (aveafdsi@oeur). Un bon nombre de résultats
obtenus lors de ce programme, dont certains imqsr{zour les évaluations de slreté, étaient
inattendus. L’analyse de lI'ensemble de ces résuktleur utilisation dans les études
d’évaluation des rejets radioactifs potentiels Yensvironnement en cas d’accident a permis
de dégager un certain nombre d’enseignements [Def.essais spécifiques a petite échelle
ont été réalisés pour comprendre les phénomentsridas observés et valider les houveaux
modeles. A l'issue du programme Phébus PF, ureediss principales incertitudes restantes a
été établie. Le projet européen EURSAFE intégré&®i Programme Cadre de Recherche
Européen, dont I'objectif était de conduire a uneldation réaliste des rejets possibles dans
'environnement pour une meilleure gestion des uesg associés, a conduit a une
hiérarchisation des recherches a mener en vueddéaées incertitudes. Une partie de ces
recherches fait I'objet du nouveau programme iratttonal lancé conjointement par I'Institut
de Radioprotection et de Sdreté Nucléaire (IRSBA)Cbmmissariat a 'Energie Atomique
(CEA) et Electricité de France (EDF) en 2005: legpamme «Terme Source» [5] comprenant
une série d’essais analytiques relatifs notammémtcaimie de I'iode (comportement dans le
circuit primaire du réacteur et a l'intérieur densnceinte de confinement), la dégradation du
combustible en présence de carbure de bore, I'diyddes gaines sous air et les cinétiques
de relachement des produits de fission a partoasobustible.

Un des résultats les plus inattendus et ayant pactmmportant pour la sdreté est la mise en
évidence expérimentale d'une petite fraction diodelati a basse température dans
I'enceinte de confinement trés tot durant les easBhaébus FPT-0-1-2 [6]. En se basant sur des
mesures expérimentales d’iode dans les capsuleuggz du circuit primaire, I'iode gazeux
mesuré dans lI'enceinte de confinement a cet ingtaéité interprété comme provenant du

circuit, contrairement aux prédictions des moddieshermochimie qui prévoyaient que tout

15



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

I'lode se trouvait sous une forme condensée (CdB &ortie du circuit. Des limitations
d’'ordre cinétiqgue dans les réactions chimiques leams@ gazeuse sont I'explication la plus
plausible puisqu’aucun des calculs présupposasiuiiibre chimique dans le gaz ne permet
de reproduire les résultats expérimentaux [7, 8].
De maniere générale, les essais Phébus ont mamréagoncentration en iode volatil dans
I'enceinte de confinement a long terme (au del&4eheures) dépend principalement des
processus physico-chimiques intervenant dans lagphazeuse et donc de la concentration en
iode volatil provenant du circuit primaire ou forrdéns I'enceinte lors de la fusion du coeur.
Les enseignements issus de lI'analyse des réstdtatds au comportement de l'iode lors des
essais Phébus PF ont été utilisés pour 'amélaratt le développement de modéles traitant
de la chimie de l'iode dans I'enceinte, par laesuittégrés dans la plupart des logiciels de
simulation utilisés pour les analyses de slreté krilleure compréhension de la chimie de
'lode dans le circuit primaire est nécessaire aldaée d’incertitudes concernant la
guantification des rejets accidentels dans I'emnement et fait I'objet du programme de
recherche CHIP (CHimie de I'lode dans le circuitiire). Celui ci fait partie du programme
international Terme Source et est cofinancé p&39N, le CEA, EDF, la Communauté
Européenne (C.E.), I'United State Nuclear Regujat@ommission (USNRC), I’Atomic
Energy Canada Limited (AECL), Suez-Tractebel etdftitut Paul Scherrer (PSI - Suisse) sur
la période 2005-2010. Il vise a acquérir les doenéécessaires au développement et a la
validation des modéles décrivant les mécanisme®rdeation de I'iode gazeux en branche
chaude et en branche froide du circuit primaire sénation accidentelle. Les données
obtenues permettront de développer et de validemuadeles développés par I'IRSN pour
représenter le comportement chimique de l'iode danarcuit primaire d'un réacteur en
situation accidentelle. Les objectifs du program@IP sont hiérarchisés de la facon
suivante:

» trouver un moyen d’observation des formes gazedsd$ode dans les conditions de

la bréche pour repérer les especes responsabsesm deansport,

* déterminer (expérimentalement) les données thernadigues et cinétiques

conduisant a la formation de ces espéces,

» développer des modeéles simulant le transport ded’ipour alimenter les outils de

calculs de l'accident.

Lors de la dégradation du cceur, les PF issus diastible ainsi que les matériaux des barres

de commande -en carbure de borgQBou a base d’alliage absorbant d’Argent, d’Indieim
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de Cadmium (Ag-In-Cd)- et les matériaux de struetggnerent de nombreux composés dont
les formes chimiques peuvent variées. Compte-tenla domplexité des systémes chimiques
mis en jeu, les objectifs précédents seront tratéiveau expérimental selon deux axes

d’expérimentation différents :

* le premier axe correspondant aux essais«aitalytiques»(ligne analytique) vise a
étudier un nombre réduit d’éléments chimiques {dauailiter 'analyse de la phase
gazeuse. Compte tenu de la présence du gaz pettdarliode, il s’agit au moins de
systemes quaternaires de type {X-I-O-H}.

* le deuxieme axe correspondant aux essais «qihénoménologiques»(ligne
phénoménologique) prendra en compte I'ensemble pescipaux eéléments
chimiques produits par la dégradation du coeur dateér (produits de fission: Cs,
Mo, Te...), éléments du crayon absorbant les neut{@gs In, Cd) et ou des

matériaux de structure (Sn)).

Le travail de these se situe dans le cadre dgre lnalytique. Parmi les méthodes d’analyses
des phases gazeuses a haute température — (i) degtbptiques: Raman, Infra rouge ou
absorption atomique, — (ii) méthode par ionisatibngaz: spectrométrie de masse- seule la
spectrométrie couplée a une cellule d’effusion @desune capacité d’analyse importante et
universelle car elle ne dépend pas étroitementedpdce mesurée. Ainsi pour cette ligne
analytique I'IRSN a choisi de collaborer dans ldreade cette thése avec le SIMAP/CNRS
qui dispose d'un spectrometre de masse a hauteétatnpe avec le double objectif: -(i)
d’effectuer un diagnostic des espéeces existantéelehe en branche chaude en concevant un
réacteur spécifique, -(ii) d’établir des donnéesritiodynamiques et cinétiques pour les
especes gazeuses repéerées. Ces données seraiestdgns les bases de données utilisées
pour modeéliser I'accident a l'aide du logiciel SOREROS (module cinétique du logiciel en
cours de développement) [9].

4 Science et Ingénierie des Matériaux et ProcddbR 5614 CNRSSaint Martin d’Heres
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[.1.3.  Spécifications des conditions aux limites pour lagalisation

des essais analytiques

Pour mener les essais dits «analytiques» a obpetmhodélisation, le procédé et le dispositif
associé devront étre congcus de maniere a pouvt@niob- (i) des données d’équilibre et des
données cinétiques relatives a différents systedadionnels impliquant chacun un nombre
restreint d’éléments chimiques, - (ii) diagnostiqle comportement des espéeces pour des
conditions aux limites intéressant le domaine dlétdes accidents graves. Pour les études
thermodynamiques et cinétiques, les conditions dsumes doivent optimiser les phénomeénes
dans la gamme ou ils sont mesurables. Par contrelpaliagnostic « accident grave » , la
maitrise des parametres d’études suivants estsequi

» Systémes réactionneldes systémes a étudier sont du type {X-I-O-H}, dident X

pouvant étre du Cs, In, Ag, Cd... Il a été décid@éleuter le programme d’essai avec le

systeme (Cs, I, O, H) qui a été le plus étudiéyisgresent, il s’agit donc de valider ou

préciser les données cinétigues et thermodynamigxesantes de la littérature, de

générer les données manquantes pour les modalesvatider le bon fonctionnement du

dispositif expérimental qui sera mis en place.

* Niveaux de températureda température de la cellule a haute températanalant

les conditions de la sortie du cceur du réacteyrelépcraqueur, doit étre comprise entre

1500 et 1900 K (il est estimé qu’une températuréatdre de 1900 K est suffisante pour

mener des études cinétiques). La température delllde simulant les conditions de la

bréche en branche chaude, appelé condenseurtr@otoénprise entre 1000 et 1300 K.

* Niveaux de concentrationsce parameétre intervient directement dans la nisetén

des phénoménes cinétiques et il est donc impodanbien le maitriser. Le dispositif

d’essai doit permettre de couvrir les gammes deaamnation les plus larges possibles.

Les évaluations faites par 'IRSN/DPAM montrent das gammes de rapports molaires

suivantes doivent pouvoir étre étudiées pour leesys {Cs, |, O, H}:

- Cs/H0 compris entre Ibet 10" et I/H,0 entre 10 et 10%
- Cs/H, compris entre I8et 10 et I/H, entre 10 et 10°;

L’étude de dimensionnement du dispositif a perneisiédterminer avec plus de précision

les gammes de concentration a atteindre [10].

* Temps de séjour moyemw’est le temps qu’il faut pour qu'une espece gaequasse de

la zone de craquage a la cellule de recombinasmmdénseur). Par analogie a un réacteur
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a eau pressurisée en condition accidentelle, iésgmte le temps de parcours de la sortie
du cceur du réacteur vers le circuit primaire aeaiivde la bréche en branche chaude. La
gamme est de 1 a 10 s. Les contraintes sur ce pamdiétude sont du méme type que
celles sur les concentrations: I'objectif est denbmaitriser ce parametre qui intervient

directement dans la modélisation et de couvriplas larges gammes possibles.

L’étude présentée ici vise a concevoir et a teaterréacteur qui a la fois respecte les
exigences des mesures spectrométriques (pressade tondenseur < TObar) et assure les
spécifications demandées par I'IRSN. Ce réactepowa objectif final de diagnostiquer les
espéeces présentes a la bréche en branche chawsdétudes thermochimiques et cinétiques
seront ensuite limitées a ces especes. Ce réadeeutiagnostic n'est pas habituel en
spectrométrie de masse a haute tempeérature etpoasjuoi nous avons fait une étude de
dimensionnement pour appréhender les gammes didiomement pouvant étre atteintes [10]
et pour concevoir ce réacteur et les lignes d’oimtion. Nous avons ensuite effectué des
tests spectrometriques visant a valider la calimaties mesures de pressions partielles par
rapport a celle du gaz porteur qui est I’Argon.t€étude fait I'objet du chapitre V. L'objectif
de ce réacteur de diagnostic n’est pas d’'étre septétif de toutes les conditions rencontrées
dans le circuit primaire, en particulier au nivedes pressions totales, mais de déceler les
parametres qui vont avoir un impact sur les éqeitilchimiques ou les cinétiques de réaction
- rapport de pressions partielles, niveaux de teatpee et temps de séjour -. Il est utile de
rappeler qu’'en terme de réaction chimique, la @oriet d’équilibre et les constantes
cinétiques ne dépendent que de la températuresgpéu de la pression.

Avant la mise au point du réacteur de diagnosts, @hlculs thermodynamiques couplés a des
calculs de flux effectués a I'lRSN (SEMAn’ont pas permis d’expliquer les quantités d’iode
volatile (totale et sous toutes les formes chimsqat physiques) mesurées a la bréche du
circuit de refroidissement lors des essais intégRHEBUS. Dés lors, du point de vue des
mécanismes chimiques au moins trois voies peuvgtigeer ce fait:
» Il existerait des molécules gazeuses nouvellescehnues, non prises en compte dans
les banques de données thermodynamiques a la basmlduls de transfert. Ce fait
acquiert une certaine probabilité si I'on se réféue travail spectrométrique de

5 Service d'Etudes et de Modélisation de I'lncendigcorium et du Confinement
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Blackburn et Johnson [11], ces auteurs ayant moldséstence d'un complexe
CsICsOH(g) stable.

» Il existerait une cinétique de recombinaison ensphgazeuse homogene relativement
lente comparée au temps de transfert (1 a 10 s3 tlrbranche chaude et, en
conséquence, de liode volatilex@), 1(g) ou HI(g) par exemple) résiduelle serait
transférée vers les zones plus froides.

» Il se produit au cours de la détente et du refssiglinent un passage du fluide de I'état
supercritique - mélange homogéne de tous les toasts avec solubilité totale de
tous ces éléments - a un état d’équilibre ou deiquséquilibre qui va entrainer un
partage entre phases gazeuses et phases condamgéesxplique la présence de trés
nombreux aérosols. Dans le partage des éléements @ phases I'excés de vapeur
d’eau peut entrainer I'expulsion de ces élémerstsrieins solubles, dont précisement

I'iode.

Le présent travail entrepris avec I'IRSN a été andrioritairement sur les deux premiers
axes :
- études thermodynamiques classiques réalisées @egripement existant du
SIMaP et le savoir faire en thermodynamique, et

- étude cinétique pour laquelle un réacteur spéa@fmdu étre conscu (chap. V).

[.1.4.  Principe de conception du dispositif d'essali

Pour obtenir des données thermodynamiques et gireitipour les systemes quaternaires, le
dispositif d’essai pourrait étre constitué d’'unatéar ouvert permettant de maitriser les
eécoulements de gaz et le temps de séjour enti@nka @u la température est maximalg£J

et le point de mesure {lnche chaude LES parametres température, rapport des pression
partielles et temps de séjour devront permettrecalgvrir les gammes des conditions

accidentelles dans le circuit primaire d’'un REReatpatrticulier, celles de la branche chaude.

Il pourrait étre constitué de trois parties. Unerpiere partie appellée cellule de craquage des
réactifs dite «craqueur» (figure I-2) dans laquédke réactifs injectés @HH.O, I, et X = Cs

ou In) seront amenés a une température suffisaméiewnée pour obtenir une composition

20



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

aussi proche que possible des mélanges obtenusoaimdu cceur du réacteur, dans la partie
chaude du circuit primaire en situation d’acciddime deuxiéme partie appellée cellule de
recombinaison ou condenseur (figure I-2) dans léejUes réactifs se recombinent a une
température uniforme qui sera la température d&tidmpérature de la branche chaude
située entre 1000 et 1300 K). Une troisieme pagtiedoit permettre d’échantillonner les
réactifs présents dans le réacteur pour réaliseranalyse quantitative (mesure des pressions

partielles des gaz) par spectrométrie de massata teampérature (Figure 1-2).

Ecoulement
Ecoulement jet moléculaire
laminaire ou transitoire

Cone de prélévement

Zone amont Cellul o
d’injection Sl Cellule de lonisation et a‘nalyse
(X, 1, H,, 8 R P2 ombinaison Trempe par Spectrométre
H,0) Py, To) (P, T)) chimique de masse
Four 1 (HT) Four 2 (Tgc)

\ Pompage tertiaire

(P < 10°¢ mbar)

Pompages
primaire secondaire
(0,1 mbar) (10 mbar)

% %

Figure I-2: Principes du dispositif expérimentalysda ligne analytique

Pour pouvoir étudier les réactions entre différéhesnents, il a été décidé d'utiliser des lignes
d’injection séparées autant que possible pour ahgga ou élément:

* une ligne d'injection composé d’'un mélange desHde vapeur d’eau,

* une ligne d'injection d’iode moléculaire,

* une ligne d’injection ou un évaporateur pour |'é@rnX étudié.
Le but de ces lignes indépendantes est d’essagétedir des variations de concentration
relatives importantes et si possible rapides. ®@éma de réacteur idéal constitue le point de
départ de ce travail dont I'objectif est d’évallaer«faisabilité» tant en terme de structure
d’ensemble qu’en terme de réalisation, notammentesplan du choix des matériaux et de

leur mise en forme. Ces contraintes vont guideclesx successifs.
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|.2. SPECTROMETRIE DE MASSE A HAUTE
TEMPERATURE

Cette technique a été choisie car elle est padierhent bien adaptée a I'étude des phases
vapeurs a haute température: elle est la seulenéopcs’adapter a I'étude de la vaporisation

de tout type de composés ainsi qu’'a celle desiokecen phase gazeuse homogeéne.

[.2.1.  Principe

La spectrométrie de masse a haute température ($MbiTune technique d’analyse des
phases gazeuses a partir d'un jet moléculaire gérsralement appelée spectrométrie de
masse sur cellule d’effusion ou sur faisceau mdédeu De nombreux travaux sur la

thermodynamique des phases gazeuses utilisanetdremétrie de masse ont été effectués

depuis 1954, année de sa mise au point [12, 18ir¢en2500 publications a I'heure actuelle).

Le principe de la spectrométrie de masse a hantpéeture consiste a associer un réacteur
chimique fonctionnant sous vide dont I'étage temhist effusif et qui contient le systeme a
étudier avec un spectrométre de masse a ionisdéogaz par bombardement électronique

(figure I-3).

Analyseur de Détection des ions par

masses comptage d'impulsions ou
électrométrie / et cage de
Faraday

Optique
lonique

/l/

Faisceau moléculaire
analysé

1

Fente de sortie

Fente d'entrée

Source Faisceau d'électrons

d'ions
Diaphragme de source

&n—» Obturateur
%Diaphragme de champ (refroidi)

l Ecrans thermiques

p < 10° mbar

Compartiment
sonrce

Collimation
du faisceau
moléculaire

. Cellules d'effusion
Four a

cellules
multiples

p < 107 mbar

Compartiment
intern aire

P ——  p—, ——

Systéme de positionnement
platine X - Y

Figure 1-3: Principe général de la mesure spectrtnmée au SIMaP
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Un systeme de collimation sélectionne un faisceamdlécules qui est ionisé par un faisceau
d’électrons au niveau de la source d’ions suivantptocessus simple le plus général,
I'lonisation adiabatique:

M+e — M +2¢€ 1)

Les ions produits sont accélérés et séparés emidonde leur rapport masse/charge par un
prisme magnétique qui fait fonction d’analyseurndasse. lls sont ensuite collectés sur une
cage de Faraday ou un multiplicateur d’électrormmis@aires. L'abondance isotopique de
chaque ion permet de remonter a sa compositionigi@nlLe jet moléculaire (processus
effusif) produit via un petit orifice est un faiszede molécules ou atomes gazeux produits a
des pressions suffisamment basses pour que le €esbespeces gazeuses s'effectue sans
collision. Le détecteur spectrométrique verra aldes gaz représentatifs du lieu de leur
production. En pratique cela signifie que l'orifipar lequel «effuse» ce jet a des dimensions
comparables au libre parcours moyen dans le gasid#né avant effusion. Par exemple, pour

un orifice de diamétre 1 mm, la pression est d&tdr environ.

La loi de Beer-Lambert appliquée a I'absorption ééctrons dans un milieu raréfié [14]
conduit a I'expression de la pression partie|ld’pne espece dans le réacteur en fonction de
I'intensité mesurée au spectrometrele la température T dans le réacteur et de kilskie

du spectrometre; Selon la relation de base spectrométrique suivante

pS =hLT 2
La sensibilité Sest définie par la relation suivante:
S =Gno,(B)y f, 3)

ou G est un facteur géométrique qui fait intervéairgle solide entre la chambre d’ionisation
et la source du faisceau moléculaire (orifice disitbn),n est le facteur de transmission des
ions dans l'analyseur spectrométrique (pour no@etesir magnétique=1), oi(E) est la
section efficace d’ionisation au potentiel E desc&bns ionisantgy; est le rendement de la
détection (=1 pour notre comptage d'impulsions)edt I'abondance isotopique de l'ion
détecté, connue ou calculable a partir des atoorestituants l'ion.

La sensibilité du spectrometrerie peut étre obtenue que par calibration de I'alage a
chaque expérience et par estimation des sectifinaafs d'ionisatiors;. La section efficace
d’ionisation d’'une molécule se calcule sur la bd'sme regle dite «d’additivité» a partir de
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celles des atomes la constituant [13]. Cette re@@pplique pour I'ensemble du processus
d’ionisation en prenant en considération l'ion parplus les ions fragments (ceux-ci sont

nombreux dans le cas des hydroxydes et des iodlwess¥}ections efficaces d’ionisation des

atomes ont été paramétrées en fonction de I'éneéfirisation (eV) dans la référence [13].
Dans le cas d’'un dimere, la regle d’additivité aaibd un rapport dimere/monomere égal a 2.

L’étude des processus d’ionisation permet de reemaix molécules a l'origine des ions et
donc de connaitre la composition des vapeurs famdéas le réacteur. Cette analyse se fait
par différents moyens:
» Tracé et étude des courbes d’'efficacitéonisation (Intensités mesurées en fonction
de I'énergie des électrons ionisants),

» Variation de la chimie du systeme en vue de faiméev la composition des vapeurs.

[.2.2.  Les cellules d’effusions couplées au SMHT

Différentes types de cellules peuvent étre cou@eSMHT comme illustré sur la figure I-4.

T
o R [
sul

N
3"

@ () (c)

Figure I-4: Différentes cellules d’effusion utils® au SMHT: (a) Cellule de Knudsen — (b) cellule
Tandem pour le craquage des vapeurs saturées -€dlfyle avec introduction de gaz a faible
pression. 1. Accés pour mesures de températurehgamocouple ou par pyrométrie, 2. échantillon

solide ou liquide, 3. ligne d’'introduction de g&actif.
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La cellule d’effusion dite de Knudsen est la plépandue. C’est un récipient fermé composé
d’un creuset et de son couvercle dans lequel asijpé l'orifice d’effusion dont la sectian
est petite vis-a-vis de la surface de I'échantilibdisposé dans ce récipient (fig. I-4-a). Un
rapport s/S< 10° est généralement utilisé. Cette cellule est eé®ud’'une enveloppe
facilitant I'équilibre thermique, et 'ensemble eisposé a l'intérieur d’'un four spécialement
congu. L'échantillon étudié doit générer une prassiférieure & 10 bar afin d’assurer un
régime moléculaire au niveau de l'orifice de souie 'orifice d’effusion. L'analyse des
vapeurs va porter sur le jet moléculaire produit leg vapeurs a l'orifice: les molécules

prélevées sur l'axe normal a lorifice ne touchemcune paroi avant la détection

spectrométrique (conservation de leur température).

Le flux de molécules ou d’atomes @M par unité de temps effusé par I'orifice de ®ecs
est calculé par la relation de Hertz-Knudsen [13]:

dN, — p, sC @)
dt 27M RT

avecp; la pression dans la cellul]; la masse molaire de I'espéce gazeuse effusknie,
constante des gaz parfaifsJa température de la cellule €tun coefficient dit de Clausing

utilisé dans le cas d’un orifice a paroi non idéadat mince.

Le calcul du coefficient de Clausing a été revu Banteler et al. [15] pour un canal
cylindrique et est donné par la relation suivante:
1
C=—7% (5)
1+
8*r

ou I est la longueur équivalente de la canalisaébr le rayon de la canalisation. La longueur

équivalente — calculée pour tenir compte de la gotahce dite «d’extrémité» ou sortie des
molécules de l'orifice - est exprimée en fonctian ld longueur | et du rayon r de I'orifice

d’effusion par la relation suivante [15]:

N ®)
3+
7*r

Dans le cas de I'étude de réactions entre un gaa stlide, ou entre différents gaz, la cellule

est alors munie d'une ou plusieurs lignes d'inticithin de gaz ou vapeurs sous pression
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réduite de fagcon a respecter le régime d'effusiobodfice de sortie (fig. I-4-c). Ceci
correspond alors a des flux trés faibles.

[.2.3.  Etalonnage/Calibration du spectrometre

L’étalonnage du spectromeétre de masse ou calibrétionnaissance de & passage de a
pi) se fait habituellement en combinant la relatipactrométrique (2) avec la perte de masse
de I'échantillonAm (7) pour obtenir la sensibilité (8):

N
am= Y SxM, @)
s=(scvm ) lamyZR)3 " (1vT) & ®

ou s est la section de l'orifice, C son coefficiedtg Clausing, t le temps et i=1 a n

correspondant aux différents paliers de températuee produitslﬁd’t sont obtenus par

intégration de I'observation spectrométrique tautang de I'expérience.

Pour plusieurs espéces gazeuses j en présengeebsion devient:

5 = seyM, /am/2R]Y.

p
=

(i S/S W(hﬁ)idi] ©)

i=1

i = 1 a n correspondant aux différents paliers alepérature de I'expérience, j au nombre
d’espéces. Cette derniére expression nécessitdesaibnnaitre soit d’estimer les rapports de
sensibilité ¥ rapportés a une sensibilité de référence S

[.2.4.  Description du spectrométre

La cellule d’effusion est couplée avec un spectitoende masse. Le spectrométre se compose
de trois parties principales: la source d'ionsydilyseur de masse et la détection (Figure I-5).
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> La source d’ions

La chambre d’ionisation est en p-métal (protectiontre les champs magnétiques parasites)
et assure I'extraction des ions a I'aide d’uneillend «immersion» et d’un repousseur d’ions.
Les ions extraits sont ensuite accélérés et faslipar une lentille électrostatique
fonctionnant entre 5000 V et la masse avant detp#ndans I'analyseur de masse. La
chambre d’ionisation est munie d’'un diaphragme wém ajustable afin de collimater le
faisceau venant de la cellule d’effusion. Ce systgrarmet de s’'assurer que les molécules

ionisées sont bien issues de la cellule mais limitesi le volume d’ionisation.

Figure I-5: Photographie du spectroméetre de masseS#MAP. 1: Réacteur a cellule d’effusion
simple, 2: Enceinte four, 3: Détection des ionsChamp magnétique, 5:,Mq., 6: Enceinte source
des ions, 7: Armoire régulation gaz (ArH,O), 8: Systéeme électromécanique asservi de

positionnement du réacteur, 9: Générateur d’iode.
La source d’ionisation est soudée a un piege feoidzerre rempli d’azote liquide situé au-

dessus de la chambre. Ceci permet d'éviter la apanation des composés issus du jet

moléculaire utile qui se seraient condensés supddie haute de la source en cours
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d’expérience. Le piege permet aussi un meilleue Vatal (diminution trés nette du spectre
résiduel du vide source).

Deux filaments en tungsténe chauffés par circulatiun courant assurent une émission
réguliere d’électrons tout en les maintenant a otertiel fixe — potentiel d’ionisation—
compris entre -4 et -80 V par rapport a la chantbienisation. Le systeme a 2 filaments est
préféré au cas d’'un filament simple car il permet meilleure homogénéisation de la densité
des électrons dans la chambre et un doublementodtar d’ions. Ces filaments sont
responsables de I'échauffement des parois de Ianlmiea d’ionisation qui sont a une
température proche de 600 K dans une source dfionsrefroidie a I'azote liquide ce qui
provogue des réactions secondaires des produitsséigen cours d’expérience. Dans notre
cas il n'y a plus dévaporation secondaire puisgos produits sont piégés. De plus, les
dépots de molécules sur les parois de la chambeishtion sont faibles (de 10 a 50 fois par
rapport a un montage classique) car le jet moléeukst issu d’'un systéme de collimation
dite «restreinte» [16]. Les avantages de ce diipasint plus particulierement exposés dans
le chapitre portant sur I'évaporation de CsOH(sdjt le chapitre 1. L’absence de collisions
entre le jet moléculaire (utilisé pour 'analyséuae quelconque paroi garantie des propriétés

de température et de pression des molécules ésudipeisentatives de la cellule d’effusion.

La tension d’accélération des ions est obtenuaiparalimentation FUG-0-6500V de stabilité
inférieure & 18 commandée par une interface IEEE.

La source d’ions est aussi munie d’'une fente figefacalisation des ions et d'une fente
d’ouverture (réglage manuel) qui permet d’affines pics en vue d’une meilleure résolution

en éliminant une partie des aberrations. L’inténgihique est alors un peu plus faible.

» L'analyseur de masse

L’analyse de masse est faite par un prisme magrectig rayon 30,5 cm et d’andgle= 90°
(d’origine «Nuclide Corporation» - 1967). Le champgnétique peut varierentre O et 1 T. Le
bobinage a été modifié par la société Drusch ponctfonner a basse tension et le champ
magnétique est régulé par une alimentation DrusmifiBik (0-60 V, 0-10 A) de stabilité

2.10° munie d’'une interface IEEE.
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L’ensemble source et prisme magnétique assurenttranemissionm constante des ions
quelle que soit la masse mesurée. C’est une cdsdicfgée avantageuse (par rapport aux
quadrupoles) des prismes magnétiques lorsque l@eesod’ions sont de types purement

électrostatiques et correctement protégees despsharagnéetiques.

La résolution du spectrométre, qui dépend des t@arsiiques du prisme magnétique, est de
maniere générale définie par la plus grande masselaquelle un critére établi au préalable
est respecté [17]. Pour notre spectrométre, noogsaketenu comme critere «la hauteur de
vallée » qui exprime la résolution comme la plusngle masse a laquelle deux pics adjacents
d’intensité équivalente, séparés par une unité dssenatomique, présente une hauteur de
vallée entre les deux pics inférieure a un cerf@rcentage de l'intensité du pic. Le
pourcentage choisi est de 10% et aikidiH doit étre inférieure ou égale a 0.1 (Figure.l-6
Ce critére permet de nous assurer que lors desamnéde l'intensité d’'un pic (qui est faite au
sommet du pic), cette mesure n'est pas interféegdg présence du pied du pic adjacent.

Dans notre cas, le spectrometre possede une 1iésatd00.

R\
WA

- \/
,(\ AH
// \\ }

ST Lz i
99 100 101 102
Mass {amu)

Figure I-6: Résolution entre deux pics adjaceniaténsité H et de hauteur de vallée.

> La détection
La détection peut se faire selon deux modes:

* une cage Faraday équipée d’'un électrometre KEITHIDEOHele 6517A permettant de
détecter des courants d’ions >£@\.
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e un multiplicateur d’électrons ETP 1000 (dynodesMg)) de dimension réduite congue
pour le comptage d’'impulsions (réduction des tedgtansit et pulses de 2-3 ns).
Le bruit de fond est inférieur & 1 coup.pour un gain de 70a 10 électrons par ion
incident. Un préamplificateur rapide ORTEC 9327 neet forme le signal. Nous
disposons ensuite de deux chaines de comptageulsiops:

0 LEASS
o] Compteur Hewlett Packard modele 53132 A

Ces deux chaines possedent des réglages de sdeigsien d’entrée et de pente pour
discriminer les pulses provenant du bruit de fotettéonique de celles provenant des
ions. Les pulses provenant du bruit de fond ont amgplitude en tension tres faible
(< 0,15 mV en sortie du préamplificateur) mais swés nombreuses (18*) tandis que
celles provenant des ions correspondent a des tangdi de 0,8 a 1V. Entre ces deux
séries, lorsque le multiplicateur est en bon dtatiste une bande sans aucune pulse. La
séparation entre le bruit de fond et les ions pasauil est donc parfaite.
Malgré les trois blindages existant autour du rplitthteur d’électrons secondaires,
depuis I'extérieur vers l'intérieur, fer ARMCO (poabsorber les champs magnétiques
résiduels), cuivre OFHC (blindage contre les cowsr&t) et p-métal (pour repousser les
champs magnétiques de la zone interne ou estlsitaéltiplicateur), des pulses parasites
(0-1 coup.?) provenant soit des rayons cosmiques soit d'iéterfces électriques par les
alimentations, malgré un transformateur d’isolempativent survenir. Les mesures a tres

bas niveau sont donc a analyser plus finement alvéime retenues.

La télécommande des interfaces et I'acquisitiondiemées se fait avec une station de travail
HP Kayak XM 600 (Ets BOURBAKY, Tournon) sur laguelést implanté un programme

réalisé au SIMaP en langage HT Basic. L'esprit dogramme n’est pas de réaliser des
expériences entierement automatisées mais de poshaoiapter a chaque expérience. Par
exemple, il n'est pas réalisé de balayage sur tzugamme de masse pour obtenir en une
seule fois tous les pics car la résolution segdlilé et cela prendrait beaucoup de temps. Le
programme est constitué de plusieurs commandesegtéires telles que le réglage de la
haute tension, du repousseur d’ions, du champ ntiggeéet de taches scientifiques comme
un balayage sur un pic donné avec ou sans obturdigotention de courbes d’efficacité

d’ionisation ou simplement de mesures d’'intensitéde température. Ces commandes

6 ZA La Batie, BP 38, 38332 St Ismier
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élémentaires sont pilotées a la demande par I'erpétateur au cours des expériences. Des
modules supplémentaires sont régulierement progésren fonction du type d’expérience:

cela a été le cas par exemple pour la conduitéedées et des mesures avec le réacteur CHIP.

[.2.5. Gamme de mesure spectrométrique

La gamme de mesure du spectrométre de masse aérerature est comprise entré® 5
10 bar, ce qui représente respectivement les lintiteségime moléculaire & l'orifice et le
seuil de détection du spectrometre. Si I'on preadgxemple les spécifications de I'IRSN en
terme de concentrations des gaz attendues dangclét rimaire du réacteur en cas

d’accident nucléaire:

Especes gazeuses  Rapport de pressions partieledds | Pressions partielles attendues au
le réacteur (en cas d'accident) en ba spectrométre en bar
Cs/H,0 ou Cs/H 10*a 10 10°a 10°
I/H,0 ou I/H, 10°a 10° 10°a 10°
H,/H,0 10" 10°

Table I-1: comparaison entre la gamme de mesuretspaétrique et les rapports de pression

attendus dans le circuit primaire du réacteur nadlé en conditions accidentelles.

Les pressions totales représentatives de I'étudet étu dela de la limite des mesures du
spectrométre, une détente dé 6t nécessaire. Les concentrations alors atteraluai/eau
du spectrométre de masse a haute température mamtdans la gamme de mesure de

I'appareil (entre 10 et 10* bar).

1.3. METHODE D'INTERPRETATION: 2 EME ET 3EME | O]
DE LA THERMODYNAMIQUE

Dans une configuration avec cellule d'effusion, f@sure spectrométrique conduit a

I'obtention de pressions partielles, et donc ageanination de la constante d’équilibre d’'une
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réaction (vaporisation, dissociation, équilibre gag K, directement liée a I'enthalpie
standard de réactiahG°r par la relation:

A,G°; =-RTInK, (10)
L’enthalpie libre standard,G est elle-méme reliée & I'enthalpigH” et I'entropieA,S de
réaction,

A,G°; =-RTInK, =A H° -TA, S°; (11)

De maniére générale, sur le plan de I'exploitati@s résultats expérimentaux, deux voies
sont possibles pour déterminer I'enthalpie d’uretién:

1- L'application de la 2™ loi de la thermodynamique conduit & la relationvda t'Hoff ou

Clausius Clapeyron:

d(nK,) _-AH°,

= (12)
d(%) R
Cette relation est la dérivée de la relation gdaéra
|nKp:_ArGT Z_ArH T__ArST (13)
RT RT R

Comme Kp peut étre décomposée a partir de la aalatpectrométrique P = IT / S en

Kp= Kir - Ksg, la relation (12) devient:

d(nK;) _dInK(IT) _ -AH
d(})  d(dp) R

a condition que la mesure spectrométrique soit mee&acon a ce quesieste bien constant

(14)

(sensibilité constante a lintérieur d’'une méme @ignce). LeAH°t a T moyen de
I'expérience est ainsi directement déterminé. Qiieabune seule valeur pour 'ensemble des

données expérimentales.
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2- La méthode dite de 1a*%° loi (ou de I'entropie nulle & 0 K, un des postsiake la
thermodynamique): si I'expérimentateur est & mémeléterminer les sensibilités par une
calibration adéquate, il est capable de connadseptessions partielles etAgG°r a chaque
température car le Kp(T) est connu. En utilisantelation (11) et connaissant par ailleurs
I'entropie, et donc la fonction d’énergie libre Kekf en anglais), il déterminggH°t pour

chaque mesure de température via la relation:

A H°; =-RTInK, —~TAFel°, (15)

r

La fonction d’énergie libre Fel et définie par:

fel = G'(T) = H_I_(298'15 K) (dans les tables la fonction tabulée souventfeft —  (16)

A partir de la relation G°(T) = H°(T) - TS°(T) omautit a:

_[Go(T) - Ho(T)] =[ Ho(T) - H°(298.15K] [G (T)- H (298.1K))

(M= T T T (17)
Et done - fel(T) = —s(r) + 1H M= H;(298'15 K)] (18)
En utilisant la relation (11) on obtient pour ugagtion:

w:A, feI(T)+A’HO(2Tg8'15K) =-RInK (T) (19)
D'ou I'expression de la'3"™oi:

A H® e815¢) = —RTINK (T) =TA, fel*; (20)
Avec: AFel = Fel (produits) — Fel (réactifs). (21)

La fonction d'énergie libre Fel est tabulée pous kEspeces gazeuses comme CsOH(g),
Cs0.Hy(g) etc... dans differentes compilations, Gurvich et al.]JABANAF [19] ou bien
doit étre évaluée indépendamment. L’'exploitatios dEsultats par la troisieme loi demande
alors un travail plus important qui fait appel asdmodéles d’estimation des fonctions
thermodynamiques. Cela requiert pour le spectrastétune culture scientifique plus vaste.

En contre partie, I'exploitation par la troisienoe ést en général plus fiable [13].
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|.4. PROPRIETES THERMODYNAMIQUES DU SYSTEME
CS-1-O-H

Le diagramme de phase du systeme Cs-I-O-H estréeser la figure I-7 qui rassemble
'ensemble des composés solides, liquides ou gab&adires soit connus, soit répertoriés
dans les tables thermodynamiques. La section pbsale Csl-CsOH est la section de
basses pressions car ce sont ces composés qui@asées pressions de vapeur les plus

faibles.

Point de composition
initiale (a T1)

Y2 O, (9)
CsH7

Ligne de
condensation

Cs Csls,L.9) Yl,
Figure |-7: Esquisse du diagramme de phase du systguaternaire Cs-I-O-H

Les molécules les plus stables sont alors: CsOHQKD, Csl, Csl,, Csls et Csls. Ces
molécules gazeuses ont été étudiées par specti@ndétrmasse. De plus, Blackburn et
Johnson [11] ont mis en évidence la présence dwelle molécule mixte GOH(g) qui
selon eux pourrait étre trés stable. Le transpeliitidde pourrait alors étre influencé par cette
nouvelle molécule. En effet, Blackburn et Johnsoihddune part:

* identifié la molécule complexe CsSOHCsI ({3H).

» estimé le coefficient d’interaction de la solutiaquide CsOH-Csl.

Ce sont ces «réalités» chimiques qui nous ont gedmipenser que l'introduction d’iode

pourrait précipiter des composés a base de Cs\aawide la cellule de recombinaison
(analogue de la bréche en branche chaude). C'asgpai les données de base de ces
produits ont été ré-analysées et au besoin desmdgtions plus fiables réalisées et dans un

contexte renouvelé.
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[.4.1. Données thermodynamiques sur le systeme Cs-O-H

La réaction entre le Cs et@ en conditions accidentelles donne CsOH(s, | oqugkst alors
un des principaux composés du circuit primaire. rPoeite raison et compte-tenu des
concentrations de gaz injectés dans le réacteermttinétique CHIP», les rapports C£H

a examiner permettent d’envisager d'injecter les@Qss forme de CsOH (transporté par I'Ar).

Cependant, dans la littérature, les propriétésnbdynamiques associées a CsOidHe
sont pas toujours en accord en termes de composigda phase gazeuse, de pressions de
vapeur, de fraction exacte du dimére et d’enthalgielissociation de la réaction,OsH(Q)

< 2 CsOH(g). La vaporisation du CsOH(s,I) par SMHhap. Il) a été entreprise afin de
caractériser la phase vapeur et d’obtenir des dmntin@rmodynamiques plus justes que celles
proposeées jusqu’a présent dans la banque SGTHEHa6¢e sur les données de Gurvich et al.
[18]) utilisée dans les outils de simulation num@ee des accidents graves. Les efforts

entrepris ont porté sur:

» La préparation de CsOH(s,l) pur a partir du prodainmercial monohydraté en se basant
sur les travaux de Rollet et al. [21]. L’éliminatiale I'eau peut se faire & partir d’'un
dégazage préliminaire sous vide primaire. L'échlanticommercial de CsOH-® mis
dans sa cellule (creuset+couvercle) est dégazéwsdeigpendant 16 a 20 heures a 443 K
(fig. 1-8), ensuite I'ensemble a été chauffé lergamjusqu’a 623 K pendant environ 2
heures ce qui conduit a la fusion du produit. L'edure de la cellule se fait en présence
d’azote. Il est possible de casser le vide aveladgon ou avec de l'air sec, I'eau étant
I'élément qui réagit le plus avec le CsOH. Cettecpdure est analogue a celle appliquée
par Konings et Cordfunke [22]. Le stockage du ceeuwsnsi préparé se fait dans un
dessiccateur lorsqu’il n’est pas utilisé instantaast. Différentes pesées ont montré que

dans ces conditions le produit présentait unegepfeau négligeable.
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Figure 1-8: Schéma du principe de distillation paporisation du CsOH-$O

» Le choix du matériau a utiliser pour le conteneecevant CsOH dans le réacteur
thermocinétique qui doit répondre a certaines dmmd : résistance a la corrosion,
absence de réaction avec CsOH et mouillabilitétéei Des effets parasites ont été
observés, comme le débordement du CsOH et la diffude surface: la préparation sous
vide des échantillons de CsOH a permis de testeongportement de creusets en MgO
dense, Ni, Pt-Rh et Au. Lors de ces préparatioas,dEbordements par le couvercle du
creuset ont fréequemment été observés. Dans celeaasjvercle est plus au moins scellé
par le produit qui n'a pas été attribué précisénanproduit hydraté ou au produit final
(CsOH anhydre). Contrairement a la MgO dense, déeisgt en Pt-Rh semble le mieux
adapté pour ce type d’étude. Les expériences speétriques faites avec ces creusets ont
montré un débordement continu du produit par ioeifd’ effusion -observation d’auréoles
plus au moins denses sur la surface extérieure daps certains cas, le collage de
'enveloppe extérieure sur la cellule et méme dodpit qui se répand jusqu’au
thermocouple situé sous la cellule.

» La détermination d’'un palier de fusion a=T649 + 2 K plus élevé que celui proposé dans
la littérature T=623 K. Nous avons observée ['évaporation d'easiduklle par

spectrométrie de masse en deébut d’expérience, -aelllisparaissant ensuite par
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distillation due a I'effusion. En effet, la temptinee de fusion proposée par Rollet et al.
[21] pourrait ne pas correspondre a un composélpur la présence d’eau résiduelle dans
leur échantillon lors des analyses par ATD (Analy$ermique Différentielle): ceci

explique la différence par rapport a nos mesuigs|{b)

T/ K
/ Our value

21649 + 2

[ 623

Rollet
et al.

H,O Cs,0O

L

A

CsOH

Figure 1-9: Diagramme de phase solide-liquide CsGHO (c6té CsOH(s,|) proposé par Rollet et al)

[21] avec une forme aplatie anormale qui serait dua présence d’eau résiduelle non analysée.

» La détermination de la composition de la phase wsze CsOH(g), GO.H2(g),
Cs05H3(g) (< 6 10° CsOH(g)) et quelques traces d’eapOH(< 100ppm) au début de
chaque expérience. La molécule trimere a été nms&viglence pour la premiere fois lors
de ce travail. Les enthalpies de formation du magrenet du dimere ont été déterminées
via la *™ et la £™|ois de la thermodynamique.

» L’analyse critique des données de la littératurgw@nde proposer des valeurs améliorées.
Les données issues de ce travail conduisent a ssigns 30% en dessous de celles

proposeées par Gurvich et al. [18] . Le transpor€des’en trouvera réduit.

[.4.2.  Données thermodynamiques sur le systeme Cs-I

Jusqu’a présent, dans les conditions d'un accideate, il est admis au vu des calculs
thermodynamiques que l'iode est transportée majoginent sous forme de Csl et de son
dimére. Le Csl a été étudié en phase solide, l@atdgjazeuse. Cependant, pour la phase gaz,

entre 900 a 1500 K (température de la breche ercbeachaude), les données de la littérature
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sont trés dispersées. L'analyse thermodynamiqueitafue de ce systéeme a été faite (chap.

[ll) et a montré que:

» Les données thermodynamiques de la phase solidecoérentes.

» A température élevée, la fraction du dimere esjeliarent supérieure a celle proposée par
Glushko et al. [23] (données actuellement répe¥éaridans la base SGTE utilisée pour la
simulation de I'accident grave).

» Les pressions totales données lors des étudesrgiiaates montrent systématiquement
des pressions plus élevées par rapport a Glushdoeat phase liquide.

L’analyse critique des données de la littératutatikee & Csl en incluant les diverses études

publiées depuis la compilation de Glushko et atanis la sélection d’'une nouvelle enthalpie

de dimérisation pour le €ls(g), donc des enthalpies de formation du mononiede dimeére,
ainsi qu’une correction de I'enthalpie de fusion@(s) et de la chaleur spécifique de CsiI(l).

Les pressions de vapeurs recalculées sur le Cslgmirde 15 a 20% plus élevées par rapport

a celles fournies par Glushko et al. [23]. Le tms de l'iode par les différentes formes du

Csl sera donc plus conséquent.

[.4.3.  Thermodynamique du systéme Csl|-CsOH

Le mélange Csl-CsOH a été étudié par Blackburmteisbn [11] a I'aide d’'un spectrométre
de masse quadrupolaire. Les auteurs ont mesumgudesités d’'ions diméres g5et CsOH"
supérieures a celles obtenues lors de la vapansdgs composées purs Csl(g) et CsOH(g).
lIs ont attribué cette augmentation a la présengeednouvelle molécule mixte gOH(Q)

qui donnerait essentiellement 081" selon le processus d’ionisation suivant:

CslOH(g) + € — CsOH'(g) +1(g) + 2¢ (22)

Tout comme pour les diméres des composés pury/ i pas de phénomenes d’ionisation
adiabatique conduisant a I'ion parentlC#4*, phénomeéne typique des molécules a caractére
ionique [24]: ceci est due aux valeurs relatives petentiels d’ionisation de Cs, de I'affinité
électronique de I'halogéne et des énergies de<rdiffes liaisons dans la molécule.
L’existence de la molécule mixte va probablemengjaun rdle qui s’ajoute a celui du Csl et
de son dimere, dans le transport de l'iode en ¢mmdi accidentelles.

38



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

Compte-tenu des superpositions entre les mémesviemant de différentes origines, nous
avons préparé des échantillons de compositionérdiffes pour produire en phase gazeuse
des proportions de molécules différentes puisqse plessions de vapeur dépendent de
I'activité en phase condensée. Ce choix étaitldiais suggéré par Blackburn et Johnson [11].
Deux mélanges CsI-CsOH ont été préparés, un ricl@s©H (fraction molaire CsOH: 0.77-
0.79) et un riche en Csl (fraction molaire en @s&3-0.86). Ces mélanges ont été vaporisés
au SMHT dans la gamme de température 650-860 Kp(chg, gamme légerement plus
faible que celle utilisée par Blackburn et Johndoe a une meilleure sensibilité de notre
spectrométre de masse. Ce fait présente aussntaya d’'une meilleure analyse des vapeurs
car I'évolution de la composition du liquide (etrjaat du gaz) avec le processus d’effusion

est plus restreint.

Les résultats obtenus ont montré une augmentationrale des quantités des ions diméres
Csl” et CSOH" par rapport aux corps purs. Ceci confirme la présale C40OH(g) comme
suggéré par Blackburn et Johnson. Cependant, ys@mates rapports d’intensité pour
différentes compositions du mélange CsOH-Csl pppoes aux corps purs a montré que
I'lonisation de la molécule mixte est dissociativen pas selon le seul processus évoqué par
Blackburn et Johnson mais selon cing processusatbriieu aux ions fragments: £3H",
Csl*, CS, CsOH et Csl. Pour une seule composition de mélange, les dearigrs ions ne
peuvent pas étre détectés ensemble a cause dpeipasition des ions avec ceux issus de
I'ionisation des diméres @3,H(g) et Cslx(g). L'ion Cs est toujours présent alors que les
ions CsOH et Csl s’ajoutent aux ions issus des monomeéres pareatprésence d’ions
fragments Csl+ et CsOH+ — non mise en évidenceBfakburn et Johnson — a été rendue
possible grace a la compilation critique des dosrde vaporisation de ces corps purs —
notamment les constantes de dimerisation — mais pas les expériences que nous avons
réalisées sur CsOH(s,l). Pour Csl(s), des expé&gepriliminaires de vaporisation ont permis

de fixer les rapports d’ions sur le corps pur.

Apres analyse par étape des difféerentes contribsitibions, les pressions de vapeur relatives

a la molécule G$OH(g) ont été établies et la constante d’équilikpede la réaction:

Csl(g) + CsOH(g) = G#OH(9) (23)
K, (T) = p(Cs,IOH) (24)
p(Csl) Lp(CsOH)
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a été calculée et comparée a celle proposée pekiiie et Johnson [11] (fig. I-10).

CsOH(g) + Csl(g) = Cs »,IOH (g)

18 T T T
l l l
16 4 ——— == === = e s {*’3 ,,,,,,,,,
: : o A a
14 | GO
8 [P i §---9 ________
e 2O |
12 oo SV s N AR
A da = o) o O | |
| | |
A
L R e
X | | |
= , , ,
- 8”*************A****A***’ ***** @ Blackburn & Johnson original -
AA 4 * O X(CsOH)=0.170
6””””"{”‘2’”’6 ””””” A X(CsOH)=0.145 N
i §97 B 707 777777777777777 O X(Csl)=0.210 N
0O X(Csl)=0.226
i O Blackburn & Johnson corrected/Cs202H2(g) |- -
A Blackburn & Johnson corrected/CsOH(g)
0 T T T T T
10 11 12 13 14 15 16

10T (K)

Figure I-10: Comparaison entre les données de Biaok et Johnson (originales et corrigées) et nos
mesures expérimentales pour la réaction CsOH(g)sKd} = CsIOH(g) avec prise en compte de la

totalité des ions provenant de la molécule mix®QOE" + Cs,I"+ Cs" + Csl'+ CsOH' (cf. chapitre
IV).

Les corrections appliquées aux données de Blackbudohnson sont dues au fait que les
auteurs ont sous-estimé les pressions du dimés©,Bgg) (1I*° correction) et par

conséquent surévalué les pressions de CsBF (drrection) comme cela a été montré lors
de I'étude de la vaporisation de CsOH et dans mapilation critique des données (Chap. II).
Les pressions mesurées dans ce travail sont puged d’'un facteur 13 par rapport a celles
de Blackburn et Johnson. Ceci s’explique par lagpgn compte du processus d’ionisation

complet de la molécule mixte contrairement a I'étpdécédente.

Les propriétés thermodynamiques delOs! (g) (S+, Fel, C°p) ont été évaluées de la fagon

suivante:

» Tout d’'abord par estimation de la géométrie de tdéoule mixte par analogie aux deux
diméres purs Gi(g) et CsO,H,(g) et sur la base du modéle ionique de Pauling 285

appligué aux molécules appartenant a la famillehdésgénures alcalins comme NacCl et
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leurs dimeres. Ce modele permet l'optimisation de géométrie (distances inter
atomiques) par calcul de I'énergie de liaison malegret donc de I'état le plus stable de la
molécule.

» Calculs des fonctions d’énergies libres de la md&anixte a l'aide des méthodes
statistiques exposeées dans les tables JANAF (1298et Gurvich et al. [27] en utilisant
la formulation correspondante au «vibrateur odeilla harmonique rigide, pour les
molécules polyatomiques non linéaires». Ces méthpdeEnnent en compte dans le calcul
de l'entropie les quatre contributions suivantesanglation et rotation, vibration,
électronique et les corrections anharmoniques.

o Translation et rotation: cette contribution sunti®pie peut étre calculée a I'aide de

I’équation proposée par Margrave (1967) [28] suigan

St =6.8634logM +18302590gT - 4.5756logo +2.28780og (I ,I ;1) 10" —2.3493
(en cal.molé.K™) (25)

ou M est la masse molairgJglc le produit des trois moments d’inertie principalex
la molécule, T la température ®le nombre de symétrie. Le nombre de symétrie est
obtenu apres détermination du nombre de configuratnon distinctes dans laquelle
la molécule peut tourner par simple rotation rigidea partir du groupe de symétrie
de la molécule [28]. Les moments d’inertie sonirdéfpar les longueurs de liaison et
les angles. lls peuvent étre soit évalués par gpEdpie, soit calculés selon la
méthode de Hirschfelder [29] dans le cas des mi@éaompliquées -comme pour la
molécule mixte- pour lesquelles la déterminationddections des axes principaux
n'est pas simple.

o Vibration: la contribution vibrationnelle a lI'enppee est évaluée par la relation
suivante:S’tr =1.9873u e /(1-e#)-4.57560g(1l-e#) cal.mole*.K™ (26)
avec u=(14388T)e ou o est la fréequence fondamentale d'un oscillateur

harmonique en nombre d’onde.
o Electronique: la contribution électronique a l'eqie s'évalue a partir des niveaux

électroniques; et de leur poids statistiqueagl’aide de la relation suivante,

0 £ g e 43T
ST= 2.8T59:LZZ:: Iggle‘l-éle,gasi T 4'5756092 gie—1.4388€i " calmole™K™ (27)
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En régle générale, et en I'absence d’informaticiéqaates, seul I'état fondamental est
considéré, soit; = 0 (pas de contribution significative des niveawxités des molécules
polyatomiques) [28]. Le poids statistigugg1l dans le cas ou le composé est a valence
saturée et donc il n'y a pas de contribution étegtiue. Si la molécule posséde un seul
électron célibataire, g = 2S+1 avec S = n/2 (rombre d’électrons manquants).

o Corrections anharmoniques: celles-ci sont négligdass le cas des molécules

polyatomiques non linéaires car elles sont dificient évaluables.

L’entropie finale est obtenue aprées prise en condete différentes contributions et les
fonctions d’énergie libre sont déduites par laesaipartir de I'équation (18).

« Aprés évaluation des fonctions d’énergie librealenblécule mixte, 2’2" et la ™ lois
de la thermodynamique ont été utilisées pour cafcliénthalpie de la réaction pour
chaque expérience: Csl(g) + CsOH(qg) 3108i(g)
L’enthalpie moyenne de réaction est égal& Bl 25 15= -172 + 12 kJ.molé
En utilisant notre sélection d’enthalpies de foloratdes corps purs Csl(g) et CsOH(g),
I'enthalpie de formation de GOH(g) a été calculéeAsH o515 -577.97 + 13 kJ.molk

En conclusion, le présent travail sur cette mokqédrmet d’enrichir les bases de données
thermodynamiques qui permettent le calcul du trarispe l'iode dans le cas d’accidents
graves. La stabilité de cette molécule relativemamx vapeurs des corps purs permet
d’affirmer qu’elle participe effectivement de facaomtable au transport de llode sauf a

envisager une barriére cinétique conséquente.

|.5. ETUDE CINETIQUE: REACTEUR THERMOCINETIQUE
CHIP

Dans le cas d’'un accident grave et pour une certzatégorie de scenarii, le temps de séjour
des gaz et vapeurs entre le coeur du réacteubetdhe en branche chaude du circuit primaire
est de l'ordre de 1 a 10 s. Les composeés présanmts & phase gazeuse au départ ont
probablement une forme dissociée, c'est-a-dire nit@j@ment atomique, ou diatomique

simple ou méme radicale. Pour une phase vapeur dgmaoles principales réactions de
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recombinaison qui peuvent avoir lieu lors de leedtd et du refroidissement sont par exemple

du type:

Cs(9) + 1(9)— Csl(9) (28)

Cs(g) + OH(g)— CsOH(g) (29)

Cs(g) + HO(g) — CsOH(g)+H(g) etc.... (30)

Ce type de schéma réactionnel a été examiné patreCat Krausmann [7] afin de
comprendre I'exces de production d’iode au niveaulacbréche par rapport a un simple calcul
thermodynamique. Il en ressort qu'il est importatdnalyser les réactions qui peuvent
présenter une limitation cinétique. Ainsi, le ré&ctthermocinétique CHIP a été congu non
seulement afin de donner un diagnostic des espeéssntes a la branche chaude, mais aussi

afin d’évaluer les constantes cinétiques a I'aide douplage avec le SMHT (chap. V).

[.5.1. Conception du réacteur

Compte tenu des tres faibles valeurs de flux deogade vapeur a introduire dans le «réacteur
thermocinétique» (flux effusif au spectrometre dasse) un calcul selon la formule de
I’écoulement laminaire (loi de Hagen-Poiseuilleformule de Newton) [30] montre que des
buses de quelques microns doivent étre utilisédsesudes capillaires tres longs. Cependant,
en présence de vapeurs condensables (CsOH par lexeseples des buses maintenues a
haute température sont utilisables a cause dessi@mss d’introduction et du régime
d’écoulement (figure 1-11). Les difficultés prinaips sont alors — (i) le passage de pressions
relativement élevées (quelques mbar a 1 bar) aeanivdes lignes d’introduction a des
pressions faibles correspondant & I'écoulementsiéfiix 10* bar) qui impose une bonne
tenue mécanique a chaud, - (ii) la corrosion detaie chimique des matériaux des buses par

rapports aux produits introduits.
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T

, 10* bar

Gaz 2 | " Tera > ondShectrométs
| 1800K  |900 -1300 K

Figure I-11: réacteur idéal pour le diagnostic ctigie

Une étude bibliographique n'a pas permis d'idestifie matériau adéquat qui assurerait
toutes ces exigences au niveau méme de la celtulerajuage qui doit étre portée pour
I'étude aux environs de 1900 a 2000 K. Une solutimpins contraignante a été envisagée:
elle consiste a abaisser le niveau de températsebdses d’injection afin de résoudre a la
fois les problémes de tenue mécanique et d’étatécheus vide et de diminuer les niveaux de
corrosion (figure 1-12), tout en espérant que deglensats ne viendront pas se produire dans

les lignes entre buse et craqueur (une certaindatl sera nécessaire).

Buses

Spectrometre
—>

Gaz 2..

Gazl ——> : ' ‘ ‘

+ Sources
T sour. T int / T craq. T bréche

Figure I-12: réacteur possible a réaliser

C’est sur ce principe que le réacteur thermocinétiGHIP a été congu en collaboration avec
le LR2E’ pour étudier le systéme Cs-1-O-H. Le dispositip@&xmental complet peut étre
divisé en 4 éléments principaux:
» un générateur d'iode moléculaire gazeux et un géeér d’hydrogéne/vapeur d’eau
(disposant d’'une armoire gaz sécurisée), tous ditugs a I'extérieur du réacteur ;

7 Laboratoire de Réalisation des Equipements Exgériaux, de la DPAM/IRSN
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» trois lignes d'injections avec gaz porteur Ar dane ligne avec iode, l'autre avec la
vapeur d’eau et/ou I'hydrogéne ;

» un réacteur thermocinétique situé entierement gmgsaccueillant en partie basse les
trois lignes d’injections ;

» une colonne de fours instrumentés assurant le fdguindépendant de chacun des 4
étages du réacteur;

» et un spectrometre de masse de type magnétiqud oalyse de la phase gazeuse du

effusant du dernier étage du réacteur (spectrordat@MaP).

[.5.2.  Descriptif du réacteur thermocinétique

Le réacteur thermocinétique consiste en trois asseriddépendantes de gaz, a savoir:
mélange Ar/J, mélange Ar/CsOH (CsOH source de Cs) et mélange At,O (fig. I-13).
Ces trois arrivées passent par des buses (étaged®bouchent ensuite dans une zone de
mélange et de décomposition des espéces qui esn@orcraqueur » (étage 3) qui est
maintenue a haute température (1900 K) pour repireésdes vapeurs issues du cceur du
réacteur nucléaire en conditions accidentellescr@gueur communique via un tube avec une
zone de recombinaison dite « condenseur » (étagenf)lant certaines conditions de la
bréche en branche chaude (1000-1500 K). Les réactie recombinaison au niveau de cette
cellule seront déduites d’'une analyse par spectriende masse des composés formés qui

transitent via un orifice d’effusion.

Le CsOH est préalablement introduit dans I'étage«laporateur CsOH» du réacteur
thermocinétique ou la température sera inférieud®@0 K. Il sera entrainé par I'argon.
Compte tenu des températures de vaporisation agel'(< 120°C), le générateur d’iode est
disposé dans un bain thermostatique (dispositif BTdu SIMaP) extérieur & I'enceinte a
vide du spectrometre. L'iode est entrainé par wrantt d’argon, le mélangeHAr est régulé

en pression au sein du générateur iode (a l'aide dhanomeétre a capacitance chauffé
Baratron type 631A MKS) et transporté par un tuyau thermostaté jusquéatiée du

réacteur. Pour le générateur vapeur d’eau/hydrogdémaontage retenu est celui Contréleur
d’Evaporation et de Mélange CEM «BronkhdYst sous vide. Nous n’utiliserons que des

lignes d’introduction régulées en pressions amd@pisssiostats et non débitmetres) (voir
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annexe |-A). Pour le mélangeM,0/Ar, la concentration de chaque gaz est contrdlpartir
de la température et des débits d'introduction ghes et le résultat du mélange est ensuite

pressurisé a I'entrée de la ligne.
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Figure I-13: Schéma des gaz et vapeurs dans lgaeaathermocinétique CHIP

[.5.3. Régime d’écoulement

Un flux de gaz en écoulement dans une canalispiahétre caractérisé en relation avec trois
régimes d’écoulement:

* le régime moléculaire

* le régime de transition

46



Chapitre I: Motivation de I'étude et outils sciditfues d’analyses

* le régime visqueux

Le nombre de Knudsen Kn permet de déterminer daelsrggime d’écoulement se trouve

une canalisation. Il se calcule par:

d
Kn=- 31
y (31)

ou d est le diametre de la canalisatioh est le libre parcours moyen des molécules dans le
gaz a cet endroih est défini par la relation:
KT

Cpa2w

Ou k est la constante de Boltzmann (k = 1,38068.1(K), T est la température (en Kelvin),

p) (32)

p est la pression (en Pascal)oeest la section efficace de I'espece gazeuse atnésiden

m2).

Les différents régimes d’écoulements sont défirpardir du nombre de Knudsen comme suit:
* si K< 3, I'écoulement est moléculaire, c’est a dire lgory a que des collisions avec

les parois,
* si3<K <80, le régime est dit transitoire (entre molégel@t visqueux),

* si K= 80, I'ecoulement est visqueux. L’écoulement visgupeut étre de deux types:
laminaire ou turbulent. La distinction entre cesxdégypes se fait grace au nombre de
Reynolds qui se calcule pour la canalisation par:

Re= 0153312 (33)
ni@ d

ou M est la masse molaire du gaz considgrésa viscosité a la pression et température
considéréee, T la température, Q le flux volumigaedla canalisation et d le diametre de la
canalisation, tous ces parametres étant exprimésitds S.l. On distingue deux cas:

» si Re > 2200, I'écoulement est sGrement turbulent,

> siRe <1200, I'écoulement est sirement laminaire.

L’ensemble de ces concepts a été utilisé dans ke @réliminaire par L. Michelutti [10]

pour concevoir et dimensionner I'écoulement danmgéeteur. Ainsi, les lignes d’'introduction
doivent étre en régime laminaire afin d’éviter toatour de gaz. Les buses doivent
fonctionner en régime laminaire choqué [31] afin passer directement en régime
moléculaire. Le reste du réacteur doit étre emmnégi’écoulement moléculaire [15] condition

essentielle pour la détection spectrométrique. abdation de ces régimes a été faite en
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calculant les libres parcours moyengt le nombre de Knudsen pour le régime moléculaire
Les dimensions des cellules et orifices pour undigaration du réacteur (fonctionnement en

mode thermodynamique) sont présentées sur le taba

Diamétre/mm Longueur/mm
Buses Arl/l, 0.05 0.5 dont chanfrein deg
0.2 mm
Ar/H,/H,0 0.05 0.5 dont chanfrein de
0.2 mm
Ar/CsOH 0.1 0.5 dont chanfrein de
0.05 mm
Tube de connexion buse-craqueur 8.9 72
Craqueur cellule 38 ~ 20 (espace utile)
Orifice d’entrée gaz 0.3 4
Orifice de sortie gaz 4 4
Tube de transfert craqueur-condenseur 12 72.5
condenseur cellule 38 ~ 20 (espace utile)
orifice d’entrée gaz 4 4
Orifice d’effusion 2 2

Tableau I-2: Dimensions des cellules et des osfide la configuration actuelle du réacteur CHIP.
Les dimensions des orifices d’entrée et sortie weaq ainsi que I'orifice d’entrée condenseur peuven
é_trg _modifiées selon le mode de fonctionnement édwteur: mode thermodynamique ou mode
cinétique.

Afin de respecter le fonctionnement du réacteuteeme de régime d’écoulement au niveau
des buses, celles-ci doivent avoir un diamétrepeti (50 pum de diametre et 500 um de long
pour les buses d’introduction A¢/let Ar/Hy/H,O et 100 um par 500 um pour la ligne
Ar/CsOH). La pression a ce niveau étant forte wassade I'enceinte a vide du spectrometre
de masse, il faut des lignes soudées étanchesaté&riau choisi est le Nickel pour la partie
basse du réacteur dont la température n'excedd2@3 K (jusqu’aux buses incluses). Le
reste du réacteur travaillant a haute températ@BHQ-1000 K) fonctionne en régime
moléculaire ce qui évite des problemes majeursaadattéité d’'une part et facilite le choix du
matériau qui peut étre une céramique (alumine poe} forme d’empilement de disques et
de tubes correctement ajustés (fig. I-14 et I-LB)dernier étage — condenseur — doit de toute

facon travailler en régime moléculaire pour lesoiresde la détection spectrométrique.
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9

Figure 1-14: Photos du réacteur CHIP et de la calerdes fours instrumentés. 1: amenées de courant
en Cu avec tresse d’isolement. 2: four de I'étaggpérateur CsOH. 3: four de I'étage buses. 4: four
de I'étage craqueur. 5: four de I'étage condensd@urthermocouples. 7: arrivée des 3 lignes de gaz.

8: circuits de refroidissement. 9: évaporateur CsQB: trois buses. 11: craqueur. 12: condenseur

Figure I-15: assemblage et montage du réacteurt{pa¥ickel et partie alumine) dans les fours. 1:

cellule condenseur, 2: cellule craqueur, 3: conoagitubulaires, 4: thermocouples, 5: four buses, 6:

four craqueur
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L’assemblage du réacteur se fait étape par étapssamblant tout d’abord la partie basse du
réacteur en Nickel avec la partie en céramique lempnt) et les fours instrumentés un par

un tout en vérifiant I'alignement de chaque compbsans le réacteur (fig. 1-15).

Ce réacteur thermocinétique a 4 étages composg&iiar600 pieces (lréalisé de ce type

pour des études en phase gazeuse a haute tempgestutle grande complexité et a nécessité

deux années de mise au point. Sa conception a elodm@ en compte les principales

contraintes suivantes:

* volume disponible réduit de I'enceinte du spectrivende masse,

« étanchéité élevée pour étre compatible avec le pidissé (18 bars) du spectrométre de
masse,

» forts gradients de température entre les différétatiges du réacteur,

» faibles dilatations thermiques tolérées,

« compatibilité chimique avec les réactifs utiliséwor{ completement satisfaisante a ce
jour),

» réalisation de buses de tres faibles diameétre)(<pdm) pour atteindre les conductances

requises.

Cette complexité de réalisation associée notammamnte réaction avérée entre I'lode et le
Nickel qui forme Nij(s) au niveau de la buse Arllers 900 K (buse bouchée apres quelques
heures d’utilisation) contrairement aux prédictidhermodynamiques (pas de formation de
Nil»(s) a B 800 K) ne nous a pas permis de mener a bien lele®inétiques initialement
prévues dans ce travail de these. Néanmoins, desde qualification préliminaires ont été
réalisés afin de vérifier le fonctionnement du téacthermocinétique:

v' Les gradients thermiques entre chaque étage dueugaont montré qu'il existe un
gradient thermique régulier et correct entre craquwt condenseur dans une gamme de
température de 900 a 1300 K correspondant a lanéren branche chaude. Au-dela, il
existe un point plus froid.

v Le centrage du réacteur avec le spectrométre dseneapour différentes températures du
condenseur certifie le bon alignement du réactewr gles mesures spectrométriques
fiables.

v' Le dimensionnement pour chaque section du réaét¢aide d’'un calcul préliminaire a

été validé expérimentalement avec I'Ar pour desgioans d'introduction de gaz allant de
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100 a 600 mbar (buse de 50 microns de diamétfE)Ga 400 mbar (buse de 100 microns
de diameétre). Le flux effusif détecté par le spmuietre de masse est strictement
proportionnel aux pressions introduites. Il resgpendant un probléme de coefficient de
proportionnalité qui est moindre que celui attengar les calculs préliminaires
d’écoulement des gaz dans le réacteur.

v La calibration envisagée du SMHT sur le flux d’arget donc sur sa pression mesurée
par le spectromeétre de masse au niveau du condgmséie testée par rapport a Ag et Ni

en se référant aux mesures de pressions de cesmoau palier de fusion (cf. chap. V).

En conclusion, le réacteur actuel — sous réservenadifications mineures concernant le
matériau des buses (travail en cours a 'lRSN)ra apte a fournir un diagnostic concernant
les especes gazeuses qui présentent une limitdtwdre cinétique. Obtenir des données
quantifiables de cette limitation cinétique va rssiter, dans un premier temps, de valider
définitivement le modele d’écoulement entre le amq et le condenseur et, dans un second
temps, d’effectuer des tests complémentaires postaria fusion de corps purs placés dans le
craqueur afin de vérifier une bonne étanchéitéadpdrtie haute du réacteur. Pour mieux
maitriser le régime d’écoulement moléculaire, ilasalors peut-étre nécessaire d’envisager

des améliorations de la partie haute températuréattteur CHIP.
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ANNEXES

ANNEXE [-A: Description du circuit <BRONKHORST ™» générateur de
vapeur d’eau / hygrogene avec I'argon comme gaz peur.

Le montage retenu s’inspire du schétoafonctionnement du Contréleur d’Evaporation et de
Mélange CEM « BronkhorEf » sous vide. Nous n'utiliserons que des lignestiduction
régulées en pression (pressiostats et non débés)etra purge du systeme se fait par un by-
pass (figure I-Al) sur les lignes d’introductioigfe aval). Pour éviter d’introduire du @O
ou O, il est utile de faire une purge et un dégazageédervoir d’eau. En cas de changement
de bouteille sans ouverture de la ligne aval, lugge de faire une purge des manometres.
Cette purge n’est toutefois pas nécessaire sigert pomper le manometre par la ligne aval

car les capacités des lignes permettent une maeaapide.
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Figure I-Al: schéma de principe du circuit Bronksiopour I'injection des gaz #H,O/Ar.
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Abstract

The present study deals with thermodynamic data for the gaseous phase of the Cs—O-H system as studied by high temperature mass
spectrometry using the Knudsen cell effusion method. The vapour phase is analyzed and is composed of the monomer CsOH(g), the
dimer Cs,0,H,(g), and a small amount of trimer. The vaporization behavior of CsOH(s or 1) is analyzed in relation with different phys-
ico-chemical phenomena that interfere with the Knudsen method, like creeping and surface diffusion along the walls of the effusion ori-
fice. Besides, the ionization processes are complex and render the interpretation of the mass spectrometric results difficult. Thus,
calibration procedures have been carefully analyzed in order to evaluate reliably the uncertainties. The two main independent reactions

that lead to thermodynamic data are the following:

Cs,0,H,(g) = 2CsOH(g) with AgisH°(298 K) = 146.6 + 7.3 kJ - mol™! (3rd law method).
CsOH(s,l) = CsOH(g) with AgpH°(298 K) = 163.3 + 6.5 kJ - mol ™' (3rd law method).

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Cesium hydroxide; Mass spectrometry; Enthalpy of vaporization; Partial vapour pressures

1. Introduction

In the low probable event of a nuclear reactor accident
leading to fuel melting, iodine and its radioactive isotopes
are major volatile components which can be released to
the environment. Iodine is a radiotoxic element that may
cause serious damage to man health and environment
and it is thus essential to dispose of means to evaluate
the pertinence of measures that authorities will take to
reduce the consequences of iodine release. For that pur-
pose, the French “Institut de Radioprotection et de Streté

* Corresponding author. Tel.: +33 4 76 82 65 11; fax: +33 4 76 82 67 67.

E-mail addresses.: fatima.roki@ltpcm.inpg.fr (F.Z. Roki), christian.

chatillon@ltpcm.inpg.fr (C. Chatillon), marie-noelle.ohnet@irsn.fr (M.N.
Ohnet), didier.jacquemain@irsn.fr (D. Jacquemain).

0021-9614/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/.jct.2007.09.013

Nucléaire” launched an international program to study the
behavior of iodine in components of the reactor during an
accident. Owing to the complexity of the resulting mixture,
iodine may be transported by a variety of compounds (fis-
sion products, control rod materials, efc.) either as
vapours, particles or aerosols. The present publication
deals with the first step in the thermodynamic study of
the system Cs-I-O-H which has been chosen as the first
candidate in the study of complex mixtures expected in a
reactor accident — cesium being one of the main fission
products reacting with iodine. The reaction between gas-
eous cesium and H,O during severe nuclear accident may
produce cesium hydroxide which is one of the main compo-
nents in the primary cooling lines.

The present work was undertaken in order to study the
gaseous phase chemical behavior of the Cs—O-H system.
Different methods such as transpiration [1] and high



TABLE 1

Summary of preceding mass spectrometric studies of CsOH(s,l) vaporizations according to the literature

Authors and
references

Samples and preparation

Cell and
material

T range/K

Studied reactions or processes

Observations

Schoonmaker
and Porter [7]

Gorokhov et al.

[2]

Blackburn and
Johnson [3]

CsOH-KOH (x = 0.5)

CsOH-RbOH (x=0.5)

Pure CsOH

KOH + K,CO; + CsOH

Pure CsOH(l)

Pure CsI(1)

CsOH-CsI mixtures
Preparation of CsOH by
vaporization of CsOH-H,O
progressively up to 720K,
2 h heating

Cooling under He

Weighing to determine water
loss then immediately placed
in the vacuum chamber of
HTMS

Pt lined
with MgO

or pure
silver

MgO

Silver

650 to 900

795 to 1044

622 to 772

681 to 772

917 to 1035

924 to 1041

809 to 927

2CsOH(g) + K,0,H,(g) = 2KOH(g) + Cs,0,H,(g)

2CsOH(g) + RbyO,H,(g) = 2RbOH(g) + Cs,0,Hx(g)

CsOH(g) + e~ = Cs" + OH(g) + 2¢

CsOH(g) + K(g) = KOH(g) + Cs(g)

CsOH(l) = CsOH(g)
2CsOH(l) = Cs,0,Hx(g)
Csl(l) = Csl(g)

2Cs1(l) = Cs,ly(g)

Csl(g) + CsOH(g) = Cs,IOH(g)

Sei/ Svap < 0.003 (see section 2.4)
Dimer/monomer ratio may not correspond
to saturation (x =0.5)

MgO is spongy and allows the penetration
of liquid hydroxide and retains it to avoid
creeping

Cs™ observed as fragment ion of CsOH(g)
Hydroxides trimers not detected

Use isomolecular reactions in order to
avoid calibration (internal compensation
of sensitivity factors)

Born-Haber cycles from dissociative ioni-
zation of Cs™/CsOH(g) — by reference to
known ionization potential of Cs*/Cs(g)
Isomolecular reaction (internal compensa-
tion of sensitivity factors)

Calibration of HTMS by weight loss

— Smonomer/Sdimer = 0.5 (estimated)

Sensitivity of CsOH = 10 times sensitivity
of Csl

Factor 2 in uncertainties for dimer
(proposed)

CsOH(g) properties measured agree rea-
sonably well with the literature data

The partial pressures of dimer are 100-fold
lower than that calculated from retained in
JANAF tables

The presence of the complex molecule CsI
CsOH(g) should increase the iodine con-
centration in the vapour (CsI and CsOH
could be deposited and form aerosols)
CsI[-CsOH(g) not identified directly by a
parent ion due to fragmentation under ion-
ization. This molecule seems to be the more
stable molecule at high pressure since its
fragment ions hide the same ions coming
from the pure dimers

oy
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temperature mass spectrometry (HTMS) [2-8] have been
used to study hydroxides vaporization and particularly
CsOH(s,l) vaporization. The preceding HTMS studies are
presented with their experimental conditions and observa-
tions in table 1. These studies showed that the gaseous
phase contains at least the CsOH(g) “monomer” and
(CsOH), “dimer” with quite equivalent proportions. The
knowledge of the equilibrium constant between these
two species is necessary for the interpretation of total
pressure data obtained by transpiration. Owing to large
discrepancies in the mass spectrometric literature results,
the present experimental effort is aimed first at the investi-
gation of the CsOH(s,l) vaporization using high tempera-
ture mass spectrometry [9,10] in order to clarify earlier
difficulties encountered in these studies and to determine
at a first step the gas composition and the dissociation
enthalpy of the dimer which is controversy. Gurvich
et al. [11] performed an assessment of different published
studies of the CsOH(s,l,g) system. In this compilation,
the monomer and dimer structures are known with a quite
good accuracy, C), S7 and free energy functions are reliable
in view of third law calculations. However, in Gurvich
compilation the enthalpies of formation have been
obtained from a set of largely scattered original data
(within 40 kJ) that renders their assigned uncertainty for
the monomer and the dimer, respectively, +5 and 8 klJ,
quite optimistic. Gurvich et al. [11] recommended for
future investigations to study the vaporization of CsOH
directly by mass spectrometry in order to obtain reliable
quantitative data for vapour composition, including rela-
tive concentration of trimeric and possibly tetrameric mol-
ecules. Besides, they stated that the selected dimer structure
needs to be confirmed.

2. Experimental
2.1. Principle of the HTMS method

The high temperature mass spectrometric method has
been presented and its capabilities analyzed in a recent
and complete [UPAC report [10] on the mass spectrometric
Knudsen cell method. Atoms or molecules traveling as a
molecular beam issued from an effusion cell are ionized
by an electron beam — the energy of which can be moni-
tored — and the resulting ions extracted from the ion source
of a mass spectrometer, then separated in a magnetic prism
and focused on a secondary electron multiplier. The mea-
sured ionic intensity I; of any ion is related to the partial
pressure of its original molecule p; in the cell and to the cell
temperature 7' according to the basic mass spectrometric
relation:

piSi:IiT (1)

in which S; is the sensitivity given by the general relation
[10]:

S; = Gnoi(E)y.fi, (2)

where G is a geometrical factor related to the solid angle
for molecular beam sampling defined by the ionization
chamber aperture and the effusion orifice, # is the extrac-
tion and transmission efficiency of the formed ion in the
mass spectrometer (for our ion source and magnetic sec-
tor n = constant whatever is the measured ion), o(E) is
the ionization cross-section depending on the electron en-
ergy E, y; is the efficiency of the ion detector (for our dis-
criminated pulse-counting detection y; = 1 whatever is the
measured species i), f; is the isotopic abundance of the
detected ion that is calculated exactly for any atomic
composition of each ion. In our case, the sensitivity is re-
duced to:

S; = Gai(E)f:. 3)

The sensitivity is obtained by different type of calibration
and is to be performed for each experiment. In our study,
the calibration is performed combining the spectrometric
relation (1) with the total mass loss of the sample Am
according to the Hertz—Knudsen relation [10],

dn; .sC

dr (2nAZ.RT)‘/2 @
in which the number of moles effused dN,/d¢ per second is
related to p; and M, the partial pressure and the molar mass
of the effused species 7, s and C the orifice cross-section and
Clausing coefficient and Rthe gas constant [10]. Then the
sensitivity can be calculated a posteriori after integration
all along the experiment of the I,7"/>d products according
to:

S = (scM'?) [ (Am(2nR) ) > (17'7) 01 (5)
i=1

For several species in the same vapour phase, another ver-

sion of equation (5) is used:

Sy = (sC(Ml)l/z/Am(%:R)l/z) X

i=1

where the summation over i =1 to n corresponds to the
various temperature plateaus of the experiment, and j enu-
merates the species. This last relationship requires knowl-
edge or estimates of the ratios S;/S,. In our case, this
ratio is directly the ionization cross-section ratio according
to (3). No other estimated parameters are required.

The ionization cross-section of a molecular gaseous spe-
cies is calculated using the so-called “additivity” rule based
on each atom constituting it [10]. This rule is to be applied
to the whole ionization process of a molecule and takes
into account the total ionic current — parent and fragment
ions. The ionization cross-sections of the atoms were
parameterized according to the potential of ionization (V)
in the TUPAC report [10]. In the case of a dimer, the addi-
tivity rule leads to a dimer/monomer ionization cross-
section ratio equal to 2.
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2.2. Improvements in our mass spectrometric method

Three main transformations of our original device have
been performed in order to improve the reliability of the
measurements, especially when high volatile species have
to be detected. These concern: (i) the collimation of the use-
ful molecular beam, (ii) the shutter device, and (iii) the ion-
ization chamber.

e The collimation of the useful molecular beam concerns
the so-called “restricted collimation™ [12]. Indeed, cou-
pling the effusion cell vapour source to the ion source
of the mass spectrometer is achieved by interposing a
cooled separation, i.e. a water jacket in order to protect
the ion source from heat flow of the furnace and from
molecular deposits from outer parts of the whole effused
beam. In a conventional device (figure 1i), the different
apertures (thermal shields, cooled jacket, ion source
entrance, etc.) allow molecules to enter the ionization
chamber from a quite large solid angle, even when care-
ful collimation of the effused beam is done. Thus, the ion
source observes at the level of the effusion orifice a large
area defined by the umbra and penumbra zones (figure
1): a molecular beam coming from parasitic surface
vaporizations is thus detected in addition to the useful
(equilibrium) molecular beam [13,14] issued directly
from the effusion orifice. Our restricted collimation (fig-
ure lii) involves the introduction of a small aperture
(field aperture) located in the cooled jacket separating
the furnace and ion source housings. Together with the

(i)

source aperture, the field aperture fully defines the sam-
pled molecular beam. The size of the field and source
apertures defines the size of the only useful molecular
beam in such manner that at the effusion entrance orifice
level the penumbra zone (diameter D)) is less than the
effusion diameter D,. With respect to the conventional
collimation, the restricted collimation device presents
the advantage to discard definitively any surface contri-
butions occurring with the useful molecular beam effu-
sion. The second advantage is that the solid angle of
detection as defined by both apertures remains fixed
and independent of the effusion cell (in contrast with a
conventional collimation) and is only dependent on the
mass spectrometer. This advantage will be used in the
evaluation of surface diffusion flow contributions as shall
we seen later. The use of restricted collimation device
imposes that the distance between the effusion orifice
(from the inner face of the lid, ie. the entrance of the
effusing molecules in the effusion orifice) and the first
(field) aperture must be short and systematically checked
for any new cell geometry and associated furnace device
to be certain to detect molecules coming only from the
inner gas phase of the effusion cell. Moreover the
mechanical positioning of the effusion cells must be per-
formed with the best accuracy (+£0.025 mm in our case
[14]). Besides, the overall molecular transmission of the
restricted collimation has been previously optimized by
the correct choice of the two source and field aperture
sizes in relation with different distances according to
the earlier work performed by Morland et al. [12].

1

|

(i)

FIGURE 1. Conventional collimation (i) and restricted collimation (ii) of the effused molecular beam showing the various molecular emitting surfaces
seen in each sampling method by the ionization chamber: 1: sample; 2: Knudsen cell; 3: effusion orifice; 4: thermal shields; 5: cooled field aperture; 6: solid
angle corresponding to effusion orifice alone; 7: supplementary surface viewed by the detector; 8: shutter; and 9: source aperture. 10: ionizing electron
beam. Dj, is the diameter of the penumbra zone for detection of molecules and D, the effusion diameter.
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e A shutter is a small disk or a blade which can be moved
mechanically to cut off perpendicularly the direct molec-
ular beam and by this way we are able to distinguish the
background molecular flow (from source background
pressure) from the useful molecular beam. This is partic-
ularly important when the gaseous species existing in the
background are the same as those detected from the cell
(H,O for instance in this study) or appear at the same
non-resolved masses. This shutter is located mid-way
between the two apertures. Its movement is “free” from
any mechanical part linked to the water jacket in order
to avoid any partial closing of the field aperture during
the shutter movement. The vacuum pumped permanent
flow between the furnace and source housings, which are
rarely at the same background pressure due to the fur-
nace heating [12], is therefore not disturbed.

e The ionization chamber contains an entrance aperture
which defines the restricted collimation transmission
but at the same time reduces the overall ionization vol-
ume. We use a version of ionization chamber (set at
5000 V) which is cooled by direct contact with liquid-
nitrogen to prevent any re-vaporization of molecular
gaseous species that have entered into the ionization
chamber for analysis. This ionization chamber was built
intentionally for the measurement of high volatile spe-
cies from As, P [15].

These three above improvements are prerequisites for reli-
able measurements with high volatile species since usually
these species undergo re-vaporization from thermal shields

50 mm

and from usual ionization chamber devices that are main-
tained at about 573 K by the electron emitting filament.

2.3. Sample preparation

Pure CsOH(s,l) does not exist as delivered but the mono-
hydrate CsOH-H,O does. The interaction between cesium
hydroxide and H»O is provided in the H,O-CsOH solid—
liquid phase diagram which is a part of H,O-Cs,O phase
diagram. Following the Rollet ez al. [16] work, elimination
of water was done by degassing the product in a crucible or
an effusion cell under primary vacuum at 440 K during (16
to 20) h. Then temperature was slowly increased (a 50 K/h
ramp) to about (620 to 640) K. Temperature was then main-
tained constant for about (1 to 2) h leading to the melting of
the sample. The effusion cell was then cooled, filled with
nitrogen, opened at air and weighted to determine water
loss. The results showed that the initial amount of water
is not a constant, probably because the initial monohydrate
crystals catch some water in excess. Curiously, authors in
the literature do not mention this phenomenon. This proce-
dure is similar to that applied by Konings and Cordfunke
[1] who checked the formation of pure CsOH(s) by X-ray
diffraction but not from the weight loss. The CsOH(s) and
its cell were immediately stored in a drier (vacuum pumping
was not necessary) when not directly introduced in the mass
spectrometer. Regularly performed sequential weightings
showed that in these storage conditions there is no mass
gain of the product (the gain of water seems very slow for
a bulk solid).

B

FIGURE 2. Schematics of effusion cells used for vaporization of CsOH. (A) Pt-20% Rh effusion cell. (B) Nickel effusion cell. 1: effusion orifice; 2: lid; 3:
crucible; 4: external envelope; 5: sample; 6: holder 7: hole for pyrometric sighting; 8: three thin tungsten poles; and 9: thermocouple K type.
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2.4. Effusion cells

In order to choose the suitable cell material for
CsOH(s,l) vaporization studies, and from already pub-
lished investigations, crucibles and lids in dense MgO, Ni,
Pt-20% Rh and Au have been tested during the sample
preparation stage. Moreover, the cell material has to show
in principle bad wetting properties in order to avoid any
creeping of the liquid. The preparation stages showed fre-
quent “flow out” of the CsOH either along the cell walls
or by the orifice lid of the cell — the lid being more or less
sealed by the CsOH product — and exceptionally we
observed creeping of the liquid. At that time, we did not
know precisely if this behavior was related to the still
(partly) hydrated product or to the final anhydrous
CsOH(1). Mass spectrometric experiments were performed
with cells as shown in figure 2. The whole set of our obser-
vations is mentioned in table 2. The spectrometric studies
made with different materials showed a “flow out” of the
product by the effusion orifice — observation of material
rings around the effusion orifice. Figure 3 illustrates the
flow out phenomenon. According to our observations,
the Pt—Rh(20%) crucible seems to be the more convenient
but gold crucibles remain good candidates in terms of wet-
ting properties. The capability of an effusion cell to estab-
lish equilibrium conditions for vaporization is directly
related to the ratio of the effusion flow to the total vapor-
ization flow at the surface of the sample. The ratio (s - C)/S
— as mentioned in table 2 — represents the ratio of effective
effusion cross-section (s + C) versus vaporization section (S
cell cross-section) that characterizes equilibrium conditions
in the cell [17,18]. Some authors in earlier mass spectromet-
ric investigations published ratio values less than 0.003 [7]
or equal to 0.001 [2]. The usual solution to obtain so small
ratios is to decrease the orifice effusion diameter at constant
cell diameter. This solution, as discussed by Ward and Fra-
ser [19], presents the disadvantage to increase the relative
proportion of surface diffusion contributions along the ori-
fice walls and at the external surface (see our further obser-
vations) to the genuine effusion flow which is the useful one

TABLE 2

to characterize vaporization. Ward and Fraser [19] recom-
mended the use of large and cylindrical orifices, this solu-
tion being adopted systematically for our mass
spectrometric analysis.

2.5. Effusion process analysis and parasitic contributions

The effusion orifice alignment along the ionization
chamber axis (restricted collimation axis) is performed by
moving the effusion cell furnace in two X and Y directions
orthogonal to this axis [14] as showed in figure 4A. In this
figure, the various configurations of the restricted collima-
tion positioning relative to the cell orifice are displayed. At
the top of the peak (a), the sighting is perfectly inside the
orifice and we observe a plateau which corresponds to
the measure of the saturated pressure in the cell (genuine
effusion). At the basis of the peak (b), the signal corre-
sponds to outside surface vaporizations just around the

A

FIGURE 3. (A) and (B) Pictures of gold cell after HTMS experiments:
(A) lid showing flow out of the sample, (B) lid after cleaning, (C) and (D)
pictures of effusion cells and their external envelopes after HTMS
experiments. (C) Gold cell with visible flow out of the sample (D) Pt—
Rh cell with no flow out. (1) Material rings around effusion orifice due to
flow out. (2) Crucible made of gold. (3) Cell’s lid after cleaning (error on
weight loss d(A)m = 3%). (4) External alumina envelope. (5) W-Resistor.
(6) Effusion orifice.

Observations of the behavior of cells made of different materials loaded with CsOH during HTMS experiments

Material Experience Temperature (s- QS Observations after HTMS experiments
cell label range/K
Ni“ CsOH-02 s 515 to 761 7.1-1073 Flow out around the effusion orifice
Thick residual rings
MgO’ CsOH-03 s 572 to 769 7.1-1073 Large flow out and sticking of the crucible to the external envelope: no weight loss
determination could be performed
Pt-Rh¢ CsOH-04 s 496 to 765 6.6-107° No flow out detected except some slight grey rings around the effusion orifice
CsOH-05 s 522 to 758 6.6-107° Same observation as for CsOH-04 s
Au“ CsOH-06 s 531 to 753 11.3-1073 Sometimes flow out around the effusion orifice by grey rings observations
CsOH-07 s 530 to 753 11.3-1073 Same observation as for CsOH-06 s

The ratio (s - C)/S (s orifice cross-section, C Clausing coefficient, S cell cross-section) characterizes the vaporization equilibrium conditions in the cell

(according to Motzfeldt relation [17]).
¢ Pure material.
’ Dense.
¢ 20% Rh.
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FIGURE 4. (A) Normalized registration of Cs* ion intensity during scanning of the position of the effusion orifice of a Pt—Rh cell containing CsOH
sample. (a) The sighting is through the orifice; (b) the sighting is the signal coming from outside (surface). O: T=563K; @: T=676 K. 1: 1.7 mm
diameter effusion orifice; 2: shutter; 3: source aperture; 4: field aperture. (B) Attended molecular emission of the different surfaces seen by our detector
through the restricted collimation. Position in (a) for the restricted collimation: emission of molecules from a cylindrical Knudsen effusion-cell orifice of a
radius Re, a length /(eff) with a flow concentration n(eff) that corresponds to the saturated pressure in the cell. Collimation in (b) position: n(d): emission
of molecules by desorption in competition with surface diffusion. D, penumbra diameter. d: positioning from the effusion orifice edge. n(R.) can be
calculated as a function of orifice length (/.5) and ny(eff): n(Re) = fllq) - no(eff) according to Winterbottom and Hirth [20]. (c) D.: orifice diameter. D,:

penumbra diameter. D: total diameter (D, plus D).

effusion orifice edge. The accuracy (+0.025 mm) [14] of the
cell and furnace positioning device allows us to locate
exactly the penumbra zone tangentially to the border of
the effusion orifice.

In order to be able to manage the cell temperature in this
low temperature range (570 K to 770 K) as well as to avoid
any re-vaporization of the peripheral molecular beam
zones on thermal shields we did not use any thermal

shields. Schoonmaker and Porter operated similarly [7].
Doing so, the residual ionic intensity observed in figure
4A at the basis of the peak (position (b)) is related to the
only “flow out” process of molecular gaseous species
adsorbed along the effusion orifice wall and on the outside
surface of the lid in competition with vaporization under
vacuum. This phenomenon does not disturb the MS detec-
tion with the restricted collimation (performed at the
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summit of the peak at (a) position) but gives an additional
contribution to the mass loss of the cell which is different
from the only genuine effusion taken into account in the
Hertz—Knudsen relation. Consequently, it is necessary to
evaluate this contribution in order to correct the total mass
loss of the sample which in this case takes into account
both the effusion and the flow out processes. In effusion
and mass spectrometric studies, creeping of liquids leads
usually to large overflow of liquid samples (in our case
melting is at 7> 630 K) that contributes so largely to mass
loss evaluation that any calibration of the mass spectrom-
eter becomes ineffective: with non-restricted collimation
devices — conventional ones — the ionic intensities may
increase abnormally — ie. additional detected parasitic
flows increase drastically — and generally the liquid creep-
ing is observed to have sealed all parts of the cell assembly
after experiment. We observed this feature when using
MgO cells. When the liquid had totally disappeared from
the crucible or if some clogging of the effusion orifice
occurs (more frequent case due to freezing at the orifice),
the ionic intensity finally decreases due to cooling effects
on outside surfaces. Schoonmaker and Porter [7] observed
such a behavior and finally they used a porous MgO cruci-
ble inserted in a stainless steel or nickel effusion cell to trap
the liquid hydroxide in the pores. We used also (open) por-
ous MgO, but the liquid wetted MgO and leaked through
this material. With dense MgO (sintered with ZrO, addi-
tives) we observed large creeping. Finally, Schoonmaker
and Porter did not vaporize quantitatively (using mass loss
calibration) the pure CsOH(s,l) but mixtures with KOH or
RbOH, probably because CsOH is more difficult to retain
in its container.

For other materials the analysis of the mass spectromet-
ric response to the cell position scanning (e.g. Figure 4A)
showed systematically that the profile becomes sharper
when temperature increases, meaning that the contribution
of the flow out decreases relatively to genuine effusion at
high temperature. This is typically related to a surface dif-
fusion phenomenon occurring along the effusion orifice
walls: the total contribution according to such a phenome-
non was analytically resolved by Winterbottom and Hirth
[20] and numerically (Monte-Carlo method) analyzed by
Ward et al. [21]. In figure 4B, position (a) depicts the obser-
vation by our restricted collimation of the orifice of a
Knudsen effusion cell with a saturated concentration n(eff)
for evaporated molecules i.e. coming from the interior of
the cell at equilibrium pressure p.. In figure 4B, position
(b) represents the observed surface through which the dif-
fusion flow competes with free vaporization. Winterbottom
and Hirth [20] showed that the surface diffusion contribu-
tion becomes relatively more important for decreasing radii
of the orifice. As we use large orifices — i.e. ~2 mm diame-
ter, the diffusion contribution to the total flow will remain
limited. Besides, as the activation enthalpy for diffusion is
lower than for vaporization, the relative contribution of
diffusion to effusion decreases with temperature as pre-
dicted by Winterbottom and Hirth. With our restricted col-

limation we observed this feature systematically (see figure
4A as an example) whatever is the cell material (except
MgO) when monitoring the direct contribution ratio by
measurement at the top and at the basis of the peak
observed when scanning the orifice position. Using differ-
ent positioning of the effusion orifice in a plane perpendic-
ular to the ionization chamber axis (restricted collimation
axis), it is possible to evaluate the percentage of the diffu-
sion contribution. We know, according to Winterbottom
and Hirth [20] and Ward et al. [21] that the emission of
molecules decreases sharply when starting from the orifice
edge (as depicted in figure 4B, position b) and we can pos-
tulate that with our large observed zone (our penumbra
zone) we detect all the surface contribution: more simply
the whole surface diffusion flow is evaporated before reach-
ing the external limit of the observed penumbra zone. This
is readily checked by comparing the penumbra diameter
from the orifice edge with the extinction of the signal at
about x = 3 mm (see figure 4A). The corresponding inten-
sity as measured for a penumbra zone positioned tangen-
tially to the orifice relative to the maximum is thus equal
to 0.13 at 563 K and 0.04 at 676 K. The total diffusion
intensity on the whole surface of diameter D. can be
obtained with the proportion between the penumbra zone
section S, and the total ring surface S. (figure 4B). So
the total calculated diffusion contribution becomes equal
to 53% at 563 K and 25% at 676 K of the genuine effusion
process. This result agrees with the fact that the surface dif-
fusion contribution decreases with temperature. The total
mass loss corrected Amycorr) — that is the only resulting gen-
uine effusion mass loss — is then calculated as following:

Am<c0rr) = Am<exp) . (1/(1 + (% dlff/lOO)), (7)

where Ami ey, i the experimental total mass loss (effusion
+ diffusion process), Amcorr) is the corrected mass loss
which only takes into account of the effusion process, % diff
is the total diffusion contribution and 1 is the normalized
Lg/Ih.x at X =0 mm on the axis of the restricted collima-
tion. We recalculated for each temperature the intensity
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FIGURE 5. Effusion, diffusion and total contribution of Cs* measured
ion when vaporizing CsOH(s,l) in a Pt-Rh effusion cell. A: Cs* diffusion.
0: Cs™ effusion. #: Cs™ effusion + diffusion (hypothetical).
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related to the total diffusion contribution for the Cs* ion
using a Pt—Rh cell as it is shown in figure 5, compared to
the genuine effusion (center line or I;,,,). The sum of the
two contributions is the one which would be usually ob-
served with a conventional collimation device. As the IT
product is proportional to the partial pressure p (relation
(1)), the obtained curves agree with the predictions of Win-
terbottom [22]: (i) with surface diffusion contribution the
apparent partial pressure curve escaping from a Knudsen
cell — that is the total intensity that would be measured in
a conventional device — lies above the true partial pressure
from genuine effusion, (ii) the absolute value of the slope of
the total apparent pressure is always lower than the true
one i.e. genuine effusion.

3. Results
3.1. Detected ionic species

The following ions were detected: Cs", CsOH", CsO™,
CsH™ (small quantity), Cs,OH', Cs,0", Cs,H ™, Cs;0,HT,
Cs;0,H;, H,O" (figure 6). Compared to the preceding
spectrometric studies [3,7], CsH™, Cs,H" and the trimers
ions are new ones. The Cs;XY ™ ions in the spectrum mean
that the trimer molecule exists. Contrary to what is pro-
posed by Schoonmaker and Porter [7] we did not detect
the ion Cs; but Cs,H™. Considering the square structure
of the dimer (Gurvich et al.) [11] and the ionic character
of the parent molecule, the Cs; formation seems less prob-
able than the Cs,H" during any dissociation ionization
process. It is important to note that we systematically
observed a relative decrease of measured intensity within
the higher temperature range (713 to 753) K of our mea-
surements (figure 6). This slight inflexion of the intensities
is due to vapour deposits on the first (field) aperture of
the restricted collimation device located close to the cell
orifice. To take into account these vapours deposit effects,
we ended systematically each run by 2 measurements at low
temperature (650 K to 660 K) in order to calculate the cor-
rection to be applied to the few measurements performed in
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FIGURE 6. Evolution of ionic intensities detected by HTMS for the
vaporization of CsOH(s,l) (Exp.CsOH-07,Gold cell). #: Cs', A: Cs,OH™,
x: CsOH, [0: Cs,0", A: Cs,H", +: Cs;0,H;, ¢: CsO*, m: Cs;0,H", A:
CsH™.

the high temperature range due to partial clogging of the
field aperture.

3.2. Melting temperature of pure CsOH(s)

The solid-liquid phase change appears clearly as a pla-
teau in both the IT products and the temperature as a func-
tion of time (figure 7). The -corresponding mean
temperature of this plateau is 647 K. In comparison with
the melting point of CsOH(s) (considered pure) given by
Rollet er al. [16] ie. T, =623 K, our melting point is
higher. Consequently, the melting point given by Rollet
et al. may not correspond to a pure CsOH(s) and presence
of traces of water in their samples for DTA analysis may
explain the difference with our results. By comparison, Rol-
let et al. [23] also studied the solid-liquid phase diagram of
RbOH-H,0. Looking at the phase diagram shape close to
the melting point for the RbOH compound, contrary to
CsOH-H,O the water distillation of RbOH-H,O seems
to proceed easier since no inflexion of the liquidus curve
at the final stage of purification for small concentrations
of water in RbOH was observed (a straight line is
observed). We believe that Rollet et al. [16] had problems
in the final purification stage of CsOH-H,0O. We measured
the corresponding melting temperature of CsOH(s) for
each run which was determined to range within 647 to
651 (+2 K).

3.3. Gaseous phase composition

The essential point in mass spectrometry is to relate each
ion observed to its molecule of origin. In fact, ions can be
parent ions obtained by simple adiabatic ionization
process:

CsOH(g) + e~ — CsOH" + 2e™ (8)

or fragment ions obtained by dissociation ionization
process:

CsOH(g) + e~ — Cs* + OH(g) + 2e™ 9)

To distinguish these various processes, we can use different
methods:
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FIGURE 7. Observed melting temperature of CsOH(s) to CsOH(1) when
increasing the temperature of the cell. A: IT product, O: Temperature.
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e Determination of the appearance potentials of each ion
(for the parent ion it is the ionization potential).

e Breaks in the shape of the ionization efficiency curves.

e Study of the ions ratios as a function of chemical varia-
tions in the system under study (temperature, concentra-
tion, saturation, or non-saturation, efc.).

Using the ionization efficiency curves (figure 8), the appear-
ance potential for ionization of the different ions were esti-
mated (table 3) and their relative proportions summarized
in table 4. For the Cs" ion, we observed an early slow
increase as early as 4.6V (the ionization potential of
Cs(g)) with a very low intensity, about 10 ~ % to 10 ~ 3 times
the maximum of the curves). This may be related to a very
small proportion of Cs(g) in the vapour. Then at a poten-
tial of 7.6 V, Cs™ ion intensity increased promptly. Gorok-
hov et al. [2] proposed an apparition potential of
7.6 +0.15V for Cs™ ion coming from CsOH(g) with much
better ionization efficiency curve shapes close to the
appearance potential. Logarithms of the product IT (pro-
portional to the partial pressure) as a function of the
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FIGURE 8. An example of the ionization efficiency curves obtained
during the MS vaporization of CsOH in a cell of Gold. @: Cs*,
Cs,OH", A: CsOH", x: Cs,0", A: CsO", @: Cs,H", ¢: Cs;0,H], +:
H,O™.

TABLE 3

inverse of the temperature were plotted and ions for which
these curves behave in a strictly parallel way come from the
same molecule. It is the case of the ions Cs™ and CsOH™"
which thus come from CsOH(g). The same feature was
observed for the ions Cs,O" and Cs,OH', which come
from the dimer Cs,O,H,(g). This analysis was already
made by other authors [3,7]. The presence of a significant
number of fragment ions implies, in the quantitative deter-
mination runs, carrying out a systematic recording of all
the ions in order to calculate the total intensity resulting
from each molecule. This is a prerequisite for applying
the “additivity” rule in the estimates of the relative ioniza-
tion cross-section [10]. After analyzing the ionization effi-
ciency curves as well as studying the ions origins, we
conclude that the vapour phase is composed by: CsOH(g),
Cs,0,H»(g), Cs3;03H;3(g) and traces of H,O (<100 ppm) at
the beginning of any run. However, there is no significant
Cs(g) in the vapour contrarily to the observation of
Schoonmaker and Porter in case of stainless steel contain-
ers, a feature that have been attributed by the authors to
the reducing action of the container material. This Cs(g)
could also come from contributions of outer surface re-

TABLE 4
Ions detected by HTMS, their origins and relative proportions

Ratio at 720K and 24 V

Detected ions Molecular origins

Cs* CsOH(g), Cs,0,H(g) 8.7
CsOH" CsOH(g), Cs,0,H(g) 1

Cso* CsOH(g), Cs,0,H,(g) 1.25-1073
CsH* CsOH(g)

Cs,OH" Cs,0,Hx(g) 5.73
Cs,0" Cs,0,Hx(g) 0.3

Cs; Not detected

Cs,H" Cs,0,H(g) 0.18
Cs;0,H" Cs;05H;(g) 6-107*
Cs;0,H; Cs;0;H4(g) 7.5-1073
H,0" H,0¢ <1073

For water the value corresponds to the beginning of the experiment, since
it disappeared during the run.

“ From sample only by use of the shutter.

Appearance potentials (V) of measured ions, working potentials used in our different experiments and comparison with the appearance potentials of Cs*

and CsOH" ions given by Gorokhov et al. [2]

Gaseous ions Cell in Ni Cell in Pt-Rh Cell in Gold Gorokhov et al.

species Apparition Work Apparition Work Apparition Work Apparition
potential (V) voltage (V) potential (V) voltage (V) potential (V) voltage (V) potential (V)

CsH* 10.1 32 12 24

Cs* 4.6 to 7.6 38 5.6to0 7.6 32 55t07.5 24 7.6 +0.15

CsOH* 7.6 38 7.6 32 8.5 24 7.44+0.15

CsO™" 14.5 24

Cs,OH" 6.6 to 7.6 36 8.5 24

Cs,0" 9.1 36 10 24

Cs,H" 13.1 36 13 24

Cs;0,H" 8.1 36 8.6 32 12.5 24

Cs;0,H7 8.6 32 10 24

Potential scale was calibrated with H,O at the beginning of the experiments, then water disappeared. Usual accuracy is £0.5 V at best.
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vaporizations which occur mainly under non-saturated
conditions and with reducing conditions in metallic
furnaces.

3.4. Thermodynamic calculations

Partial pressures mass spectrometric measurements lead
to the determination of the equilibrium constant K, for any
reaction, which is directly related to the standard enthalpy
of the reaction A;G;. by relation:

AGS = —RTInK, = A,H5 — TASS. (10)

Second and third law of thermodynamics were used to cal-
culate the reactions enthalpies at 298 K. Enthalpy incre-
ments and free energy functions (Fef) come from
tabulated values in the Gurvich et al. compilation [11] for
the CsOH(s, and 1), and CsOH(g), Cs,O,H»(g) molecular
gaseous species. In third law results, the number of ob-
tained enthalpy values is equal to the number of original
data and these enthalpy values should be distributed
around a constant mean value. If some trend is observed

g 10 Ka
'
#

13 15 17 19
10%T/K

FIGURE 9. Results using 2nd law of thermodynamics for the dissocia-
tion reaction of the dimer: Cs,O,H,(g) <> 2CsOH(g) (Exp. CsOH-07 s,
gold cell). ®: Corrected pressure data which takes into account the
correction for deposit of the vapours on the field aperture and mass loss
from surface diffusion phenomenon.

TABLE 5
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as a function of temperature either the sensitivity or Fef
could be incriminated [10].

3.5. Thermodynamic results

3.5.1. The dissociation of the dimer

Taking into account the composition of the vapour
phase, the main studied reaction is the reaction of dissoci-
ation of the dimer Cs,O,H,(g):

(CsOH)x(g) = 2CsOH(g) (11)

The accurate knowledge of the equilibrium constant of this
reaction will make it possible to perform calculations from
any other result of total pressure measurements. An exam-
ple of 2nd law is presented in figure 9. The enthalpies of
reaction resulting from the 3rd law calculation are pre-
sented in figure 10 as a function of the measurement tem-
perature. A summary of our A H® (298 K) determinations
according to the 2nd and 3rd law calculations is presented
in table 5. Figure 9 presents the measured dissociation con-
stant K4 as a function of temperature, pressure values were
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FIGURE 10. 3rd law results for the dissociation of dimer:

Cs,0,H5(g) <> 2CsOH(g) (Exp. CsOH-07 s, gold cell). A: Experimental
data. l: Corrected pressure data which takes into account the correction
for deposit of the vapours on the field aperture and the surface diffusion
phenomenon in the mass loss.

Summary of 2nd and 3rd law results at 298 K for the reaction Cs,O,H, (g) = 2CsOH(g) using different cells materials and their standard deviations

Material cell Experience label

Temperature range/K

AH2K/(KT - mol ™)

2nd law 3rd law
Ni¢ CsOH-02 s 515 to 761 133.6 + 3.1 1459+19
Pt-Rh” CsOH-04 s 496 to 765 134 £ 1.6 1444+ 1.5
CsOH-05 s 522 to 758 134.6 +9.1 1493 +44
Au’ CsOH-06 s 531 to 753 1359+3.3 149+ 1.9
CsOH-07 s 530 to 753 138 + 1.8 147.3+1.2
Average value + total evaluated uncertainty® 1354 +5.9 146.6 £ 7.3

Exp. CsOH-05 s has been discarded in the mean value calculation because of sensitivity evolution directly related to the change of working potential
during the experiment: in a temperature range (693 to 723) K (45 V) rather than 32 V. Consequently, the measured intensity for each gaseous species was

higher. Using the ionization efficiency curves, we recalculated the corresponding intensity at 32 V introducing larger uncertainties.

¢ Pure material.
b 20% Rh.

¢ See appendix A and B for calculation of total evaluated uncertainty.



412 F.Z. Roki et al. | J. Chem. Thermodynamics 40 (2008) 401-416

corrected for partial clogging of the field aperture, other-
wise the impact on the slope would be high since the 2nd
law is very sensitive to trends in experimental errors. Figure
10 displays the third law enthalpies of the dissociation reac-
tion at 298 K as a function of temperature. As shown in
table 5, the standard deviation in the third law results is
smaller (as usual in mass spectrometry). The difference be-
tween the 2nd and 3rd law results is due to the fact that the
second law is very sensitive to systematic experimental er-
rors — not taken into account in a conventional derivation
— either during each run or due to the chemistry of the sys-
tem under investigation. The total uncertainty per experi-
ment is calculated when taking into account every
operation or parameter used in the enthalpy calculation
(see appendix A and B). The final retained total uncertainty
is calculated with the assumption of compensation of the
errors including also the standard deviation (S4) of all
the enthalpies values as explained in appendix A and B.

The mean enthalpy value from 2nd and 3rd law of ther-
modynamics calculations in our different experiments, dis-
carding the 05 experiment (see table 5), is:

e 2nd law: A,H(298 K) = 135.4 + 5.9 kJ - mol ",
e 3nd law: A, H(298 K) = 146.6 + 7.3 kJ - mol .

The quoted uncertainties being the total evaluated ones.
Regarding these uncertainties, the second law seems more
accurate but we cannot explain the large difference between
the two laws. Systematic difference observed between sec-
ond and third law results could come from too main fea-
tures, — (i) temperature effects, ie. self-cooling of the
sample surface due to insufficient heat flow provided in this
low temperature range to compensate the vaporization
flow, (ii) chemical effect, i.e. non-reversible vaporization
due to low evaporation coefficient [24] or composition evo-
lution in the H,O-Cs,O pseudo-binary system. The tem-
perature effect occurrence seems less probable for the
following reasons:

e This effect has been observed with better resolution in
activity measurements of Ag—Ge system using the multi-
ple cell method [25] and was explained at that time by
competition between provided radiation heat flow at
the surface of the sample (liquid) and vaporization heat
flow associated to effusion flow, neglecting conduction
heat flow. The departure of the measured pressure from
the expected one from thermodynamic law does not
show a regular trend but a threshold effect since the
effused flow evolution is exponential with temperature,
while the heat conduction and radiation are propor-
tional to temperature gradient between the surface and
the walls. Figures 6 and 9 provided as examples do
not show such thresholds.

e This effect should depend on the shape of the cell. As
shown in figure 2, the Pt/Rh cells were longer than the
Ni or Au cells — the wall surface was increased by a fac-
tor 2. Although the cell section and the mass of the sam-

ples were quite the same, we did not observe any smaller
differences between the two 2nd and 3rd law results than
for other cells.

e The main characteristic of effusion cells is not the orifice
size but the ratio (s - C)/S as defined in table 2. This ratio
not only fixes the quality of the molecular flow equilib-
rium [24] in the cells, but is analogous to the black-body
conditions: large orifices correspond to large cells to
compensate for radiation of orifices.

e Some systematic residual trends are observed in third law
results (see figure 10 for example) which could be associ-
ated to temperature gradients. This evolution should be
according to the derivation of third law relation:

OH3, = OT(—RInK + AFef°). (12)

As the term in parenthesis is positive, any decrease of
the surface temperature — 07 = Tyurr — Tineas <0 —
would decrease the third law result, contrarily to what
is observed.

The chemical effect may have two origins:

e Non-reversible evaporation due to low value for the
evaporation coefficient. According to equations as pre-
sented in reference [24] our (s - C)/S ratio implies a very
low value for evaporation coefficient i.e. < 0.05, which
seems unlikely since the rare tentative to determine
evaporation coefficients for pure liquids [26] concluded
that these values are close to 1. This feature is explained
by the rapid adsorption and desorption of vapours on
disordered or defects surfaces. Moreover, usually the
associated activation enthalpy favours the decrease of
the pressure gap when temperature increases, contrarily
to our observations for CsOH vaporization.

e CsOH is not a pure compound but a mixture in the
pseudo-binary H,0-Cs,O system. Consequently, the
congruent vaporization of CsOH(s, or 1) cannot corre-
spond rigorously to a “line” compound since the vapour
phase may contain small amounts of H,O(g) or Cs(g),
etc. that show small departures from the CsOH compo-
sition. Following this congruent line as a function of
temperature, the activity of CsOH may vary according
to the thermodynamics of ““indifferent” states [27]. The
evolution of the congruent line for a liquid has been dis-
cussed for the U-O liquid phase in reference [28]. In the
case of the H,O—Cs,0 liquid system, there is some high
probability that the congruent line composition goes
towards Cs,O rich compositions due to higher volatility
of H,O in this system. Consequently, small amounts of
Cs(g) should vaporize.

The correct evaluation of this last feature is related to the
knowledge of the thermodynamics of the Cs—O-H ternary
system and its H,O-Cs,O pseudo-binary system which
would be interesting to study also in the framework of
nuclear accident since the water vapour content is in
excess and condensates as solutions for decreasing
temperatures.
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As proposed by Drowart et al. [10] in recent analysis of
the mass spectrometric method, we retain the third law
enthalpy results that are less sensitive to systematic errors
not detectable by definition. This procedure could be
applied only because the free energy functions for the
gaseous molecules are assumed to be reliable enough to
apply the third law calculations. Indeed, trends in third
law measurements were observed to be very small. Gurvich
et al. [11] chose in their compilation a value of enthalpy
obtained by the 3rd law of thermodynamics using the
CsOH(I) + CsOH(g) = (CsOH)»(g) isomolecular reaction
with a fixed dimer/monomer pressure ratio equal to 0.2
(mean geometrical value) at a mean temperature. The
enthalpy of dissociation of the dimer is deduced to be
AH(298 K) =141 £ 11 kJ -mol~". The difference with
our results remains significant although the two values lies
within their respective uncertainty ranges.

3.5.2. Monomer vaporization

Among the three reactions observed by mass spectrome-
try —dissociation of the dimer, vaporization of the monomer
and vaporization of the dimer — only two are independent
reactions. As we have chosen to study the dissociation of
the dimer, the other independent reaction must be selected
as a function of the a priori minimum associated uncertain-
ties. For this reason, we choose the monomer vaporization:

CsOH(s,]) = CsOH(g) (13)

Since this molecule seems more important in the gas phase,
and consequently its weight on the mass loss is more
important in the calibration procedure. 2nd and 3rd law
calculations with their standard deviations for the reaction
of vaporization of monomer are summarized in table 6.
The mean enthalpy value from 2nd and 3rd law of thermo-
dynamics calculations in our different experiments, discard-
ing the 05 experiment, is:

e 2nd law: AgpH (298 K) = 146.8 + 11.7 kJ - mol .
e 3rd law: AgmH (298 K) = 163.3 + 6.5 kJ - mol .

The uncertainty estimated for each experiment is summa-
rized in appendix B (table B2). Using the formation

TABLE 6

enthalpy selected by Gurvich et al. for CsOH(s, 298 K)
equal to —416.2+0.5kJ - mol™" and retaining the third
law enthalpy we propose:

AtH(CsOH, g,298 K)
= —252.746.5 (total evaluated uncertainty) kJ - mol .

Using the enthalpy of formation of CsOH(g) as well as the
enthalpy of dissociation of the dimer Cs,O,H,(g), we calcu-
lated the enthalpy of formation of the dimer:

Af[‘[((jSz()sz7 g,298 K)
= —652+ 11.7 (total evaluated uncertainty) kJ - mol .

Although our dissociation enthalpy is significantly different
from the one proposed by Gurvich et al., the present pro-
posed values for the enthalpies of formation of the mono-
mer and dimer agree due to compensation of errors.

4. Conclusion

The vaporization of CsOH(s,]) in view of determining
the composition of the gaseous phase as well as the thermo-
dynamic properties of the existing molecules has been per-
formed using new and improved experimental tools in
order to circumvent the numerous difficulties that preced-
ing researchers encountered in the high temperature study
of this hydroxide by mass spectrometry. These efforts
concerned:

e The preparation of the compounds and the monitoring
of the final stage of water distillation in relation with
the determination of a new melting temperature.

e The use of different cells materials in view of chemical
analysis of crucible physico-chemical interactions with
CsOH and determinations of surface diffusion contribu-
tions to the genuine effusion flow.

e The use of restricted collimation device in order to mon-
itor the only genuine effusion phenomenon.

e The use of in situ liquid nitrogen cooled ionization
chamber in order to discard any disturbing re-vaporiza-
tion processes in the ionization chamber during
measurements.

Summary of 2nd and 3rd law results at 298 K obtained for the reaction CsOH (s,l) = CsOH(g) using different cells materials and their standard deviations

Material cell Experience label Temperature range/K AHPK/(kT - mol ™)
2nd law 3rd law
Ni¢ CsOH-02 s 515 to 761 136.3. £ 1.9 163.9+34
Pt-Rh” CsOH-04 s 496 to 765 1403+ 1.5 160.1 +£2.2
CsOH-05 s 522 to 758 150.7+0.8 1633+ 1.1
Au’ CsOH-06 s 531 to 753 153.3+0.9 1647+ 1
CsOH-07 s 530 to 753 1574+ 0.8 164.4 £ 0.6
Average value + total evaluated uncertainty ¢ 146.8 £ 11.7 163.3 £ 6.5

¢ Pure material.
b 20% Rh.

¢ See appendix A, B and C for calculation of total evaluated uncertainty. Exp. CsOH-05 s has been discarded in the mean value calculation for the same

reasons as explained before in table 5.
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e A careful analysis of all the fragments ions contribution
to the ionization process of the molecules.

e A configuration of the mass spectrometer that reduces
the number of parameters in the calibration procedure
to the only ionization cross-section ratios.

e The selection of the two main independent reactions —
i.e. dissociation of the dimer and vaporization of the
monomer — that led to minimal uncertainties.

e The systematic use of the third law calculations which
are known to be more reliable compared to second
law results more sensitive to undetected systematic
errors.

e A careful estimate of the total uncertainties associated
with our two studied reactions.

As concluded earlier by Gurvich et al., the CsOH com-
pound was the less reliable one (altogether with RbOH)
in the alkaline hydroxide series, and the present study
brings more information on the vaporization behavior
and we propose improved and more reliable thermody-
namic data for the monomer CsOH(g) and the dimer
Cs,0,H,(g). This work provides sound basis for the ther-
modynamic study of the more complex Cs, I, O, H
system.
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Appendix A. Total uncertainty estimates for the dissociation
of the dimer

Studied reaction: Cs,O,H, (g) = 2CsOH(g)
A.1. Uncertainty on 3rd law determinations

From the following relation:

AH = —RTInK, — TAFefs. (A1)

The uncertainty on 3rd law determination can be obtained
by derivation
0(AH3g) = 0T(—RIn K, + AFef®(T))+

RT(dK,/K,) + TO(AFef*(T)), (A2)

where
(—R ln Kp + AFCfO) = Aergg/Tmeana (A3)

The uncertainty on the equilibrium constant K, is related
to the total uncertainty on the products IT and on the sen-

sitivity for each gaseous species (v; being the stoechiometric
coefficient of each gas):

0K, /Ky =v; Y OIT/IT +v; ) 0S/S.

The uncertainty on the sensitivity S can be obtained from
the calibration by mass loss:

0S/S =Y do/c+ Y 0Am/Am+ Y 0C/C+
Z@s/s+za/lT1/2dt//ITl/zdt,

which is a function of the total uncertainties on the ioniza-
tion cross-sections, the mass loss, the Clausing coefficient,
the section of the orifice cell and the products IT?ds.

(A4)

(A5)

A.2. Uncertainty on 2nd law determination

The uncertainty on the 2nd law determinations is given
by the following relations:

d(InK,)/d(1/T) = —AH3/R, (A6)
0K,/K, = (AH°/R) - (3T /T*) or (A7)
AH® = (RT*/OT) - (0K ;7 /K1),
aAH(}m == ZRTm . (aK,T/KIT)

=2RTyw > vi(LT/LT). (A8)

This uncertainty does not take into account any other kind
of uncertainty like systematic errors due to trends in tem-
perature or in ionic intensity measurements.

Appendix B. An example of uncertainties calculation: Gold
crucible (Exp.CsOH-07 s)

B.1. Uncertainty on 3rd law determinations
According to the relation (A2):

(~RInK, + AFef®) = 230.8 J-mol ' - K

where A H5y, = 147.3kJ - mol ™" and Tean = 638 K.

B.1.1. Uncertainty on temperature 0T
The uncertainty on the temperature is directly related to:

e Thermocouple positioning/cell (considered correct, as
seen in figure 1).

e Manufacturer accuracy (=1 to 2) K.

e Uncertainty due to total 7 change during a temperature
plateau <6 K.

e Electric monitoring line according to HP data acquisi-
tion booklet (including the cold reference
temperature) ~ 1.8 K.

So the total 6T can be estimated to ~7 K
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B.1.2. Uncertainty on the equilibrium constant K,
B.1.2.1. Uncertainty on the product IT. It can be obtained
from the relation:

v; » SIT/IT =v; Y 8I/I+6T/T.

The uncertainty on the intensities is obtained from the fol-
lowing relation:

Diz 51/[ = 2(61/1)m0n0 + (51/1)d1m

The uncertainty for intensities is calculated from the ion
monomer (CsOH") and the ion dimer (Cs;OH™") intensity
measurements (from maximum deviations in pulse count-
ing mode) at high and low temperature (high 7 (746 K):
(61/T)iora1 = 10% and low T (355 K): (81/1)01a1 = 46%). We
have to quote that the uncertainty on the dimer contribu-
tion at low 7 are 10 times higher than for the monomer.

(A9)

(A10)

B.1.3. Uncertainty on the sensitivity
According to the relation (A4), the uncertainty on the
sensitivity is the sum of the following uncertainties:

1. The uncertainty on the ionization cross-section ratio is
estimated to 34% as the ratio 6gimer/Fmonomer cOUld vary
from 2 to 1.5 as observed in mass spectrometry [10].

2. The uncertainty on the Clausing coefficient 6C/C is
lower than 1% as estimated in [29]. We choose a value
of 0.7%.

3. According to our visual observation, the uncertainty on
the section of the effusion orifice is estimated to 0.05%.

4. The uncertainty on the sum of the products S /T"?6T
takes into account the uncertainty due to temperature
plateaus for measurements and to intervals due to inter-
mediate regimes — increasing or decreasing temperatures
—when using the trapeze method. In this method, during
intermediate regimes, the sample temperature is neces-
sarily different from the thermocouple temperature
located in the envelope and the two measured quantities
— I and T — do not correspond. Moreover, the trapeze
method underestimates or overestimates the products
IT'25T when, respectively, increasing and decreasing
the temperature.

Usually at high temperature the intermediate regimes con-
tribute to a small part (sometimes neglected) of the total
mass loss because the time for thermal equilibration is
short compared to plateau’s time for measurements of all
species. At low temperature, the proportion is reversed
(equilibration time here is about 1 h 30 min) and the error
in the trapeze method becomes relatively important. In
order to evaluate this error, we randomly monitored the
main intensity during intermediate regimes — up and down.
For other intermediate regimes we did not monitor the
evaporated species by moving the cell position out of the
source axis in order to prevent the field aperture from clog-
ging. Finally, we evaluated the relative difference of area
according to the relation:

A= (/lTl/zdt(real) —1T‘/2dt(trapeze)) /ITI/Zdt(trapeze).

(Al1)

The mean total value of A4 is about 11%. Weighting the
intermediate regimes error by the sum ZITI/ 25T for this
experiment, we obtain a final uncertainty equal to +4.7%.
For the different experiments, the proportion varied from
0.8 to 15%.

B.1.4. Uncertainty on mass loss o(4Am)
The uncertainty on mass loss is related to:

e Balance accuracy which is negligible.

e Transfer time influence (mass spectrometer — to bal-
ance): we tested the mass gain of the product when it
is stored in a drier and we observed that the mass gain
of the sample between the MS opening and the weight-
ing was not measurable. So the uncertainties due to
transfer time influence is considered to be negligible
(the sample is a bulk solid).

e Uncertainty on the flow out at the orifice cell (tested by
cleaning and weighting) has been evaluated to 3%
maximum.

e Surface diffusion process contribution was already taken
into account in the thermodynamics calculations of each
experiment.

So in this experience the total mass loss uncertainties can
be estimated to 3% for the genuine effusion process.

B.1.5. Uncertainty on the free energy functions dAFef(T)

Using Gurvich et al. thermodynamics tables [11], the
free energy function uncertainty at the mean temperature
of our experiments is for the monomer éFef,(CsOH(g)) =
+0.56) -mol™' K~ and for the dimer JFefy,(Cs,0,-
Hy(g)) =+ 1.77J-mol ™' - K~'. So when multiplying by
the mean temperature, the uncertainty on the AFef of the
reaction of dissociation of the dimer is:

TOAFef(T) =+ 1.24kJ -mol~' - K~ when applying a
compensation of the uncertainties.

Table B1 summarizes the uncertainty on each parameter
for this experiment. Finally, we obtained for this experi-

TABLE BI
Uncertainties on each parameter leading to the 2nd and 3rd law
uncertainties determination for the experiment CsOH-07 s in Gold cell

Independent uncertainties Value
oT 7.18
>~61/I monomer 0.04
S°61/1 dimer 0.27
> do/a 0.34
S=0Am/Am 0.03
S8C/C 0.007
Sds/s 0.0005
STV de/[IT? d1 0.047
3S/S 0.35
SK,/K, 0.45
OAFef 1.94
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TABLE B2

Summary of 2nd and 3rd law results with their total estimated uncertainties obtained for the reactions: Cs;O,H(g) =2CsOH(g) and CsOH

(s,]) = CsOH(g) using different cells materials

Material cell Experience label Temperature range/K

AH8K/(kT - mol ™)
Cs,0,H,(g) = 2CsOH(g)

CsOH (s,1)=CsOH(g)

2nd law 3rd law 2nd law 3rd law
Ni“ CsOH-02 s 515 to 761 133.6 + 3.6 145.9 +4.9 136.3. +£2.3 163.9 +4.1
Pt-Rh® CsOH-04 s 496 to 765 134 + 1.7 1444 +£49 140.3 + 1 160.1 +£4.5
CsOH-05 s 522 to 758 134.6 + 1.9 149.3 +4.5 150.7 + 1 163.3 +3.9
Au“ CsOH-06 s 531 to 753 1359+6 149 +£6.3 153.3 £ 1.8 164.7 £4.5
CsOH-07 s 530 to 753 138 +3 147.3+5.3 15744+ 0.5 164.4+44
Average value + total evaluated uncertainty® 1354459 146.6 + 7.3 146.8 £ 11.7 163.3 4+ 6.5

“ Pure material.
b 20% Rh.

¢ Exp. CsOH-05 s has been discarded in the mean value calculation as already explained in table 5.

ment (CsOH-07 s) the uncertainty on the third and second
laws determination:

0AqHog (2nd law) = + 3 kJ - mol .
0AqH>os (3rd law) = + 5.3 kJ - mol ™.

The uncertainty related to each experiment is summarized
in table B2.

The total uncertainty for the mean value retained from
our set of experiments is calculated with the assumption
of compensation of the errors including also the standard
deviation of the set of enthalpies values according to the
relation:

OAH (298) = { (MerNi_oz) + OAH g + SAH 06

MHir)) | 4}1/2 + S,

where Sy is the standard deviation of the whole set of en-
thalpy values.

(A12)

0AHsog (2nd law) = + 5.9 kJ - mol .
SAHos (3rd law) = + 7.3 kJ - mol ..

Appendix C. Total uncertainty estimates for the vaporization
of monomer

Studied reaction: CsOH(s,l) = CsOH(g)

Same uncertainties calculations, as explained before for
the reaction of dissociation of dimer, were performed for
the reaction of vaporization of the monomer. The obtained
results are summarized in table B2. According to the rela-
tion (A12), the total uncertainty obtained with the 2nd and
3rd law of thermodynamics is thus:

SAHros (2nd law) = 4+ 11.7 kJ - mol ..
0AHoog (3rd law) = £ 6.5 kJ - mol .
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CHAPTER I

PART |1: CRITICAL ASSESSMENT
OF THERMODYNAMIC DATA FOR
CSOH GASPHASE MOLECULES
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Chapter lI: Critical assessment of thermodynamic d& for CsOH gas phase molecules

[I.L1. INTRODUCTION

This work is part of the CHIP analytical program the framework of the International
Source Term Program), the aim of which is to amalyath a high temperature mass
spectrometer (HTMS) the behavior of gaseous vaporondition as close as possible to
those at the high temperature break of a primaojirg circuit of a nuclear reactor in case of
severe pressurized water reactor accident. Thiytazad program has been undertaken in two
ways: - (i) identification of existing gaseous nmlees and analysis of their stabilitye.

determination of their thermodynamic data, - (igbysis of non-equilibrium conditions in a
high temperature reactor in order to determine tiandata for molecules identified as

undergoing some kinetic barrier.

The present study deals with the first step th#testhermodynamic study of the complex Cs-
[-O-H system which has been chosen as the firsflidate in the study of severe accident.
The present work was undertaken in order to estab&liable thermodynamic properties for
the gaseous phase of the Cs-O-H system which i®btiee main component that transports
Cesium under excess of water. Indeed, the reabgbmeen gaseous Cesium angDHluring
severe nuclear accident produces Cesium Hydroxtllehws one of the main component in
the primary cooling lines either in the gas phas& aerosols.

Owing to large discrepancies in the mass spectrgnetsults for CsOH gaseous phase, a
preceding experimental effort was aimed first a thvestigation of the pure CsOH(s,l)
vaporization using High Temperature Mass Spectrom®TMS” [1] in order to clarify
earlier difficulties encountered in these studiesl a0 determine at a first step the gas
composition and the dissociation enthalpy of themrder which were controversy. The
present critical analysis aimed at the selectiometiible thermodynamic properties for the
CsOH gaseous phase, starting from a precedingsasens performed by Gurvich et al. [2]

which is enriched by more recent experimental works
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1I.2. PRECEDING GURVICH ET AL. ASSESSMENT

In 1997, Gurvich et al. [2] collected and critigalleviewed data on thermodynamic and
molecular properties of alkaline hydroxides, paitacly KOH, RbOH and CsOH (cr, lig, g).
Tables of thermodynamic properties in condensed gasgtous states have been calculated
using the results of their selection including alsome estimated values. Their
recommendations are compared with earlier evalnatgven in the JANAF Tables [3] and
in Thermodynamic Properties of Individual Substaniog Gurvich et al. [4]. The considered
properties are: the temperature and enthalpy o$elr@nsitions and fusion, heat capacities,
spectroscopic data and structures of gaseous nededoond energies and enthalpies of
formation at 298.15 K.

For gaseous CsOH system, the molecular constantmosfomer CsOH(g) and dimmer
Cs02H3(g) are well-established, and consequenfh/(hbat capacity), $ (standard entropy)
and Fef; (free energy functions) are considered as reliaftlein their assigned uncertainties.

In order to obtain the enthalpy of formation of G§@) and CgO,H,(g), different reactions

including these molecules have to be studied. Antbem, the following ones can be quoted:

> dimmerization: 2CsOH(g) = @3;H(q) (1)
» flame dissociation: Cs(g) +:8(g) = CsOH(g) + H(g) (2)
» ionization process: CsOH(g) +=Cs + OH(g) + 2¢ (3)

For studies in flames with simplified reactions [gef], the excited states are not necessarily
identified when existing, and equilibrium conditonare difficult to ascertain. High
Temperature Mass Spectrometry (HTMS) allows theaflidetermination of monomer and
dimmer equilibrium constant K The p(dimmer)/p(monomer) pressures rape/(p1) has
been determined by different authors to vary fra[8], 0.07 [9-12] tox 10° [9]. The last
value has been discarded by Gurvich et al. dugrtobable mass discrimination effec{sic)

in the quadrupole mass analyzer. As a compromisesih et al. chose the valye/ p; = 0.2
which is the geometrical mean of the minimum andimam values 0.07 and 0.7 calculated

according to the relation,
r=r H r;
J @)
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This mean value has been taken constant in theerahghass spectrometric measurements

(570-770 K) in order to obtain a mean third lawhapy value for the isomolecular reaction,

CsOH(l) + CsOH(g) = GO-H2(g) )

and using the assumption of internal compensaftamnthe sensitivities +e. ionization cross
sections times multiplier yields canceled-. Totahic intensities as measured coming from
the ionization of the CsOH(g) molecule have bederainto account (sum of the ions’Cs
and CsOH) contrarily to the dimmer intensity which has begtributed to the only GOH"

ion.

Our recent determinations [1] (4 experiments) efdimmer to monomer pressure ratio show
it varies from 0.14 to 0.6 within the above tempar@range, and this feature leads to a value
slightly different for the dimmerization enthalpy comparison to Gurvich et al.. Thus, the
mass spectrometric method remains the most apptepone to determine the formation
enthalpies of the two species (CsOH(g) andQgldx(g)) or similarly the enthalpy of

dimmerization.

In the Blackburn and Johnson work (1988) [9], Gcihnviet al. retains the vaporization
enthalpy of the monomer — corrected from the dimmentribution which has been
recalculated from their above retained mean vapyé p; = 0.2) — as a reliable enthalpy

value.

Konings and Cordfunke [10] by transpiration methibetermined the total cesium atoms
transported by the gaseous phasgdfeny= p1+ 2 p2,) in the 676 to 976 K temperature range.
They considered only the monomer contribution ieirthstudy because they could not
separate the contributions of monomer and dimmatraoly to Gurvich et al. who did it

using their above selected values for dimmerizagiguilibrium constant. The deduced value
for the CsOH(cr,l) = CsOH(g) reaction is in agreameith Blackburn and Johnson value

corrected with the dimmer contribution in the samenner.

Finally, the Gurvich et al. proposed values for drghalpies of formation of the gaseous
monomer and dimmer are based on the choice opilgy, ratio mean value and the two

works of Blackburn and Johnson [9] and Konings dbordfunke [10]. As a partial
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conclusion, considering that the compiled values largely scattered, the Gurvich et al.
estimated mean values seem proposed with quiten@it uncertainties. The dimmerization
equilibrium constant Kand thep, / p; ratio values remains important key values. So, we
considered that a new way for critical assessngenééded in conjunction with our new mass
spectrometric study.

Original data leading to the dissociation energyhe Cs-OH bond have been revised by
Gurvich et al. (flames [5-7], HTMS/lonization preses [9-12], ab-initio calculation [13])
using third-law calculations on the basis of ttesilected data (CpStand Fef; , given with

uncertainties). The obtained results A 205 15(CSOH, g) are presented in table II-1.

Authors 2(Cs-OH) AH (CsOH,g) kJ.mot

Smith and SugdefiFlames) [5] 381+ 4 -269 + 4
Jensen and Padl@ylames, linear molecule) [6] 380%+ 12 -268 £ 12
Cotton and Jenking&lames, linear molecule) [7] 377°+ 8 -265+ 8
Gorokov et al(HTMS, Born-Haber) [11] 357.6°+12.6 -245.6 £ 12.7
Gorokov et al(HTMS, isomolecular reaction) [11] | 388.8°+5.6 -276.8 +5.8
Emellyanov et al.(HTMS, Born-Haber)[12] 341°+13.6 -229 +13.7
Bauschlicher et alab-initio, ionic bond)[13] 365%+ 10 -253 £ 10

2 from Gurvich et al. compilationdD°, original uncertainty;® calculated from the observed dissociative
ionization at= 900 K, Cs(g) and OH(g) data from NIST-JANAF Talfl98)[3] anddD°, obtained from error
compensation relatioNY.ox*; ¢ referred to KOH from Gurvich et al. compilation] [2Cs(g) and K(g ) data from
NIST-JANAF Tables (1998)[3] aniD°, uncertainty estimated from original datD°y(K-OH) from Gurvich et
al. [2] and ofef from table 58 Gurvich et al. [2](1000 K) withify 9x* relation.

Table II-1 : Thermodynamic properties from authoited in Gurvich et al. compilation [2]

I1.3. CRITICAL ASSESSMENT OF THERMODYNAMIC
DATA FOR THE GAS PHASE

[1.3.1. CsOH(g) flames studies

In order to obtain the enthalpy of formation of GH@), H, + O, + N, + CsOH (dopant)
flames dissociation studies were performed assurtinegmain dissociation reaction (2):
Cs(9) + HO(g) = CsOH(g) + H(9)

Assumptions - based on this unique reaction or simglified set of elementary reactions -

have been chosen for interpretation of measuremélsisally, CsOH is introduced in the
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flames as a spray of diluted solution in water #mel ionization of Cs into Csliberates
electrons at high temperature. The proportion ofi€small as well as the CsOH(g) formed
at equilibrium, and the introduced concentratioi€efis often chosen as a first approximation
to be the existing one in the flame - sometimeduding different species -. Different
detection systems were used - electron concentrabg attenuation method using
radiofrequency waves [5], resonant cavity for elattconcentration measurement, absorption
spectroscopy for atoms [6] and double-beam atorbsomption using Cs hollow-cathode

lamps [7] - .

Smith and Sugden (1953) [5] observed that the 3alaéion for equilibrium ionization of

alkaline components,

[CSOH] = C§ + € + [OH] (6)

was not observed for Rb and Cs hydroxides, evem avinodified burner protecting the flame
by a nitrogen flow against atmospheric interferasncer using different mixtures. As
temperature uncertainties could not explain thdedihce between measurements and
attended results, a competitive reaction was pmrghose. the electron capture by the

hydroxyl radical,

OH + 6 — OH (7)

that decreases the electron concentration as ddtbgtradio frequency. The enthalpies of the
two reactions assumed to occur altogether — ioozatf Cs and electron capture by OH
were deduced from determination of the attenuatmefficient. But yet the electron affinity
of OH was estimated to be 288.7 kJ.thivlstead of 175.7 kJ.mblas presently retained from
more recent and accurate measurements using latleods as compiled by Lias et al. (1988)
[14]. This difference implies that the Oldoncentration is underestimated, then thé Cs
concentration overestimated. Finally the obtainedue for the Cs-OH dissociation is
overestimated as shown in table 11-2 when comp#rezbtton and Jenkins [7] (at least 3 kJ)
using a different method.

In fact, in this study the Cs-OH bond dissociatiaas not determined directly but referred to
the Li-OH bond dissociation, these two metals hgaimilar dissociation values. As a result,

the authors assumed quite identical chemical behdyi comparison with NaOH which was
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chosen to be entirely decomposed for calibratiothefelectron concentration in the flame.
Thus, the CsOH dissociation was referred in a trendliOH dissociation which is well
known (value so far unchanged).

Besides, the molecular parameters for the two nuit#ecLiOH and CsOH — used in the pre-
exponential factor of the equilibrium constant {p@n function) — have been estimated by
the authors. For this reason and using the prgskntdwn parameters — from JANAF98 [3]
for LIOH and Gurvich et al. [2] for CsOH — free egg function has been recalculated by
using JANAF formula for a linear polyatomic moleeyB] and compared to those calculated
with the same manner by using Smith and Sugdenaulaleparameters for LiOH and CsOH
[5]. The free energy function contribution diffeceninto the dissociation energies has been
calculated for the reaction LIOH(g) + Csfg) CsOH(g) + Li(g) with the following relations:

AH®) gy = ~RTLNKp+TAfef g = D°(Li ~OH) — D°,(Cs—OH) (8)
Afef = fef oo + fefi ) = fef Lony = feficy 9)
AH o0(corr) = AH oO(Smith) _TAfef(smith) +TAfef(ourcaI.) (10)

T(_Afef(Smith) + Afef(ourcal.)) =
T (— fefceon * fef(LiOH)) + fef 2"y — fef "¢y
(11)

(12)

_ fef Janaf(Li) + fef Janaf(CS) + (fef(cSOH) - fef(LiOH))

Smith our cal.

T(_Afef(Smilh) +Afef(ourcal.)) :Tl(_ fef(CsOH) + fef(LiOH) )Smilh + (fef(CSOH) - fef(LiOH))

our caI.J

AH®ocom) IS the corrected enthalppHCosmit) iIs Smith and Sugden enthalpyefsmin) the
free energy function calculated with Smith and Sargdholecular parameters for CsOH(g)
and LiOH(qg), Afef our ca. OUr recalculated free energy function using Jaabmeters for
LiOH(g) and Gurvich et al. parameters for CsOH(geg appendix 1I-B), free energy
functions of Li(g) and Cs(g) considered taken fréanaf tables [3].

The product TAFefour cayr AFefsminy) at the flame temperature (T = 2245 K) amounts to
16.7 kJ.mot that has to be added to the proposed value byhSmil Sugden: R{Li-OH) -
D° (Cs-OH) = 46 - 16.7 = 29.3 kJ.mbl The resulting dissociation energy3€s-OH) =
398.8 kJ.mot. D° (Li-OH) has been calculated from Janaf tables 8] the dissociation
reaction LiOH(g)— Li(g) + OH(g) at 0 K using the following relation:

D°,(Li —OH) =A,H,(Li,g)+A;H,(OH,g) -A,H,(LIOH, g) (13)
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AFefy(i) is the formation enthalpy of the gas i (i = ¢)( OH(g) and LiOH(g)) at 0 K. The
dissociation energy @YLi-OH) has been obtained to be 428.1 kJ:id° (Cs-OH) has

been transformed into by3.15 {Cs-OH) according to relation (14):

CsOH(g)— Cs(g) + OH(g) D5(Cs-OH) at 0 K
CsOH(g)— Cs(g) + OH(g) Dsos.15(Cs-OH) at 298.15 K

D° 4515 (CS-OH)=D°((Cs- OH) + (H 55 ,5- Hy)CS(9)+ (H 35 15~ Ho)OH(Q) - (H 565 15- H, )CSOH(Q)
(14)

D°o(Cs-OH) dissociation enthalpy at 0 K, d95:{Cs-OH) dissociation enthalpy at 298.15K,
(H29s.15Ho) enthalpy increment taken from Janaf tables for asi@ OH(g) and from Gurvich

et al. table for CSOH(Q).

The formation enthalpy of CsOH(g) at 298.15 K hagrb calculated within the following

relations:
D0298.15(CS_ OH) = Af H 298.15(CS’ g) + Af H 298.15(OH! g) - Af H 298.15(CSOH’ g) (15)
Af H298_15(CSOH, g) = Af H29815(CSI g) + Af H298.15(OHl g) - D029815(CS_ OH) (16)

The enthalpies of formation of Cs(g) and OH(g) hé&esn taken from Janaf tables [3].
Results before and after correction of Smith andd®ua free energy functions are presented
in table 1I-2.

Jensen and Padley (1966) [6] values further caedely Jensen (1970) [15] for the linear Cs-
O-H structure used high temperature flames (247%r€) determined electron concentration
by resonant cavity, with special calibration prasedand keeping values in the linear range
response of the cavity versus the inverse of teatpe in the range 2000 — 2500 K.

The alkaline component concentration was determimedptical absorption measurements
using the first resonant doublets of the alkalioenponent. For the Cs study, the authors
added small quantities of Cs in Rb in order to segpthe Cs ionization — feature which was
not reached — and in addition the residual conagatr of CsOH(g) could not be neglected.
Finally the Cs concentration has been increased@cerding to the ionization theoretical

equilibrium — in order to decrease the CsOH comaéinh below the detection threshold. The
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balance between the Cs introduced concentratiotihenflame and the one deduced from
electron concentration measurements amounts tcctarfa 6. This factor will induce a
decrease of the dissociation energy of about REMS kJ.mof (at T = 2250 K, R: gas
constant) (see table II-2). Besides, we can quesilwmut the formation of the Okbn as

postulated by Smith and Sugden (1953) [5] that dexrease the electron concentration.

Cotton and Jenkins (19697] used low flame temperature (1570 K) in order toic\or
limit) the ionization of Cs, and obtained the Ca@entration by atomic absorption (Cs lamps)
using a double-beam for calibration. Some usudtrteies were used to measure the H
flame concentration. The equilibrium constant idwed from the trend of the ratiog®/H as

a function of the introduced volume (and thus coiregion) of the solution in the flame.
Entropies are those from Jensen and Padley (186cdnsequently the correction to be
applied is~ - 1kJ as re-calculated by Jensen (1970) [15]tedgle 11-2).

Authors Do original D’ corrected | A; H'(298.15 K) Method
(kJ.mol?) (kJ.mol") (kJ.mol?)
Smith & Sugden [5] 380.7+ 12.6 -268.7 £ 12.7 | electron
(2™ law) concentration
398.8+12.6 -286.8 £ 12.7 | by resonant cavity
Jensen & Padley [6] 380°+ 12 -268 + 12 electron
Jensen [15] (3% law) concentration
347 £12 -235+12 by resonant cavity
Cotton & Jenking7] 376.6'+ 8.4 -264.6 £ 8.5 | Flame photometry
(3" law)
375.6 8.4 -263.6 £ 8.5

aoriginal authors data and estimated uncertainty

Table 1I-2. Summary of flame studies of the Cs-@Hdbdissociation and our corrected values as
discussed in the text. Corrected values are preseint bold.d4; H'(298.15 K) has been calculated

with assumption of error compensation using{h@x* relation

Concerning the flame studies, excited states ar@ewessarily identified when existing, and
equilibrium conditions are difficult to ascertaimese the only observed evolution in the flame
does not warranty sufficient long time to achiegeikbrium till fundamental electronic level

of the reactants and products even when analysipexformed along the flame propagation.
Moreover, Gurvich et al. [2] invoked a significamcertainty on third law analysis due to the
high temperatures used in flames (2475 K for Je&sBadley [6], Jensen [15]) but this is not

so significant forCotton & Jenking7] who worked at rather low temperatured570 K. In
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fact the pre-exponential factor — taking into actathe rotational and vibrational states - in
the equilibrium constant for the main postulateact®n has been estimated on the basis of
no electronic contribution (sigma ground state)d d@hnis assumption may introduce large
errors in the third law analysis if some low layisigites exist. Farther, the choice of a single
reaction or of a simplified set of reactions (ubuanly two main reactions) does not
correspond to the real complex equilibria occurimghe flames within the temperature and
concentration ranges of the experimental deternoinsit Clearly flame studies necessitate a
panel of technical analysis in view to considerd¢bmplexity of the gaseous phase.

For all these reasons, we believe that the abaradilstudies are likely to be approximate
values. Indeed their results differ significanttprh those obtained using more conventional

methods as Knudsen effusion, transpiration and sesstrometry.

[1.3.2. Mass spectrometric studies

»  Equilibrium constants of isomolecular reactions

Schoonmaker and Porter [8] studied by HTMS mixddilalhydroxides condensed phases
including CsOH. Monomeric and dimmeric species hbeen detected and the ratios of
fragment to parent ions published at 100 V ionizirajtage. Their ion spectrum is very
similar to our observations for pure CsOH vapor@at[1l]. Thermochemical data were
reported for the dimmerization reactions 2MOH(g) MO,Hx(g) and M(OH)x(g) +
N2(OH)(g) = 2MN(OH)(g) with M and N = Na, K, Rb and CsOH respectivdfpr the
isomolecular studied reactions of the type,

(CsOH) (g) + 2 MOH (g) = (MOH) (g) + 2 CsOH(g) a7
with M = Rb or K as reference, Schoonmaker anddPaniade the assumption that the mass
spectrometer sensitivity factors cancelled whichkend possible to write the equilibrium

constant as following:

Kp = [I(M20H").I(CsOH)?I(Cs,OH").I(MOH")?] (18)
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From ionization cross-section values and secone&gtron multiplier yields relations as
proposed by Drowart et al. [16], and using the sdrthe ionic intensities issued from each
molecule (parent plus fragment ioins. C$ + CsOH' for the total ionic current issued from
the CsOH molecule), the authors assumption has tieerked and remains valid within 9%
for RbOH reference and 3% for KOH reference.

If the original thermochemical data obtained foe tRbOH-CsOH systems at 673 K and
KOH-CsOH at 692 K [8] are taken into consideratioising Gurvich et al. free energy
functions (Fef) for the reference molecules RbOHgg)KOH(g) [2], the dimmerization
enthalpy is obtained to ba:gmH (CsOH) = 146 + 11 kJ.mdlwith RbOH as reference and
156 + 10 kJ.met with KOH as reference. Note that the dimmern®di, reference is not
well known since Gurvich et al. estimated the basthg trends in the hydroxides that were

then compared to flame experiments due to lackrettlvaporization studies.

Gorokov et al. (1970) [11] determined by HTMS th#edence of dissociation energies of
KOH and CsOH: (Cs-OH)- Dy(K-OH)=31.8 + 4.6 kJ.mdl. At the beginning of their
experiment or in the first one, some invoked cadbes impurities (earlier studies on
carbonates — including preparation of the samplesre performed by the authors) produced
Cs(g) and K(g) in the gas phase. Note that thismifeavould be related to reducing conditions
in the cell that can not be obtained by the onlcétitainer (used in their experiment), but
necessarily by sample impurities clearly differémm water pollution. As the ionization
process of the hydroxides produce moré @8 K') ions than CsOH(or KOH") ions, the
convolution of the different contributions remaiasnecessary step that increases the total
uncertainty of the measurements. From their equilb constant of the gas-phase exchange

reaction (isomolecular),
Cs(g) + KOH(g) = CsOH(g) + K(g) (29)

i.e. CsOH referred to KOH from Gurvich et al. cotapion [2] (Dy(K-OH)=357+ 3 kJ.mol) ,
and using Fef (free energy functions) of Janafemlibr Cs and K [3], the dissociation energy
of CsOH(g) has been obtained to hg@s-OH) = 388.8 + 5.6 kJ.midl(uncertainty takes into
account the assumption of error compensation uspéx’ relation and including the free
energy function uncertainty= +1 kJ.rffplandAsH,gg 1£5SOH(g) = -276.8 + 5.8 kJ.mitl
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»  Born-Haber cyclesfrom ionization processes

From Gorokov et al. (1970) [11] measurement of @ dissociative ionization potential

using the following Born-Haber cycle (at 900 K),

CsOH(g) + e« Cs + OH(g) + 2 & (dissociative ionization potential at 900 K) 3)
Cs(g) + é— Cs + 2 € (known adiabatic ionization potential) (20)
CsOH(g) = Cs(g) + OH(g) (deduced bond energy atk0 (21)

and considering the measurement performed at 9@Pdgax(Cs-OH) = 359.8 + 12.5 kJ.midl

, dissociation energy has been calculated at Oguenthalpy increments,

Doo (CS' OH) = DOQOOK (CS' OH) + (Hgoo - HO)CSOH(g) - (H900 - HO)OH(g) - (Hgoo - HO)CS(g) (22)

The enthalpy increments have been obtained froraf Jahles for OH(g) and Cs(g) and from
Gurvich et al. tables for CsOH(g). The resultingsdiciation enthalpy Q(Cs-OH) = 357.6 £
12.6 kJ.mof(uncertainty takes into account the errors compg@argaAs Gorokhov et al., we
assume no contribution of ion (and/or neutral) kmenergy in process (3) by analogy with
K*/KOH analyzed using electrostatic deflection at itwe source output. Our recalculated
value is slightly different from the one presentedsurvich et al. compilation (358 + 12 kJ.

mol ).

From Emellyanov et al. (1967) [12] and the same nBdaber cycle, we obtained
D°y(Cs-OH) = 341 + 13.6 kJ.moldifferent from the original value given by the laoits at
about 900 K: Dgyox(Cs-OH) = 344 + 13.5 kJ.midl. The resulting value for the enthalpy of
formation isAfH” 595 14SOH (g) =-229 + 13.7 kJ.m'bincIuding the proposed uncertainty for
the enthalpy increment of CsOH(g) by Gurvich e{2l.

It is to notice that the differences in these tweceding studies have to be related to

difficulties in obtaining accurate values for ioaiion potentials: namely 0.1 eV is rarely
reached as total uncertainty (0.1 eV = 11.2 kJ).
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»  Vaporization studies

Konings and Cordfunke [10] total apparent presgdggefrom the transpiration experiment —
calculated on the basis of the transported and/za@@lCs atoms at the condenser - gives the
partial pressure of the monomer and dimmer usingdmsociation constant K(inverse of

dimmerization constant) for the reactiofCsOH),(g) -~ 2CsOH(g) according to the

following relations,

papp = pl + 2p2 (23)
2
=P (24)
P,
p 2
= 25
P2 =y (25)
p 2
papp =pt 2 (26)
Kd
Zpl2 + Kd [pl - Kd |:papp = O (27)
A= Kd2 +8Kd |:papp = Kd (Kd +8papp) (28)

o ) k[ [ B 2
1 4 4 K

p; and p correspond respectively to monomer and dimmeirspres.

As the monomer remains the main species, thirdckaulation of the CsOH(cr,l) = CsOH(Qg)
equilibrium is chosen as the main resulisi,H 20515 = 162.8 + 0.9 (standard deviation)
kJ.mol*. The third law results are presented in figure ksl a function of the measured
temperature and compared to authors results wain #ssumption that monomer is the only
present component in the gaseous phase. Our aaraalues discarding the dimmer
contribution lead to a less scattered mean valuktana smaller trend (thermodynamics

should show no trend). The original pressures amnccted ones are presented in table 11-3.
The total uncertainty is calculated from the thawa Irelation:

SAsubH = 8T.( A SubH/Tmea[) + S(AsubFef).Tmean"' R.TmeanSP/P == 6.5 k\].mdll (30)
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We estimated - (i) the total monomer pressure uaicgy on the basis of maximum deviation

of the original apparent pressui@(P = = 0.46 in fig. 1I-2 of Konings and Cordfunker])

for papp adding the uncertainty on the dimmer existenceatr(0 <p,/ p; < 0.6 leading to
dP/P = %+ 0.3), the totabP/P = + 0.76, - (ii) Tean = 800 K anddT = + 5 K, - (iii)

d(AsupFef) = 2 + 2 according to Gurvich et al. tablese Hssumption of errors compensation

has been used for the calculation of total unaagtaiThe deduced enthalpy of formation

AH 205 14CSOH(g) is equal to -253.4 + 6.5 kJ.Mdlincertainty takes into account the errors
compensation antiiH »e5.14SOH(S,1)= 416 + 0.5 kJ.mdlfrom Gurvich et al. [2]

170

DeltaHsubl/kJ.mol-1

Konings and Cordfunke (1988) - DeltaHsubl(CsOH, g, 298 K) monomer

—&—recalculed with our Kd
- == mean value
—A— Papparent = Pmonomer

== mean value

660

Figure II-1: Third law enthalpy of the vaporizatioeaction CsOH(l) = CsOH(g) versus temperature

for Konings & Cordfunke data [10] and Konings & Glunke corrected values discarding the

dimmer contribution to the total apparent pressdata .

Measured Konings assumption: | Our calculation: Without dimmer
T(K) pressure = f;gp Pl = Papp Pl = Papp-ZPZ AsukJ_i 208.15
(Pa*) Konings AsuH2ss.1{Konings) kJ.mat | (bar) (recalculated) kJ.mdl
675.7 1.4 158.9 7.13E-06 162.7
686.4 2.42 158.0 1.17E-05 162.1
699.1 5.08 156.2 2.23E-05 161.0
705.6 3.13 160.3 1.74E-05 163.8
737.3 12.22 158.2 6.17E-05 162.4
756.9 21.5 158.2 1.10E-04 162.4
769.4 20.73 160.6 1.21E-04 164.1
781.6 38.34 158.8 2.06E-04 162.8
799.6 67.16 158.0 3.53E-04 162.3
801.3 88.29 156.5 4.31E-04 161.3
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804.8 85.09 157.3 4.34E-04 161.8
819.4 124.57 157.0 6.36E-04 161.6
820 106.76 158.2 5.76E-04 162.4
854.6 191.77 159.4 1.12E-03 163.2
880.5 267.36 160.8 1.69E-03 164.1
902.6 432.6 160.3 2.73E-03 163.8
919.4 575.43 160.5 3.69E-03 163.8
922.2 723.88 159.1 4.43E-03 162.8
922.3 720.23 159.1 4.42E-03 162.9
922.4 633.74 160.1 4.03E-03 163.6
940.8 972.77 159.2 6.08E-03 162.9
958.1 1199.93 159.8 7.75E-03 163.3
975.6 1627.13 159.5 1.06E-02 163.0
Mean value at 298 K 158.9 162.8
Standard deviation 1.3 0.9

* the published unit in table 1 of Konings and Clortke paper [17] is Pascal and not kPa as mentioned

Table 1I-3 : In the third column, the third law éialpy is calculated with the Fef of Gurvich et 2].[
and with Konings assumption of only monomer ingag phase. In the fourth column, the monomer
pressure is calculated using our dissociation eldor the dimmer. The last column corresponds to
the calculated third law enthalpy for the sublinoatiof the only monomer (CsOH(cr,l) = CsOH(qg)).

Blackburn and Johnson (1988) [9] vaporized CsOHfY) HTMS (quadrupole mass
spectrometer) and calibrated the mass spectromsitey the mass loss of the sample during
the experiment. When compared with earlier massctepeetric studies and our
determinations [1] performed with a conventionalgmetic mass spectrometer, their dimmer
ionic intensities are much lower - at least by @da100. As we confirmed the values for the
ionic intensities dimmer to monomer ratio of Schoaker and Porter [8] performed with a
magnetic mass analyzer, we agree with the existehaa uncontrolled mass discrimination
in the quadrupole MS as invoked by Gurvich et al. [ndeed, Blackburn and Johnson
attempted to check this mass discrimination “uspggfluorotripentylamine for the mass
range 50 to 602" but they were not convinced byirtbests and did not use the mass
discrimination results. So, the Blackburn and Johndeterminations cannot be used for the
determination of the dimmerization equilibrium ctarg. Moreover, due to their attributed
small contribution of dimmer in their gas phaseaddburn and Johnson calculated the
monomer vaporization from the full mass loss and deing they over-evaluated the
monomer’s pressure. Gurvich et al. took off the ren contribution to the monomer
pressure, but no details are published about theeacmn done probably to the total mass
loss. Similar process has been done using our tedletimmerization (or dissociation)

constant in the following way:
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» the total relative mass loss (from tables II-1 #@n2iin Blackburn and Johnson paper
[9]) have been recalculated due to the monomedandher effusion according to the
Hertz-Knudsen equation,

» The total pressure in the effusion cell - definsdapparent pressure from the only
mass loss - is then used to recalculate the monguadial pressure using our
equilibrium constant K(dissociation of the dimmer into two monomers)aadag to

the following relations,

Papp = B +2p, (31)
Kif P+ Py~ Py =0 (32)
A=1-4 E—I\é—f B (33)
B, :ﬁ (34)

and finally, using relation (32) dimmer pressurg ip deduced according to the

following relation:

Papp — P
P, =T (35)

The so calculated ratiopapp amounts to about 0.96. For low temperature rangaimmer
pressures have been published by Blackburn andsdahend as a first approximation, their
monomer pressure can be considered as equal &ppagent pressure. Meanwhile in the high
temperature range, the apparent pressure has bealculated from the two contributions
(presence of monomer and dimmer in the gaseouseph@ben, from this recalculated
apparent pressure (as measured by mass loss) iagdous dissociation constaniykthe real
monomer pressure has been recalculated.

The original pressures and corrected ones are piegsentable 11-4 and figure 1I-2. From the
corrected partial pressure of the monomer, thel fhw sublimation enthalpy for the reaction
CsOH(cr,l) = CsOH(g) has been calculated to hgjpH 20515 = 164.4 + 1.3 (standard
deviation) kJ.mot. The estimated total uncertainty has been takeforaRoki et al. mass
spectrometric same experiments (+ 6.5) and finddéy total uncertainty i8(AsupH) = £ 7.8
kJ.mol* (including the standard deviation). Using Gurvidhaé [2] enthalpy of formation
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AtH 295 14CSOH(s,1)= 416 + 0.5 kJ.nmid) the deduced formation enthalpy AgH 295 14SOH
(g) = -251.8 + 7.8 kJ.mdl(uncertainty takes into account the errors comgi&os).

N.B. The authors did not mention any experimental olzg@ns concerning the creeping or
overflow of the material - as analyzed by Rokildtlh- but we observe a relatively large
scatter of the original published data (see fig2)l Consequently, the third law enthalpy
results of the main reaction CsOH(s,l) = CsOH(gg dargely scattered as presented as a
function of temperature measurements in figure I1-3

In order to test the influence of a possible owsvflof about 50% in the total mass loss, we
calculated also the sublimation enthalpy when thpasent pressure is divided by two (fig
[1-3). Results show that the enthalpy is increabgdabout 3kJ but the results show a small
trend (comparison between the mean value and th& kguare fit). Our first calculation
with apparent pressure seems better. As the authses silver Knudsen cell — a material
Roki et al. did not test in their experiments — wan conclude that either there is
compensation between the overflow and their medsimeic intensities (genuine effusion

plus parasitic contribution) or there is no sigedint overflow with silver cells.

CsOH(l) vaporization

< monomer(Blackburn)

A dimmer(Blackburn)

4 monomer corrected

A dimmer corrected

Log10(P/bar)

1000/(T/K)

Figure 1I-2 : Decimal logarithm of partial presswsen equilibrium with CsOH(l) versus 3T for

Blackburn and Johnson data [9] and corrected pressias explained in the text.
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T(K) Monomer Dimmer Apparent | Monomer pressure Ag;pH(298 K)
pressure (Bar) pressure Pressure | corrected with our|  (kJ.mol%)
Blackburn (bar)Blackburn (bar) Ky
622 5.60E-07 5.60E-07 3,81E-07 166.2
654 7.82E-06 7.82E-06 3,64E-06 161.7
672 5.53E-06 5.53E-06 3,56E-06 165.8
681 1.49E-05 3.94E-07 1.55E-05 8,13E-06 163.1
684 1.68E-05 1.68E-05 8,92E-06 163.2
684 1.28E-05 1.28E-05 7,39E-06 164.2
686 1.24E-05 1.24E-05 7,38E-06 164.7
702 3.19E-05 1.53E-06 3.41E-05 1,78E-05 162.9
714 3.23E-05 3.23E-05 1,94E-05 164.8
736 5.70E-05 5.70E-05 3,58E-05 165.5
743 8.04E-05 1.81E-06 8.30E-05 4,99E-05 164.8
759 1.16E-04 1.88E-06 1.19E-04 7,41E-05 165.3
772 1.71E-04 4.21E-06 1.77E-04 1,10E-04 165.1
Mean value at 298 K 164.4
Standard deviation 1.3

Table II-4: Re-calculations of apparent pressurenfr monomer and dimmer pressure values of
Blackburn and Johnson [1] and deduced monomer presssing our dissociation enthalpy for the
dimmer. The last column corresponds to the caledldhird law enthalpy for the sublimation of the
monomer CsOH(cr,l) = CsOH(g).

Blackburn and Johnson (1988) - DeltaHsubl(CsOH, g, 298 K)monomer

175 —o— from apparent pressure

= *mean value
173 4

T T
1 1
N | —A— p apparent /2
171 - T [ 1—-- 'p app/2 mean value
| |
| |
Al b | |
—é 169 My /Zr_:x
- | —
E 167 | =
2 | |
= 165 1 3@?“" o
2 ) il i
(%2}
T 163 1 e T
S
3 1.
a 161 I N A
| |
| |
159 1 I S .
L |
| |
157 1 | |
| |
155 | |

740 760 780

Figure 1I-3: Third law enthalpy of the reaction Ckixr,l) = CsOH(g) from Blackburn and Johnson
data recalculated using our dissociation constamtthe dimmer (full line). Dashed lines correspond

to an arbitrary decrease of mass loss (50%) assedito the assumption of averflowcontribution

in the total effusion process.
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Roki et al. (2007) [1] performed mass spectrometaporization of pure CsOH(l) (see
appendix II-A for experimental pressures of CsOH{gydl CsO,H>(g)) and propose for the
sublimation reaction CsOH(cr,)) = CsOH(g) a valigpH 20815 = 163.3 + 6.5 kJ.mdl .
Using Gurvich et al. enthalpy of formation for thelid: A{H 295 1£CSOH(S) = -416.2 + 0.5
kJ.mol*, the CsOH(g) enthalpy of formation has been okthito be:AH »514CSOH(Q) = -
252.9 + 6.5 kJ.mdl, uncertainty takes into account the error comp@rsa/(6.5+0.5°)
(published value in [1] -252.7 + 6.5, the 0.2 diffiece is simply due to an error of
calculation). The direct determinations of the guhtion enthalpy are compared in table II-5.
Results show that all third law enthalpies beconmeentonsistent when taking into account

our dissociation constant.

Reaction : Temperature AsbH(298 K, 27 | AqusH(298 K, 3% law)
CsOH(cr,l) = CsOH(g) range (K) law) /kJ.mol* /kJ.mol*

Blackburn, Johnson Authors 622-772 160.9 + 9.7 151.9+1.9
[9] (Trmean= 700)

Corrected 163.6+7.0 164.4+1.3
Konings, Cordfunke Authors 676-976 152.2+2.6 158.9+1.3
[10] (Timean= 830)

Corrected 157.9+1.8 162.8+0.9
Roki et al. [1] This work 496-765 146.8 + 10.1 163.3+2.%

2. 1 experiment: 4 experiments standard deviation

Table 1I-5: Comparison between literature data amdalculation of sublimation enthalpy witti®2

and 3° law (with standard deviation).

I1.4. SUMMARY AND CONCLUSION

The whole set of formation enthalpies for CsOH(g)summarized in table II-6. Good

agreement is observed for values obtained by dg@slimation, the last value from Roki et

al. confirms the original choice of retained methad measurements by Gurvich et al. [2]
who did not retain other kind of determinations.

Following Gurvich et al. [2], we believe that “tigh temperatures employed in studies of
equilibria in flames [5-7] resulted in significaohcertainties for the 8 law enthalpies of

reaction”, due for one part to the uncertainty loé teal temperature of the flame and for

91



Chapter lI: Critical assessment of thermodynamic d& for CsOH gas phase molecules

another part to uncertainty on the calibrationarfsi concentration as well as the knowledge
of the exact electronic states of the CsOH molecule

Born-Haber cycles based on dissociative ionizati®observed in mass spectrometry are only
rough estimates due to the possible excess kiap@ogy associated to the fragment ions that
are not always detected with sufficient accuracyrédver, the calibration of the voltage
scale in a Mass Spectrometer ion source is notssadéy reliable due to voltage gradient in

the ionization volume.

The isomolecular reaction taking into account Cs(gdl K(g) in addition to the hydroxides
(CsOH and KOH) in the gas phase is based on fe#ttateneeds from a chemical point of
view reducing conditions or pollution by an oxidevary low oxygen potential or a carbonate
as invoked by Gorokhov et al. [11]. In fact, the"@ad K parent ions are mixed with the
fragment ones coming from hydroxides in a rathgvartant amount. Therefore, the measured
isomolecular reaction — notwithstanding easy catibn procedure — can include some
uncontrolled uncertainties. But yet, comparing ph@posed formation enthalpy value (-278.4
kJ.mol") with those obtained in flames studies, we obskthat the isomolecular value is

rather close to those obtained from direct subliomat

As proposed by Gurvich et al. [2], a mean value baen retained from sublimation
experiments that are presently the most reliabéss drecause:
- the gaseous phase composition has been re-deterraim& thus the dimmer to
monomer dissociation constant;
- the sublimation enthalpies of the monomer have lreeavaluated from different

experiments discarding the dimmer contribution.

Our proposed mean value for the formation of CsQHUgH 20514CSOH(g) = -252.7 + 4.1
kJ.mol%) is slightly different from the Gurvich et al. prosed one (-256.0 + 5 kJ.rifpl The
difference in pressures of the monomer can be leaémliusing the third law relation,

op _O9AH  oAFef
p RT

= 3000/RT, with the same Fef (free energy function)

At 1000K, our monomer pressure is 36% lower thanpitoposed ones by Gurvich et al. [2].
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Authors Experimental | D°%(Cs-OH) | AfH%9s¢(CsOH,g) | Comments
Methods /kJ.mol*
Smith, Sugden (1953) [5] Flames 3984812.6] -286.8+12.7 Possible
Jensen, Padley (1966) [6] Flames 34712 -235+12 excited stateg
and unknown
Coton, Jenkins (1969) [7] Flames 37%68.4 -263.6 + 8.8 temperature
Gorokhov, Gusarov HTMS Possible
(1970) (Born-Haber) Dissociative kinetic
([11] ionization 357.6+ 12.6 -245.6 £ 12.7 energy and
Emellyanov et al. (1967)| HTMS calibration of
[12] Dissociative potential
ionization 341 +13.6 -229 + 13%7 scale
Gorokhov, Gusarov HTMS Origines of
(1970) (isomolecular Isomolecular Cs(g) and
reaction) [11] reaction 388.8+5.6 -276.8 + 5.8 K(g) ?
Blackburn, Johnson HTMS
(1988) [9] Vaporization -251.8+7.8 Corrected
Konings, Transpiration with our Ky
Cordfunke(1988) [10] Vaporization -253.4+6.8
Roki et al. HTMS New Ky
(2007) [1] Vaporization -252.9+6.8 determination
Gurvich et al. (1997) [2] 368.6 £5 Compilation
Assessment -256.0 + 5 assessment
This work Our assessment 2527+ 4

2 original uncertainties proposed by the auth8rsyncertainties re-evaluated in this wofk,evaluated as

[V(7.8+6.5+6.5)]/n (with n=3),° corrected value from table I1.2

Table 1I-6: display of all determined and analyaedues for the dissociation enthalpy of Cs-OH and
the formation enthalpy of CsOH(g), quoted with ltotrzcertainties.

The formation enthalpy of the dimmer is deducednfiaur retained dissociation enthalpy and
the preceding formation enthalpy of the monomer:

Adisch = 2 AfHmono - AfHdim (36)
The enthalpy of dissociatiokyisH  is related to the dissociation constagtvithin:
AgisH = -RTLN Ky + TAFef (37)

The CsO,H,(g) enthalpy of formation is deduced to eH gim = - 652.4 + 11.7 kJ.mdl
(Roki et al. published value652 + 11.7 kJ.md! due to an error of calculation of

AH'(CsOH,g)). The calculated uncertainty takes int@oaot the errors compensation.
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Gurvich et al. [2] adopted the value -653.0 + 8nidl, which is in good agreement with our
value due to internal compensations in the thermanyc cycles since their references are
not the same. Indeed, Gurvich et al. compared imendr series — pO,H,, RbO:H, - as

done by Schoonmaker and Porter [8] in which thediuln is already an estimated value.

Looking at the “recommendations for future measwetsi’ proposed in the Gurvich et al.
compilation [2], the present work gives responsth&item (5) “Mass spectrometric study of
potassium, rubidium and cesium hydroxides to obtaifable quantitative data on vapor
composition, including relative concentration aferic and possibly tetrameric molecules”
at present applied only for the CsOH compound. @uncipal thermodynamic results
concern:

» the melting temperature of anhydrous CsOH(s to I),

» the dissociation constant dimmer — monomer,

» the enthalpies of formation of these two species,

» the existence of the trimmer.
In the item (7), Gurvich et al. pointed out tha¢ thelected structure for the dimmer would
present some active modes in Raman spectra thakdsbhe detected as a confirmation. Some
new results could modify the free energy functiod aonsequently the dissociation energy of
the dimmer. As we did not observe any systemagods in our four retained third law
results, the modification of the Free energy fumttivould probably not be very important.
For mass spectrometric future investigations, thepgrtion of fragment ions has been
determined as a basic reference with the pure cantporhis step was necessary in view of
multi-component systems (Csl-CsOH for example) stigations in order to detect reliably

the apparition of new atoms or molecules givingsiahthe same mass.

Finally, the proposed thermodynamic propertiesttier CsOH(s,l), CsOH(g) and £3»H»(Q)
are summarized in table 1I-7. Selected CsOH(g) @stD.H>(g) vapour pressures have been
calculated as well as the dimmerization constagt, Kor the reaction CsOH(g) = 2
Cs0,H2(g) and presented in figures 11-4 and II-5.
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Compound | Thermodynamic function JANAF 1998 Gurvich et al. | Present work
or molecule from Janaf (2997) 2] retained
1971 [3]
CsOH(s) AH (298 K)/kJ.mof -416.73+0.8 -416.2+0.5 Gurvich
S°(298 K) )/J.Kmol™* 98.7 +4.2 104.22 +0.10 | Gurvich
estimated
C°, (298.15 K)/J.K'mol™ 67.87 69.93+0.1 | Gurvich
H(298.15) — H(0) /J. mdl unknown 14103 +10 | Gurvich
Ametindd (K) 4.56 +0.4 7.78+0.4 Gurvich
T metting(K) 588+ 1 615.5+ 1.0 649 + 2
CsOH(l) Cp (Trmetting/J. K 'mol™ 83.68 85.0 Gurvich
CsOH(g) AH (298 K)/kJ.mot" -259.4 + 12.6 -256 + 5 -252.7+4
S(298 K) )/J.K'mol™ 254.78 + 0.42 254.84 +0.7 | Gurvich
C, (298.15 K)/J.K'mol™ 49.723 49.724 +0.3 | Gurvich
CsOHx(g) | AH (298 K)/kJ.mof" -687.8 +41.8 -653+8 |-652.4+11.7
S(298 K) /J.K'mol™* 360.7 +12.6 381.267 +2 | Gurvich
C, (298.15 K)/J.K'mol* 82.807 108.293+1 | Gurvich

Table II-7: Selected thermodynamic properties fer@H system

Vapor pressures over CsOH(l) - selected by F-Z. Roki et al. (2008)

O T T T T T
Q| | | | |
|| © CsOH(g)
T o - O Cs202H2(g) }-------——
‘ | |—Linéaire (CsOH(q))
) 1 . |—Linéaire (Cs202H2(g))
e T T T T T T T T T T T T T TN TNy T T T T [ T T LI
: : l l l
o | | | | |
S 31 l l l l l
S 1 ‘ ||y = -7032.4x + 5.2104]
=1 | | T T
S 4+----- R R EEEEE TR NN - - RREEEEEEEEES
- | | i | |
| 1 | |
! y=-668L2x +4.2763] ! ‘ ;
'5 7 | | | |
| | | |
| | | | |
| | | |
-6 l l l l l
| | | | |
| | | | |
| | | | |
-7 : : : : : : : : :
0.0007 0.0008 0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017
1/T(K)
Figure II-4: Selected CsOH(g) and £&»H,(g)) vapor pressures over liquid phase
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2CsOH(g) = Cs,0,H,(g)-selected value by F-Z Roki et al.

Log10 Kgim

T
|
|
|
77777 N ...
|
|
|
|
|
|
|
|

y = 7400.1x - 6.1606

0.0006

Figure 11-5: Selected constant of dimmerizationtlee reaction CsOH(g) = GO,H(g)

0.0008 0.001 0.0012 0.0014 0.0016 0.0018
1/T(K)
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APPENDIX II-A

CsOH(g) and G®,H,(g) experimental pressures obtained during CsOH{aporization by
high temperature mass spectrometry measurements

2 pure material® 20% Rh

Material cell Experience label T/K PCsOH(g) / Pa PCs0O,H,(g) / Pa
Ni# CsOH-02s 515.70 4.052E-04 9.406E-05
531.40 1.086E-03 2.712E-04
559.60 4.054E-03 1.236E-03
587.00 1.253E-02 3.778E-03
621.10 4.493E-02 6.452E-03
633.10 7.137E-02 1.440E-02
759.60 5.092E+00 7.883E-01
693.55 6.393E-01 1.329E-01
724.20 1.741E+00 3.163E-01
Pt-Rh" CsOH-04s 564.80 1.085E-02 5.072E-03
530.80 1.959E-03 6.425E-04
498.90 3.056E-04 1.653E-04
552.10 5.810E-03 2.134E-03
594.68 3.992E-02 1.461E-02
621.30 1.090E-01 3.098E-02
639.90 2.126E-01 4.820E-02
628.58 1.502E-01 3.975E-02
651.60 3.283E-01 9.115E-02
763.73 1.601E+01 7.046E+00
673.30 7.660E-01 1.952E-01
703.83 2.348E+00 7.671E-01
733.10 6.124E+00 2.387E+00
717.93 3.698E+00 1.367E+00
693.80 1.596E+00 5.313E-01
CsOH-05s 628.00 8.967E-02 2.556E-02
604.00 3.357E-02 1.244E-02
582.75 1.207E-02 4.075E-03
563.60 4.242E-03 1.628E-03
546.50 1.484E-03 5.850E-04
523.70 3.976E-04 1.480E-04
635.05 1.208E-01 4.235E-02
665.00 3.987E-01 3.195E-01
758.15 7.757E+00 3.019E+00
655.60 2.803E-01 2.487E-01
692.60 1.042E+00 6.451E-01
747.00 5.654E+00 2.360E+00
723.55 2.814E+00 1.373E+00
710.00 1.841E+00 9.876E-01
Au? CsOH-06s 615.38 3.491E-02 1.181E-02
601.80 1.950E-02 6.389E-03
591.13 1.188E-02 3.841E-03
553.10 1.786E-03 4.284E-04
539.95 8.610E-04 1.613E-04
531.50 5.242E-04 1.135E-04
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625.95 5.753E-02 3.330E-02
666.73 2.764E-01 1.061E-01
693.43 8.021E-01 2.515E-01
752.33 6.449E+00 2.212E+00
710.18 1.374E+00 5.617E-01
719.18 2.132E+00 6.898E-01
729.28 2.851E+00 1.041E+00
741.08 4.334E+00 1.519E+00
656.55 1.834E-01 6.382E-02
641.15 1.098E-01 4.923E-02
CsOH-07s 600.95 1.800E-02 3.691E-03
570.45 4.171E-03 8.041E-04
555.80 1.844E-03 3.998E-04
545.90 1.110E-03 2.486E-04
532.20 4.977E-04 8.038E-05
613.35 3.293E-02 9.864E-03
625.00 5.482E-02 1.268E-02
642.15 1.135E-01 2.744E-02
655.85 2.399E-01 6.009E-02
678.45 5.780E-01 1.513E-01
703.90 1.422E+00 4.495E-01
752.70 7.023E+00 2.724E+00
720.10 2.487E+00 7.493E-01
733.75 3.879E+00 1.235E+00
745.00 5.525E+00 2.073E+00
662.05 3.066E-01 6.842E-02
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APPENDIX II-B

Molecular parameters Smith & Sugden [4] | Gurvich et al. [2] Janaf [3]
LIOH(g) | CsOH(qg) CsOH(q) LIOH(Q)

r AOH/ A 1.52 2.78 2.863 2.067

vy flem™ 800 300 335.6 £10 630

volem™® 410 300 306 + 10 662

valem® [ e ] e 3705 + 100 3666

| (g.cnT) 22 10" | 20.4 10 | (15.255 + 0.03) 1&’

Ground state quantum weight 1 1 1 1

G 1 1 1 1

Rotational constant@cm™ | - |  --ee- | el 1.192055

Table II-B1: molecular parameter of gaseous LIOHI&DsOH used in calculation of free energy
functions. Vibrational frequenoy of LiIOH(g) and CsOH(g) not given by Smith and Suagdie place
we used in the calculations those proposed by @Gari al. and Janaf

Cp
J K1 mol*

H(T) - H(0) | H(T) - H(298
J mol*

S(T) | Gef(0)

J KX mol*

| Gef(298)

T(K)

298.15

49.723368¢

11833.7793

)

0

254.834095

215.143487

[ 254.834171

300

49.77074

11925.8114

!

92.032165¢8

255.14181¢

) 215.38919¢

254.835127

400

51.5241626

17001.6111

5167.83185

» 269.731993

227.228026

256.812471

500

52.414674

22202.79971

10369.0204

| 281.334441

[ 236.928891

[ 260.596455

600

52.9735744

| 27473.785]

15640.0064

] 290.943054

245.15345¢6

700

53.4220619

) 32793.9634

20960.1847

? 299.14326¢

) 252.294788

269.2001843

800

53.8549359

) 38157.7438

|
)

26323.964¢4

306.304962

258.607812

273.40003¢4

900

54.3044707

[ 43565.5377

31731.7585

» 312.673904

) 264.267783

277.416427

1000

54.7728026

49019.276¢

37185.4973

318.41956¢

269.400314

] 281.234093

1100

55.2501803

54520.4018

42686.6225

» 323.662339

) 274.09834

1200

55.724416¢

60069.2057

4

48235.4265

328.490133

278.432481

288.293964

1300

56.1850059

) 65664.8268

)

53831.0475

332.968775

282.45738¢

291.560291

1400

56.6243811

[ 71305.4965

59471.7173

337.148761

286.216281

294.66898

1500

57.037855¢

) 76988.8371

65155.057¢

) 341.069699

289.743823

297.63300¢

1600

57.4230771

82712.124

70878.344¢

344.76329

293.06822¢8

300.46434

1700

57.7794034

| 88472.4881

76638.7088

348.255381

296.212758

1800

58.1073525

94267.059

82433.278¢

351.567376

299.196802

305.771124

264.876421

284.856341

303.173802

4

4

D

]

4

3

D

)

!

1900

58.4081727

? 100093.054

88259.274¢

354.71725§

302.036716

308.265021

2000

58.6835271

[ 105947.843

94114.0642

? 357.720314

304.746403

310.663293

2100

58.9352853

111828.973

99995.1935

360.58967¢

307.33779¢

312.972924

2200

59.1653687

[ 117734.178

aaR S S e R e n e e

105900.39¢

) 363.336731

[ 309.821214

315.200204

2300

59.3756671

| 123661.387

111827.608§

365.971457

? 312.205642

317.350764

2400

59.5679815

129608.712

117774.933

368.502587

? 314.498962

319.429704

2500

59.743993¢

) 135574.44

123740.661

| 370.937881

[ 316.708121

321.441633

3
)
|
|
.
3

Table 11-B2: CsOH(g) thermodynamic properties céted with Gurvich
parameters

et al. [2] molecular
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)

)

4

y

!

:

)

)

y

4

Cp H(T) - HO)| H(T) - H(298)] S(T) | Gef(0) | Gef(298)
T(K) J Kt mor? J mol* J K mol”

298.15/ 50.1083911 11985.04 16 0]258.261267 218.063302 258.26132¢
300| 50.1520623 12077.7826 92.7410276258.571361 218.312147 258.262286
400| 51.7603404 17183.6683 5198.62676 273.24908 230.289955 260.252554
500(52.5728147 22404.2 10419.1585%284.895017 240.086654 264.056737
600| 53.086142327688.5335 15703.4919294.528087 248.380562 268.355631
700| 53.5060113 33018.4343 21033.3927302.743341 255.574175 272.695663
800| 53.9198382 38389.5969 26404.5553309.914918 261.927945 276.909247
900| 54.3560954 43803.179¢ 31818.138316.290699 267.62052 280.937232

1000| 54.8148193 49261.576 37276.534%322.041271272.779713284.76475"
1100| 55.285028154766.5278 42781.4862327.287696 277.49996 288.395453
1200| 55.753777%60318.5305 48333.4889332.118276 281.852849 291.840384
1300| 56.2100761 65916.8647 53931.8231336.599091 285.893825 295.11308¢
1400| 56.6460343 71559.8643 59574.8228340.780805% 289.66663 298.227374
1500| 57.0567432 77245.2272 65260.1857344.703139 293.206333 301.19636
1600| 57.4396955 82970.2858 70985.2442348.39787% 296.541457 304.032108
1700| 57.7941376 88732.2147 76747.1731351.890914 299.695505 306.74552¢
1800| 58.1205051 94528.1767 82543.1351355.203706 302.688062 309.34641¢
1900| 58.4199844 100355.419 88370.3774358.354261 305.53563 311.84354¢
2000| 58.6941942106211.331 94226.289%361.357892 308.252236 314.24475¢
2100| 58.9449647112093.476 100108.43%364.227751 310.849914 316.557077
2200] 59.1741917117999.606 106014.564366.975243 313.339066 318.7868137
2300| 59.3837426123927.659 111942.617369.610332 315.72875 320.939637%
2400| 59.5754004 129875.758 117890.717372.141792 318.0269 323.02066¢
2500/ 59.750833 135842.198 123857.157374.577388 320.240516 325.034532
Table 1I-B3: CsOH(g) thermodynamic properties cédted with Smith & Sugden molecular

parameters [4]

4

D

y

4

!

)

Cp H(T) - H(0)| H(T)-H(298) S(T) | Gef(0) | Gef(298)

T(K) J Kt mor? J mol* J K mol”
298.15| 55.0628683 13480.7883 0]268.260966 223.046206 268.260991
300| 55.124467913582.7117 101.923388268.601763 223.326082 268.262041
400| 57.6460288 19233.1068 5752.31849284.839584 236.756836 270.458807
500| 59.1065006 25077.0152 11596.2269297.873847 247.719832 274.681404
600[ 60.000471331035.7843  17554.996 308.735499 257.009205% 279.477184
700| 60.578841837066.7157 23585.9273 318.03108 265.078639 284.336904
800] 60.971435343145.4219 29664.633% 326.14748 272.215712 289.066691
900| 61.248854949257.1953 35776.4069333.345792 278.615584 293.594234
1000 61.45156755392.7197 41911.9314339.810026 284.417314 297.898102
1100| 61.6039068 61545.8393  48065.0509345.674461 289.723705 301.978967
1200| 61.721141467712.3366  54231.5483351.039942 294.613001 305.846991
1300| 61.813207273889.2321 60408.4437355.984048 299.146183 309.51602
1400| 61.886781280074.3639  66593.575% 360.56769 303.371721 313.000854
1500| 61.946477186266.1272 72785.3388364.839542 307.328796 316.315984
1600| 61.9955614 92463.3066  78982.5182368.839093 311.049531 319.475024
1700| 62.036397% 98664.9652 85184.1769372.598813 314.560603 322.490474
1800| 62.0707282 104870.37 91389.5814376.145715 317.884403 325.373724
1900| 62.0998606 111078.938  97598.1496379.502508 321.039913 328.135061
2000| 62.1247905117290.202 103809.414382.688465 324.043368 330.783762
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2100] 62.1462866 123503.782 110022.993385.7200771 326.908756 333.328179
2200 62.1649504 129719.36% 116238.5771388.611564 329.64822 335.775851
2300 62.1812571135936.693  122455.90%$391.375273 332.272366 338.133579
2400] 62.1955868 142155.55]1 128674.762394.021993 334.790517 340.407512
2500] 62.2082459 148375.75% 134894.967396.561203 337.210904 342.603219

Table II-B4: LiOH(g) thermodynamic properties cdktied with Janaf molecular parameters [3]

Cp H(T) - H(0)| H(T)-H(298) S(TY | Gef(0) | Gef(298)
T(K) J K mol? J mol* J K mol?
298.15 43.9442167 10451.0472 0]207.740622 172.688202 207.741186

300] 44.024209 10532.4182 81.3709143208.012702 172.905202 207.742024
400 47.3694607 15116.6352 4665.58799221.177771 183.386604 209.514222
5001 49.3950863 19962.7543 09511.70711231.983272 192.0581 212.96019%
600| 50.7229573 24972.695¢ 14521.6484241.113862 199.492983 216.91139¢
700] 51.7009643 30095.8644 19644.8176249.009369 206.015518 220.94558%
800| 52.5094165 35307.339% 24856.2923255.967154 211.833191  224.897
900| 53.2329992 40594.972¢ 30143.9254262.194277217.088939 228.701214
1000| 53.9061046 45952.2814 35501.2342267.838161 221.886048 232.33709¢
1100| 54.5394909 51374.879 40923.8318273.005984 226.301702 235.802654
1200] 55.1345143 56858.9032 46407.856 277.7773471230.395068 239.104274
1300| 55.689922 62400.4604 51949.4137282.212674 234.212449 242.251714
1400| 56.2046471 67995.5303 57544.483 286.35884 237.79072% 245.255758
1500| 56.6786682 73640.0323 63188.9851290.252964 241.159722 248.12708¢
1600| 57.1130432 79329.9414 68878.8942293.925003 244.343896  250.8758
1700| 57.5096579 85061.3811 74610.334%297.399552 247.36354% 253.511219
1800| 57.8709264 90830.694% 80379.6473300.6971071 250.235704 256.041841
1900| 58.1995352 96634.4782 86183.431303.834976 252.974814 258.47536%
2000| 58.4982521 102469.605 92018.558 306.827944 255.593226 260.81874
2100] 58.7697959 108333.223 97882.1758309.688763 258.101595 263.078284
2200] 59.0167553 114222.741 103771.698312.428529 260.509176 265.259652
2300] 59.241543 120135.835 109684.788315.056968 262.82407 267.368003
2400 59.4463749 126070.384 115619.342317.582663 265.05340% 269.408008
2500] 59.6332646 132024.512 121573.46%320.013232 267.203495% 271.383914

N OO O

OO0 C

Table [I-B5: LiOH(g) thermodynamic properties cdhlted with Smith & Sugden molecular
parameters [4]
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Critical assessment of thermodynamic data for the &I system:
vapour pressure data

F-Z. Roki, M-N. Ohnet, Institut de Radioprotectiende Sureté Nucléaire, DPAM/SERCI,
13115, Saint Paul lez Durance, France.

C. Chatillon, Science et Ingénierie des MatériauRrecédes (associé au CNRS UMR-5622
UJF/Grenoble- INP), BP 75, 1130 rue de la piscd®4,02 Saint Martin d’'Heres, France

ABSTRACT

Thermodynamic data for the Cs-I system, includialids liquid and gases are important for
the calculation of iodine release in a severe rancecident from two points of view: - (i) for
the final evaluation of the nature of iodine formmmmpounds, and — (ii) for scaling kinetic
data that are important in the calculations of rmidiate states occuring in the primary
cooling line. The present study is a critical asayof available thermochemical data for the
whole Cs-I system based on literature. Vapor presdata are mainly assessed in order to
deduce enthalpies of formation of the monomer QsHgd the dimmer Gk(g). The
proposed enthalpies of formation are:

AH°(Csl,9,298.15 K) = -153.27 + 4.2 kJ.rifadnd

AH°(Csl»,0,298.15 K) = -470.56 + 10 kJ.niol

Trimmer Cglz(g) also exists as well as tetramer species inlemainounts. In the course of
this thermodynamic assessment, condensed phaseotihygramic data were revised in order
to obtain consistent set of data for vaporizatidew heat capacity is proposed for the liquid
phase, as well as for the melting enthalpy withe trange of available experimental
thermodynamic determinations:

C°y(lig) = 74.3 J.K.mol* andAmeting H*(Csl,s,at 905 K) = 27.61 + 0.83 kJ.iiol

[II.L1. INTRODUCTION

The behaviour of Cesium and lodine in a nucleactoeasevere accident conditions has been
the subject of many thermodynamic studies [1-4pnfrthose studies it appeared that one of
the chemical form in which iodine escapes from find is Cesium lodide, this compound

being stable and less volatile than elemental md@onsequently, it is important to select
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reliable thermodynamic data for the solid, the iligand for the gaseous phase of Csl in order
to — (i) be used in thermodynamic calculations iy auclear accident, or - (ii) to serve as
references in the acquisition of new thermodynaamid kinetic data of the system Cs-I-O-H

which is the first basic quaternary system relabealccident chemistry.

Thermodynamic data for the Cesium-lodine systenehaeen analysed first by Brewer and
Bracketts (1967) [5], then Feber (1977) [6] and sBko et al. (1982) [7]. Brewer and
Bracketts work was based on relatively scarce dath part of thermodynamic data were
estimated. Feber and Glusko et al. both gave thdynemic tables of the Csi(s,l), Csl(g) and
Csil,(g). Thermodynamic functions of Csl solid have bé&ether revised by Cordfunke and

Prins (1985) [8] after new data acquisitions.

The present work has been undertaken in orderrforpea critical assessment including new
Csl experimental data — with emphasis on gas ptlatse- that have been recently published
since the Glushko et al. data assessment perform&@82 which is presently stored in the
SGTE data bank [9] (original way of storage expdinn [10]) and used as data sources in
many nuclear accident thermodynamic simulationstoMore recent propositions for new
data have been proposed by Cordfunke and Konirigsthat differ slightly. But yet the new
investigations concerning the heat capacities hadapour pressures of Csl(s,l) show that:

» The experimental total and apparent vapour pressame higher than the pressures
calculated with Glushko et al. tables, mainly ia 00 — 1300 K range,

» The composition of the dimmer in the gaseous plsas®re important than calculated
with Glushko et al. tables: 10% as total dimmectitn from Glushko et al. to be
compared to experimental measurements in the r2ZGge 30% at=1300 K.

The origin of this disagreement might be due tohbat capacity Cp° of Csl(l), to the melting
enthalpy or to the dimmerization constant of thender Kgm (for 2 Csl(g) = Cda(Q)
reaction). These thermodynamic data have to beedvin order to propose new reliable data
to be used in a consistent way for the iodine pariscalculation in the framework of the
CHIP! program. Besides, the development of a new effusiactor associated to our mass

spectrometer called "CHIP reactor” for thermodynamand kinetic studies of the Cs-I-O-H

! CHIP (French acronym for "jodine chemistry in themary circuit") program is conducted within the
framework of the International Source Term Progrdmmded by IRSN, EDF (Electricité de France), CEA
(Commissariat a I'Energie Atomique), European Comityy) USNRC (U. S. Nuclear Regulatory Commission),
AECL (Atomic Energy Canada Limited), Suez-Tractedmedl PSI (Paul Scherrer Institut).
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system, needs to know more accurately the dimmsdrap@ressure via its dimmerization

constant. Furthermore, as a mixed molecule Csl-Ch@dlbeen proposed by Blackburn and
Johnson in 1988 [12] that have a very high stahitlie two dimmers related to this molecule
would be the basic references to determine thentb@ynamic properties of this new gaseous

species.

I11.2. CONDENSED PHASES DATA PREREQUISITES

Any critical analysis of gaseous molecules requaresliable knowledge of related condensed
phases that are often the source of these molesies they are involved in different
vaporization reactions. Different types of calorirgecombined with thermochemical cycles
calculation method based on literature data, wertopmed by Cordfunke and Prins [8] and
results are summarized in table IlI-1. These autlp@rformed also a critical assessment of

earlier calorimetric data.

The dissolution enthalpy of Csl in water solutioasadetermined by solution calorimetry at
298.15 K for different diluted concentrations. Tleathalpy of solution measured by
Cordfunke and Prins [8] at various concentrationinsagreement with the preceding
evaluation of Parker [13] who selectadH® (solution) = 33.346 + 0.418 kJ.noas the best
value from the measurements of Beketov and Bekgi®94) [14], and Forcrand (1911) [15,
16]. Since then, other measurements have beenrpedoby Tsvetkov and Rabinovitch
(1969) [17], Montgomery et al. (1978) [18] and Theyaand Perachon (1980) [19]. Due to
the apparent small dependence on concentratiodf@ie and Prins retainetl,H°(Csl in
water) = 33.35 + 0.1 kJ.mblas the best value for the enthalpy of solutioCsks) in water,
but the authors did not detail their method. But yesults of the two compilations (Parker
and Cordfunke) are so close that this value caretagned as a reliable one. Using the above
selected Csl(s) enthalpy of solution, the enthatfyformation of C¥(aq) taken from
CODATA (1989) [20]AfH°(Cs',aq) = -258.04 + 0.13 kJ.mibhnd the enthalpy of formation
of lodine ionAsH°(I",aq) = -56.750 + 0.070 kJ.mbhiven by VanderZee and Sprengel [21]
from a recent evaluation of all available data,ddanke deduced the enthalpy of formation of
Csl(s) to beAHe (Csl,s, 298.15 K) = -348.14 + 0.18 kJ.moThis value is different from the
value recommended by NBS [22], -346.6 kJ.ma difference of about 2 kJ.nmbtlue to
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different choices forAsH°(I",aq). The selected value by Cordfunke is in perégpeement
with the value recommended earlier by Glushko ef7l Indeed, the 2 kJ.moldifference

will induce a difference in partial pressure of @¥lequal to~ 20% at 1000K.

At room temperature, Csl has a CsCl-structure (liicinelting. Below 160 K, Csl has a
tetragonal lattice [23]. High temperature enthalpgrements have been measured by
Cordfunke and Prins [8] using diphenyl ether drapokmetry. Csl(s) samples were dried
under Ar at different temperatures (473-523 K) dgr2 to 4 hours before experiment. Data
are compared to literature in Fig. IlI-1. Cordfunkad Prins measurements display two
different sets of data: up to about 560 K data havemooth connection with the low-
temperature heat capacity measurements by Taylai. §24]. High temperature enthalpy
increments have also been measured by Kaylor €380) [25], and Smith et al. (1961) [26],
but their measurements do not agree with CordfamkePrins data, or do not connect to low-
temperature heat capacity measurements (see Fig. For this reason Cordfunke discarded
their measurements. According to Cordfunke, Takaihetsal.(1985) [27] measurements are
rather scattered but the mean value differs by @6 from Cordfunke’s measurements.
Takahashi et al. Cp°® measurements let appear agase of Cp° above 400 K as proposed by
Cordfunke and Prins.

85
& Taylor et al. (1963)
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Figure IlI-1: Comparison of the heat capacities abed by derivation of enthalpy increments

relations as given by different authors at low dugh temperatures
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For the solid phase, recent values proposed byf@dtd and Prins are in agreement with
Glushko et al. selection on the basis of Tayloaletow temperature data and taking into
account of the uncertainties associated to theagmthincrements derivation. Glushko et al.

proposed data are retained for the solid phase.

For the liquid phase, the constant value adopte@loghko et al. agrees with the mean value
of liquid heat content coming from Smith et al. [26id Kaylor et al. [25] values. Indeed, the
derivation from Smith et al. and Kaylor et al. ealfly increment values gives a drastic and
anomalous Cp° evolution probably because theseureraents are not enough accurate and
were performed within a too small temperature ran@dearly, new calorimetric
measurements are needed in a larger temperatuge ran with reduced uncertainties.
Presently, we propose first to start the analysth the selected value from Glushko et al.
existing in the SGTE data bank.

Low temperature heat capacity measurements have geéormed by Taylor et al. (1963)
[24], and by Sorai et al. (1968) [28] .The lattathers claim a precision of 0.3% even though
there is a systematic deviation between their tets sf measurements (0.5% at 298 K and
2% at 20 K). Marshall and Kunkler (1969) [29] detérations only agree with Sorai et al.
[28] data below 5 K. The entropy of solid Csl haei derived from the low temperature heat
capacity measurements: by Sorai et al. [28}s3°121.867 + 0.4 J.Kmol™* and by Taylor et
al. [24] S%s= 123.05 J.K.mol* without any details about accuracy. Cordfunke Brids
(1985) [8] propose a value close to Taylor'sg®= 123 + 0.5 J.E.mol* on the basis that
their measurements in the high temperature rangelagv Taylor's low temperature data
smoothly. This value is retained, a bit differerdnmi Gluskho et al. retained one: 122.2

J.Kmor™.
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(0]

Authors & Samples Experimental T (K) range Thermodynamic Determinations Observations
references technique or
Method
Cordfunke and| Csl-1 dried at | Dissolution 298.15 Enthalpy of solution of Csl in water
Prins(1985) 473 K for 2h | calorimeter (in water) -Cordfunke best value at infinite dilutiaxH°,(dissolution) = | -In agreement with
[8] (air?) 33.35 + 0.1 kJ.mdl preceding Parker [13]
Csl-2 and Csl- selection:
4: dried under + AH°®(solution) = 33.346 + 0.418
Ar at 523 K Calculation of Enthalpy of formation of Csl kJ.mol*
for 4h Thermochemical With Csl(s) = C§+ I
Sample cycle From:
checked by X- AH°(l-,aq) = -56.750+ 0.070 kJ.mb[21]
ray diffraction AH°(Cs',aq) = -258.04 + 0.13 kJ.nbd[30]
Proposed value:
AfH%30515(Csl,s) = -348.14 + 0.18 kJ.mbl
Diphenyl ether drop
calorimeter NBS value:A{H®595 15(Csl,s) = -346.6 kJ.mdl
Enthalpy incrementsf Csl(s) -Cordfunke [8] and Glushko et al.[T]
Fit 583-851 Ho(T)-H°(298.15) (J.mot) = 44.0049T+12.3085.10T% in agreement
14214.2 -difference NBS [22] and Cordfunk
Fit 396-540 H(T)-H°(298.15) (J.mot) = 49.4299T+6.00565.10T% of about 2kJ.mét from choice of
15271.4 AH°(I',aq))
Scanning 396-540 Measurement of Melting point and enthalpy of fusion Room T heat capacity in agreement
calorimetry : Cordfunke and Prind,H°® = 24 + 0.2 kJ.ma! with Taylor et al.[24] and Sorai et g
Mettler DSC To be compared with [28]
apparatus Glushko et alApH® = 25.65 kJ.mot

Tmn=9035+0.2

Glushko et al.: |, =905 K

Correction for vaporization effects

Table IlI-1: New calorimetric determinations sinttee Glushko et al. compilation. These determinatiooncern the enthalpy of formation of

Csil(s), high temperature heat capacity and melénthalpy [8]
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Cordfunke and Prins determined the melting poirthwai Mettler DSC apparatus to be 903.5
+ 0.2 K. In fact, in literature, there are signéfit differences between the given values for the
melting point as well as the enthalpy of fusionGsl. Measurements by Kaylor et al. (1960)
[25] have been discarded by Cordfunke due to teagieement with their high temperature
enthalpy increments. This analysis is not pertirfenta data which is an enthalpy difference
deduced from measurements in a small temperatagerd he melting enthalpy value given
by Bousquet et al. (1967) [31] is rather high whsréheir melting point is too low. For this
reason, as those data were included in the Glushkal. (1982) [7] analysis, Cordfunke

rejected this selection and recommended new vélabke 111-2).

Csl (s) Glushko et al. (1982) Cordfunke (1985)
Tmetting (K) 905.1+£2.0 903.5+0.2
AmetiingH (kJ.mol") 25.65 +0.4 24 +0.2

Table IlI-2: Selected values for melting temperatand enthalpy of Csl(s) according to

different authors

Cordfunke and Prins observed a very good reproditgibbut have to apply small
corrections for vaporization. They discarded Kayland Smith melting enthalpy
measurements on the basis of their disagreemeentbhlpy increments with other authors.
But yet this disagreement concerns absolute vandsot necessarilly their melting enthalpy
which is deduced from a difference between two m@ssents around melting temperature.
Moreover, Kaylor and Smith used sealed Pt vessets @nsequently the vaporization
enthalpy should have no impact on the measurensntselting temperature, leading to a
higher enthalpy effect. Reversely same thermal oreasmight lead to decrease in the
measured melting temperature for the CordfunkeRmnts DSC experiments with non sealed
vessels.

We can thus conclude that there are still somertaio&es on the real value of the melting
temperature as well as the melting enthalpy. Frévarmodynamic point of view, these later
data will affect through the melting of Csl(s) theat capacity Cp° and the entropy &f the
Csl liquid. Moreover these two data are commonkydus the calculation of the enthalpy of
formation of the gaseous molecules from pressuta daer liquid phase. Conversely,
changing these data for the liquid will generater partial pressures in the vapour phase for

the high temperature ranggdowever,the present 2 K uncertainty on the melting tempeeat
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does not generate significant uncertainties onmbdynamic properties of the liquid phase
and will not be considered to be evaluated morerately. We propose to retain the Glushko
et al. value, Feting= 905.1 K.

111.3. DISSOCIATION ENERGY DETERMINATIONS

Different spectroscopic measurements - summarizeahile 111-3 - were performed on Csl(g)

that led, using some assumptions, to the enthdlfyeadissociation reaction at 0 K,

Csl(g) =Cs(g) +I(g)  B(at 0 K)
Authors Experimental D¢° As H%08 k Observations
method kJ.mol* kJ.mol*

Sommermeyer (1929) Absorption 309.6 £17 | -128.2+ 17 Birge-Spooner

[32] Spectroscopy extrapolation

Bulewitz et al. (1961) [33] Flame 352 +£17 -168.8 + 17 Cs metal adsorptid

Gaydon (1968)[34] Compilation 328+3.9 -146.6 +4.0 Mean value with
thermochemical
works (Sheer and
Fine)

Berkowitz (1969) [35] Photoionization] 344.3+4.-162.9+4.2 Onset of Cs
ionization

Huber and HerzbergCompilation 345.3 -162.1 Mean value with

(1979) [36] thermochemical
works

Su and Riley (1979) Photofragment | 332.6 +2.1 | -151.2+2.1

[37] spectroscopy

Table 111-3. Spectroscopic studies from literatumemed to determination of dissociation

energy of the molecule Csl(g) and derived formaginthalpies.
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The published values are largely scattered dubedlifferent assumptions that are necessary
in the interpretation of the results: choice of imdified set of reactions as well as
equilibrium state assumption in flame studies, aggions on the electronic states of products
or on the absence of kinetic energy of neutralrfragts. In flame studies the relatively high
temperature range: 2250 K) of measurements do not warranty the réiialof the used free
energy functions as tabulated from low temperatlogervations. Moreover the presence of
ions and exited states is not often taken into aeteither in the method of measurement or
in the set of considered reactions. Following Ghkashet al., these spectroscopic
measurements are considered generally as firstrangh approach to the enthalpy of
formation and thermochemical determinations are deéeto obtain more reliable
thermodynamic functions. Indeed, Gaydon (1968) @4 Huber and Herzberg (1979) [36]
propose values that take into account of the thenmmical values available at that time.
Thus, no reliable Csl(g) enthalpy of formation s&ten can be done via the Csl (g) enthalpy
of dissociation and other techniques have to b&y/sea

lII.4. TOTAL PRESSURE DETERMINATIONS

Since Glushko et al. compilation (1982) [7], diffat techniques such as mass spectrometry,
Knudsen effusion method, transpiration method, Radbk-Dixon (also called quasi-static)
method have been used to determine the Csl(sd) poessure with or without taking into
account of the dimmer pressure in their thermodyoatalculations i(e. assumption of
gaseous phase composed only with Csl (g)) (seendppdI-A). After the first works of
Akishin et al. [38] and Gorokhov [39], Viswanathand Hilpert (1984) Knudsen cell mass
spectrometric investigations [40] of the vapourro@si(s) between 604 and 833 K showed
the existence of a more complex gaseous phEse.analysis of the ionization efficiency
curves as well as the ratio of the ions intensiiesa function of temperature allowed the
identification of the molecular origins of each reeed ion:
Csl(g)— [Cs', CsI, I]
(Cslk(g) = [Cs:l",Cs", Csly]

(Cslk (9) — [Csl2]

(CsIu(g) — [Csuls]
According to Viswanathan and Hilpert, the vapouag#his composed of the monomer Csl(g),

the dimmer Cgd,(g), the trimmer Cg3(g) (first observation) and the tetramerQ®) in a
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very low proportion because only one ion intensigasurement of Gig” was recorded close
to the detection limit. After calibration procedutlke proposed pressures ratigmfRe/Pmonomer
is about 8.52 18 and Rimme/Pmonomeris @about 1.59 10 at 905 K -the melting temperature
selected by Glushko et al. -.

[11.4.1. Knudsen effusion method

The Knudsen effusion method has been used by Vealgda al. (1985) [41] in order to
obtain vapour pressure values over solid Csl intéhgperature range 753 to 897 K with the
assumption of no dimmer contribution (estimatedhsy authors to be less than 1% at T<863
K). The principle of the Knudsen effusion methodsists on determining the Csl (or Cs)
mass loss at constant temperature for each expdritmeobtain the corresponding pressure
using the Knudsen relation [42]:

dN,

= PC ®
dt 2 RT

relation in which the number of moles effuséd/dt per second is related to the partial
pressurgy, M; the molar mass of the effused spedjesandC the orifice cross-section and
Clausing coefficient and R the gas constant. Ire @dsan unknown complex gaseous phase,
the measured pressure can not be considered amlaptessure measurement but more
conveniently as an apparent pressure. The apparessyre concept is used once the
experimenter does not know exactly if the analyzeghours are coming from Csl(g)
monomer, Cg,(g) dimmer or Cgs(g) trimmer etc... In the effusion method, if the vaps

are analyzed as coming from the only Csl monomeKifudsen relation becomes:

— papp EL/ Ml

2IRT

dm

(2)

relation in whichdm is the measured mass loss during an experinpg,the vapours
apparent pressur® the gas constant andthe temperature. Once vapours are considered

coming from monomer and dimmer, relation (2) beceime
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dm= plﬁle + sz'L/Mz

T 2RT  J2mRT )

p; is related to analyzed vapours coming from Cslgg)s vapours coming from @s(g), M1
andM; are respectively the Csl andJzgnolar masses.
With M,(Cs,l,) =2M,(Csl) 4)

Relating equations 2 and 3:

pappq/Ml _ plq/Ml + pZQIZMl

2/RT J2RT J2RT

(5)

and thus the measured apparent pressure is rédatieel partial pressures by the relation,
Papp = PL V2D, (6)
If timmer and tetramer gas are taken into accaeouiation 6 becomes:

Pap = P+ V2P, +4/3p, +/4p, +... (7)

Glushko et al.(1982) considered that the vapouis@ha composed only of monomer and
dimmer gaseous species, with 7% of dimmer fracibmelting point 905K, quantity based
on Akishin et al. [38] and Deitz [43] measuremenising Glushko et al. tables, monomer
and dimmer pressures have been calculated via thev@ of thermodynamics and using
equation (6) apparent pressures have been dedDoatparison with Venugopal et al. (1982)
[41] and others who used the same experimental adgtgffusion Knudsen) is presented in

figure 111-2.
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Figure 111-2: Csl apparent total pressure determiiwas over solid given by different authors

using the Knudsen effusion method and comparistim eglculations from Glushko et al

selected data.

Glushko et al.(1982) selected data are generalieidhan the measured one’s (Scheer and
Fine [44] and Ewing and Stern [45]) although somres of data agree with Glushko etia.
Deitz [43] and Cogin and Kimball [46]. Recent maasnents of Venugopal et al. (1985) [41]

confirm the higher pressure experimental data sets.

Viswanathan and Hilpert [40] obtained from theitad@8% of dimmer molar fraction at 905 K
in the gaseous phase. This value was calculatedy ubeir spectrometric ionic intensity
measurements based on an estimate of the ionizetass sections rati®gimmel/Smonomer=

1.75. Using the spectrometric relation:
piS =T (8)

relation in whichl; is the measured ionic intensity, the partial pressure of the original
molecule in the cell] is the cell’'s temperature a8l is thesensitivity which is given by the

general relation:

S =Gno(B)yf . 9
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G is a geometrical factor related to the solid arfglemolecular beam sampling defined by
the ionization chamber aperture and the effusiditcer 7; is the extraction and transmission
efficiency of the formed ion in the mass spectr@net(E) is the ionization cross section
depending on the electron eneffyy; is the efficiency of the ion detectdy,is the isotopic
abundance of the detected ion that is calculatedtxfor any atomic composition of each
ion.

For the ion source and magnetic analyser of Visthemaand Hilpert spectrometer is
constant whatever the measured ion is, and for thetriminated pulse-counting detectign
= 1 whatever is the measured ion i, and consequehg sensitivity is reduced to the very

simple relation:
S =Ga(B)f, (10)
Once considering the reaction of dimmerization:

2Csl(g) = Csl2(9)

the pressures ratio can be defined as:

P2 :_Zx% = I_Zx_l 1 for monomer and 2 for dimmer (12)

Thus, according to relations (10) and (11), theemainty on the pressures ratio is directly
related to the uncertainty due to the intensitiesasnrements and to the ionization cross

sections ratio as follows:

G4
b -~ o (12
P a,

Iz
I 1

The uncertainty due to the experimental measuresmeam be estimated to 10-20% and
depends on the pulse counting rate that movestentiperature and pressure range in the cell.

The uncertainty due to the ionization cross sesticatio is evaluated to be + 17% by
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comparison of the, / 61 = 1.75 chosen value by the authors with usuaimedgéis that range
from the additivity rule and the observations toe dimmers as summarized by Drowart et al.
[42] in a recent paper related to the mass speetrimntechniques applied to high

temperatures:

\/§<ﬁ<2 (13)
al

So the total uncertainty on the pressures ratab@ut 30%. Consequently, the dimmer molar
fraction proposed by Viswanathan and Hilpert at 80Emelting point) can vary from 5 to
11%. Note that in these mass spectrometric measmtsrthe total ionic intensities (needed to
apply the additivity rule for ionization cross dens) associated to one gaseous species
include the parent and fragment ions intensities |ater ones being important for the present
observed compounds: Csl(g) gives Cahd C3, meanwhile Cg, gives Csl*, Cs" at least
and the assumption of the authors is that &si Csl came only from the monomer. This
assumption has been put forward because they didbs®rve any significant change in the
ionization efficiency curves. But yet such obseosmtis not very accurate and if this
assumption is not sustained, the proportion of demmay be underestimated in the gas
phase. Besides, Viswanathan and Hilpert did nottlusie own pressures calibration by mass
loss measurements and they used in place Ewing Sitach Knudsen cell mass loss
determinations. This fact was not clearly justifigd relation with their experimental
observations and the authors only admitted thasethearlier determinations were more
accurate. One can thus conclude that they mighe lsmwmne problems in their mass loss
measurements associated with their mass spectioneggreriments. Indeed for such ionic
compounds and high volatile gases, different pacaghenomena can occur at the effusion
orifice — surface diffusion along the orifice walle-vaporization of the molecular beam as
summarized previously in the effusion mass speatom methods [42] and recently
observed by us in the CsOH(s,l) vaporization [4AHKthese phenomena lead to an increase
of the monomer proportion in the observed molechisam by the mass spectrometer when
using a conventional beam sampling [47]. Thuswaetomeasured dimmer proportion can be
expected in these determinations. Same observateom be done for earlier mass

spectrometric determinations by Akishin et al. [B&hined in the Gluskho et al. compilation.
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[11.4.2. Transport/transpiration methods

Transport/Transpiration methods were used in catijon with analysis of the quantity of Cs
transported with a carrier gas (Ar for example) &ndlly condensed at the exit of the reactor
chamber. In this case — and due to lack of ondame analysis - the result concerns the total
apparent pressure since the original compositichetarrier gas is not exactly known. If the

analyzed Cs in the condensate is considered cofrong Csl(g) alone, using the gas law

equation:

Paop(C9 V) =N(CsI) (RIT (14)
n(CsH[RIT

papp (CS) = L (15)

(Ar)
relation in whichpapp (C9 is the apparent pressuk&a the argon total volume amCsl)the

total mole number analysed at the condenser. la cB€s analysis, the total mole number of

Cs coming from monomer and dimmer is calculateth wie following relation:
Ne.” =n(Csl,g) +2n(Cs,l,, ) (16)
Since there are 2 moles of Cs per dimmer gas,

Papp(CS) V() _ P(Csl) IV ary N 2p(Csyl,) IV an
RO RO RO

(17)

and thus Papp= P 2P, (18)

with p; the Csl(g) pressure and e Csly(g) pressure.

In case of trimmer and tetramer in the gaseouseyhaking into account equation like (18)

the apparent pressure becomes:

Papp = P +2P, +3p; +4p, +... (19)
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Using Glushko et al. (1982) tables, partial pressusf monomer and dimmer have been
calculated via the"8law of thermodynamics and using equation (18)aa@pt pressures are
deduced and compared to recent studies such agvjealuet al. (1985) [41] and Cordfunke
(1986) [48] as well as earlier Topor (1972) [49}adeinations with the same experimental

method (transport). Results are presented in figi+&
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Figure III-3: Apparent pressure determinations owalid and liquid Csl given by different
authors using the transport method and comparisith kecalculated values from Glushko et

al. selected data.

Figure IlI-3 presents the decimal logarithmic oé tapparent pressure of Csl over solid and
over liquid as a function of the inverse of temper@ given by different authors. Over Csl
solid, Glushko et al. data remains slightly loweart the one determined by Cordfunke and
Venugopal et al. Above the melting point(F 905 K), Glushko et al. pressures are definitely
lower than the one given by Cordfunke over liqundl afinally, at elevated temperatures join
the equation proposed by Topor (1972). Indeed, ldm$ agreement corresponds to the

Glushko et al. selection at high temperature basetiopor's measurements.

On the other hand, the analysis of Cordfunke’squeesdata around the melting point, show
an abnormal trend in these data since a stepdilkdserved. Cordfunke related this fact to a

sudden dimmer apparition, an interpretation whi@n qot agree with thermodynamic
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behavior —regular increase-. By comparison with \Wgapal et al. pressures over the Csl

solid, Cordfunke pressures are slightly lower esbgcclose to the melting point and before

the step-like. Three main features can explainghdden increase:

The difference of pressure can be due to a problieevaporation rate which might be low
because of “retarded” or “hindered” vaporizatiomgasses [50, 51]. Consequently, there
may be no equilibrium reached over the solid prexs# lower pressures are measured.
Rothberg et al. [52] determined free vaporizatiates and by comparison with equilibrium
rates proposed an evaporation coefficient for Gl tpressure. = 0.36 in the temperature
range 757-772 K e = p(measured) / p(equilibrium) by definition -. i@tunke pressures
data over Csl solid has been recalculated takitggancount of this evaporation coefficient
(Papdrecalculated) = BJcordfunke) / 0.36). Results are presented in &glit-4. This
correction increases the pressure in the correettibbn but seems too important, a feature
which is explained because the steady state ofrizgtion in a transport reactor is not
clearly free vaporization: indeed — as already istidor the effusion method [53] — the
balance of evaporation and condensation flowseasémple surface increases the apparent
net evaporation flow toward the equilibrium valueafunction of the steady state flow in
the reactor. Further in the experiment, the rethrdgorization observed over solid phase is
normally non operating over the liquid phase beedhs evaporation coefficient is usually
1 for liquids [54] (and pressures are at equilibrjwdue to no activation energy barrier for
so disordered surfaces. The pressure should tbhresigse at once at the melting temperature.
Note that the complex molecules — the dimmer inghesent case — are more sensitive to
vaporization kinetics due to difficulties in thesadption stage reactions at the solid surface
i.e. matching the surface structure to build the adswbridimmer before desorption.
Considering the retarded vaporization process lerdnly dimmer, this last might be the
responsible molecule of the observed step as peopmg Cordfunke. Thus, considering that
the proportion of the dimmer over the solid woukd\tery low (evaporation coefficiertO

for instance), the pressure step at the meltingldvba mainly due to the sudden dimmer
contribution in the total pressure. the experimlergkative difference in apparent pressure

between liquid and solid at 905 K is calculatedoadimg to the following relation,

papp(s) - papp(l) — Apapp = 032 (20)
Papp(!) Papp(l)
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Relation in which B{s) and Ry{l) are respectively the apparent pressure oved swid

over liquid at 905 K (obtained by least square fits
The difference in apparent pressnmy,can be written as following:
D, =(PY +2p3)" = (P! +2p,)* =2p; -2 p;° (21)

Relation in whichp®, andp®; are the standard (pure compound) equilibrium pressof the
monomer and the dimmer at the melting temperatigrdor liquid phase and sol for solid
phase. Since the equilibrium is not reached owestiid phase for the dimmer pressure, this
pressure can be related to the equilibrium pres$umoeigh the evaporation coefficiemtoy
the following relation:

P =ap; (22)

and combining relations (21) and (22),

AP, =2P; —2ap; =2p; (L-a) (23)

and finally relation (20) becomes,

A 01—
P 202 A20)__ 35 (24)
papp(l) (pl + 2p2)

The monomer/dimmer pressure ratio is obtained as,

p;_ 032 (25)
pY 21-a-032

For low evaporation coefficients, — O the ratio dimmer to monomer is at its minimum
value, i.e. 0.23, and increases up to 0.2&fer0.1. As a conclusion, the assumption of no
dimmer over the solid phase in the Cordfunke expenits would lead to an estimate of at
least 22% of dimmer molar fraction at equilibriunveo the liquid at the melting

temperature.
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* The pressure step may come from temperature detations. In fact, the necessary
evaporation heat associated to the Csl molecutes $wept away by the carrier gas can
cool down the vaporizing surface since in a sueh temperature range mainly conduction
heat tranfer in the solid phase as well as somedwgdact resistance between the container
and the solid Csl may occur. As the measured testhyrer is necessarily located between the
furnace and the container, the determined pressusported to thermocouple temperature
and not to the real vaporizing surface. By this whg author attributes pressure data to the
temperature of the liquid phase while these dalanigeto the temperature of the solid phase.
This is the meaning of the 11 K difference observetiveen the maximum temperature at
the step-like (916 K) and the retained melting p¢@®5 K) in the compilations. Cordfunke
data in the temperature range 867-916 K were tbu®aed using the following relation
based on heat transfer relation,

Toor :11[EL;|—°TJ (26)

max 0
relation in whichTgor is the corrected temperatuiiethe Cordfunke measured temperature,
To and Tmax are respectively the minimum and maximum meastesyperature over solid.

Corrected data are presented in figure IlI-4.
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Figure 1l1-4: Corrected data from Cordfunke measilifgressures below and close to the
melting temperature according to two assumptionsaperation coefficient and

temperature gradients (see text).
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According to the general evolution of the dataigufe Ill-4, Cordfunke original pressures
data over solid will be thus selected in the terapse range 779-855 K and these last
corrected data will be retained in the temperataregge 864-904 K. Over liquid, Cordfunke
pressures will be used in the temperature rangel976 K.

Among the two preceeding above analysis, the secm®d (temperature gradient) seems
likely reliable and we propose to retain the lastected values.

[11.4.3. Total pressure measurements

The total pressure over the liquid phase has bdaained using direct manometric
measurements by Deitz (1936) [43], Rodebush-Dixathod by Murgulescu and Topor
(1970) [55], boiling point method by Venugopal dt @985) [41]. According to these

experimental techniques the total (static) measymedsure corresponds to the following

relation:
Pot=p1+ P2t ps... (po for monomer, pfor dimmer...) (27)
Comparison between authors data and Glushko ealalilated total pressures is presented in
figure I11-5.
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Figure 11I-5: Total pressure determinations over ICgiven by different authors and

comparison with Glushko et al. selection.
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Glushko et al. total pressures fit very well thpseposed by Deitz over solid and are slightly
lower than Murgulescu and Topor determinations adl \as recent measurements of

Venugopal et al. (1985) over Csl liquid at internmadel temperatures.

[11.4.4. Discussion

The present comparison of vapour pressure data ©sKs, or I) was initiated in view of
checking the proposed thermodynamic propertiesierCs-I system by the Glushko et al.
compilation (1982) [7] against new experimentaladfatr this system. Glushko et al. data in
terms of Csl pressures are lower than those pragmgeecent measurements of Venugopal et
al. (1985) [41] and Cordfunke (1986) [48]. The bagifference between Glushko et al. and
later experimental data would be due to differeatadsources used in the strategy of
interpretation of original data:
» The choice of the dimmerization constant}for the monomer into dimmer proposed
by Glushko et al. (1982) for the reaction 2 CsKd}sl2(Q).
» The choice of the primary enthalpy of vaporizatadnCsl(g) used by Glushko et al.
for the reaction Csl(s) = Csl(Qg).
» The choice of the melting enthalpy bf Csl(s>l) that may change the pressures
values over the liquid phase.
» The choice of the heat capacity Cp° of the liguhdge.

Owing to the present differences observed withpileeeding Glushko et al. compilation, the
present work has been turned up to two principakai

v A better compromise between the selected authohsdimg more recent data

v" Proposition of a new set of thermodynamic dataGdel solid, liquid and gas, more

reliable than the Glushko et al. selection.

An optimization of thermodynamic parameters of €$9I(- Kgim, vaporization enthalpy,
melting enthalpy and heat capacity - is thus reargswith the assumption that the free
energy functions Fef°of Csl(g) and Cg,(g) are reliable enough as discussed by Gluskho et
al. [7].
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lI.5. CRITICAL  ANALYSIS OF CSI(S,L,AND G)
COMPOUNDS THERMODYNAMIC PROPERTIES

11.5.1. Proposition for a new equilibrium constant of

dimmerization K gm

The dimmerization constantglg for the reaction 2Csl(g) = €ls(g) is related to monomer

and dimmer patrtial pressurpsandp, according to the following relation:

K, =P (28)

dim 2

Py
If the proportion of the dimmer is not correctlyadwvated in comparison with the monomer’s
one, this will have an effect on the dimmerizatioonstant value and consequently in
thermodynamic calculations from total pressureotalttransport data. So, we have to analyse
first the reliability of the selected dimmerizatioanstant Kin.
In literature, depending on the experimental teghaj there is a large scatter concerning the
fraction of the dimmer Gb(g) existing in the gaseous phase over the conde@sé The
molar fraction of the dimmergtmeris calculated according to the following relation:

-_ b
Xpimmer = (29)
Pt P,

The dimmer partial pressures can be obtained bybow@ton of two types of measurement:

total and apparent pressure measurements, whegthsifiollowing relations:

P((measured) = p+ p, (30)
Pappltransport) = p + 2po (31)

Pot IS the total measured pressure gngh is the apparent pressure deduced from mass
tranport when exploitation of the transported miasdone assuming only one species (the
monomer) in the gas phase.

Using equations (30) and (31), the dimmer presisudeduced as:

P2 = Pappltransport) - ot (32)
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From the measured total pressyxg (static methods, or quasi-static ones), the dimmer
fraction is thus deduced using relation (29) thetdmes,

_ Papp(transport) 1
Dimmer — -
ptot

X (33)

Independently, mass spectrometric methods alsotgev@apour composition. Comparison of

the different values proposed in literature is @iged in figure 111-6.
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Figure I1lI-6: Calculated Glushko et al. selectedmaier contributions compared to

experimental determinations.

This figure shows that the measured dimmer fractiorequilibrium with the condensed
phases increases with temperature. Glushko eetainra dimmer fraction of 7% at 905 K
(melting temperature) based on Akishin et al. [38prokhov [39] mass spectrometric
determinations using a double or so-called “Tandesffusion cell. Values at other

temperatures are then recalculated using the Giushal. free energy functions.

Viswanathan and Hilpert [40] are in agreement v@dlushko et al. in the low temperature

range (600-900 K) over the solid phase.
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Venugopal et al. [41] values obtained by transpad total pressure measurements below and
around the melting point seem to be not accurateigin because the accuracy of their two
coupled experimental methods (see relation (33)dimes of the same order than the dimmer

contributions and consequently they are largelytecad or tend to null values.

Conversely, Venugopal et al. values over the ligpihse at high temperature — although
quite scatterred - are much higher than calculatex$ from Glushko et al., and are in relative
agreement with the mean value proposed by Topgrdd®300K (¥immer= 0.29). We have to

note that Topor do not propose indivual values duhean value, probably because there
exists also a large scatter. Thus, as in this tagiperature range the relative error when using

relation (33) becomes smaller, we prefer to salexilopor and Venugopal et al. values.

[11.5.2.  Equilibrium constant for the dimmerization
2Csl(9)=Csl(9)

Using the dimmer mole fraction mean value 0.253601K (from Topor and Venugopal et
al.), and knowing their apparent or total presair&300 K, the monomer and dimmer partial
pressureg; andp, have been recalculated and the constant of dimzateyn deduced by
combining relations (28), (29), (30) and/or (31):

025[p, _ 025

P _ -
Kgm(Venugopaletal.,130K) = —5 = = =373 34
o (VENUIOP )= 0 T 07500, 07F Y
with total pressure= 0.1191 bar at 1300 K
0.21
K, (Topor1300K)=—Pe =~ Pam ___ 02 _ g6 (35)

p’ (060,,)° 06°p
with apparent pressurggg= 0.1143 bar at 1300 K.The mean dimmerization &ors/alue is
thus,
Kgim= 4.295 *+ 0.565

Using the &' law of thermodynamics, we calculated the enthalpglimmerization at 298 K
for the reaction 2Csl(g)=Gls(g):

A, H°=-RTLnK,, +TAFef (36)
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with AFef =Fef; (Cs,l,,9) —2Fef; (Csl,g) (37)

the free energy functions being taken from Gluskkal. compilation. The corresponding

uncertainty can be obtained according to the fakgwelation:

Ay Ho = |+ RT K |, DFeT (38)
AFef

dim
Relation in whichd4gmH is the uncertainty on the dimmerization enthalpkgim the
uncertainty on the selected dimmerization constidgt, the dimmerization constan® the
gas contanf] thetemperature (1300 KpAfef the uncertainty on the Csl (g) and,lGg) free
energy functions, andfef the free energy function of the dimmerization teac Since the

Glushko et al. free energy function of Csl(g) arsdi£{{g) are considered accurate:

NFef
AFef

<1% (39)

and thus equation (38) becomes :

SA, He= (+ RTMJ+ 001T (40)

dim
dim

So finally we propose the selected value,
AdimH298 = -164.02 + 1.43 kJ.mal
Conversely, using the'®Blaw of thermodynamics, the constant of dimmerarathas been
calculated in the temperature range 600-1400 K thighfollowing relation:
LnK,, = (A, H°—T AFef)/RT (41)
A fit of the decimal logarithm of the dimmerizati@onstant as a function of the inverse of

temperature have been obtained in order to reirgeligerature data:

8343

Log, Ky, = =N 5.798 (42)
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11.5.3. Third law enthalpies for vaporization reaction
Csil(s,)=Csl(g

The present selection of the dimmerization condtnappear that the monomer pressure is
larger than the dimmer one’s, and consequently deermination of the vaporization
enthalpy of this species is the next important stefhe thermodynamic description of the
whole vaporization process of the Csl(s, or 1) coml. Using % law of thermodynamics,
we calculated for each author the monomer enthalpywaporizationi.e. the reaction

Csil(s,l) = Csl(g) using the following relations:

Kp=—P1 (43)
a=1

A,,He =—RTLN p, +T AFef (44)

AFef. = Fef, (Csl, g) — Fef (Csl,s,1) (45)

relations in whichdyapH29g is the enthalpy of vaporizatioKp is the equilibrium constant for
vaporization,p; is the monomer partial pressurethe activity of Csl (s,l) considered pure
and thus equal to T, the temperature arfeefis the free energy function tabulated in Glushko

et al. compilation.

For each experimental method, the monomer panedsure phave been calculated taking
into account our selected new dimmer contributicedqulation principle in appendix IlI-B)
and the mean third law enthalpy of vaporizatiorCsf(s,l) per method of measurements has

been deduced. Comparison with Glushko et al. slembe is presented in table I1I-4.

Experimental Knudsen Transport Total pressure Glushko et al.
method effusion measurements selected value
AvaH20e(Csl,s—Q)/ | 195.07 £0.79*| 197.19+1.737 197.21 +0.47*  195#8*
kJ.mol*

Table 1llI-4. Enthalpy of sublimation at 298.15 K dam value) for the reaction
Csl(s,l)=Csl(g) calculated for each experimentalthoel and comparison with the selected
one of Glushko et al..* The uncertainty is takertteesdifference between the mean enthalpy

and the maximum or minimum enthalpy value obtawi¢itin each experimental method.
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There is about 2 kJ.nibldifference between the re-calculated Csl enthalpyaporization
obtained with the Knudsen effusion data reintegii@h (mainly for vapors over the solid
phase) and those obtained via transport methodtalr pressure measurements (mainly over
the liquid phase). Although each third law caldolatseems consistent per method of
measurements, the deduced sublimation enthalpiesmime abnormally different when
pressure measurements are performed either ovesotlte Csl(s) or the liquid Csli(l). This
difference can be due to the uncertainty in thgllCglermodynamic propertiesg. melting

enthalpyAnH or to the liquid heat capacity,Cat less extend.

[11.5.4. Selection of the Csl(s,]) monomer enthalpy of vaparation

There is no reason for the observed differenceseeet the § law re-calculated Csl enthalpy
of sublimation obtained with the Knudsen effusicetadand those obtained via transport
method or total pressure measurements when comgjdée methods themselves since their
usual uncertainties are in the same range. Fdrpgmasures and for transport method we can
estimatedp/p~ 5 to 10% (including temperature effects), andefidusion methodsp/p~ 5 to
30%, the larger quoted uncertainty range comingnffparasitic’ contributions as already
analysed for mass spectrometric Knudsen cell cogp]b6, 57]. Indeed Glushko et al.
preferred to select a dimmer to monomer ratio & Rpand then used the total pressure or
transport measurements that appear more accysatg The origin of the observed
differences is thus coming more probably from otbelected data, especially those for the
liquid phase. The liquid thermodynamic properties depending on the solid thermodynamic
properties through the choice of the melting emyalf Csl(l) and the heat capacity of Csl(l),
these two quantities being included in the caleddtree Energy Function of the Csl (l) used
in the third law analysis of measured pressures thnveliquid. Changing the melting enthalpy
of Csl(s—l) has a direct effect on the vapour pressure disated in figure 11I-7 meanwhile
the change of the liquid heat capacity is of secandlér impact. Besides, regarding the choice
of the monomer vaporization enthalpy — togethehlie preceding dimmerization enthalpy
choice — the deduced pressures over the solid eindler the pressure at the melting

temperature as sketched in fig. IlI-7.
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Figure I1lI-7: Influence of the choice of differermhelting enthalpies and monomer

vaporization enthalpies on the vapour pressurat®iCsli(s or |) compound.

If the vaporization enthalpy of the monomer is kagh (in our case the one deduced from the
liquid ~ 197 kJ.mol) the pressures over the solid are too low and atojain the liquid
pressures at the melting (point B in fig. IlI-Metmeasured ones being higher (point A in fig.
[1I-7). This is one more reason to explain thatéffesion methods give a more reliable value,
and indeed the Gluskho et al. selection was peddriaccordingly to this main analysis.
Comparison of recalculated Csi?3aw enthalpies of vaporization from solid and liju
phases is displayed in figures IlI-8 and IlI-9 asfunction of the temperature of

measurements.
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Csl(s,1)=Csl(g)
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Figure 111-8: Third law Csl(g) enthalpies of sublation calculated from experimental

determinations performed over the solid phase amation of temperature of measurements.

In figure 111-8 we observe that results can be diéd into two groups of authors: one group
corresponds to Knudsen effusion data which seesssdeattered and without regular trends.
In this case, the mean enthalpy of vaporizatioriesabetween 194.66 and 195.86 kJ.fol
The second group corresponds to transport and poésisure data. The mean enthalpy of
vaporization varies between 196.7 and 197 kJ'mil comparison to the first group, the
enthalpy of sublimation seems less reliable becarge scatter is observed especially for
transport data reinterpretation (Cordfunke and \gepal et al.). For this raison, we chose a
mean Csl(g) enthalpy of vaporization of the sol@ge based on effusion studies,
AsuH(Csl,9,298.15) = 195.23 + 0.63 kJ.nol

This value corresponds to Sheer and Fine, Ewing &@tan, Cogin and Kimball and
Venugopal et al.(effusion method) mean value ov@rs6lid phase. The other methods more
scattered are discarded. The uncertainty is basetieolargest deviation between the mean

selected vaporization enthalpy and other retairzues.
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Csl(s,)=Csl(g)
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Figure 111-9: Third law Csl(g) enthalpy of sublimah calculated from experimental
determinations performed over the liquid phase asfuaction of temperature of

measurements.

Figure 11I-9 presents the Csl(gj°3aw enthalpy of sublimation obtained from origirtiita
over the liquid phase. Results seem very scatténefdct the enthalpy of vaporization varies
between 194.44 and 198.92 kJ.thoMoreover we observe some trends with temperature
which can be attributed to errors in Free Energyclion of the reaction — presently for the
liquid phase. Since the selected enthalpy of vaptidn over solid is closer to the first value
(obtained with Ewing and Stern data), we choss tha mean Csl(l) enthalpy of sublimation

over liquid phase and discard the higher values.

Finally, the Csl mean enthalpy of sublimation seldmver solid and liquid is thus equal to,
AsuH(Csl1,298.15) = 194.83 + 4 kJ.nol

The uncertainty is based on the largest differeret®/een the mean selected vaporization
enthalpy and other retained values. Using therrethvaporization enthalpy, we recalculated
via the & law of thermodynamics the monomer and dimmer @laptiessures as well as the
apparent pressures. Results are presented in igiw£0, 1lI-11 and 11l-12 altogether with

experimental data.
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Figure 111-10: Csl apparent pressure determinatiomger solid and liquid given by different

authors using the effusion method and comparisah vacalculated data using our new

dimmerization constant and the selected vaporinatisthalpy of the monomer.

With the present selected Csli(s,l) vaporizationhaipty, recalculated data are in good

agreement with those determined by different astiooer the solid phase.
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Figure IlI-11: Csl apparent pressure determinatiomger solid and liquid given by different

authors using the transport method and comparisith kgcalculated data using our selected

dimmerization constant and our selected enthalpyvaporization for the monomer.*
Corrected Cordfunke (1986) data as explained irt p&#.2.
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As shown in figure 1ll-11, the present selected(@)senthalpy of vaporization increases the
apparent pressures over solid in comparison to fGoke and Venugopal et al. and are also
slightly higher than Cordfunke above the meltingnpoOver liquid, recalculated pressures
remain slightly higher in comparison to those deiaed by Cordfunke and join apparently

Topor’s data at elevated temperature (T > 1600 K).
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Figure 1lI-12: Total pressure determinations oversiCgiven by different authors and
comparison with recalculated data using our selécté;,, and Csl(s,I) enthalpy of
vaporization = 194.83 kJ.mol

In figure 1lI-12, the recalculated total pressunegh the Csl(s,l) selected enthalpy of
vaporization are higher than Deitz over solid phasé Venugopal et al. over liquid phase.
However, at elevated temperature, the recalculata@d tend to join Venugopal et al.
determined ones as well as Murgulescu and Topor.

In order to reduce the difference between experiatatata and the recalculated data using
the present selected Csl(g) enthalpy of vaporinadiod to find a better compromise between
the different experimental methods (Knudsen effusidaransport and total pressure
measurements), we propose to select a new-€3I(selting enthalpy rather than keeping the

Glushko et al. selected one.
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[11.5.5. Selection of the melting enthalpy and temperature

Glushko et al. selected valug,H = 25.65 + 0.4 kJ.mdlis a mixed value from Kaylor et
al.(25.02 kJ.mot) [25] and Smith et al.(25.82 kJ.n®I[26] proposed ones. Bousquet and
Perachon value (27.61 + 0.83 kJ.io[31] was discarded by Glushko et al. because they
considered it as too much higher in comparisontheroauthors. However, conversely to
other measurements, Bousquet and Perachon Cshgielithalpy measurements were done
in (quartz) sealed ampoules. Consequently, then® isiass loss due to vaporization and no
related heat flow and their determined data shbeldiccurate. So, we choose to retain this
melting enthalpy and we obtain a new free energytion for the liquid. Our melting
temperature selection is based on Glushko et &inexl one | = 905 + 2 K which we

consider accurate enough.

After correction with the new free energy functiohthe liquid phase, pressures data were
recalculated for each experimental method and teesué presented in figures 111-13, 111-14
and I11-15.
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Figure 111-13: Csl apparent pressure determinatiomger solid and liquid given by different
authors using the effusion method and comparisah kecalculated data after correction of
Glushko et al. free energy functions of the ligpidhse taking into account of the Bousquet

and Perachon Csil(s,l) melting enthalpy.
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A slight decrease of pressure is observed espgaillevated temperature. In comparison to
figure 1lI-10, there is a relative difference of%3n term of apparent pressure at 1500 K.
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Figure 1lI-14: Cs (apparent pressure determinatianger solid and liquid given by different
authors using the transport method and comparisith secalculated data after correction of
Glushko et al. free energy functions of the Cslitigaking into account of the Bousquet and
Perachon Csil(s,I) melting enthalpy. * Corrected Qfoinke (1986) data as explained in part
-4.2.

Same evolution is observed in figure IlI-14 compate fig. IlI-11. In fact, recalculated data
become closer to those determined by Cordfunke dwerliquid just above the melting
temperature. At elevated temperature (1500 K), ¥3relative difference in term of apparent

pressure is observed.
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Figure 1lI-15: Total pressure determinations oversiCgiven by different authors and
comparison with recalculated data after correctioinGlushko et al. free energy functions of
the Csl liquid phase taking into account of the &muet and Perachon Csi(s,l) melting
enthalpy.

In Figure 11I-15, new data are closer to Venugoptlal. determined one. Moreover, at
elevated temperature (1500 K), a relative diffeeeoé 12% in term of total pressure is
observed.

We can thus conclude that the correction of theska et al. free energy function for the
liquid via the melting enthalpy including Bousquettal. proposed value improves the first
recalculated data set based on the dimmerizatiostant and sublimation enthalpy (solid).
But this improvement does not give enough satigfacand recalculated pressures do not
completely agree with those determined by Top@n@port method). This confirms the fact

that the heat capacity Cp° of Csl liquid might hamempact.

[11.5.6. Csl(liquid) heat capacity selection

Glushko et al. selected a heat capacity of Csiljaéto G°(Csl,l) =71 + 2 J.K.mol* based
on the mean value of Kaylor et al. [25, 26] worleosl(l) in a narrow temperature range
above melting. Besides, Murgulescu and Topor [58leamined a heat capacity value
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C,°(Csll) = 74.3 J.K.mol'. But Glushko et al. discarded this last value beeathey
consider that their temperature range of measuresmemot large enough above the melting
point. So we propose to test the impact of Murguleand Topor value by taking it into
account in the free energy function of the liquideady corrected for melting enthalpy.
Pressures data were recalculated for each expaahmethod and results are presented in
figures 111-16, 111-17 and 11I-18.
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Figure I11-16: Csl (apparent) pressure determinaisoover solid and liquid given by different
authors using the effusion method and comparisah kecalculated data after correction of
Glushko et al. free energy functions of the liqouinhse taking into account of the Murgulescu

and Topor Csl(l) heat capacity.
In comparison to the preceding results with thetimglenthalpy correction (Figure 111-13), a

slight decrease of pressure is observed: about bf4&ative difference (in term of pressure)

is observed at 1500K by reference to the experiateiaita.
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Figure I1I-17: Csl (apparent) pressure determinaisoover solid and liquid given by different
authors using the transport method and comparisith scalculated data after correction of
Glushko et al. free energy functions for Csl ligtalling into account Murgulescu and Topor

Csl(l) heat capacity. * Corrected Cordfunke (198@}a as explained in part I11-4.2.

The heat capacity effect is better observed atatdeMtemperature, in comparison to previous

results (figure 111-14) - 6% of relative differenpeessure is observed at 1500 K.
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Figure 111-18: Total pressure determinations over Csl givéy different authors and
comparison with recalculated data after correctioinGlushko et al. free energy functions of

the Csl liquid phase taking into accountof the Muegcu and Topor Csl(l) heat capacity.
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Total pressure data in comparison to those obtaafiedl melting enthalpy correction show
about 5% decrease at 1500 K. We can thus conchatetlie choice of this heat capacity

improves the final coherence of the Csl vaporizatata.

[11.6. CONCLUSIONS

The present work was initiated in view of checkihg presently retained thermodynamic
data for the Cs-1 system in SGTE data bank [9] (ognfrom the Glushko et al. compilation
(1982) [7]) against new experimental data for Hyistem. We observe that:

» Numerous mass spectrometric observations of Csbnzgiion showed that the
gaseous phase is composed by the monomer Csl{gmeati Cslx(g), trimmer
Cssl3(g) and tetramer Ghk(g).

» Glushko et al. thermodynamic data concerning thieadpy of formation of Csli(s), the
free energy functions of Csl(s), Csl(Q),.(z&) are accurate enough to be retained.

» The heat capacity of the solid has been improved.

» The new selected constant of dimmerization for thaction 2Csl(g) = G&(Q)
warranties a good compromise between recent datained using different
experimental methods in comparison to Glushko etrafained ones and thus
represents more reliably the real dimmer fractiorihie vapour phase (dimmer mole
fraction at 1300 K equal to 0.25). The correspogdiproposed enthalpy of
dimmerization is,

AgimH(Csl1,298.15K) = -164.025 * 1.43 kJ.mdl

» The resultant selected enthalpy of vaporizatiothefreaction Csl(s,l) = Csl(g):
AsutH(Cs1,298.15K) = 194.83 + 4 kJ.mal

Comparison of this sublimation enthalpy betweens@Gko et al., Cordfunke and Konings
(1990) [11] and Barin (1993) [59] is presentedablé 111-5.
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Authors AfH Csil(s,298.15K) | AguH Csl(298.15K)| AsH Csl(g,298.15K)
/kJ.mol* /kJ.mol* /kJ.mol*

Glushko et al. (1982) -348.10 £ 0.18 195.78 + 3 -152.32+3
[7]
Cordfunke & Konings -348.13 £ 0.51 193.8+2 -154.3+2.1
(1990) [11]
Barin (1993) [59] -346.603* 194.703* -151.90*
This work -348.10 £ 0.18 19483 +4 -153.27 £ 4.2
* no given uncertainty

Table I1I-5: Csl retained thermodynamic data congzhto earlier compilations

Contrarily to Glushko et al., the monomer sublimatenthalpy selected by Cordfunke and
Konings didn't take into account of the dimmer cimition in the & law calculations.
Moreover, the criteria for the selection of thisueare not justified although all the published

values are relatively scattered. Consequentlyy#hee for the dimmer is also impacted.

Barin (1993) Csl thermodynamic data referencesbased on NBS tables (1982) [22],
JANAF [60] and Pankratz (1984) [61] issued from ocahetric measurements. By
comparison with Glushko et al. compilation, ther@bout 2 kJ.mdi difference for the Csl(s)
enthalpy of formation due to iodine dissolutionteipy. We selected Glushko et al. proposed

one in agreement with Cordfunke and Koning [11].

In this work, the selected enthalpy of vaporizai®goloser to Barin’s one. This selected value
is based on older works enriched by new measurenténtapour pressures, dealing mainly
with the solid phase vaporization. The differendhwlushko et al. selected one is due to the
fact that our choice is based on the selectiorrigir@l data rather than calculation of a mean

value.

Combining the enthalpy of sublimation with the exdfly of formation of Csi(s) gives the
enthalpy of formation of Csl (g) monomer. The diffieces between thermodynamic tables
and our selected value for the enthalpy of fornmatad Csl gas comes mainly from the

enthalpy of formation of Csl solid.
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As the vapour pressures over the Csl liquid phasesgstematically underestimated from
thermodynamic tables, we propose a new meltingadpyhas well as a new heat capacity for
the liquid based on experimental determinationgabde 111-6, original selected experimental

pressures are compared with recalculated presduoes the retained thermodynamic
properties in this work.

% %
Authors Trange/ K | P(exp)- P(slt) 100 P(exp)~P(GIU) ., g
P(slt) P(Glu)
Effusion Venugopal et 753 - 873 -271-14 +20 / +47
Knudsen al. [41]
Method Cogin & 695 - 894 -27 [ +15 +25/+112
Kimball [46]
Ewing & 712 - 902 -18/+5 +43 / +95
Stern [45] 917 - 1023 -12 / +18 +84 / +100
Scheer & 671 - 875 -17 /1 +15 +38/+89
Fine [44]
Transport Cordfunke 779 - 904 -42 [ -20 +16/+70
Method [48] 916 - 1070 -38/-6 +42 | +77
Topor [49] | 1156 - 1374 -41/-29 2/+10
Venugopal et 862 - 897 -35/-31 +36 / +46
al. [41]
Total pressure| Murgulescu | 1156 - 1374 -71-21 +11/+41
measurementy & Topor [55,
62]
Venugopal et 977 - 1429 -36 /-3 +4 | +25
al. [41]

Table 111-6: relative differences in total pressarbetween experimental data, Glushko et al.
tables and the present selected values as recaémilfrom the retained thermodynamic

properties. P(exp): experimental pressures, P(s#alculated pressures from our selection,
P(Glu): Glushko et al.selected pressures.

Table 111-6 shows that selected data reproducesiperimental pressures better than Glushko
et al. over the solid phase and liquid phase. @hestiquid phase Glushko et al. proposed data
are only in agreement with Topor pressures obtdnyeiansport method.
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By combining the enthalpy of dimmerization and ghahalpy of formation of Csl(g), the
enthalpy of formation of Gi(g) is: AH(Cs:l»,298.15K) = -470.56 + 10 kJ.mbl

Summary of retained data to be stored in thermanymdata bank is presented in table 1l1-7.

Csl (s)))

Authors

Proposition for new data

Cp°98.14S) (J.K'.mor?)

Glushko et al. (fit) [63]
T range: 298.15 - 905 K

61.09898 - 3.997402 T+
5.493041 10T%1.416414 187

AHaeg 15 (kJ.mol%) Glushko et al. [7] -348.14 + 0.18
S°%es.15(J.K'mol™) Glushko et al. [63] 122.20
Timetting (K) Glushko et al. [7] 905 + 2
AmeltingH (kJ.mol") Bousquet and Perachon 27.61 +0.83
[31]
Cpes.141) (3.K .molM) Murgulescu and Topor 74.3
[58]
Csl (9) Authors Proposition for new data

Cp®o8.149) (J -Kl-morl)

Glushko et al. (fit) [63]

37.99146 - 1.193445*T0+
5.384526 10T%-5.189732 1tr2

S%es.15(J.K'mol™) Glushko et al. (ref. 1 275.283
bar)[63]
AiHa05 (kJ.mol") This work -153.27 £ 4.2
Csil, (9) Authors Proposition for new data

Cp®o8.149) (J -Kl-morl)

Glushko et al. [63]

83.14328 + 6.384707'10
8.062363 10'T?-4.147424 1672

S%es.15(J.K'mol™) Glushko et al. (ref.1 bar) 431.181
[63]
AiHa05 (kJ.mol") This work -470.56 + 10

Table 11I-7: Retained thermodynamic data of Cs)(<isl(g) and Csx(g).

Using the selected thermodynamic properties of Ggstem, Csl(g) and @s(g) vapour

pressures have been calculated and presentediredidjl-19, 111-20
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Slected vapour pressures for Csl(l)
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Figure [11-20: Csl(g) and Cg,(g) selected pressures over solid phase
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APPENDIX IlI-A

Tablelll-Al: Cesium lodide investigations using differexperimental methods such as Knudsen effusianspiort/transpiration methods.....

Knudsen Effusion Method

Authors & Samples Cell & Material T (K) range | Determined data Observations
references
Deitz (1936) Csl Knudsen/mass loss Apparent vapor pressure -No variation of pressure with orifice size withjn
[43] Quartz cell 789-815 a factor of 10 @r =1)
Cogin and Csl Knudsen effusionwithl 910-700 Log p(bar) = analysis of the thermal ionisation yield (>0.99
Kimball (1948) Thermoionisation of t 11193/T +8.845 + 2.5 1og1000/T
[46] molecular beam
Ag cell
s/S=5.10° (C=1)
M.D. Scheer Csl -Ag effusion cell 671-807 SS8.15Csl = 109.934 J.Kmol* -Distance orifice-detector equivalent to 1m:
and J. Fine detection by A s H (298.15 K) Csl = 202.73 kJ.mbl possibility of elimination of molecules in the
(1962) [44] thermoionisation D°,95.15Csl = 318.934 kJ.mdl free path.
(XCs+) Csl(s) = Csl(g) -according to Venugopal et al. dimmer
s*C/S=1.29 10 contribution < 1% at T<862 K
-3 law recalculated by Cordfunke (1986)
C. T.Ewing and | Csl Knudsen effusion -continuous mass loss
K. H.Stern cell/thermobalance -no pressure difference observed with orifice
(1974) [45] Pd cell sealed with Gol diameter @ =1)
paste. -ratio monomer/dimmer from Topor used |to
Orifice diameter: 1/32, calculate the monomer pressure which is 20%
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1/16, 3/32 inch lower than Scheer and Fine
C. T.Ewing and | Csl single crystal -Free evaporation/ 700 O csig) = 0.88 The pressure decreases from equilibrium when
K. H.Stern (different phase) | thermobalance A swH (700 K) Csl = 187.9 kJ.mdl the temperature increases. We attribute this
(1975) [64] -boat cemented with / anomaly to the freezing of the surface due to
paste on graphite high flow rate. Indeed for LiF the pressure |of
which is lower, this behaviour is not observed
V.Venugopal et | Csl (s) 99.95% -Knudsen effusion 753-862 results are coupled with those obtained frppmass loss
al. (1985) [41] graphite cell transpiration method
sC(=1)/S = 0.0025
Transpiration/ Transport Method
L. Topor (1972)| Csl Transpiration method 1300 Combining total pues(quasi-static) and-Mass gain of the condenser
[49] mass transport: -Calculation of partial pressures of monomer
Dimmer mole fraction: and dimmer by combination with preceding
Xq=0.29 at 1300 K Rodebush-Dixon total pressure determination
V.Venugopal et | Csl(l) -Transpiration (quar| 862-887 Csl(s) - Dimeric species <1% up to 873K
al. (1985) vessel with Ar carrie LogiP(kPa) = (7.59 +£0.12)-0.00113T(K)- | -Dimmer proportion increases from 1 to 15% at
[41] gas (10301+95)/T(K)- the melting temperature
21088/T(K)+1.13logT(K) -Smoothed pressure for transpiration experiment
Csl(l) -Fef of Feber for Csl solid and gas
Csl(s)=Csl(I)

AsutHC208 = 193.1% 0.6 kJ.mdl (3° law)
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Cordfunke
(1986) [48]

Csl

Transportation methg

And Compilation

pd'm=903.5

(calorimetry)

Log10 p(Csl)/atm = (-9550+79)/T
+(6.94520.093)

AsutHC208.14Csl) = 193.1% 0.1 kJ.mdl
(XP= Pronomeit 2Rtimme

Dimmer fraction x4= (18.6 + 1.8)% at 912 K
Logl10 p(Csly)/atm = (-7587+530)/T
+(4.1920.54)

AsutHC208.14CSl2) = 229.9+ 1.0 kJ.mdl
AH®3514Csl,g) = -155.0% 0.2 kJ.mil
AH®205 1{CSl»,g) = -466.4+ 1.1 kJ.mdl

Cordfunke didn’t take into account the prese

of the dimmer below the melting point.

nce

Total pressure measurements

tic

Deitz (1936) Csl Absolute  manomet| 747-847 AsytH = 198.7 kJ.mot Works like a valve attached to a magne
[43] (magnetic balance) Log p(bar)=-10360/T + 7.793 balance
(Combining Knudsen & manometer
measurements)
I.G.Murgulescu | Csl dryed at378 K Quasi-static Rodebushl156-1374 Csl()=Csl(g)+Gk(g)+... Direct Measurement of Total pressure
and L. Topor during 24h Dixon Method logP(atm)=-9483.9/T - 3.5235log T + 17.320
(1967) and Quartz cell
(1970) [55, 62] | degasing unde
vaccum at 373 K
for 24h before
introduction of Ar
V.Venugopal et | Csl (s) 99.95% Boiling point 977-1430 LogioP, (kPa)=(28.42 £0.41)- Dimmer fraction evaluated from tot
al. 1985[41]. temperature (9986+415)T(K)-6.56logyT(K) pressure(boiling data) and mass transport in

(quartz vessel)

AsutH%205 14Csl) = 196.8 + 1.6 kJ.mdl

temperature range 1240-1400 K

3]
the

154



Chapter llI: Critical assessment of thermodynamic data for the Cs-1 system: vapour pressure data

AsutH®208.15 (CSl )= 227.2 + 2.3 kJ.mdl (3°

law)
AgisH268.15(CSl2,0) = 166.4 £ 3.9 kd.mdl | 2 and 3' law didn’t not agree due to “i
AfH®505 1{Csl) = -154.2 + 1.6 kJ.mol consistencies in thermodynamic data” (sic)

AfH°298_15(CSZ|2)= 4749+ 2.3 kde"
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APPENDIX IlI-B

Monomer and dimmer pressures calculations

> Knudsen effusion method

The combination of relations (6p,,, = p, +v2p, and (24)K =Pz gives a ¥ degree

dim 2
1

app

equation:

\/EK dimp12+ pl - papp: O

A=1+ 4\/EKdim papp
p= LtV
' 2\/EKdim
p — papp - pl
V2

Relations in which K is the constant of dimmerization, p, and ppp are respectively the

partial monomer and dimmer pressures and the apigamessure.

> Transport/transpiration Methods:

=p,+2p, and (24)K =Pz gives the following

dim 21
1

The combination of relations (18),,,

2" degree equation:

2Kdimp12+ pl - papp = O

A= 1+8Kdim papp
_-1+4JA
' 4Kdim
_ papp - pl
P, >

» Total pressure measurements
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_ P
dim — 21
1

The combination of relations (23§, = p, + p, and (24) K gives a ¥ degree

equation:

Kdimplz-*-pl - I:zot :O
A=1+4K, P

dim " tot
_—1+4/A
: 2Kdim
P, = Ptot P

relations in which B is the total measured pressure.
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Chapter IV: Thermodynamic of the Csl-CsOH gas plsgs&em

IV.1. INTRODUCTION

In the Cs-1-O-H quaternary system, the pseudo-giGai-CsOH system is a section of high
thermodynamic stability. Thus, phases belongintpi®section may be formed rapidly in any
cooling processes. These phases might be gas -mikires of Csl and CsOH gaseous
molecules including monomers and dimmers or compietecules — or liquid and solids that
could be basic components of aerosols. In casa®fdiquid mixtures, the reactions at the
liquid surface are usually very fast meanwhile gfas-solid reactions may be “retarded” (or
“hindered”). Further, in the condensation processes phase diagram of the Csl-CsOH
system is an important tool to understand the nm@shes of condensation and the production
of liquid droplets or solid aerosols. The compleseous phase of the Cs-I-O-H system was
observed by High Temperature Mass Spectrometry (B)fMhen vaporizing Csl-CsOH(l)
mixtures. It was found that the molecule,lC81(g) is extremely stable. This feature is not
surprising because such gaseous mixed moleculésghan ionic character such as BOHF
B(OH).F [1] and NaOHCI [2] have been already observed.

IV.2. EARLIER WORKS

First, mixed moleculem the gas phase chemistry of ionic bonds moledude® been already
suspected by Schoonmaker and Porter (1960) [2] lyamequilibrium with {NaOH-NaCl}
condensed mixtures. The authors observed by massgremetry some anomalous increase in
the mass spectrum of p@H" ion intensity. According to them, this effect wduhot be
consistent with an increase in JaH,(g) concentration resulting from thermodynamic
activity changes, but may be explained by postugtine existence of N@HCI(g) which can
dissociate into N@H" by the electron impact. Later, Blackburn and John8] observed
the same feature for the gas phase in equilibriuth {fsOH-Csl} mixtures, and proposed

the existence of a new molecule, i.e. thelGBl(g) molecule.

159



Chapter IV: Thermodynamic of the Csl-CsOH gas plsgs&em

IV.2.1. Blackburn and Johnson (1988) preceding study

Blackburn and Johnson [3] performed a mass speetranvaporization study of Csl-CsOH
mixtures, and observed an abnormal proportiond mrresponding to the dimmers, namely
Csl™ and CsOH" when compared to pure compounds vaporization. bhdtbee dimmers
proportions in equilibrium with a liquid mixture Y& to decrease with composition compared
to the pure compounds since their proportions elaed to the activity in the liquid phase

according for instance to the following vaporizatrelations:

- _ - __ P(Cs,0,H,)
CsOH(lig.) + CsOH(g) = G&-H2 (g)  with K,(T)= a(CSOH) p(CSOH) (2)
and
Csl(liq.) + Csl(g) =Cd, (g)  with KZ(T)=M (2

a(Csl) p(Csl)

The equilibrium constants depend only on tempeeatiit a fixed temperature, the dimmer to
monomer ratio is thus directly related to the astivJsing a regular liquid solution for Csl-
CsOH system, Blackburn and Johnson show that fartisnos with small Csl or CsOH
contents the dimmers pressures respectivellx@3% or CsO,H,(g) should decrease strongly

and therefore the pertaining ions,Cor CsOH' can come only from another molecule.

Their experimental observations have been explamedhe presence of another gaseous
species whose ionization gives the same ions. datire is directly related to the only
dissociative ionization processes observed for sgabeous molecules. These kind of
ionization patterns are observed for molecules witendency to strong ionic bonds: in case
of halides [4] it is due to electronic affinity egg for the halide quite equal to the ionization
energy of the metal. Consequently, the main iompatprocesses observed by mass

spectrometry are only dissociative ionizations as,

Cg0:Hy(g) + € — Cg0H'(g) + OH(g) + 2 & 3)
CsIOH (g) + € — Cs0H(g) +1(g) +2 é 4)
Csly(g) +€ — Csl'(g) +1(g) + 2 & (5)
CslOH (g) + € — Csl™(g) + OH(g) + 2 & (6)
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Besides at very low energies of the ionizing etawdr(< 5 to 10 eV), the occurrence of ion
pair formation can not be discarded according éopifocess for instance:
CsIOH (g) + € — CsOH'(g) + T (g) + € (7)

But yet the 1production (or OF can not be observed directly at the same timi thi2¢ mass
spectrometer when observing the positive ions siheg deviation in the magnetic analyser
is the reverse and these ions are lost. Moreoweerims of total ion currents, for this process
the ionization cross section becomes negligibldigher electron energies where positive
ions are monitired quantitatively. For pure compisinaporization, we remind that the ions
Csl" and CsOH were attributed [3, 5, 6] to the only adiabatioimation of the monomers
Csl(g) and CsOH(qg).

Blackburn and Johnson observed first that the medsOs!™ ion when vaporizing “low Csl
concentrations” (sic) corresponds to the onlylffg) dimmer ionization. For low CsOH
concentrations (molar fractions from 0.135 to 0)0& calculated proportion of the dimmer
coming from the monomer CsOH(g) - measured whenitorimg the ionic intensity of
CsOH - was much lower than the measured one deduced the total ionic intensity of
CsOH". The excess (18-fold higher) was attributed tortée mixed molecule GEOH(g).

As a conclusion of their study, Blackburn and Jaims

* Propose the existence of a new moleculg@4(g) whose stability is more important
than the one of the two basic dimmers of pure carapts in the gaseous phase.

« Propose a main dissociative ionization processrigao the only CZOH" ion.

* Second and third law calculations are presentedhf@requilibrium constant of the
main reaction
Csl(g) + CsOH(g) = G$OH(g) (8)
but yet the thermodynamic functions (C°py $SGef %) for the new molecule are not
presented and only a rough estimate of the entr®glpne at the mean experiment
temperature.

» Determine the liquid interaction coefficient fronarpal pressure evolution of the
monomer CsOH(g) as a function of composition insathermal run using the mass

loss of CsOH controlled by effusion.
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Finally, Blackburn and Johnson performed thermodynacalculations with a molar fraction
X(Csl) = 0.1 that corresponds to a total conceionadf iodine in agreement with nuclear
released gases under severe accident. They codcthdé CsICsOH(g) will increase the
iodine concentration in the vapor and in the iodielease from the containment by as much

as a factor of two compared with Csl(g) andl£&) alone (sic).

IV.2.2. Analysis of Blackburn and Johnson Thermodynamic dea

From the original data of Blackburn and Johnson, @ur selected values for vaporization of
pure compounds (this work), the different partiapor pressures were calculated at 950 K —

i.e. over the liquid phase — as displayed in figurellV-

Vapor pressures at 950 K over the CsOH-Csl liquid

2 T T
e ¢ & ¢ o o o
I ¢ ‘\ : s @ z * ¢ * I ® e [ ] P :
3 . B g : T MR *_o ‘\
e --E m - e T e o _
| " ., L4 s r2ana?
I oo * A A - [ ] ,
: A 4 A | u m m = |
S oo A AT g gt i S
— | A | ] |
2 , 4 . " " . |
%5 " A\ u I I ™ I
= 51 - & - e it m-- - - S i Bt ph iy ——---1
9 : o o .
=3
o | | | | ‘
= | | |
S i B @CsOH(g) |-~~~ " """ Tt ooos Foo
n B Cs202H2(g) ' om
| ACsl(g) |
e R BCs212(g) |[------------—-——-—-—-—-- b--- -4
: .‘CSZIOH ‘ :
| | | |
| | | |
-8 t T

0 0,1 0,2 0,3 0,4 05 0,6 0,7 0,8 0,9 1
molar frac. Csl

Figure IV-1: Vapor pressures in equilibrium withethCsl-CsOH liquid mixtures at 950 K as
calculated from our selected data for the pure coomus CsOH (chapter II) and Csl (Chapter IlI)
and the proposed thermodynamic data for the ligmitkture and the GBOH(g) molecule by
Blackburn and Johnson (1988).

The main feature is that the new moleculelQBi(g) is more important than the pure

dimmers within practically the whole compositionna@in. Moreover, this new molecule
remains the main gas component for molar fracti§@sl, liq) > 0.3. According to these data
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- and following the conclusions of Blackburn and@dson — the molecule @®H(g) can
transport iodine in excess in case of:
» arapid kinetics of formation from a dissociatetjmral gas phase,

* low total iodine initial concentrations compareddesium

In order to understand the condensation of vapersvall as gas-liquid reactions, the
vaporization behavior of Csl-CsOH mixtures must d®alyzed since the condensation
phenomena are the reverse according to the migergibility principle [7] for chemical
elementary reactions. Two main ways for this anslgse presented, - (1) the vaporization
flows are analyzed in terms of liquid compositiovolation due to distillation, - (2) the
impact of reference choice on the stability of @g&lOH(g) molecule.
1) Vaporization of liquid Csl-CsOH mixtures is analgizevith or without the new
molecule. This permits to determine if completdiliiggion till a final residue of pure
Csl can be produced as observed by Blackburn ahdsda in their isothermal
experiment for the interaction coefficient deteration. For this purpose, the effusion
flow is calculated in terms of CsOH or Csl moleculaws according to the Hertz-
Knudsen equation. For the molecular flow of CsOHypet time the relation is,
sC p(CsOH) +2p(CsZOZH2) N p(Cs,IOH)

F(CSOH)=\/2”R JM(CsOH) /2M(CsOH) /M (CsOH)+M(Csl) |’

9)

Same relation is written for Csl. M is the molarssaf the effused species, p the
partial pressure, s and C the cross section an@lthesing coefficient of the effusion
orifice, and R the gas constant. The molar fraciiamed Y (composition) of the
effused — vaporized flow is,

F(CsOH)

Y(CsOH)= F(CsOH)+F(Csl)’

(10)

These molar fractions of the effused flow — takimg not into account the new
molecule — are compared to those of the liquid XYB¥in figure IV-2. If occurring,
a congruent composition (azeotropic compositiomjesponds to

X(CsOH, lig.) / Y(CsOH) =1 (11)
and consequently no further evolution of the liqemmposition can occur at this

azeotropic composition due to vaporization.
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Congruent effused-vaporized composition search
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Figure IV-2: Test for congruent composition in thaporization of Csl-CsOH liquid phase
when taking or not into account the J3H(g) molecule as proposed by Blackburn and
Johnson. The arrow shows the congruent composdtitained only when taking into account

the new molecule.

We observe in figure 1V-2 that without taking intcount the new molecule, the
molecular vaporization flow is always richer witrs@H than the liquid. Complete

distillation can be obtained leading to a Csl(l,spresidue. Conversely, with the new
molecule, there is a congruent composition at x¢€.s@.) ~ 0.7.

In order to understand the composition evolutiaeations by vaporization losses, the
nature of the azeotropic (congruent vaporizatiaabiity [8, 9] has to be known. This

stability is related to the nature of the molecullaw extremum at the congruent
composition. In figure IV-3 the total molecular Wois displayed and the congruent
composition corresponds to a maximum of the mobdilbw when taking into account

the new molecule.
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Effused - vaporized total molecular flow
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Figure 1V-3: Calculated total molecular flow vapemg from CsI-CsOH liquid mixtures
according to our pure compounds selected press{ofegpter Il and 1lI) and thermodynamic

data from Blackburn and Johnson for the liquid phaad the new GH(g) molecule.

This property means that the azeotropic composisamt stable: whatever the chosen
composition is, each side of the congruent onejlitmove away from the azeotropic
composition by vaporization mass loss:
» for initial X(CsOH,lig.) > 0.7 , the gas is lesshier with CsOH than the liquid and
the liquid composition becomes enriched with Cs@ifbtire CsOH(l),
o for X(CsOH,lig.) < 0.7 the gas losses mainly CsQtdl ahe liquid composition
becomes depleted with CsOH and goes to pure C&@yersely, in condensation
processes the maximum flow (or pressure under gtheoi conditions) is in fact an
“activation pressure like barrier” for creating fdifent liquid compositions. This
characteristic property is directly related to gaetial pressure of the new LL83H(Q)
molecule which is likely at its maximum value fof{C6OH) = X(Csl)~ 0.5 (fig. IV-
1). In the Blackburn and Johnson experiments,istaftom x(CsOH) 0.135, and
whatever the presence of LL3H(g) is, the gas flow would have been richer with
CsOH than the liquid, and the liquid should haverbelepleted with CsOH and
consequently enriched with Csl. This evolution vedfectively observed in their

isothermal run (table 5 in [3]). The final compasitis close to pure Csl. But yet, no
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CsOH rich compositions have been tested in ordehexk the real influence of this

new molecule.

2) Pressures of the new L8H(g) molecule were determined by Blackburn and
Johnson using the equilibrium constant of reac{®n In their calculation they
subtract the proportion of @H" coming from CgO,Hx(g) by using their
CsOH(g) measured pressures and their dimmerizatiostant. Because their own
dimmerization constant determined for the ,@#$l,(g) molecule is largely
different from the one measured and selected irpoauious works (chapter 1) [5]
or in JANAF tables [10], Their dimmer proportionadout 1/10 to 1/100 lower
than the retained one and consequently the propoofi CsOH" ion attributed by
Blackburn and Johnson to the new molecule is osealuated.. Causes for these
lower dimmer measured pressures over pure CsOBifl)come at least from two
different factors: - (i) a non controlled mass disination in the quadrupole filter,
or — (ii) parasitic molecular flows coming from Woout of CsOH(I) on external
surfaces around the effusion orifice as observedsin the vaporization of pure
CsOH(l) [5]. In order to correct the Blackburn alwhnson values (table 5 in [3]),
new CslOH(g) pressures have been recalculated from olectsen of the
dimmerization constant (chapter Il). The final tela for calculating the real

(p2(corr.)) dimmer pressure values is:

exp{170014 —14.1482}

exp[18_?74—19.08}

p, (corr.)=p,(Blackburn Calc.) x (12)

relation in which the subscripts 2 account for diramer of CsOHp; (Blackburn
Calc.) is taken as the original calculated dimmer pressar Blackburn and
Johnson [3] as well as the dimmerization constaapenan logarithm
(denominator term). The numerator is the equiliriconstant from our selected
values (see chapter II). Original values are preskim table 1V-1, altogether with

the corrected values for the L3H(Q) pressures.
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T/K p/bar p/bar p/bar ratio. p/bar ratio p/bar p/bar p/bar Csl
Cs,0,H, CsOH Cs,0,H, Cs,0,H, Cs,0,H, Cs,0,H, CsIOH CsIOH Blackburn
from Total | Blackburn| Blackburn | Blackburn| Our Calc. | Meas.Black/| Blackburn Our
Cs,OH" CsOH Calc. Meas/Calc Our Calc. Calc.*
809 | 4.05E-06 7.52E-05 2.31E-07 17.5 4.58E-06 0.88 .15H-06 -5.34E-07| 2.97E-04
839 | 6.47E-06| 9.43E-05 1.60E-07 40.4 3.40E-06 1.90| .18H-05 3.07E-06| 1.18E-04
876 | 5.06E-06 9.70E-05 6.67E-08 75.9 1.54E-06 3.29 .33B-06 3.52E-06 2.32E-04
888 | 6.16E-06 1.12E-04 6.64E-08 92.0 1.57E-06 3.93 .148-05 4.59E-06 2.99E-04
918 | 7.78E-06 1.60E-04 6.89E-08 112.9 1.72E106 452 1.44E-05 6.06E-06| 4.27E-04
925 | 9.63E-06 1.59E-0 5.81E-08 165.7| 1.47E-06 6.55 .798-05 8.16E-06 5.98E-04
926 | 9.99E-06 1.46E-04 4.83E-08 206.8 1.23E06 8.15| 1.86E-05 8.76E-06 7.79E-04
927 | 7.86E-06 1.22E-04 3.25E-08 241.8 8.26E-07 9.52 1.46E-05 7.03E-06 8.17E-04
927 | 6.08E-06 8.54E-05 1.60E-08 380.0 4.07E407 14.9% 1.13E-05 5.67E-06 6.88E-04

Table 1V-1. Comparison of @3;H,(g) and CglOH(g) pressures as determined by

Blackburn and Johnson and our corrected valuestalknto account our selected values

for the equilibrium constant of the dimmerizati@action 2 CsOH(g) = GO.Hx(g) (see

chapter Il). Meas. : measured, Calc. : calculatedur calculation takes into account the

corrected dimmer pressure

As the selected value for the dimmerization cortsisads to higher pressure values

for the dimmer, our correction decreases the doution of the mixed molecule in the

measured GOH" ionic intensity. Thus the ratio Measured/Calculafier the dimmer

Cs02H3(g) decreases soundly. At 809 K (due to activityCcefOH), the new molecule

contribution becomes too small to be detected tinegaalue). Indeed Blackburn and

Johnson quoted that the best conditions to obsttrwenew molecule is for lower

concentrations (either CsOH or Csl). The new sedamdequilibrium constant for

reaction (8) is calculated from Table 1V-1 and prasd, compared to the Blackburn

and Johnson original one in figure IV-4:

In K, (reaction (8)) = 10805 /T(K) — 7.2638

(13)
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Csl(g) + CsOH(g) = Cs2I0H(qg)
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Figure IV-4: Comparison of the equilibrium constamperian logarithm for the reaction
Csl(g) + CsOH(g) = CdOH(g) from original Blackburn and Johnson work atié present
correction taking into account our selected thergmaamic values for the CsOH(g) and its

dimmer (this work, chapter LI)

As a conclusion of the present analysis, it appdlaas the new molecule proposed by
Blackburn and Johnson is effectively present invilggor phase of the CsOH-Csl system, but
the proposed stability of this molecule is ovemlatéor a better understanding of the exact
role of this molecule in the transport of iodinegetmodynamic functions have to be evaluated

in order to facilitate thermodynamic previsions aeliable temperature extrapolations.

IV.3. PRESENT MASS SPECTROMETRIC VAPORISATION
DATA

From the Blackburn and Jonhson [3] determined awatigsn coefficient for the liquid phase,

and assuming no solubility in the solid phases ptinese diagram of the Csl-CsOH system is
calculated as presented in figure IV-5 using thetdame software. The present analyzed
compositions and temperature ranges are presemttusi figure and compared to the one

analyzed by Blackburn and Johnson.
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Csl - CsOH system S
Calculated with Interaction coefficient from Blackburn and Johnson(1988)
1000

QUi — This work
Liquid (Blackburn & Johnson) e
Johnson
2
440 + B .
Solid: no miscibility Eutectic
300

0 2 A B 8 1
mole CsOH/(CsI+CsOH)

Figure IV-5: Calculated phase diagram from liquidtd proposed by Blackburn and Johnson and our
selection for the pure compounds (chapter Il amd 1I: CsOH-Csl-01s, 2: CsOH-Csl-02s, 3: CsOH-
Csl-03s, 4: CsOH-Csl-04s experimental runs.

IV.3.1. Sample preparation

Two different compositions have been prepared tliren pure Ni crucibles (part of the
Knudsen cell). Same Ni cells has been already usdtle preceding CsOH vaporization
study [5]. The preparation method is the one alyesgaplied for preparing pure CsOH(s or |)
by water distillation [5] when heating slowly undaimary vacuum. The known mass of the
pure CsOH(s) residue staying in the Ni crucibléhen loaded with a known amount of pure
Csl(s) beforehand degazed at 423 K under primacywa. The mixture in the Ni crucible is

then heated in a quartz ampoule under primary vadilumelting.

The use of a Pyrex (borosilicate) ampoule allows v¥isual observation of the prepared
mixtures melting behavior. It is to notice that thelting point of Csl-CsOH mixture rich in
CsOH has been observed at about 473 K and durioighngpthe sample became vitreous at
about 438 K. After cooling and crystallization, ttreicible and its lid are weighted, stored in
a desiccant atmosphere and/or loaded in the masgremeter. The sample weight loss
during the mass spectrometric experiment is knowmeighting the “crucible+lid+sample”
before and after each experiment. In two experimemé observed a partial creeping
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(overflow) of liquid along the effusion orifice @t the junction crucible-lid. This residual
liquid film on external surfaces of the crucibledathe lid was cleaned carefully with water
and alcohol cotton stem in order to evaluate ifeissary some corrections to the effusion

genuine mass loss. The four experiments are surnetkin table 1V-2 with comments.

Initial T
Material Experience composition/ | range/ | (s C)IS Observations after HTMS
cell label mol % K experiments
CsOH| Csl

Ni® Csl-CsOH-01s| 17.0 83.0 699-8097.1 10° - slight stickingtloé crucible and
its lid to the external envelope
- no flow out detected
- some vapor deposits on the first
field aperture.
-white color sample

Csl-CsOH-02s| 14.7 85.3 657-863 Same observations as Csl-CsOH-0fLs
Ni? Csl-CsOH-03s| 79.0 21.0 676-753 -flow out aroundetfiesion orifice

and the crucible lid,

- sticking of the crucible to the
external envelope,

- vapor deposit on the internal part pf
the lid,
7.110° | - green-blue color of the sample (Nj
interaction?)

-field aperture of the restricted
collimation has been rapidly clogge
Csl-CsOH-04s| 76.8 23.2 666-804 -Same observations as Csl-CsOH-
03s but contrarily to preceding run
the temperature was increased slowl
in order to avoid the partial clogging
of the field aperture.

Table IV-2. Sample behavior after each experimenitalin a pure Ni effusion cell.

jon

y

The ratio (sC)/S —as mentioned table IV-2- reprisséme ratio of effective effusion cross-
section (sC)versus vaporization section (S cell cross sectiba) characterizes equilibrium

conditions in the cell (see Chapter II).

The effusion orifice alignment along the ionizatidmmber axis (restricted collimation axis)
is performed by moving the effusion cell furnacevwo X and Y directions orthogonal to this
axis. The analysis of the mass spectrometric respas a function of the cell position (see
chapter Il) has been checked for each run at lodvlagh temperature. For Csl-CsOH-01s
and 02s runs (Csl rich) the scanning profile inrXl & directions didn’t show any surface
diffusion or flow out anomaly in comparison with athwas observed during CsOH
vaporization (Appendix IV-A). For run Csl-CsOH-03%e scanning profile in X and Y

directions showed that it becomes slightly shavgeen temperature increases (Appendix IV-
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A). This confirms the fact that some surface difbasflow is occurring. But yet, this feature
was not so important as observed during CsOH vagtoon. In the next run Csl-CsOH-04s,
this slight change when temperature increase wasnger observed because the temperature
increase was better managed in order to prevent &oy partial and rapid clogging of the
field aperture as was occuring in the preceding(€sl-CsOH-03s). For this reason, no mass
loss correction is needed to take into account gharssitic phenomenon (surface diffusion)
and we further considered that Csl-CsOH-03s ruhheldiscarded because it was not very

well managed in term of temperature sequences.

IV.3.2. lonization processes and gas phase composition

The ionization efficiency curves could evidencdeati#nt adiabatic and dissociative ionization
processes, but the complexity of the gaseous phaseell as the lack of independent
information about the activities of the componetdhts not allow the direct determination of
the apparition of the mixed molecule via the paientCsIOH™ which is not detected in the

spectrum. Consequently, ionic intensity ratios wére only way to analyze the vapor

composition.

The main ionic intensity observed during Csl andOBs compounds vaporization
corresponds to the ion T aking into account the proportions measured&a2£2V ionizing
electron voltage for the pure compounds vaporimatibe total measured ionic intensity of
Cs' coming from the Csl(g) and CsOH(g) in the gas ptsiuld be,

I(CS") = 41(CsI") + 8.7 I(CSOH) (14)

The factor 4 comes from our specific experimentsgpmed with pure CsI(s) in agreement
with Lelik et al. [11] mass spectrometric work, ad is the mean factor as measured in our
preceding vaporization work of pure CsOH(l) [5].eTabove formula results are compared to
experimental results when vaporizing Csl-CsOH miegun figure 1V-6.
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Cs" intensity evolution

0.8 ‘ :
l l
0.6 - | % |
| . 0. ® |
X
= 0-“”3{*3{”*”%"”? *************** e
oA | * |
+ X
5 0.2 [ ] * L A * : X
3 | . ¢ A 1
‘0 0.0 t +® 1
© ° [ .
o ‘ A X(CSOH)=0.170
§-021---------- e ——Y————————_|piir
e | X X(CSOH)=0.147
= 04 ,,,,,,’,,,,,:, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
‘ # X(CSOH)=0.790
|
A S R SN
-0.6 s @ X(CsOH)=0.768
| I
0.8 : ‘ ; :
650 700 750 800 850 900

T/K

Figure IV-6: Relative values for the comparisomufasured ionic intensity of Cgat 20-24 V) with
the attended ionic intensity of Cas calculated from the monomer ions CSGid Csi. (Meas. )

Measured Csintensity and (cal.) for calculated Cmtensity

We observe — except for a few data — that the meds@s ionic intensity is in relative

excess by 0 to 60%. This excess clearly can conyefrmm a new molecule in the gas phase.

Among the different vaporization reactions, reattiql) and (2) are called “isomolecular”
reactions regarding to the gas phase, and thestiorea are often used since the mass

spectrometric sensitivity cancels as for instamecedaction (1) :

1(CsOH)T  G(0) f)eowr _1(CSOH) (0 fepor (15)
I (CSOH") (o f)

K, (T)a(CsoH) = RE20%M2) - :
p(CSOH)  1(CSOH)T G(oyT)

Cs,0H* Cs0H*
and for our mass spectrometer(1) [5],
* (o f) .
HCSOHT) _ ¢ (T) a(CsOH) x———cx0n” (16)
| (CsOH™) (0 1) ceon

Thus, the total ionic intensities ratio coming frothe parent molecules is directly
proportional to the activity, assuming that thefetént determinations have been performed
at the same ionization potential in order to fixe tionization cross section ratio. As the
activity of CsOH or Csl in the mixtures has to @émse monotonically with respectively
CsOH or Csl composition, activity trends have toobserved according to relation (16) for

the present ionic intensity ratios if no new moleccontribute to the observed ions coming
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from the dimmers ionization. The right term canrbealculated from known equilibrium
constant selected values, and with the estimatfo(total) ionization cross sections ratio
equal to ¥2. Another way is to compare directly tbaeic intensities ratios with those
measured over the pure compounds. Figures V-7l present the measured intensity
ratios respectively of GOH/CsOH and Csl*/CsI for different Csl-CsOH mixtures

Dimmer to monomer ratio evolution
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Figure IV-7: Evolution of C®OH'/CsOH total intensity ionic ratio in the CsOH-Csl| systa® a

function of temperature for different CsOH molecfrans.

For CsOH (fig. IV-7) ionic intensity ratio trendst(constant temperature) agree with
thermodynamic evolution of the activity with compgms1. But yet we observe that for the
two x(CsOH) low content the ratios or related atieg are within the same range. This
feature may be related to the phase diagram shapeam indicate that we are in a diphasic
domain, Csl(s or solution) in equilibrium with a@uidus according to our calculated phase
diagram (fig. IV-5). However, at higher temperatusnd for an homogenous liquid phase,
the activity should increase with composition imse. If we fit independently each run
values, we can observe that (apart for run Csl-G8@$] x(CsOH)=0.768) all activity trends
converge and there is no evolution with compositidimis fact let suppose a major

contribution from a new molecule which perturbs system.
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Dimmer to monomer ratio evolution
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Figure IV-8: Evolution of the GE/CsI’ total ionic intensity ratio as a function of temaire for

different Csl molar fractions.

For Csl (fig. IV-8), trends are clearly in the rese direction as attended by thermodynamics:
activity must decrease with composition decreasd aite versa. Since for lower
concentrations the vapor pressures of Csl gasesddshecome lower and probably quite non
detectable for the dimmer, this feature let supptset the ions G§ or Csl have a

significant contribution from a new molecule.

IVV.3.3. Vapor pressure determinations

The calibration method is the same as appliedi®iGsOH vaporization study [5]:

e Total ionic intensity associated to one parent ke is obtained by addition of all
ionic intensities of the formed ions: for &sH,(g) the ions CHOH + Cs0™ + Cs"
for CsOH(g) the ions Cs+ CsOH, for Cslx(g) the ions C8* + Cs", for Csl(g) the
ions C$ + Csl + I

« Different original contributions for common ionsgGind Cs') are calculated on the
basis of the ratios as measured when vaporizinguhe compounds [5, 6, 11].

« Dimmer to monomer total ionization cross sectia@tgris taken equal to 2 [12].
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IV.3.3.1. Calculations assuming no new species in the gas [glea

Calculations of partial pressures from measuredcionensities are first applied assuming
there is no new species in the gaseous phase.igg, dii mass loss during the experiment is
attributed to effusion of the only CsOH(g), 2OsH2(g), Csl(g) and Csx(g) vapors.
Experimental vapor pressures for CsOH(g) angDghs,(g) are displayed in figures 1V-9 and
IV-10.

Vapor pressures: pure & mixed compounds comparison
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Figure 1V-9: Experimental vapor pressure of CsOH{g) equilibrium with different Csl-CsOH
mixtures and comparison with our selected vapossguee for the pure CsOH compound (this work,

chapter II)

Vapor pressures: pure & mixed compounds comparison
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Figure 1V-10: Experimental vapor pressure of,OgH,(g) in equilibrium with different Csl-CsOH
mixtures and comparison with our selected vaposguee for the pure CsOH compound (this work,
Chapter II).
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In figure IV-9 and IV-10, the partial pressurespesively of CsOH(g) and @9;Hx(Qg)
decrease when the Csl content increases, accdadthg evolution of the CsOH activity, but
yet the CsOH rich samples give practically the samessure than pure compound (activity =
1). We can conclude in different ways: - (i) theiaty decrease may be too small for these
concentrations close to pure compound and thussymes would be included within our
experimental uncertainty, - (i) an excess mass isglue to a new species and taking it into
account in the calibration increases the pressores(iii) there is a fragment ion contribution
from the dimmer or other molecule with major ioiitensity,i.e. CsOH although preceding
studies did not mention this feature. Experimengdor pressures for Csl(g) and,G&) are

displayed in figures IV-11 and IV-12.

Vapor pressures: pure & mixed compounds comparison
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Figure IV-11: Experimental vapor pressure of Cslifgequilibrium with different Csl-CsOH mixtures

and comparison with our selected vapor pressurétferpure Csl compound.(this work, chapter I11)
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Vapor pressures: pure & mixed compounds comparison
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Figure 1V-12: Experimental vapor pressure of,g&) in equilibrium with different mixtures Csl-
CsOH and comparison with our selected vapor presdor the pure Csl compound.(this work,

chapter 111)

Figure IV-11 shows that vapor pressures of Cslfg)aways equal or greater than those for
the pure compound, meanwhile for the dimmer (figivel2), the vapor pressures are
scattered but distributed around the pure compowapbr pressure. Clearly, these values
show trends contrarily to thermodynamic evolutionl ave can conclude: - (i) for Cstither

an extra contribution of Cslons or an excess of mass loss which is more tsemsin this
smaller vapor pressure value compared to CsOH(¢)) for Csl” ions clearly an extra
contribution in the ionic intensities comparedhe bnly dimmer of Csl.

A last check is done by comparison of the measdriedner pressures and the calculated
ones from the measured monomers and our seleatedatization equilibrium constants as
retained in our preceding compilations (this wohagter Il and 1ll). As the dimmerization
constant do not depend on the concentrations biyt @m temperature, differences can
evidence fragment ions contributions. Figures IVah@l IV-14 display this comparison as a
function of the inverse of temperature over a ligat low CsOH concentrations.
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2CsOH(g) = Cs,0,H,(9)
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Figure IV-13: Experimental vapor pressures ob@#1,(g) in equilibrium with a Csl-CsOH mixture
at low CsOH concentration and comparison with threspure calculated from the experimental

CsOH(g) pressure in the same experiment and oecta dimmerization equilibrium constant.

2Csl(g) = Cslx(9)
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Figure 1V-14: Experimental vapor pressures oklglg) in equilibrium with a Csl-CsOH mixture at
low CsOH concentration and comparison with the poes calculated from the experimental Csl(g)

pressure in the same experiment and our selectethdrization equilibrium constant.

Figure 1IV-13 shows an excess of measuregOES ions, - measured pressures over the

calculated ones - meanwhile for.Cs(fig. IV-14), the reverse is observed - featurat tban
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be obtained only from an excess of Tisins compared to G ions - . In the case of rich

CsOH concentrations, the reverse is observedusdrdted in figures 1V-15 and 1V-16.

2CsOH(g) = Cs,0,H,(9)
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Figure 1V-15: Experimental vapor pressures ob@$1,(g) in equilibrium with a Csl-CsOH mixture

rich with CsOH and comparison with the pressurecokited from the experimental CsOH(g)

pressure in the same experiment and our selectachdrization equilibrium constant.

2Csl(g) = Cs,l,(9)
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Figure IV-16: Experimental vapor pressures otlgfg) in equilibrium with a Csl-CsOH mixture rich

with CsOH concentration and comparison with thesgrtge calculated from the experimental Csl(g)

pressure in the same experiment and o

In figure 1V-16, the excess of g%

ur selectachdrization equilibrium constant.

lons seems very small. This means that the mixed

molecule produces less {Lsions than C£OH" ions as already observed by Blackburn and
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Johnson and an excess of CSQbhs is also produced. We have to keep in mind tiea
parent ions contributions coming from the monomeny also as a function of composition
of the liquid phase due to activity variations, aheé above check can evidence different
contributions in the spectrum when using differemicentrations. The present results clearly

imply that the new molecule also produce CS@Hd Csl fragment ions.

IV.3.3.2 Calculations assuming a new species in the gas phas

The above analysis of ionic intensities ratios aaohparison with those of pure compounds
vaporization as well as the quantitative intergretaof experiments without occurrence of
the new molecule (previous paragraph) show thaChEOH(g) exists and has a dissociative
ionization according to at least five processesitgnto the COH’, Csl*, Cs, CsOH and
Csl' fragment ions. The two first ions could not beedétd altogether for the same mixture
or gaseous composition due to interferences withidhization of the dimmers, Cis always
present, meanwhile CsOknd Csl fragment ions overlap with parent monomers ani the
detection depends on the composition.

Preceding results indicate that our experimentslite have to take into account the mixed
molecule as proposed by Blackburn and JohnsoABhlready performed by Blackburn and
Johnson, we first calculated the real contribut@inCsOH" or Csl® coming from the
dimmers via our selected values for the dimmeirationstants and the monomer intensities.
Then the remaining measured intensities are at&ibto the ionization of the only @OH(Q)
molecule. Such calculations can be performed ferothly case where measured intensities of
the like dimmers ions are above the calculated,areeshose presented in figures 1V-13 and
IV-16. Calibration of the mass spectrometer is therformed using mass loss of the samples
but taking into account the whole set of molecimethe gas phasege. adding the G40OH(Q)
contribution to the mass loss meanwhile estimatstptal ionization cross section according
to the additivity rule [12]5(CsIOH) = 6(CsOH) +o(Csl). This calculation gives different
final condensed phase concentrations that the oh&sned when the mixed molecule is

ignored as displayed in table IV-B1 (appendix I\V--B)

The present retained ionic intensities calculatechfthe only CSOH" or Csl” ions and not
from the total ionic intensities produced by thenpbete ionization process of the molecule

give necessarily lower vapor pressures fofl@H(g). This is due to the fact that the estimate
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of the ionization cross sections according to thditavity rule operates for total ionization
cross section. But yet such calculations can bepeoed directly with Blackburn and Johnson
ones, calculated with the same assumptions. Vagaspres for the G©OH(g) molecule are
presented in figure IV-17 as a function of the mpeeof temperature for all experiments
where either GOH" or Csl™ excess intensities are detected depending onotheentration
of the condensed phase.

@ Blackburn & Johnson original CsOH(g) + Csl(g) = Cs ,I0OH(g)
14 17— OX(CsOH)=0.170/Cs20H+ ; ;
A X(CSOH)=0.149/Cs20H+ 1 1
| |
12 +-| ox(Csh=0.21/Cs2l+ == i A
| |
X X(Csl)=0.232/Cs2I+ | A |
| |
10 - | ¢Blackburn & Johnson corrected |-~~~ =~~~ I B i
T | A D |
| LA O o |
| | |
< 4] | « & x O X
c X
5 I A I X X e} I
| A e o ¥ 8 x&® X |
1 Xo P 1
64---—-—--—-—-——- e ® - --- * 29 - R ——
‘ | O | |
l* o0 | |
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10 11 12 13 14 15 16
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Figure IV-17: Experimental equilibrium constant fitre reaction CsOH(g) + Csl(g) = @OH(g) as
determined using the only £&H" ionic intensity from G€,H,(g) and Csl” ionic intensity from
Csl,(g) as measured when vaporizing different Csl-Cg@likiures and comparison with Blackburn
and Johnson original data with the £OH" ion. Blackburn and Johnson data have been cordecte

according to our selected value for the CsOH dininag¢ion constant (see text).

Calculated pressures from £81" intensities presented in figure IV-17 show that aggee
reasonably with those proposed by Blackburn andskohstarting from the same ion.

Same calculations were then performed taking ictmant the excess of C®n i.e. with
{Cs,0OH" + CS} or{Cs,l™ + CS} total ionic intensities (those Csoming from CsOH and
Csl being calculated from relation (14)). So doifigm the same mass loss each experiment
gives new final and initial compositions (Append¥-B). The calculated pressures of
CsIOH(g) increase as presented in figure 1V-18. dreressures scatter slightly decreases.

Our experimental pressures become above thoseBlackburn and Johnson.
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# Blackburn & Johnson original
O X(CsOH)=0.170/ Cs20H+,Cs+ CsOH(g) + Csl(g) = Cs ,I0H (g)
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Figure IV-18: Experimental equilibrium constant fitre reaction CsOH(g) + Csl(g) = @OH(g) as
determined using the only ({@H" + Cs") or (Csl™ +Cs") ionic intensities when vaporizing different

Csl-CsOH mixtures and comparison with Blackburn dotinson original and corrected data (see

text).

Discrepancies between the present determinatiodstlamse of Blackburn and Johnson

concerning the equilibrium constant may come frém@ pressures of the monomers or an

over-evaluated monomer’s ions due to the aboveeguabntribution from dissociative

ionization of the new molecule. Comparison betwean monomers vapor pressures with

those published for similar liquid compositionpiesented in figures IV-19 and IV-20.

182



Chapter IV: Thermodynamic of the Csl-CsOH gas plsgs&em

CsOH(s,l) = CsOH(qg)
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Figure IV-19: Comparison of our experimental vagmessures of CsOH(g) in equilibrium with
CsOH-Csl mixtures at low CsOH concentrations witlacBburn and Johnson values. Note the

pressure drop of these last values when temperatareases due to CsOH losses.
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Figure 1V-20: Comparison of our experimental vapoessures of Csl(g) in equilibrium with CsOH-
Csl mixtures at low CsOH concentrations with Blagkband Johnson values. Note the pressure

increase of these last values when temperatureasas due to Csl enrichment
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Contrarily to CsOH(g), the agreement is good fol(§)s We believe that Blackburn and
Johnson largely over evaluated the CsOH(Q) pressua only due to the already mentioned
experimental difficulties from surface diffusion awerflow (see chapter Il) — but also
because the dimmer pressure was considered agjibkgliln fact their initial monomer
pressures were about a factor 10 higher aboveajsdegreasing their CsOH(g) pressures to
our values, the equilibrium constant for reacti@pwill increase significantly as presented in
figure IV-21.

CsOH(g) + Csl(g) = Cs ,I0H (9)
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24 . e < Blackburn & Johnson corrected/Cs202H2(g) |- -
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Figure IV-21: Experimental equilibrium constant fitre reaction CsOH(g) + Csl(g) = @OH(g) as
determined using the sum ¢O#" + Cs" + CslI’ ) ionic intensities and the sum ¢(Cs+ Cs" +
CsOH) when vaporizing different Csl-CsOH mixtures aothparison with Blackburn and Johnson

original and corrected data.

In order to take into account the contributionhed €s and CsOH fragment ions in the total
ionic intensity coming from GEOH(g) ionization, we calculated these contribusidinom
figures 1V-14 and IV-15 respectively. Converselytte first calculation for the dimmers
contributions, we fix the dimmer intensity — coresied coming mainly from the dimmers and
with too small contributions from the mixed moleewd and we recalculated the true
monomer pressures. Finally the new proposed egquilib constant for reaction (8) is
presented in figure IV-21. Determined pressuresclily increase due to total considered

intensities, but also become more consistent wiatdne liquid composition is. This feature
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is in agreement with thermodynamics since the gasebase equilibrium constant does not
depend on liquid composition. Remaining differenaéh the double corrected values of

Blackburn and Johnson (from selected@#l»(g) and monomer pressure) comes from the
only retained dimmers ions in their study that urelealuates the real pressure of the mixed

molecule since the different contributions fromgireent ions are important.

A least square fit of all our data for reaction if8figure 1V-21 gives the second law values,

InK :%611— 6.8822 (657< T/K < 863) (17)

p
Considering the different successive correctionsoider to take into account the total
ionization process of the @®H(g) molecule, total uncertainty for this secdad is difficult
to evaluate correctly. Indeed, the overlap of icosiing from different molecular origins can
probably have or not a significant impact dependingnternal compensations as a function

of temperature and compositions.

IV.4. THERMODYNAMIC FUNCTIONS OF THE CS ,I0OH(G)
MOLECULE

Heat capacity (Cp, entropy (&) and free energy functions (Gef or Fef ) for thresent
molecule can be calculated from the “so-called” enalar parameters of the molecule, i.e. its
geometry, its vibration modes and its fundamenkatteonic state. As the structure of the
molecule has not yet been studied, these molepaeameters have to be estimated. For
complex molecules, molecular constants can ofteredienated by analogy with those of
closely related known species. Trends along rowd @lumns in the periodic table of
elements assist in selecting the more probable culale parameters and geometry. Simple
rules [13, 14] help in estimating interatomic digtas and vibrational frequencies for which
approximate values can also be calculated withctrgral force or the valence force [15]

approximations (see chapter | for Fef calculation).
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IV.4.1. Structure of the molecule

By analogy with the two dimmers &gg) and Cg0,H,(g), we stated that the molecule is
linked by ionic type bonds and its minimum energyaafunction of the structure can be
calculated according to the Pauling’s model forewales of the family Alkaline-Halogen as
NaCl, and its dimmer, etc...[16, 17]. Dimmers oktfamily - as for example Gls - have
been evaluated according to this model by Milne @ndbicciotti [18]. The structure of those
ionic molecules is planar, and the shape accorttingnic bonds is square or lozenge. For
hetero-cationic dimmers the lozenge becomes sjigtiiformed. The ionic bond in the
diatomic gaseous molecules is described by thetiaddof two potential energies, one
Colombian attractive energy, and one repulsive gghaccording to the following relation
[18],

2’e’ B, e(r,+r )"

E=-2°+p
r r

(18)

n

Where E the potential energy, r distance of sejmaratf the two ions (anion and cation), z the
ion charge (+1 or -1), e the charge of the elec¢tfoa constant, Ba constant such that
nBy=0.291, ,r. andr. constants characteristic of the ions and equdahe¢o trystal radii, n a
constant characteristic of the alkali halide whishdeduced by derivation of this relation
relative tor (the distance between the two ions). The minimdrth® energy corresponds to

the experimental equilibrium distancegfor the gaseous molecule:

r, =(r, +r.)(nB,)""? (19)

It has been observed that a change of 1 imtradue contribute to 0.05 A in thevalue.
The extension of the model to dimmers has beeniqusly done by Milne and Cubicciotti
and the basic relation becomes for pure dimmers,

Z,Z,€  Z,€  Z;¢
d

n-1 n-1 n-1
E(M,X,) = 4 +4,B;Boe2%+,B:Boe2%+ﬁ_'80ezu (20)

n

Relation in whichp is a constant : 1 for univalent cation — anioeiacttion, 1.25 for cation-

cation, and 0.75 for anion-anion, Z the ion chgrgeor -1), e the charge of the electrop,aB
constant = 0.291/n and n5(# nx) , 2nu or 2rx from table 1in [18], a, b, c and d are the
inter atomic distances as defined in figure IV-22.
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 C
! |
d Cs d a
CS CS
v v+ Cs
| oH b
C >
Cs,l,(9) Cs,IOH(9)

Figure IV-22: Csl,(g) and CglOH (g) molecular geometries and their defined irgeomic distance..
a is the I-Cs-Cs angle,is the Cs-Cs-OH angle.

Our calculations were tested by comparison with pinevious estimates of Milne and
Cubicicotti and with the retained values by Glush#oal. [19] also deduced from ionic
modeling for the G#, molecule. Figure IV-23 shows results of our caltiohs. The

minimum of the potential energy (note that this imiem is quite flat) is obtained for the a, c

and d distances. Comparison with earlier workseésented in table IV-3.

Cs212(g)
-1.000E-14 : ;
l l o
l PN
| |
-1.005E-14 4~~~ ———— - - S P
| © o oo © |
| |
| |
= -1.010E-14 i : i,
1.010E-14 + - L .
A ©2a=3313] | m
= - O ]
g Oa=3.354 ! o g o ‘;:‘ _ _
£ Aa=3.395] O | - A -
0O -1.015E-14 +-1Xg=3437F—~—~—~~~~~~~~"~~~~——~ e R B P e
=1 l l A -
X a=3.478 \ A A | 'A .A X - +
_ I | - -
02=3520| 5 oa b S - X @
-1.020E-14 - {+a=3.561}4 __________ Xooooo B T Naa— S
-a=3.603| X x x X 4+ 3
‘ X
—a=3.644 | X X K
1 |
| |
-1.025E-14 1 ‘ : ‘ :
42 44 46 48 5.0 5.2 5.4
C

Figure 1V-23: Cslx(g) ionic model results and its minimum potentia gy
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Authors 6/A a c d Anglea | Angle | Moment of
(monomer) | (A) (A) (A) (®) Y Inertia
) lalslc (cgs)

Milneand |  --—-----
Cubicciotti 349 | 491 | 4.96 44.7 44.7 | 3.62510*°
[18]
Feber [20]
(basedon | - 3.548 | --oooem | - 49+5 | 49+5/| 3.969 10'*°
Krasnov et
al.[21)])
Glushko et al. 3.3152 354 | | - 49+5) 49+5 3910
(1982) [19]
Presentwork | — ------- 3.478| 4919 4.919 454 49.8.472 10™°

Table IV-3. Calculations of equilibrium inter-atacrdistances for the @$(g) molecule using ionic

bond modeling for the inter-atomic cation-aniontica-cation and anion-anion interactions.

The equilibrium distance for the Cs-I bond in thenomer is slightly enlarged in the dimmer
by~ 0.16 to 0.22 A due to relaxation of the dimmeugtire. Our calculations in comparison
with those of literature (Gurvich et al. [19]) letm similar results and the resulting moment
of inertia give differences for free energy funatiehich is within + 0.5 J. K.mol* at 1000

K.

For the mixed molecule @®H(Qg), the constants of the model associated ¢d&OH bond
have to be evaluated by comparison with the knogunlibrium distance @) in the CsOH(Q)
molecule using relation (19). As the Oidn is considered as a single entity, the distdbse
OH at equilibrium (§) is obtained from Gurvich et al. selected paramseter the Cs-O-H
bonds, and r(Cs-OH) = r(Cs-O) + r(O-H)/2 = 2.408.92/2 = 2.463 A. Using the Olibnic
radius equal to 1.32 A [22], the best constantsBai€s-OH)= 0.320 and n(OH) = 2.40 and
Nn(Cs-OH) = n(Cs) + n(OH) = 4.1+2.4 = 6.5 bond tiae the minimum of energy as shown
in figure 1IV-24.

The above optimized data are used for the calomaif the molecular parameters a, b, c, d
(Fig. 1V-22) of the molecule GEOH(g) according to the following relation based reation
(20):
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E(CsIOH) = 2fesZon® | Feli® | Ze€ | ZoiZ i€ ) BBy (e, + 1))
a C d anCs\
+2 Eﬁ; Boceon€” (s *+ o) ™™ ) + B Boce o€’ ((2re) ™) + BBy, o€ (1 +71g,) " ™)
ans+nOH Czn(:s d Ny +Noy
(20-bis)
CsOH(g)
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Figure IV-24: CsOH(g) ionic model results and itsimum potential energy located far2.463 A.

A preliminary test is done when calculating the wlien CsO,H»(g). Calculated distances
according to figure IV-25 are compared to retainalies by Gurvich et al. [23] in table IV-
4. The resulting moment of inertia in comparisothviurvich et al. ionic model GOH).(g)
and real model G®;Hx(g) give differences for free energy function whishwithin + 8.6 J.
K*.mol* at 1000 K. This large uncertainty in comparisothwEsl»(g) (1.1 J. K:.mol* at
1000 K) is due to the fact that £»H>(g) molecular parameters are not well known in
literature contrarily to G$,(g). Besides, better values for hydroxides couldbiined by a

complete analysis similar to the one performed &yliRg for halides [16, 17].
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Molecule Cs202H2(g)
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Figure 1V-25: CsO;H,(g) ionic model results and its inter-atomic distanoptimization for a

minimum potential energy

Authors & re /A a b C d Angle | Angle | Moment of
molecules | (monomer)| (A) A | A | A a y Inertia
) ) lalslc (cgs)
Gurvich et al. 2.62 5.2 10*
[23] (Cs-0)
Cs0,H,(9)
Gurvich et al. 2.463 3.105 | b=a|l 4.39 4.39 45 45 1.39'10
Cs(OH)(9) (Cs-OH)
ionic model
Present work 2.463 3818 | b=a|] 54| 54 45 45 4.81'1
Cs(OH)(9) (Cs-OH)
ionic model
Present work 3.3152
CsIOH(g) (Cs-I) 3512 | 2.65| 4.2 |4.406| 53.3 | 37.6 |6.00110™
2.463
(Cs-OH)

Table IV-4. Calculations of equilibrium inter-atamndistances for the @9,H,(g) and CslOH(g)
molecules using ionic bond modeling for the intemaic cation-anion, cation-cation and anion-anion

interactions.

Calculation of the inertia productslglc is performed from [24] using the Cartesian
coordinates (in A) with the origin at the c-d criogs(fig. IV) for the atoms in G#OH(Q)

which are,
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x=-2.1 x=0
Cﬂb{yzo I|y:a9m:2&6
z=0 z=0
x=0 x=2.1
(OH): y = bsiny=-1.617 Cs(2)’ y=0
z=0 z=0

The molar masses are:dyk 132.9054 V= 126.9045 My = 17.007 (g.mat)

Figure IV-26 displays the potential energy of th&lGH(g) molecule from which distances

a, b, c and d are extracted and presented in ltdhle
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Figure 1V-26: CslOH(g) ionic model results and its minimum potelntiaergy

Note that the ¢ and d distances (Cs-Cs and I-Ospeaively) calculated with the ionic

model are very close to those calculated by addibioeach bond Cs-I and Cs-O as taken in
the pure dimmers and imposing the angle = 90° in place of the present 90.9°. The
resulting small differences in the interatomic adistes — about 0.01 A - lead to quite identical
values for the productsalklc (for Cslx(g) molecule) and are within the estimates

uncertainties.
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IVV.4.2. Molecular vibrations

Facing the lack of spectroscopic information, titeration frequencies have to be estimated.
Starting from those of the pure dimmers, the gbiifthe frequencies are roughly estimated
when postulating that the force constants — namsélgtching, angular deformation and
torsion deformations - for the Cs-I and Cs-OH bonds-Cs-I angles etc.....keep the same
values and applying the general force constantioel§l5],

_1 [k
a= S (21)

in whichp is the reduced mass calculated from,

i_1,1,1,1 (22)

m; being the masses of the two Cs and | atoms fayithia square or lozenge basic structure
and the OH entities,; khe force constant associated to the presenttiobranode. Although
this relation applies theoretically only for eactora in the molecule associated with
particular force constants for each bond (liketshiag) or associated bonds (like angular
deformation), these estimates have been appliegh¢h normal vibration as known in the
pure dimmers. The “global” force constants for themmers are thus calculated for every
normal mode corresponding to the basic structurghawn in table 1V-5. The force constant
(Kcszi0n) for the mixed dimmer is calculated from the meaiue of the two pure dimmers.
The normal vibration frequencies are deduced froenreduced mass of the mixed dimmer
(relations (21) and (22)). The three vibration nakrmodes associated to the O-H bond are
taken equal to those in the L£sH,(g) molecule. All vibration frequencies are presenin
table IV-6. Each of these vibration frequencies @M 9) is not degenerated. (N is the

number of atoms in the molecule)
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Vibration Molecules Force constants / Arb.Units Vibration
Frequencies| Csl, Cs0O.H, k(Csil,) k(Cs0:H,) | k(CsIOH) Frequencies
Jem™* [25] [23] CsIOH/cm*
01 89 235 1.69 E-17 2.60 E-17 2.14 E-17 167
O] 44 113 4,12 E-18 6.01 E-19 5.07 E-18 81
W3 62 185 8.18 E-18 1.61 E-17 1.21 E-17 126
Wa 25 85 1.33 E-18 3.40 E-18 2.37 E-18 55
W5 82 227 1.43 E-17 2.43 E-17 1.93 E-17 158
g 90 272 1.72 E-17 3.48 E-17 2.60 E-17 184
W7 280 280
g 275 275
g 3700 3700

Table IV- 5. Vibration frequencies of pure,l3&g) and CsO,H,(g) and estimated ones for the mixed
molecule.

IV.4.3. Other molecular parameters

The symmetry number is = 2, the electronic ground statelisstate for such a saturated
molecule £, = 0 and the ground state statistical weigj# @) and no excited molecular states
are postulated (see chapter I). The molar massIg<OH is equal to 0.4097223 kg.mol

IV.4.4. Thermodynamic functions

Thermodynamic functions — namely £25°% and Free energy functions (Gef or Fef), referred
either to 0 K or 298.15 K - are calculated basedhenharmonic oscillator and rigid rotator

approximation for an ideal polyatomic molecule ksing the Janaf formulae [14] and the

present molecular parameters. Results are presintaiole 1V-6.

TK) Cp HT) - HO) | AT -A298) | SN ~Gef(0) | - Gef(298)
(J.K mo™) | (J.mol") (J.mol?) (J.K'mol™) | (3.K'mol™ | (J.K'mol?)
298.15 95.742 23074.940 0.000 405.727 328.3B83 205.7
300 95.789 23252.106 177.166 406.319 328.812 485.72
400 97.474 32926.457 9851.517 434.139 351.8P3 409.%
500 98.304 42719.400 19644.460 455,988 370.549 6996.
600 98.822 52577.104 29502.164 473.959 386.331 7894,
700 99.243 62480.652 39405.712 489.225 399.967 9332.
800 99.658 72425.569 49350.629 502.504 411.972 8480.
900 100.095 82412.973 59338.033 514.267 422.697 .3488
1000 100.554 92445.243 69370.303 524.836 432.391 5.486
1100 101.024 102524.106 79449.166 534.442 441.238 462.21b
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1200 101.493 112650.044 89575.103 543.252 449.377 468.60y
1300 101.950 122822.342 99747.382 551.394 456.916 474.666
1400 102.385 133039.262 109964.322 558.966 463.938 480.420D
1500 102.796 143298.550 120223.609 566.044 470.511 485.89p
1600 103.179 153597.509 130522.569 572.690 476.692 491.114
1700 103.533 163933.310 140858.369 578.956 482.525 496.098
1800 103.859 174303.109 151228.169 584.883 488.048 500.868
1900 104.158 184704.152 161629.211 590.507 493.294 505.43P
2000 104.432 195133.8247 172058.886 595.857 498.290 509.827
2100 104.682 205589.697 182514.756 600.958 503.058 514.046
2200 104.911 216069.513 192994.573 605.833 507.620 518.108
2300 105.120 226571.217 203496.277 610.501 511.992 522.02b
2400 105.311 237092.931 214017.991 614.979 516.191 525.80p
2500 105.486 247632.952 224558.012 619.282 520.229 529.45P
2600 105.647 258189.737 235114.797 623.422 524.119 532.994
2700 105.794 268761.891 245686.951 627.412 527.871 536.41)7
2800 105.929 279348.152 256273.212 631.262 531.495 539.73p
2900 106.054 289947.319 266872.439 634.982 535.000 542.957
3000 106.168 300558.540 277483.600 638.579 538.393 546.084

Table IV-6: Thermodynamic functions for thelC#1(g) molecule

The free energy functions as presented in tabl@ &re either referred to 0 or 298.15 K

according to the general formulae:

G -H,
Gef(0)=-—

G -H,
or Gef(29815)= —%29815 (23)

in which Gef and Hare respectively the free energy function and titeapy, Gr the Gibbs
energy and T the temperature.

These thermodynamic functions are then used irttind law calculations of the reaction
enthalpies at 298.15 K, meanwhile the enthalpyeimemts (H-H.gg) are used in second law
calculations of the reaction enthalpies at 298.15K.

IV.5. SECOND AND THIRD LAW ANALYSIS

Second and third law calculations have been peddrfor each successive ion contribution
to the ionic intensity of the G©H(g) in order to evaluate the impact on the reésgl
enthalpy for the measured reaction (8),

CsOH(g) + Csl(g) = G$OH(9)

as presented in the appendix IV-C. The agreemdmtelea second and third laws is neither

obtained. This feature is quite certainly relai@dhte increasing uncertainty on the successive
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addition of fragment ions contributions as well tasthe narrow temperature range for
derivation. Moreover the deconvolution into fragmem contributions is performed with the
assumption of constant contributions whatever ¢ngperature is. Any relative evolution with
temperature of the different ionization channeiceghcies may contribute to build larger

trends in second law results more than in third d@sults.

As already observed when displaying Ig ¥ersus 1/T, trends of third law enthalpy as a
function of the temperature become smaller whendifferent ion contributions are taken
into account. This observation confirms our ionsec®n issued from the @OH(Q)
molecule. The whole set of results is presentete V-7 altogether with Blackburn and
Johnson [3] results as recalculated with our freergy function for C4OH(g) and corrected

for same references for CsOH(g) and its dimmer.

Run label Temperature AH®50515/ (kJ.mol")
This work range /K
2" law 3% law
Csl-CsOH-01s 699-809 -119.6 + 6.7 -171.9 + 3.G
Csl-CsOH-02s 657-863 -119.9+2.0 -173.2 + 4.8
Csl-CsOH-03s 676-753 -130.7 + 8.7 -165.3 + 2.0
Csl-CsOH-04s 666-804 -155.5+11.1 -1709+ 2.1
Blackburn & | Temperature AH°295.15/ (kJ.mol%)
Johnson [3] range /K
2" law 3% law
Original data 809-927 -151.5+7.5 -151.7+1.0
Cs0,Hy(g) corr -941+7.3 -1449+1.8
CsOH(g) corr -94.0+£7.3 -162.2+ 2.4

Table IV-7: Second and third law enthalpy calcuas and their standard deviation for the reaction
CsOH(g) + Csl(g) = CdOH(g) and comparison with earlier results from Bkdurn and Johnson [3]

referred to our selected references for the CsCaig) Csl(g) molecules.

Difference as observed in third laws between thesgmt work and the previous Blackburn
and Johnson one comes mainly from the set of fragioas choice, our choice is in favor of
increasing C80H(g) partial pressure. Considering the observedds in third law results,
we propose to retain the mean value of the thrgeereaxents labeled 01, 02 and 04s.
Experiment labeled 03s has been discarded becdute encountered problems during
temperature increase (see part 1V-3-2): The stahdathalpy of reaction is thus equal to:
AH®208.15 = - 172 + 12.0 (kJ.md). The rather large uncertainty takes into acco(i)tthe
assumption of compensation of the errors (standardation) V((3°+4.8+2.1%)/3)= + 3.5
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kJ.mol', -(ii) the difficulties in deconvolution of the dgment ions origin, -(iii) the
uncertainty in C40OH(qg) free energy functions calculations and whgelm be evaluated from
the mean value of pure dimmers at 1000 K to be @bob kJ.mof (5fef(Cslo)+
§fef(Cs0,H.)/2). The total uncertainty can be estimated t®+J.mot*. From our selected
values for the formation enthalpies of Csl(g) (-253+ 4.2 kJ.mat) and CsOH(g) (-252.7 +
4 kJ.mol') , we propose the following standard formationhafy for the C4OH(g)
molecule:
AH® 295 15 -577.97 + 13 (kJ.mol)

The uncertainty is calculated with the assumptiberoors compensatiofi(4.2+4*+12)= +
13 kJ.mof"

IV.6. CONCLUSION AND PERSPECTIVES

The present mass spectrometric work contributedetection of new gaseous molecules in
the mixed gaseous phase of the CsOH-Csl systemitRafiow the presence of one mixed
molecule CdOH(g) that contributes to excess ions in the iatian of gaseous phase
molecules in equilibrium over {CsOH-Csl} mixture§he present work confirms the

proposed Blackburn and Johnson mixed molecule.

The whole ionization pattern of this molecule ha&erb analyzed using a set of different
compositions for the vaporizing condensed phasebowed with earlier selection of the
dimmerization constants for the pure dimmergGgH,(g) and Cd,(g) in the gas phase. This
analysis revealed that five fragment ions are preduin the ionization process: o8,
Csl®, CS, CsOH, and Csl. Due to other ion contributions coming from eithitye
monomers or the pure dimmers, four of these iomsbmameasured altogether at the same
time in the gas phase, depending on the conderisese gomposition. This new feature leads
to increase the partial pressures of thel@d(g) molecule in equilibrium with the mixed

condensed phase {CsOH-Csl} as proposed earlierlégkBurn and Johnson [3].

Second and third law analysis of the gas phas¢ioea€sOH(g) + Csl(g) = GEOH(q)
were performed on the basis of Knudsen cell mass dalibration of the mass spectrometer

and using estimates of the free energy functiortferCslOH(g) molecule based on the ionic
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bond modeling proposed by Pauling [16, 17]. Stathdarmation enthalpy of the ©H(Qg)
molecule is proposed to b&H,eg 15 -577.97 + 13 (kJ.md).

Finally, the following data are proposed for thexea molecule CG$OH(g)

_ CsIOH (9) Proposed Data
Cp20s24g) (J.K-.morY) | 1.0021 16— 2.6989 10T + 3.3782 10T
-3.5238 1672

(298.15-1100 K)

94.2117 + 7.5428 10 — 1.2156 10T*-
(1100-2500 K)

96.4175 + 5.4823 18 — 7.4433 10T*-
(2500-3000 K)

H(T)-H(0) (J.mol") 23074.94

S 08.15(J.K'mol™) 405.73

Gef 298.15(J.K'mol™) 455.47 at 1000 K
AfH 298.15(kJ.mol") -577.97 + 13

Table IV-8: Retained thermodynamic data olO$1(g)
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APPENDIX IV-A

Run Csl-CsOH-03s (x(CsOH)=0.79)

—=-T=753 K

x
@
E
X direction / mm
CsOH vaporization (run CsOH-02s)
1 1
——T=587 K
—A-T=632K |
—-_-T=725K
x
@
£ 05— e

X direction / mm

Figure IV-Al: Normalized registration of Csion intensity during scanning of the position bét
effusion orifice of the Nickel cell containing: @sOH-Csl mixture (0.79% CsOH molar fraction), (b)

CsOH pure sample vaporization (chapter I1).
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APPENDIX IV-B

Table IV-B1. Sample composition before and aftesheaun as deduced from mass loss of the
sample(crucible+lid+sample) and according to difet assumptions for the ions issued from the

CsIOH(g) molecule.

Sample Csl-CsOH (mixed molecule not taken into accot)

Initial mass/g Initial Mass loss/g Final composition/
Run label composition/ mol %
mol %
CsOH Csl CsOH Csl CsOH Csl CsQH Csl
Csl-CsOH-01s| 0.3068 2.5956 170 830 0.0610 0.11804.7 85.3
Csl-CsOH-02s| 0.2463 2.4776 147 85|13 0.0673 0.39713.0 87.0
Csl-CsOH-03s| 3.4990 1.6197 790 210 0.4394 0.01586.8 23.2
Csl-CsOH-04s| 3.0590 1.6041 76,8 23]2 0.6868 0.08272.3 27.7
Sample Csl-CsOH (CslOH= Cs,OH" or Cs,l™)
Initial mass/g Initial Mass loss/g Final composition/
Run label composition/ mol %
mol %
CsOH Csl CsOH Csli CsOH Csl CsQH Csl

Csl-CsOH-01s| 0.3068| 2.5956 17.0 83.0 0.05%8  0.11)804.9 85.1
Csl-CsOH-02s| 0.2510| 2.4770 14.9 85.1 0.0670  0.39773.3 86.7
D
4

Csl-CsOH-03s| 3.4990 1.6197| 79.0 21. 0.4394 0.0147%6.8 23.2
Csl-CsOH-04s| 3.0596 1.6052 76.8 23. 0.6867 0.02912.3 27.7
Sample Csl-CsOH (CslOH = Cs,0OH" + Cs or Cs,l " + CS)

Initial mass/g Initial Mass loss/g Final composition/
Run label composition/ mol %
mol %
CsOH Csl CsOH Csl CsOH Csl CsQH Csl

Csl-CsOH-01s| 0.3068 2.5956 17.0 83.0 0.0510 0.10805.1 84.9
Csl-CsOH-02s| 0.2558 2.4877 15.1 84.9 0.0667 0.39623.5 86.5
Csl-CsOH-03s| 3.4990 1.6197 79.0 21.0 0.40%0 0.011337.0 23.0
Csl-CsOH-04s| 3.0940 1.6064 77.( 23.0 0.5730 0.02433.4 26.6

Sample Csl-CSOH (CslOH = Cs,OH" + Cs" + Csl" or Cs,l* + CS + CsOH")

Initial mass/g Initial Mass loss/g Final composition/
Run label composition/ mol %
mol %
CsOH Csl CsOH Csl CsOH Csl CsQH Csl

Csl-CsOH-01s| 0.3068| 2.5956 17.( 83.
Csl-CsOH-02s| 0.2494| 2.5561] 14.5 85.
Csl-CsOH-03s| 3.4990| 1.6197  79.( 21.
Csl-CsOH-04s| 3.1720| 1.6052 774 22.

0.0573  0.039%4.5 85.5
0.11%8  0.2830.2 90.8
0.3270  0.014%7.4 22.6
0.4242  0.02635.1 24.9

U OOV O
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APPENDIX IV-C

Second and third law calculations performed with diferent assumptions for the ions
produced by the molecule C40H(g) when analyzing the reaction
Csl(g) + CsOH(g) = CslOH(qg)

Table 1V-C1: Second and third law enthalpy calcalias for the reaction CsOH(g) + Csl(g) =
CsIOH(g) from the only {C£H" + Cs,*} ionic intensities summation as measured comingfthe

CsIOH(g) molecule.

Run label Temperature range K AH®505/ (kJ.mole ™)
2" Jaw 3% law
Csl-CsOH-01s 699-809 -109.5+21.5 -145.4 +3.0
Csl-CsOH-02s 657-863 -127.4+25 -151.6 £ 2.1
Csl-CsOH-03s 676-753 -88.1 £9.7 -133.5+2.5
Csl-CsOH-04s 666-804 -64.8+11.4 -135.2+4.4

CsOH(g)+ Csl(g) = Cs ,IOH(qg)

-120 ‘ :
| |
| | © X(Cs1)=0.230
425 4 - o - -
o ‘ 0 X(Csl)=0.210
B © l l
o 180 e P B 4 X(CsOH)=0.149
g ‘ N ‘
A | | —_
5 A3 - D T SRR - m X(CsOH)=0.170 |-
~ | <& &0 o | |
> | o 1o !
g -140 1 | o |
N
E " . | |
U 145 | . |
8 A . l
| |
8 -150”*A***t ****** -—-=-- *******. *********** === === === === == === ===
o l A A Al l
155 +---—-——————— : ,,,,,,,,,,,,,,,,,,,,,,,, L,,,,,,A ,,,,, L,L ,,,,,,,,
| | |
l l l
-160 1 ‘ : :
650 700 750 800 850 900
T/K

Figure IV-C1: Third law enthalpy calculations fdnd reaction CsOH(g) + Csl(g) = GI©OH(g) from
the only {CsOH" + Cs)l* ionic intensities summation as measured comingfthe CHOH(q)

molecule as a function of the temperature.
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Table 1V-C2: Second and third law enthalpy calcalias for the reaction CsOH(g) + Csl(g) =
CsIOH(g) from the only {C®OH" + Cs,I™ + Cs'} ionic intensities summation as measured coming

from the C4dOH(g) molecule.

Run label Temperature range K AH°205 k! (kJ.mol™)
2" law 3% law
Csl-CsOH-01s 699-809 -104.7 £ 30.4 -155.3+4.4
Csl-CsOH-02s 657-863 -137.2+5.0 -163.7 £ 2.5
Csl-CsOH-03s 676-753 -46.1 £48.5 -152.4+7.9
Csl-CsOH-04s 666-804 -116.4 £ 35.0 -161.2 +6.6
CsOH(g)+ Csl(g) = Cs ,IOH(qg)
-135 ; ;
l l © X(Cs)=0.230
440 R o R -
B} | | 0 X(Cs)=0.210
L q45 - 6-———- ,,,,,,,,,,,,,,,,,,,,,,,, ,,,,, A X(CsOH)=0.151 | _
é 5 | B X(CsOH)=0.170
=~ 150 -~ e S s B
2 a u [ |
[ 1 o 1 1
§ 15 : 0 " :
5 1 1 1
'_,8 ) i <o A 0. O | |
§ 70 . 4 : o ™ :
2 N : ’ l 1
| 1o |
-165 - | 4 o & A o Qal A lA
-170 :
650 700 750 800 850 900

Figure IV-C2: Third law enthalpy calculations fdnd reaction CsOH(g) + Csl(g) = GI©OH(g) from
the only {CsOH" + Cs)l® + Cs'} ionic intensities summation as measured comiramfrthe

CsIOH(g) molecule as a function of temperature.

203



Chapter IV: Thermodynamic of the Csl-CsOH gas plsgs&em

Table IV-C3: Vapor pressures of gaseous speciegjinlibrium as measured taking into account the
total ionization processes for each gaseous speéies the molecule GEOH(g) the total ionic
intensity is the summation of the §O$i" + Csl® + Cs" + CsOH or CsI'} ionic intensities

determined after discarding other contributions.

Run: Csl-CsOH-01s

p CsOH(g) | p Csl(g) p CsIOH Afef AH®0g
TIK Ibar /bar Ibar RTLnKp | /J.K.mor* /kJ.mol*
699.65 1.606E-06 2.208E-07 4.305E-Q7 8.150E+Q4 .63 -167.976
753.40 7.783E-06 1.916E-06 5.033E-06 7.974E+Q4 .OBTP -172.390
729.83 3.666E-06 8.469E-071 1.551E-06 7.962E+Q4 2623 -169.578
809.08 2.766E-05 1.580E-05 3.124E-05 7.519E+04 .SUR -174.183
804.45 2.503E-05 1.295E-05 3.253E-05 7.703E+Q4 3P -175.495
Run: Csl-CsOH-02s
p CsOH(g) p Csl(g) p CsIOH Afef AH®50g
TIK /bar Ibar /bar RTLnKp | /J.K'mol* /kJ.mole
700.28 1.405E-06 4.621E-07 8.123E-0Y 8.175E+04 8573 -168.298
657.42 4.397E-07 6.848E-08 1.669E-0Y 8.488E+04 .OB% -166.451
670.78 5.049E-07 1.965E-0Y 4.093E-0Y 8.496E+04 .OB%3 -168.089
724.12 2.542E-06 1.198E-06 2.134E-06 8.104E+04 3028 -170.334
725.72 2.184E-06 1.118E-06 1.949E-06 8.200E+04 323 -171.482
753.83 4.978E-06 3.386E-06 6.669E-06 8.078E+04 RCI117e% -173.482
795.82 1.244E-05 1.612E-0b 2.945E-0b 7.872E+04 121e% -176.206
828.53 2.320E-05 3.579E-0% 5.655E-0b 7.666E+04 AB® -177.858
862.87 4.330E-05 9.293E-05 1.353E-04 7.478EH04 AL -179.856
862.85 4.326E-05 9.293E-05 1.353E-04 7.478EH04 AL -179.859
762.60 5.980E-06 4.811E-06 8.857E-06 8.013E+04 .82 -173.832
Run: CsI-CsOH-03s
p CsOH(g) p Csl(g) p CsIOH Afef AH®50g
TIK /bar Ibar /bar RTLnKp | /J.K'mol® /kJ.mole
675.87 6.375E-06 8.013E-08 7.841E-0Y 8.004E+04 833 -163.769
699.18 1.252E-05 2.674E-0Y 1.940E-06 7.714EH04 678 -163.567
727.50 2.424E-05 7.215E-0f 4.252E-06 7.502E+04 ZBA3 -164.702
752.85 4.166E-05 1.237E-06 5.195E-06 7.211E+04 9BB -164.705
784.90 8.262E-05 3.856E-06 2.107E-0b 7.243E+04 .anzp -168.678
766.85 5.707E-05 2.238E-06 1.252E-0b 7.328E+04 RS1%/e% -167.463
729.60 2.510E-05 6.697E-0Y 3.387E-06 7.409E+H04 .ZB83 -164.018
Run: Csl-CsOH-04s
p CsOH(g) p Csl(g) p CsIOH Afef AH®50g
TIK Ibar Ibar /bar RTLnKp | /J.K“mol* /kJ.mole
666.15 2.249E-06 4.484E-08 8.727E-0V 8.847E+04 OB73 -171.066
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683.67 5.340E-06 7.034E-08 1.142E-06 8.485E+04 7823 -169.482
700.37 9.902E-06 2.363E-0 2.641E-06 8.115E+04 .5B53 -167.717
721.80 1.896E-05 3.355E-07 7.749E-06 8.410E+04 3173 -173.129
736.23 2.919E-05 1.088E-06 8.134E-06 7.623E+404 A28 -166.922
750.22 3.717E-05 1.376E-06 1.316E-0% 7.771E404 .anz3 -169.996
754.37 4.872E-05 1.668E-06 2.645E-05 7.961E+404 96% -172.376
772.18 8.031E-05 3.206E-06 4.808E-0p 7.793E+04 B2 -172.723
793.92 1.428E-04 6.883E-06 8.296E-0b 7.488E+04 SN -172.145
803.20 1.905E-04 9.261E-06 9.846E-05 7.299E+04 AN -171.312
737.80 2.977E-05 8.833E-0Y 1.594E-0% 8.168E+04 4813 -172.548

Table IV-C4: Second and third law enthalpy calcalias for the reaction CsOH(g) + Csl(g) =
CsIOH(g) from the whole set of {g8H" + Csl® + Cs" + CsOH or CslI'} ionic intensities

summation as measured coming from thg@4d(g) molecule after discarding other contribution

Run label Temperature range AH®305/ (kJ.mol")
K
2" law 3% law
Csl-CsOH-01s 699-809 -119.6 £6.7 -171.9+ 3.0
Csl-CsOH-02s 657-863 -119.9+ 2.0 -173.2+4.8
Csl-CsOH-03s 676-753 -130.7 £ 8.7 -165.3+2.0
Csl-CsOH-04s 666-804 -155.5+11.1 -1709+£2.1
CsOH(g)+ Csl(g) = Cs ,I0H(g)
145 | | |
150 f---------—-—- : 777777777777777777777777 L _ ‘ [
- ! | © X(Csl)=0.226
é ASS s T "] ox(Cs)=0.210 o
2 160§ bt "1 Ax(CsOH=0.145 |
iel ) ) 1
g 165 o S Eoo s "] mX(CsOH)=0.170 |~ °
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Figure IV-C3: Third law enthalpy calculations fdrd reaction CsOH(g) + Csl(g) = @©H(g) from
the whole {CsOH" + Cs)l* + Cs" + CsOH or CsI' } ionic intensities summation as measured

coming from the GEOH(g) molecule as a function of temperature.
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Table 1V-C5: Second and third law enthalpy calcalias for the reaction CsOH(g) + Csl(g) =
CsIlOH(g) from the only {C£H'} ionic intensities as measured by Blackburn antdndmn coming
from the CdOH(g) molecule. The free energy function usededalculations is the one selected in

this work (for corrected values, see text).

Blackburn & Temperature AH® 05 1d (kJ.mol")
Johnson range K
2" law 3%law
Original data 809-927 -151.5+75 -151.7+1.0
Cs0,H,(g) corr -94.1+7.3 -1449+1.8
CsOH(g) corr -94.0+7.3 -162.2+ 2.4

# Blackburn & Johnson (original data)

CSOH(g)+ CSI(g) =Cs ZIOH(g) O Blackburn & Johnson (Cs202H2(g) corr)

-135 T \ T
| | |
1 1 1 A Blackburn & Johnson (CsOH(g) corr)
-140 - l l l ‘
| O | |
| | | |
- | | | O |
145 1 | | | (@] |
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E | | | | o)
- | | | |
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Figure IV-C4: Blackburn and Johnson third law erlthacalculations for the reaction CsOH(g) +
Csl(g) = CslOH(g) from the only GOH" ionic intensities as measured coming from thg@H4(g)
molecule as a function of temperature. Calculatiame performed with our selected free energy
function for the C40H(g) molecule.
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Chapter V: Building and Testing the CHIP Thermo-&tin Reactor

V.1. INTRODUCTION

The iodine at the exhaust of the nuclear reactmwie under severe accident is in principle in
a dissociated state due to temperature effect dafdgroduction into the primary coolant
circuit where a break can occur. The “dissociatetdite corresponds to temperature range
1800-2300 K and pressures about 2 to 80 bar depgodi the type of the accident. Breaks at
the hot leg occur between 1000 and 1300 K appraeiyarill now two different approaches
were used to understand or simulate the iodinespram - (I) either experiments of transport
under conditions of pressure and temperature ¢tofeose of the break (high temperature), -
(I) or thermodynamic calculations. This last apgmio is supposed to give — for conditions
where all the chemical species would be known -thedl molecules responsible for iodine
transport especially by association with other congmts. The transport experiments -
provided with adequate detectors when possibleve guantitative assessments of iodine
transport in vapour or aerosol form but do not infoabout the mechanisms. Important
differences between thermodynamic calculations #adsport experiments lead to many
important questions about the chemical kinetice mlthe primary cooling circuit especially
during the short transient time - about one to safs.

In parallel with a noticeable improvement of thesibahermodynamic data of the molecules
and solutions in the system {Cs-I-O-H}, it was dbd to test the behaviour of the gaseous
molecules (vapours) under conditions as close asilple to those at the hot leg break. The
most universal detector of vapour pressures beimgss spectrometer coupled to an effusion
cell, we chose to build a complex reactor calle@ tHCHIP Thermokinetic reactor”
reproducing some chemical steps close to thodeedbiteak and ending with an effusive stage
corresponding to conditions close to the breakigtt temperature. This effusive stage is the
one analysed by the mass spectrometer. The CHt®oreaill have to be flexible in term of
geometry, temperature as well as flow capabilities different gaseous species. It is
important that the CHIP reactor could warranty bibié conditions close to equilibrium and
after modifications, the conditions of kinetic skeglfar-away from equilibrium.

Molecules and vapours corresponding to the compghgstems resulting from the severe
nuclear accident — such as {Cs-I-O-H} system (fgwhplified studied system)- are for one
part condensable vapours (CsOH@sl,, Csl, Csl,, etc...) which in principle are easily

analyzed by using a suitable effusion cell, but doother part gases fHor high volatile
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vapours (HO, HI, I, I, HIO...) which are difficult to analyze. This fieme explains the few
numbers — or the lack - of mass spectrometric studf this kind of volatile molecules. The
mass spectrometer of SIMaP/CNRS (French Nationah8fic Research Center in Grenoble)

was selected to be associated to the CHIP reamttiné following reasons:

A great sensitivity of detection - dynamic rangel6t-10" depending on the observed

species nature.

« A high resolution - about 800% to 10% valley - &parate almost and completely all
the observed species.

* The ionization chamber is cooled by direct conteith liquid-nitrogen to prevent any
re-vaporization of molecular high volatile gasespgcies that have entered into the
ionization chamber for analysis [1].

* An accurate 2D-positioning system of the effusiefisc(effusion orifice) (accuracy +
0,05 mm) which is independent of the reactor [2]

« A sampling system of the molecular beam samplingleada “restricted
collimation” which discards definitively any suracontributions (re - evaporation,
surface diffusion phenomenon, ...) [3].

« A shutter of the molecular beam which is reliabtgé anly for condensable vapours
but also for the detection of “permanent” gases, (Ar...) and for high volatile
vapours (HI, 4, H20...) [3].

+ Reactor's and “ions source” housings are well iamd and equipped of large

pumping capacities, respectively 1300 and 800 W&lvcorrespond to 900 and 450 I/s

in the location where the molecules are producedi@mzed.

The practice since 1968 of thermodynamic studie®doficult” gaseous phases as well as the
development of precise differential measurementspaftial pressures using a multiple
effusion cells were a determining factor to asdecia specific reactor to this mass

spectrometer [4] rather than installing a masstspeeter on a reactor built separately.
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V.2. CONSTRUCTION OF THE CHIP REACTOR:
PRELIMINARY CONDITIONS

A description of the CHIP 4-stages thermo-kinegaator was given in Chapter I. The
complementary study presented in this report basedlow calculations was pursued to
determine the working conditions of the CHIP readtoterms of input pressures and flows
and to be able to calibrate the HTMS in each expant using the carrier gas.

V.2.1. Molecule sources

We were forced to use an independent injection hipelement with a neutral carrying gas
(Argon) to impose no beforehand reactions betwdements in a dissociated form and to
control the quantity of each element of the studigstem (iodine, cesium,,HH,O ratio).
Each line was provided with a suitable source. @lesociation of the elements and their
mixing will be obtained by a rise of temperatungart which we describe as cracking cell (or
cracker). To be closen to severe accident condititins part of the reactor must be common
to all the elements. Thus, the various selectedcesuwvhich converge towards the cracking
cell are:

* For iodine: a flow of Argon on crystal bed of iodimmersed in a thermostated bath
(regulated from 253 to 400 K) and outside of thessrgpectrometer.

e For cesium: a flow of Argon on a liquid bath of G#(). The presence of excess
water in the accidental vapours conditions makeg fwobability to find Cs(g)
dissociated from other molecules different than Bg@) or Csl (g). We chose to use
the CsOH vapour as source of Cesium. The firstestddCHIP reactor will consist of
the vaporization of CsOH (l), between 800 and 1KRQ@Mhder Argon flow.

 For H, and HO: an Argon flow more or less rich inbKup to 100%) and which can
be supplied with KD vapour by a micro pump coupled to an evapord&aor(khorst

system). This system is placed outside the masdrepeeter.

The different gas input lines are heated at 43QoKauthe reactor and can be pumped under
for vacuum (0.5 bar) in order to avoid any iodiméd4gO condensation.
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V.2.2. Gas flow and vapours conditions in CHIP reactor

At the reactor’s exhaust, effusion flows correspomdnolecular flow conditions i.ex 10*

bar maximum for millimetric orifices (standard dieter = 2 mm in our case). This
corresponds in the upstream of the reactor (foy arle gas line) to a flow of 0.1 to
1 Nent.mn (N for normal conditions,e. 298 K and 1 bar)Such a flow is in extreme cases
even lower than those for usual working of flownngetender atmospheric inlet pressure. In
the absence of lost derived flows, it will be nexzeg to consider lines with reduced pressure
inferior to 1 bar (1 to 600 mbar as we will caldaldurther). These lines can be considered
only if welded materials or tight bounded partshwifaskets are used. So, the stages called
“high pressure” will have to be limited to temperais and compatible materials to warranty
no leaks.

The pressure changee. going from high pressure to low pressure - in #tsence of
capillary solutions as used in catalysis chemifiryless reactive gases like CO, £@, and
H.O - will have to be assumed by using small orifioesliaphragms (nozzles of %®n are
the standard minimum available) as it is used enftbwmeters technology. The use of such
orifices makes it possible to go from a viscousvilegime to a molecular regime. In this last
case, the containers do not require any weldedtipmcbut only rectified contact surfaces
which ascertains a very small leakage rate. Coresglty, it is possible to use refractory
materials in the cracking zone.

The spectrometric measurement conditions in the dege called “condenser” because it
must be cooled to simulate the hot leg break teatpex (1000-1300 K), require beginning
the experiments with isothermal conditions - A dqudsntical temperatures of cracking and
condenser cells-. The flow regime in the cracket eondenser zones being molecular and
temperatures being high, these two stages will bit lising identical or compatible
refractory materials by stacking carefully the atia parts.

The gas and vapours circuits in the CHIP reactempaesented in figure V-1 where we define
also the zones of expected temperatures. On the blathis architecture, gas flows will be
calculated in the following paragraph in order ldain the ranges of upstream pressures, the
knowledge of which must make it possible to contnatl know the value of related effusion
flows. This value will be used for the mass speungter calibration based on the carrier gas
(Argon). This kind of operation was often attempbed no calibration was published today.
For this reason, we particularly studied the aedture and the design of the inlet gas lines,

211



Chapter V: Building and Testing the CHIP Thermo-&tin Reactor

which have never been described with accuracydrcise of effusion cells provided with gas
introduction for solid — vapours interactions. Weush also specify that such objective
requires imperatively avoiding any parallel flomtheir because of leaks or lost by an
additional pumping - as it is practiced with a dapy system - in order to carry all the
introduced gas up to the final effusion orificeggta

| HTMS P<10’ Bar J/Effusion orifice
e . T . . J2Z2mmpx2mm
A Il plha | S A
' P < 10" Bar
Condenser (1000-1900 K)
] ]
Ceramics Molecular
Mode
|
I P < 10*Bar
Cracking cell 1900 K
/0 O 1 ] O
P < 10°Bar
_ vy lopopm - gpooum - @)S0um TV TR
Tmax= 1000 KA o i i
Welded Nicke Viscous
2 2 " laminar/
NP Arll , Ar/CsOH P < 0.5 Bar | A'H 2/H,0

Figure V-1: Scheme of the flow-paths in the thekimetic reactor CHIP

V.2.3. Choice of materials and corrosion conditions

The design of the lines was not only defined adogrdo the laws governing the gas flow
regime but also by taking into account the buildiagabilities and the available materials.

The “high pressure” sections have to assume a tettyve range between 430 K and higher
temperatures than the CsOH(l) source temperatereél@00 K. We choose as pure Nickel

material because this metal can be welded and keegsting mechanical properties until
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1300 K. Moreover, it is compatible chemically wiisOH and according to thermodynamics
predictions, it should not have any reaction widtinme and it is not easily oxidized by the
H./H,O mixtures in the conditions of the CHIP study. Tingt two stages of the CHIP reactor
including the 3 gas introduction pipes, the CsOlrse and the injection nozzles are built
with Nickel and were ascertained without vacuunkdeby Helium spectrometry. The two
other stages of the reactor working under molectdauum — cracker cell and condenser - as
well as their connections (tubes) are made of cesalfdense and pure alumina 99.7%). If
necessary, certain parts could be built with otberamics more resistant to corrosion
(Zirconium oxide, Hafnium oxide). Tantalum was ahiated because the oxygen potential of
the H/H,O mixtures would lead to the formation of oxidesTafwhen temperature decreases

in the condenser.

From the chemical or physicochemical reactivityrnpmf view, we are faced to two major

problems:

* For the high pressure lines, CsOH has an impowatsbility that we hope to limit by
using a specific upper wall container design. Camog iodine, the presence of a thin
layer of metal iodides or iodide oxides on the waldn generate “transient flows”
after storage effects.

* For low pressure and high temperature sectionsfdimeation of iodide gases like
All(g),...or iodide oxides like AlOI(g) by interactis with the material would be
possible. In fact, such compounds exist for chiesidThese vapours will be analysed
by mass spectrometry as well as those of the stuslystem. If their presence is
limited to steady-state pressures, this will nde@f the experiments, but requires
taking them into account in the chemical balandee TMeasurement of non-steady-
state pressures for such species would mean thatdls undergo a continuous attack

by spallation.
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V.3. CALCULATION OF GAS AND VAPOURS FLOW
MODES IN THE CHIP REACTOR

V.3.1. Flow regimes

A gas flow in a tube is characterized by threemeg: molecular regime, transition regime, or
viscous regime. To determine the flow regime inlzetwe calculate the Knudsen number Kn
as explained in Chapter |I.

Starting from pressure of a rarefied gas and byeasing it, we can define the various
regimes in the CHIP reactor with three modes: mg#&cone, viscous laminar or transition

flow regime.
»  Molecular mode

For the low pressures corresponding to the craekamglenser section, the flow regime is
molecular and we will apply the Hertz-Knudsen rielatfor each orifice corrected by its
Clausing coefficient (or probability of transmissjothat characterizes the tubular section
according to the method suggested by SantelerTag regime is limited to a maximum
pressure of about TObar for a diameter of 1 mm approximately. The flenexpressed in

moles per second, and the length of the orifia®rsected to an equivalent length:

d_N= 1 X pS (1)
dt 1+3,,/8r J27MRT

|

ﬂ:1+—1 (2)
| 3+31/7r

dN/dt: molar flow in mole3, p: pressure in Pa, s: tube section M M: molar mass of the
considered gaseous species in g.mMoR: constant of inert gas, T: temperature in 4, |

equivalent length in m, I: tube length in m antube radius in m.

The uncertainty in this relation proposed by Samted within 0.015 to 0.6 % for I/r ratios of

0.1 to 1000 with a maximum of 0.6 % correspondmyrt= 6.
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»  Viscousflow regime

For high pressures for a Knudsen number Kn > 8@ltive regime is viscous laminar. It can
become turbulent when increasing the pressure. Mgeked according to ref. [6] that in the
CHIP reactor case the turbulent flow was neverhredaue to small needed matter flows.
The laminar viscous regime is defined by the HaBeiseuille relation (in case of gases the
relation is given by Henry [6]) but this relatiag not correct when the exit of the tube (or
nozzle) performs under vacuum because of chockisttetknown also as sonic mode -
Instead of correcting the relation of Hagen-Poikeby using equivalent lengths for the tube,
we preferred to use the method of Santeler [7] slires the nozzle (or an unspecified tube)
into laminar flow in the tube and a choked exit. &ihincreasing the pressure, the flow
becomes defined in a prevalent way by the chokama #t the exit: this feature is the usual
operating mode of the flowmeters. Santeler consitieo flow regimes across the tube with
three pressuresppipstream pressure (isotropic due to large volumg)ressure at the end of
the pipe just before the exit, anggownstream pressure after the chock (isotropiditiams
due to large volume). This relation is accuratease there is no restriction of the vein gas at
the tube entry. For this reason, Santeler propasesrective coefficient Loften slightly less
than 1. Henry explains this coefficient by the gipthe molecules along the wall. In fact to
avoid the constriction of the vein gas at the eptrg turbulent whirl, it is necessary to avoid
right angles (i.e. to favour conical or round shapé&he entry. What is done when machining
the nozzles by electro-erosion is well-suited). the, use of these relations and an adequate
realization allow evaluating the gas flow withifeav percents.

The flow in a small tube with an orifice at theteoan be presented as follows:

Po: upstream pressure (at the entry of the tubg),ppessure at the end of the tube in the

orifice section and 4 downward pressure towards the cracking cek{pp, py)
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The flow at the orifice under chocked regime. “sonic” is calculated according to the
following relation:

y+]_ 1/2

_ .2 | RT 2 V|
F(volumg = 7r?p, v ><(y+1j =Cp, 3

r: orifice radius;p;: pressure at the exit of the orificg;= C/C°,: heat capacities ratio at

constant pressure and volume; and C: constanhfmked regime.

The relation between the volume flow and molar fiew

F(volumeg
F(molar) =———= 4
( ) R (4)
The viscous laminar flow in a tube is calculatedoading to Hagen-Poiseuille relation:
4
F(conduit volumg = 17;7| (p§ - pf): K(pg - pf) (5)

R and | are respectively the radius and the len§the tube (m), g upstream pressure (Pa),
p1: pressure in the orifice (Pay,: coefficient of viscosity of the gas versus fuowet of

temperature, K: constant for viscous regime.

The combination of the two equations (3 and 5) gt viscous laminar choked flow:

_c? 2Kp, )’ ”2_
F(volume—i {“(Tj ] 1 (6)

According to Santeler, the condition for chockemhflis that the downward pressure has to be

small enough compared to the inward pressure:

Vi
S

p, L(y+3

This limit depends on the gas nature yi& C%/C°. The difference G2C° = R for any

species and at each temperature.
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For monoatomic species: G 5/2 R + Electronic contribution (depending on [R)this case,

vy = 5/3. For diatomic or polyatomic gases, vibratiband electronic contributions are
negligible when the vibration frequencies and th& lectronic level are far enough from the
ground state in comparison with the temperaturéhiicase G*= 5/2 R andy = 7/5.

Thus, critical ratio gp; is equal to 0.48 for monoatomic species, and @o53olyatomic

species.

»  Trangition flow regime

For intermediate pressures, the regime is calledsition and it is calculated with a
combination of the two others - molecular and viscéaminar - using a percentage of each
mode. For the attribution of the percentage, wel uke relation of DeMuth and Watson [8]
based on the Knudsen number because this relaai®ma physical meaning. For any tube (or
nozzle), we will calculate the percentage on theidhaf the average pressures in the tube
((potp1)/2). Indeed DeMuth and Watson proposed their imlabased on experiments
undertaken with pressure ratios (downstream/upsirdeom 0.7 to 0.9 i.e. without chock
effect, which corresponds to the inner pipe pressamges of the CHIP reactor (this condition
is systematically checked during calculations). &bwer, the interpretation of DeMuth and
Watson experiments was done in the central zorieansition for the simple reason that the
limits of the transition zone are rather not wedfided because the junctions to each regime
are asymptotic. These limits, fixed here at 3 abdd@pend in fact on the authors who studied

the transition.

F

trans = I:mol + (Fv Fmol)(l_ Ca_Kn) or Ft = F C e + Fvis (1_ Ca_Kn) (8)

is rans — ' mol“a
relation in which G= 1.05 and Kn = 2K, Rans transition flow, Fo: molecular flow, Fs:
viscous flow, G experimental constant measured by DeMuth and g8, Kn: Knudsen

number, r: tube radius aidmean free path.

Molecular and laminar flows are calculated accaydm previous formulas, as if each mode
operated alone in the pipe.
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V.3.2. Calculation tests for the nozzles

The test of flows produced by different regimes wase with argon at 1100 K (functioning
temperature for the nozzles). Calculations wereiedhrout with an exit maintained under
vacuum pressure sufficiently low to prevent anykbfmw. This ensures a maximum of flow
that will be compared with the maximum acceptablehe effusion orifice for the mass
spectrometer measurement. In this way, we ensereghration of the nozzle at the exit in a
choked mode, the uniqgue mode which allows a namnetf the molecules in the pipe. Real
flow (fig. V-2) presented by dashed lines corregisomo calculation with transition flow
equation which ensures a description of the whalege of pressures. With low input
pressures, the flow is similar to the only flow nmolecular regime meanwhile at higher
pressures the flow joins that proposed by San{kierinar + chocked combination). In figure
V-2, we observe also the difference between theeRd&piseuille relation and the Santeler
relation taking into account the chocked regiméhatorifice. This difference increases with
the diameter of the tube (fig. V-3). The calculafemivs show the operating zones of the
nozzles but do not give any information about tbeditions related to the connecting tube
with the cracking cell and the pressure at theaswce of the cracking cell which should not
exceed the pressure of the molecular regimi@* bar. In the next chapter, we answered to

this questioning.

Flow for nozzle 50x300microns - Ar, 1100 K output at vaccum
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Figure V-2: Decimal logarithm of the calculated mallar flow for different regimes with a 20n

diameter nozzle, the one fitting the lodine/Ar &htH,O/Ar lines.
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Flow for nozzle 100x450 microns - Ar, 1100 K output at vaccum
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Figure V-3: Decimal logarithm of the calculated mallar flow for different regimes with a 1@én

diameter nozzle, case of CsOH/Ar line.

V.3.3. Calculation of the source lines upstream pressureange

To calculate the upstream pressures, we start¥dygfia downstream pressure value and a
temperature in the cracking cell which correspotoda known effusion vapours flow at the
exit of the CHIP reactor (fig. V-4).

Effusion
|

i

| SN

]
Cracking cell
p,T fixed
B = T = e I i == ) = R

0 0 4
- :lplz s

0 Bo 0 A

Arll, Ar/CSOH H, /H,0]

IAr

Figure V-4: pressures lines in CHIP reactor
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The total argon pressure is imposed in the crac&etlgonce receiving the three introduction
sources gas lines, but the flow calculated fromhelte must correspond to a certain
proportion of this pressure. The molar conductandée tube 1 (connecting tube between a
nozzle and the cracker) which has a temperatugiegrais calculated as explained further for
the connection cracker-condenser, and for the uscmode by application of a mean
temperature viscosity. The different calculatedspuees for each section - tube of connection
1 and orifice 1 for introduction in the crackinglceand for IG line (lodine Generator line)

are presented in fig. V-5.

IG input line - Pressures at each section - Ar flow = total flow /3
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Figure V-5: Pressures calculation in different seos: from IG line (lodine/Ar), the nozzlel (ath
diameter), connection tube (Tubel, 12 mm diameiad)orifice 1 of introduction in the cracking cell
(orifl, 30um diameter). Calculation is carried out with a flamvthe line equal to 1/3 total flow at the

cracking cell exit.

This calculation reveals a working area for thetrgasn pressures of argon about some mbar
to approximately 500 mbar for pressures at thekere entry between 10and 10 bar.
Extreme conditions can also be defined which walbeind on two limits:
e a maximum limit corresponds to higher effusion puees which will be limited by
the spectrometer pumping capacities.
* a minimum limit corresponds to carrier gas pressurgrior or equal to 1 mbar which

presents no interest since we can alternately aor@ easily dilute a vapour in argon
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by decreasing its source temperature or by decrgass flow at the mass flow

regulator when starting the experiment (case &) End H).

In order to evaluate the regime in the nozzle ofis0diameter, fig. V-6 presents pressures at
the nozzle level, the Knudsen number and variousezaegimes. We observe that the
working mode corresponding to the conditions caltad in the previous figure is the
transition regime with a predominant viscous lamictaocked regime, which ensures in

principle no backwards flows of the vapours initigut gas lines.

Fixed flow - 50 microns nozzle with Ar - 1100 K
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Figure V-6: Calculated pressures in the nozzleb1), and flow regime as a function of the pressure

in the cracking cell’'s entrance.

A way to test the existence of no backwards flovthe nozzles consists of comparing the

influence of the cracker’s total pressure on thetn@am pressure of the nozzle when the flow
of this one corresponds either to this total pressu to a small proportion of this pressure.

We chose for example to supply all the cracking medssure with one nozzle and with only

1/10 of this pressure, the rest being ensured byother nozzles. Results are presented in
figure V-7.

There is a difference of a factor 10 in the cragkiell pressures between the two flows for
the same upstream pressure. This difference camespexactly to the difference in term of

argon’s pressures coming from the nozzle. For exarapnozzle providing 1/10 of total

cracker's pressure TObar corresponds exactly to a nozzle providing tttal flow for a
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cracker functioning at I0bar of total pressure. The upstream pressures catculated for
the same partial pressures due to the nozzle ig 4o 0.001.
This confirms that the cracker’s total pressuresdoa influence the flow mode of the nozzles

working in the chocked mode regime.

Influence total cracker pressure on input pressure
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Figure V-7: Upstream Argon pressure necessary pplua nozzle of 50 microns which provides total

or one part (1/10) of the total cracking cell press.

V.3.4. Calculation of molecular flow between the crackingcell and

the condenser

The objective is to know the exact pressure atthmlenser exit — effusion pressure which is
recorded by the mass spectrometer — as a funchithre @ressure in the cracker’s entry which
is imposed and known by the gas lines via the mszZl'he temperatures of the different
sections and their geometry define the moleculadaotance between the cracker’s entry and
condenser’s exit according to the following relato

» The conductance in molecular regime for a cylirelritibe between 6-1 levels is

defined as following:

2
. 1 v

= X
" 1+3l,,/8r  27MRT

(9)
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> The exchanged flow between the two levels 0 andth pvessurep, andp; :

F,=C2, *x(p, - p.) (10)

This flow is always directed towards the effusiaifice, consequently the pressysg> p;.
For a non isothermal tube, the conductance - withear temperature gradient - is calculated
from the basic formulae [8, 9], by integration [Hajcording to a linear temperature gradient:

1 JTo +4T, 1)

Com 1.9 Jor
1&3/&-2 JZMR T+¢TT+T

N.B. Further calculations using a simplified forrmukplacing the temperature factor by the mean tnapre

showed a variation of calculated pressures lesa ttib, which is less than the total uncertainty.

For all the sections existing between the cracker the condenser, we use the equations of

the steady state flow in the reactor:

Po— P -Fo
0 1 Co
Y
P~ P2 C,
F_
-p . =—L 12
p| p|+1 Ci ( )
F._
pn—l - pn = Cn :
n-1
m-=i=&ﬁ
Cn Ceff

The flow is constant at steady statg=F;...=F¢, and p is the pressure at the cracker’s

entrancef¢« the recorded effused flow by the mass spectronfater pn), and thus we can

conclude:

i=n-1 1
= 1+ C —_—
Po P eft { T Lo ( izzo C ]} (13)

log o (P ) = log ,, (P,) + Cte

In fact, this relation corresponds to in seriesdtmiances calculation. The cracker-condenser
sections will be close to equilibrium if the intexthate conductances (term in brackets) are
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large {0 1/C small) by comparison with the conductance of thiusebn orifice. In our
configuration of quasi-equilibrium, figure V-8 gisethe relation between the cracker’s

pressures and the condenser under isothermal mor it

Pressures Cracker-Condenser - Isothermal: 1900 K
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Figure V-8: Relation between cracker and conderagion pressures and configuration of quasi-

equilibrium in the CHIP reactor.

The present configuration known as quasi-equilioricorresponds to condenser working
conditions as close as possible to equilibrium d@ants in the cracking cell, while keeping
all the intermediate baffles (fig. V-9). The purpesof these baffles are to mix the different
injection gases and to obtain an homogenous tetupere the cell. In the present case with
the same diameter for the two intermediates osficetween the cracker and the condenser
cells (4 mm diameter, 4mm lengthhe effusion pressure is 58% of the cracking medksure,
which presents a pressure diminution of a factapgroximately at same temperature in the
whole assembly.
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Cracker exit

Fixed Baffle = Baffle with 1 orifice

] Baffle with 3 orifices

Cracker entries

Figure V-9: Cracking cell composed of, firstly, ofieed baffle with 1 central orifice (in red) and,
secondly, series of baffles with 1 and 3 orificespectively (in green and purple).

V.3.5. Pressure at effusion from known gas pressure in the

introduction line

By associating the calculated configurations of e previous sub-chapters, we obtain a
direct relation between the upstream pressure engtis line and the one corresponding to
effusion for argon only coming from this line. Riswf calculation for IG line (lodine/Ar)
and CsOH/Ar line are presented in figures V-10 WrL.

Working zones - in term of input pressures in thélfZreactor lines - are presented on the
basis of the maximum effusion flow correspondingaadenser pressures of1Bar, and the

minimum regulated pressure (between 5 and 10 mbatt)e input lines. These results are
quasi-identical to those obtained only with the zieg, which is consistent since the nozzles

were designed to limit flows in the CHIP reactor.

These results allowed fixing the components ofgae lines as well as the assemblies of these
components as a function of a vacuum source (pyinpammp), pressure gauges and/or
flowmeters which will operate with pressures lowkan the atmospheric pressure. This
working mode also requires that the lines must égghed like vacuum lines: a test of the
lines using Helium is necessary before each exgatito check the airtightness.
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Gl input line- Input pressures at each section- Ar flow= total flow/3
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Figure 10: Upstream pressuresg{mozzle 1, 5ém diameter), intermediate pressures and effusion

pressures as a function of total pressure at theaene of the cracking cell for IG line (lodine Ar)

assuming 1/3 of the total Argon flow in the CHIRae®®r under isothermal conditions (1900 K) for the

last two stages (cracking cell and condenser).

CsOH line- Input pressures at each section- Ar flow= total flow/3
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Figure V-11: Upstream pressures{pozzle 2, 10&m diameter), intermediate pressures and effusion

pressures as a function of the total pressure atahtrance of the cracking cell for CsOH line alone

assuming 1/3 the total flow in the CHIP reactor engothermal conditions (1900 K) for the last two

stages (cracking cell and condenser).
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V.4. FLOW PARAMETRISATION FOR SPECTROMETRIC
EXPERIMENTS

The flow calculation of the gas lines allows fiystb configure their architecture and to
dimension their pressure gauges and flowmetersmust also permit to calibrate the mass
spectrometer at each time during the experimentefgyring to total Argon pressure which
can be monitored by the mass spectrometer. Byanthys we are able to know at any time the
pressure of the other gaseous species or vapaorgyththeir ionic intensities ratio to Argon
intensity. In a conventional effusion cell, the ggrce of an inert reference or the total mass
loss of the sample during the experiment allows talibration. In the configuration of an
effusion cell with gas introduction, the inert ¢arrgas has a role of an inert reference and our
objective is to use it like an additional way ofiloeation because the usual methods may be

limited in their application depending on the invgsted system.

During the CHIP reactor experiments, the lines gusss are recorded as well as the sources
temperatures (lodine and CsOH) and the proportadrergon, HO and hydrogen vapours.
These measurements would allow knowing at any thedlow of each element - Ar (total),
lodine, Cesium, D and H - which flow in the high leak-tightness CHIP reactThese
flows will be analyzed at the effusion with the mapectrometer. As argon is so far the major
species — but this will not be always the caseis itnportant to deduce a relation between
each upstream pressures and those resulting freraréitking cell because the temperature
are fixed - at least during one experiment - fréva introduction lines to cracking cell. The
effusion pressure will be then easily calculable thie geometry and the temperatures of the
condenser during measurements: the geometry doehaoge during one experiment but the
condenser temperature varies. Consequently, tloellaibn must be made for each point of
measurement once interpreting the mass spectramesilts. (a specific program has been

developed).

Each line will introduce a known quantity of gasoithe cracking cell, and concerning argon
that will imply that each line gives a partial pgeee in the cracking cell, the total pressure
will be the addition of the partial pressures. Takinto account no backwards effects in the
nozzles for chocked regime, the previous calcubatigive the relation between upstream
pressures and pressures in the cracker's entr@esilts are presented in figures V-12 to

V-14 for argon, H and HO. Each species is supposed alone in the linegusinozzle of
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50um diameter. The large observed differences arelyndue to the Knudsen number which

included the molecules diameter and modifies trhansition zone noticeably. Another

difference comes from the factgr = C%/C° which is different for a monoatomic and

diatomic gas. The pressures at the effusion orificealculable for each experimental

determination - will be in the same proportion eVfethe gases have different molar masses.
In fact, there is compensation in the relation \Wwhpermits to calculate the total molar

conductance (relation (9)) of the cracking cell-ademser assembly.

This kind of calculation dedicated to the experitaénesults interpretation can be performed
- with a rigorous way — only for a major speciedtssinert carrier gas, Ar. It could also be

used for other major species like, ldr HO, if they are not consumed in the chemical
reactions which will occur between the cracker tredcondenser in a significant way. If not,

the atomic balance will be more difficult to establfor all produced species which have

different molar mass. The relative calibration canggl to argon is thus very important.

Cracker pressure as function of input pressure for Gl - Ar nozzle
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Figure V-12: Cracking cell pressures calculationaafunction of the upstream pressure for Ar alone.
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Cracker pressure as function of input pressure- Nozzlel - pur H2
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Figure V-13: Cracking cell pressures calculationaafinction of the upstream pressure fgratbne.

Cracker pressure as function of input pressure - Nozzle 1 - 3 gases
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Figure V-14: Cracking cell pressures calculationa$unction of the upstream pressure for the three

gases: Ar, Hand HO. The fit corresponds to the® curve.

The smoothing of the relation between the upstraach downstream pressures provides a

way of calculation of cracking cell pressure at émerance which is imposed by each input
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line (recorded pressures). The further correctionobtain the effusion pressure will be
deduced for each determination as a function of tbedenser temperature via the

conductance calculations in molecular flow regime.

As intermediate conclusions:

> The pressures of Ar,and HO in the cracking cell are calculated for each lisang
nozzles of 50 microns (lodine and,/H,O lines, respectively) and 100 microns
(CsOH line). Summing the 3 injection lines givesg tiotal pressure in the cracking
stage (non measurable and essential pressure #&rcdhibration of the mass
spectrometer).

> The molar conductance of the cracking cell — coedesection allows determining
the pressure of argon in the effusion cell.

> The program developed in Visual BASIC (Excel softeyasee Appendix V-A)
necessary to fix the working conditions of the CldRctor in terms of input pressures
and flows operate correctly and all the relatiosscuin the program were controlled.

> Relations were established to evaluate pressuedfugive iodine gaseous species or
vapours from HTMS measurements.

> The viscosity constants were smoothed for each pomngponent. Calculation of the
mixtures (for high contents) and the impact of toenposition in the viscous mode
flow have to be tested.

> Gamma Constanty(= C°%/C°%) for argon, monoatomic and diatomic species
(considered here as air) are stored apart $& Which has to be calculated taking into

account the impact of the chocked regime.

V.5. THERMAL TEST OF THE CHIP REACTOR

For kinetics study, the vapors issued from the keadravels through a connecting tube
toward the condenser zone that have to be codherirfterpretation of the condenser pressure
results as measured by the mass spectrometernis tefr kinetic laws will depend on the
temperature gradient in this tube and consequehity gradient must be known. For this

reason the first tests were thermal tests aimed to,
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* The knowledge of the minimum condenser temperatat can be reached for any
cracker temperature.

* The knowledge of the temperature gradient existirthe connecting tube.

The conception of the CHIP reactor allows regutatd temperature using an isothermal
mode for each reactor’'s stage separately. The eraokd condenser cells can be linked
through a large temperature gradient between tbeztmes. Cooling between each stage
—in order to avoid excessive heat flow exchanigedone by using a special water cooled
“sol”. The device is fitted with several thermoctegp (a whole set of 15 standard TC
type B and K) allowing measurements in the wallgteral, bottom and top - of each
reactor’s stages (see Appendix V-B). Thermal behaviests (fig. V-15) showed that it
is possible to maintain a cracking of the vapor$20 K with a condenser temperature
varying from 900 to 1900 K. Results show that faracking temperature of 1800 K, the
condenser temperature can be decreased down toK850temperature largelly in

agreement with the hot leg assigned one.

900
O Cdsol ‘ ‘ ‘
A CdHighMo | 0
O
N 800 1 X CdLowMo ﬁofx‘t
E o | R
% 700 - | | | o . X |
o B \
- Goo——ﬁ—Lﬂ—j—%——\ifiLi
°©d x f | |
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1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
T Cracking cell /K

Figure V-15: Influence of cracking cell temperature condenser temperature when this last device is
not heated. Its temperature is thus the minimum’sotieat can be reached for any cracker
temperature. Cdsole: thermocouple on the conderss@e, CdHighMo and CdLowMo: two

thermocouples in the condenser wall envelope madiéoi, one at the top, one near the bottom.
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In a special series of experiments, the intermediane were fitted with two thermocouples
introduced in special holes drilled in the connegtiube — the thermocouples being then bent
inside the tube. Temperature measurements showwtan the thermal mode of the two
stages (cracker and condenser) is isothermal,capmht occurs in the innner volume of the
connecting tube. Consequently, there is a riskapiours condensation at this level. This cold
point disappears when the temperature of the c@ailetecreases. Different thermal shields
with different shapes — radial discs or cylindritabes and combination of the two - have
been tested. The best device shows that from 1986w to 1350-1300 K for the condenser
temperature there exists a cold zone [11]. Beldw, temperature gradient displays a form
which has been fitted as a function of the condetesaperature — the cracker temperature
being kept at 1900 K for further experiments widpuors. A last version named “diabolo” has
been calculated to enlarge this useful temperatane by thermal simulation of the CHIP
reactor (work performed at the engineering sergid@PAM/IRSN).

Finally, we have to quote that in terms of kinedimulation, the influence of the thermal
gradient will be less important for a connectingewith short transit time, that is the case
when using a large orifice at the cracker exit mdale the condenser entrance orifice is

decreased. So doing the expansion of the vaporsealr mainly in the condenser zone.

V.6. POSITIONNING TEST OF CHIP REACTOR

The detection of the only genuine effused gasepasiss is a prerequisite of the method in
order to warranty the accuracy of the measurednassures. This is important particularly
for high volatile species - as (g)(¢), HI(g)... — that come also from multiple sudac
vaporizations once effused in the furnace houslingse surface vaporizations can become
more important than the genuine effusion flow atected. In order to avoid these parasitic
phenomena, we use a so called “restricted collonadevice” (see Chap. II).

The effusion orifice alignment along the ionizatiohamber axis - that is the restricted
collimation axis - is performed by moving the efeuscell furnace in two X and Y directions
orthogonal to this axis as explained in ChapteA#.the CHIP reactor is made of discs and
tubes pilled altogether, the mechanical assembly Imeanot necessarilly stable. Positionning
tests for the CHIP reactor have been performed ruAdearrier gas and when varying the

temperature of the cracking cell (fig. V-16) andrsaing in X and Y directions.

232



Chapter V: Building and Testing the CHIP Thermo-&tin Reactor

1,0 %
| ¢ X
A
08 1 eTcracker=780K [ — — & ﬁer% -
.
O T cracker = 1300 K A %
06 N - - 7A7 -
) X T cracker = 1900 K X X
2 S
= A Troom A
0,47777‘7777%7777777
‘ o
¢ MK
A
0,2 ‘ * y
‘ AAA?A %(
ey e
00 A%A A/\§m ﬁm
-6 -4 -2 0 2 4

X positioning / mm
Figure V-16: X axis scanning of the CHIP reactofusion orifice position under Ar flow when

varying the cracking cell temperature.The iorii&monitored at mass 40.

Orifice effusion positioning must be precise (x ZB0mm) and reproducible during the
experiment whatever the temperature is. It canheeled constantly during the experiment at
each temperature ramp in order to warranty thectdeteof the only molecules coming from
the effusion cell and not from parasitic phenomsuneh as surface vaporizations around the
effusion orifice. In figurev-16, different Ar flow can be distinguished as detddbg the ions
source: - (i) at the top of the peak, the ion sewighting is perfectly inside the effusion
orifice, - (ii) far away when there is no signdietion source sighting is outside the effusion
orifice and beyond the thermal shields, - (iii) aidhe basis of the peak, the configuration is
intermediate: part of the signal comes from thd esld another from outside surface
vaporizations just around the effusion orifice edge external surface of the condenser (see
chapter 1l). The perfect superposition of the ddfd scans warranty the correct positionning

of the effusion orifice along the detection axisadver is the temperature and movement.
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V.7. PRESSURE CALIBRATION TESTS OF THE CHIP
REACTOR

One main problem in mass spectrometry is to olgamial pressures from ionic intensities as
reported to one gaseous species. This operatiamlis possible using special calibration
procedures that depend on the kind of reactorhénpresent case, our aim — and the only
solution - is to report any vapor pressure measeneno the Ar carrier gas pressure. The Ar
gas pressure at the condenser is in principle ledézli from input pressures as explained in
this chapter. In order to check the present adgqoathe experimental device architecture

with our calculations, special calibration expenntsewere performed.

Calibration tests of the CHIP reactor have beefopeed either with Ar gas or with Ar gas
by reference to Ag melting point {T= 1234 K) and Ni melting point (J= 1726 K) using an
alumina crucible placed in the condenser. Theds tesre aimed to:

» check our Mass Spectrometer response when each linpu(with Ar) is working
separately or all together,

» check the proportionality of each line — (i) agaiits input pressure, - (ii) against each
others,

» calibrate the reactor using as reference the ngeftaint of a pure compound (Ag and
Ni). This will make it possible also to calibrateettemperature measurements as well
as the thermocouples accuracy.

» compare the measured intensities (or pressureB)thse obtained according to flow

calculations (see first part of this chapter).

V.7.1. Check of the mass spectrometer response for eachaation

line

The control of our mass spectrometer response was tbr Ar/CsOH and Arfllines by
varying the Ar pressure of the checked line separafr/H,/H,O line was not tested at that

time due to a defectious pressure sensor. An exaaipesults is presented in figure V-17
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Figure V-17: test of Ar/CsOH line using argon gémic intensity of Aras a function of the input
pressure at the nozzle. Other lines: AYHO line constant at 100 mbar (without any input flow

because of a defectious pressure sensor) and [hel off (the nozzle is clogged).

Figure V-17 displays the total measured intensitiio(observed by the mass spectrometer)
as function of the input Ar pressure in the Ar/CsOié. Results show that the measured
intensities are proportional to introduced pressudrem 100 to 350 mbar. Above this value,
the intensities evolution doesn’t respect the propaality to the input pressure values. As
calculations showed, for pressures more than 40@rnthe transition regime would be

attained in the tube just after the nozzles, arldwb&0 mbar, the flow regime is no more
chocked at the nozzles exit: these results seeraatpand the conclusion is that the Ar/CsOH
line must be used in the 100 — 350 mbar range. Saatares with pure Ar were observed
previously with Ar/b and the useful pressure range is 50 - 600 mbatalemaller diameter

of the nozzle.

The Ar/H,/H,0 line was tested later and results are shownginvfi18. We observed at that
time that the nozzle is clogged, probably due tgdation at high temperature (1100 K) in
previous experiments. The clogging was confirmedspgcial post experimental He leak

tests.
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Figure V-18: test of Ar/lH,0 line: mass spectrometric response as a functfahe input pressure
using pure argon. Other lines: Ar/CsOH line inpuegsure is constant at 50 mbar and the Alifie

is off.

The check of the Arfdlnozzle working was performed first with Ar thenthviAr and iodine

(1 mbar § in 100 mbar Ar carrier gas). During this last expent, Ni reacted withIto form
Nil»(s) that clogged the nozzle after two hours worlahgbout 1100 K: regular decrease of
the I signal, then disappearance. The CHIP reactor whsts1500 K for the cracker and
condenser, and the mass spectrometer detectethérsinly I(g) and Ar gaseous species (no
I,(g) was observed at ion'). In order to regenerate the nozzle, several tasitsg water,
nitric acid diluted in water and finally HF / HNGnixtures (4% HF, 20% HN#{as used for
stainless steel passivation) deposited on the eqdake lead to the (partial?) elimination of
the passive iodide layer. This fact was confirmeadrmd) further Ar/p test as shown in figure
V-109.
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Figure V-19: test of Arflline: response of the mass spectrometer as aitumot the input argon gas
pressure. Other lines: Ar/CsOH line input pressisemaintained constant at 50 mbar and the
Ar/H./H,0 line off (clogged).

This figure presents the total measured Ar intgn&bming from the two lines) when
increasing the input Ar pressures of the Allhe. The Ar/CsOH line input pressure is
maintained constant at 50 mbar and AfHHO line at 100 mbar for safety (but without any
input flow since this nozzle is clogged). As shawithe calculations of the CHIP reactor, due
to the chocked regime at the nozzles, the measuatedsities of Ar are the sum of each
nozzle contributions. So, the Ar/CsOH contributisrevaluated at null Adlflow (at the Y
axis) and removed from the total measurements ve tjne only Ar/} contribution as
displayed in figure V-19. The evolution of the r&tgred pressure of Ar at the condenser
show, - (i) for the only Ardnozzle, a signal quasi proportional to the inpetspure in the 50
to 600 mbar input pressure range, with a yieldhglyglower than attended: for instance,
between 50 and 500 mbar, the ionic intensity istiplidd by 9 instead of 10 attended from
calculations, - (ii) for the full pressure that wsponds to the two working nozzles, the
measured pressure for 500 mbar input pressure& tBnes the one measured at 50 mbar

meanwhile the calculated value is 5.48.

Comparison between experimental pressure and asculevolutions shows that there is
probably some leak in the CHIP reactor device erttolecular regime, i.e. after the nozzles.

In principle the total flow regime in the CHIP réac— including the leaks - should be a
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steady state at least during an experiment. Thedgtstate can change any time the reactor is
taken off from the mass spectrometer, due to mecalare-positioning of the numerous parts.

V.7.2. Calibration tests with pure components at their mding

temperature

The pressure; f any gaseous species existing in the condersebe related at any time to
the pressure of Arg when reporting the ionic intensity of this spediéso the one of the Ar
carrier gas A at the same time, provided that the Ar pressurdniswn. Using the

spectrometric relation:
PS=LT (14)

relation in whichlis the measured ionic intensity of ionitlpe partial pressure of its original
molecule in the cell, T temperature in the cell &ds the sensitivity given by the general

relation:
S =Gno(E)y f (15)

where G is a geometrical factor related to thedsalngle for molecular beam sampling
defined by the ionization chamber aperture andetfigsion orifice,n is the extraction and
transmission efficiency of the formed ion in thesmapectrometer (for our ion source and
magneticn = constant whatever is the measured iof(E) is the ionization cross-section at
the electron energy B; is the efficiency of the ion detector (for our aisninated pulse-
counting detectiony; = 1 whatever is the measured species iy the isotopic abundance of
the detected ion that is calculated exactly for atmynic composition of each ion.

Par = AT EAaifizli o f

/=i (16)
pi AaAr fAr I iT l i JAr fAr
Par = B E’i[_li (17)
Ii JAr fAr
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Iar and | are measured, the ionization cross section cather calculated or estimated from
atoms (see appendix V-C), the isotopic abundan@ach gas is calculated exactly from the
atoms. Any ppressure can be related to a known Ar pressuresversely any p pressure
can be calculated from a well knowpn ai a temperature such as the melting point using
relation (17).

From literature the melting temperatures of Ag &hdire respectively 1234 K and 1726 K,
and pressures are well known. The observationefitblting plateau of each pure compound
was done several times during an experiment byeasing and decreasing temperature
around the melting range. This will able us alsoatibrate the thermocouple readings. Figure
V-20 presents an example of evolution of Ag measurgensities once decreasing the

temperature of the condenser.
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Figure V-20: Observed melting temperature of a Amgle when decreasing the temperature of the

condenser cell.

The solid-liquid phase change appears clearly @ataau in measured intensities as function
of time. Monitoring altogether the thermocouplesdifiityhMo and CdLowMo in the
condenser wall envelope), obtained melting tempegatfor Ag and Ni are presented in table
V-1. The results showed that a correction haveetafplied to measured temperatures (+ 5.4
K for Ag and + 7 K for Ni).
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Label run compound Melting point /K | Theoretical Comments

(mean value) value/K

Chip22-09-08 A | @ - Melting point not well obsed
1234 during run
Chip23-09-08 1228.6 Correction to be applied to our
measured temperatures +5.4 K
Chip25-09-08 Ni 1719 1726 Correction to be applied our

measured temperatures +7 K

Table V-1: Observed melting temperatures of puremmunds Ag and Ni and comparison with values

from literature.

V.7.3. Ar pressures at the melting temperatures

Using the known thermodynamic properties of Ag &idat the melting point in term of

pressure and enthalpy of vaporizatingH [12],

TMag) = 1234 K Ty = 1726 K
AvagH(rm) (Ag solid) = 277.12 kJ.mdl AvapH(rmy (Ni solid) = 417.42 kJ.mdl
AvapH(rm) (Ag liquid) = 265.83 kJ.mdl AvapHrmy (Ni liquid) = 399.944 kJ.mdl
Pag) = 3.78 10 bar B = 4.13 10 bar

The products Ln(IT) have been calculated over sahd liquid phases according to the

following relations:

Ln(|T)=aGT1+b (18)
. AqHy
With a= % . (R the gas constant) (19)

Scaling the relation at the true melting tempemttine obtained results are presented and
compared with our measured intensities for eaclpéeature plateau both sides of the melting

temperature in figures V-21 and V-22.
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Results show that our measured IT products evalstfor our two references Ag and Ni are
in general agreement with those obtained usingtioevn thermodynamic properties around
the melting temperatures. lonic intensities of Anet detected at the melting temperatures
due to the only monitoring of the Ag and Ni plateauare presented in the same figures.

Then, the values for Aiintensities at the melting temperatures are datiuce

The evolution with temperature of Ar intensitiesndae evaluated from the constant flow
maintened in the CHIP reactor, the input pressatemny nozzle being maintained constant.
In terms of effused flows, this means that accaydanthe Hertz-Knudsen relation and for two
different temperatures; nd T, of the condenser,

B _ P
N 20

and using the basic mass spectrometric relation,

LT LT, 1
SN
finally,

T
1=, |2 22
SR (22)

An example of application of this relation for Arténsities taking as reference the melting
temperature (I = Tmeting has been drawn in figure V-22. The observed dimiuof Ar
intensities as a function of temperature agrees thg attended one.

Considering the calibration of Ar pressures asreefé¢o pressures at the melting temperature,

relation (17) becomes for exemple for Ag,

Opng Tag 15
pAr (meaS) = pAg (Tmelting) 20 A A (23)

+
Ar fAr IAg

In this relation the Ag pressure at melting is kngwhe ionisation cross sections calculated as
proposed by Drowart et al. [4] at the measuremenémial and the isotopic abundance
known. More details about factors as used in @ha{23) are presented in V-C and V-D.
Table V-2 summarizes our determined experimentasores of Ar as refered to the Ag and
Ni melting pressures. Conditions of measuremermsabso presented as well as the calculated
values for the Ar pressure at the condenser franktiown input pressures at the nozzles. The

experimental pressures are both sides of the eadmlilones, and the difference is more
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pronounced when the input pressure at the; Ainé is high. This feature suggests that either
leaks are existing in the molecular stage of tlaeta, or the Ard nozzle is not totally clear

of corrosion products. Both explanations are alBugble. However, a post experimental
careful analysis of the junctions between the frdges and the cracker revealed some large
mechanical clearance. This feature may be a shrauitcfor Ar gas flows which is more
pronounced in the case of one line working at highressures. In this case, the relative

difference between calculated and experimentakpres is larger.

Experiment labe| Sample Ar total Temperature and Ar calculated
Thetting experimental | input conditions: pressure (bar)
Melting pressure | Pressure
CHIP 23-09-08 | Pure Ag Trozzles= 1045 K
1234 K Teracker= 1770 K
3.78 10° bar 9.110°bar | Teondensem= 1234 K
Ar/1,=0.632 bar 4.49 10" bar
Ar/CsOH=0.050 bar | 4.91 10’ bar
Total (meas.)
4.98 10" bar
CHIP 25-09-08 | Pure Ni Trozzles= 1012 K
1726 K Teracker= 1853 K
4.135 10 bar 1.5 10" bar | Teondense= 1726 K
Ar/1,=0.0994 bar 2.47 10 bar
Ar/CsOH=0.051 bar | 6.30 10 bar
Total (meas.)
8.77 10° bar

Table V-2. Comparison of the Ar experimental pressat the condenser as refered by calibration to
the Ag and Ni melting pressures with the calculgiesssures from the known input pressures at the
nozzles. The only two lines Ardnd Ar/CsOH operated (see text). In the last coluoalculations

take into account of each line contribution, angherimental pressures have to be compared to the

total measured pressure of Ar.

Moreover, although accurate knowledge of the nszamial dimensions was established,

these tests show that keeping these dimensionscorrasive environment is essential for
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further accurate calibrations of any gaseous spebie reference to Ar pressures at the
condenser.
For the present device the two calibration runsashmat the real pressure of Ar cannot be
known within = 80% using the relation,
P _ Preas ~ Peatc (24)

p Peatc.
This uncertainty is related for one part to the nagdcal structure that allows some leaks and
for another part to the carrier gas regime for Watthave been intentionally chosen close to
the Knudsen limits. Indeed, for these conditionsreasing the Ar pressure at constant
temperature showed effectively a decrease of thepdggsure that can be attributed to
collisions in the molecular beam — light atoms ‘fguaway the heavy ones —. This feature is
to be analyzed in the future as a function of tptalssure in order to set up better conditions

for mass spectrometric analysis when decreasingtipeessure in the CHIP reactor.

V.8. CONCLUSIONS AND PERSPECTIVES

The present CHIP reactor has been built for twonnmirposes, - (i) give a diagnostic of
molecules that undergo kinetic limitations withemtperature and time conditions similar to a
severe nuclear accident in the hot branch of thegsy cooling circuit, - (ii) determine
kinetic constants for the main reactions that skowtic limitations in the homogeneous gas
phase issued from the accident. Owing to the te@lenge of such new and specific research
and due to technical difficulties related to lodimbemistry, the present work was
circumvented to the calculation, the constructiod dghe qualification tests of the CHIP

reactor.

Flow calculations were performed in order to —f{(ist propose a design of the device
compatible with the monitoring of very small flonsgual to Knudsen flows, - (ii) second
allow calculations of carrier gas pressures asnation of input pressures in view of mass
spectrometric calibrations. The retained structtombines gas introduction with a chocked

regime and matter flow at high temperature in tledeicular regime.
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The CHIP reactor device was built in collaboratianth the engineering service of
DPAM/IRSN in order to afford the complexity of th@echanical structure in a very
demanding mass spectrometric environment: UltrahHigcuum £ 10° to 10® mbar),
accuracy of the mechanical positioning (z 0.05mnh)tlee final effusion orifice, high
temperature (from room temperature up to 1900 &)r Stages furnace and limited space in
the mass spectrometer. Owing to the numerous eomisty the present device is complex, and
probably will become simpler when all possible sesill be completed. This “simplifying”

step will improve certainly the intrinsic perforntas as checked in this study.

The present tests of the CHIP reactor showed that f

1-Thermal behaviour:

* The condenser temperature, starting from 1800 Kbeatlecreased down to 800 K for
a constant cracker temperature at 1800 K.

 The temperature gradient between cracker and ceedehas been evaluated
combining experimental determinations and therrmalkations. A cold point exists
at high temperature, but in the 800 to 1300 K rafiogehe condenser this cold point
disappears. Improvements are possible up to 140@vHen using a special
combination of radial and cylindrical thermal sdelbetween the cracker and the
condenser.

The working temperature range of the condensehus fully compatible with the

expected hot leg temperature and the temperata@iemt is known in this working

range. Note that the influence of the temperatureetainty on this gradient has a non

negligible impact on further kinetic studies anchimization of this impact can be done

when using a transfer tube working in quasi-equiiiim state once the input and output

orifices are well managed.

2- Mechanical behaviour:

* The positioning of the ultimate orifice — the effus orifice — along the axis of the
mass spectrometric ion source worked satisfactatiany temperature and allows
correct measurements of the useful molecular beanr¢e of molecules).

* The locking of the reactor position by a wedgeasentirely satisfactory because this

way of fixing the position may be a cause for geeks.
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For future experiments, the mechanical equilibripositioning of the reactor should be
reached and complementary tests should be performexdder — (i) to improve the
reliability of the different parts piled up — (iip clearly evaluate the leak flow relative

value as compared to effusion flow.

3- Chemical and flow behaviour:
* The clogging of the nozzles due to corrosion byepodine at a pressure of 1 mbar
occured in the range of desired input flow values.
* A clogging by oxides occured also when vacuum domts are not good enough in
the nozzles.
« Argon condenser pressure calculations from knovpatipressures do not reproduce
accurately (uncertainty is about + 80%) those olet@iby calibration with Ag and Ni

pressures at the melting temperature.

Further progresses are underground using new ralgterfter preliminary tests performed at
IRSN. Besides, the chemical behaviour of the heghgerature stage of the reactor could not
be ascertained since pure iodine input could notidiee a long time enough. Special tests
performed at IRSN showed that the reaction of ledwith alumina seems weak, but in
further mass spectrometric experiments searchléoniaium iodides or oxo-iodides should
be done. Tentative of pressure calibrations witte janown components — Ag and Ni - for the
Ar pressure in the condenser as analyzed by thes nspectrometer showed large
uncertainties. Note that kinetic effects will bedeetively detected for molecules produced
with very slow rate processes when evaluated velgtito this large uncertainty: this
evaluation must be performed via simulation offtoes regime in the CHIP reactor (as done
at the modelling service of DPAM/IRSN) taking irdocount the flow regime with reactions
at equilibrium as a reference since the only pmesdatected is not a direct parameter to judge

the reality of kinetic effects.

As a perspective, the present state of the reatows the diagnostics of the chemical
behaviour of simple systems — as for exemple Cs(iffy) recombination starting from Csl

vaporization and cracking, or the addition gffdr observation of the production HI(g) — but
probably not the evaluation of kinetic constante thuthe lack of reproducibility and accurate
calibrations. For further kinetic studies, improwaits of the mechanical, thermal and

chemical behaviour of the CHIP reactor have to ha@euaken, probably with a most simple
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device able to reduce the uncertainty within a eaofj= 30% as usual in mass spectrometry

when run with convenient calibrations.
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APPENDIX V-A

This program in visual basic is used in Excel software. It permits calculation of Ar
pressures at the entry of the cracking cell and condenser for input data (temperature and
pressures of introduction of each line) corresponding to run CHIP230908-test with Ar in
the condenser.

Public Reff, Leff, Leffeq, Rorifl, Rtubl, Rtub2, P@1, P2, R, P, Theta, Z, L1, M

Public Rbusel, Rbuse2, Lbusel, Lbuse2, Lbuselegddeq

Public Lmbusel, Lmbuse2, Lmbuse3, Lmorifl, Lmtub1

Public Kbvis1, Kbvis2, Korifl, Ktubl1, Etabuse, Eibf, Etaorifl

Public Pst, Ptuble, Ptubls, Ptub2e, Ptub2s, PtiiGb3s

Public Cbchoc1, Chchoc2, Cbmoll, Cbmol2, CtubljfCo€chocorifl, Cchocorif2, Gamma, Choc
Public Cbafl4, Cbafl3, Cbaf34, Chaf33, Chafint4aftti3, Centre4, Centre3, Ccraq, Ceff, Ccond, Gorif
Ctub2, Corif2, Cbaffix4, Cbaffix3, Ctot

Public Qsant, Qeff, Qchoc, Qchocvis, Qhag, Qtranaiy, Qmolbusel, Qmolbuse2, Qmolbuse3, Clbusel,
Clbuse?2, Clbuse3, Knl, Kn2, Kn3

Public Thuse, Tcraq, Ttubl, Ttub2, Teff, T, TO, @b, Rg, Kn, Delta, Nav, Ca, Pcrag, Qcrag, Peff
kkkkkkkkkkkkhkhhkkhkkkkkkkkkkkkkhkhhhhhhhkhhkkkkxkxkx kkkkkkkkkkkkkkkkkkkkkkkk

Sub variables() 'Ensemble des constantes ethlas intermédiaires a calculer avant de lanceuriegrammes.
Pi=4* Atn(1)

'‘Dimensions en MKSA'

Pst = 100000

Rg = 8.3145

Viscosité  'défini les constantes reliées aespece Masse, eta...choc...

'M =0.04 'Masse en kg pour Ar(g) est definislsous prog. viscosité Mar'

'Delta = 2.9 *10 ~ -10 ' Delta est défini dans adsité

Nav = 6.02252 * 10 ~ 23

Ca =1.05 'cste de De Muth pour régime de tranmsiti

Reff = 0.001 'en m' rayon de l'orifice d'effusion

Leff =0.002 'en m' longueur

Leffeq = Leff * (1 + 1/ (3 + (3 * Leff) / (7 * Rdj)) 'longueur equivalente orifice - correction Santeler
Claus =1/ (1 + (3 * Leffeq) / (8 * Reff)) 'coetfent de Clausing de I'orifice d'effusion

Rcond = 0.019 'en m' rayon du condenseur

Lcond = 0.038 'en m' sans les baffles

Lcondeq =Lcond * (1 + 1/ (3 + (3 * Lcond) / (fRcond))) 'longueur equivalente orifice - correctam
Santeler

Clauscond =1/ (1 + (3 * Lcondeq) / (8 * Rconapéfficient de Clausing

Rorif3 = 0.002 'en m' orifice entrée condensesottie crag.

Lorif3 =0.004 'en m'

Lorif3eq = Lorif3 * (1 + 1/ (3 + (3 * Lorif3) / (7 Rorif3))) 'longueur equivalente orifice - cortam de
Santeler

Clausorif3 =1/ (1 + (3 * Lorif3eq) / (8 * Rorif3)coefficient de Clausing de l'orifice3

Rtub2 = 0.006 'en m' tube de transfert entre @aqat condenseur

Ltub2 = 0.0725 'en m'

Ltub2eq = Ltub2 * (1 + 1/ (3 + (3 * Ltub2) / (7Rtub2))) 'longueur equivalente orifice - correctim Santeler
Claustub2 =1/ (1 + (3 * Ltub2eq) / (8 * Rtub)pefficient de Clausing

Rorif2 = 0.002 'en m' orifice sortie craqueur
Lorif2 = 0.004 'en m'
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Lorif2eq = Lorif2 * (1 + 1/ (3 + (3 * Lorif2) / (7 Rorif2))) 'longueur equivalente orifice - cortam de
Santeler
Clausorif2 =1/ (1 + (3 * Lorif2eq) / (8 * Rorif2)coefficient de Clausing de l'orifice2

Rcrag = 0.019 'en m' rayon du craqueur

Lcrag = 0.0495 'en m'

Lcrageq =Lcrag * (1 + 1/ (3 + (3 * Lcraq) / (Rcraq))) 'longueur equivalente orifice - correctamSanteler
Clauscrag =1/ (1 + (3 * Lcrageq) / (8 * Rcragpéfficient de Clausing

Rbaffix = 0.003 'en m' rayon de la baffle fixe &@us

Lbaffix = 0.0125 'en m'

Lbaffixeq = Lbaffix * (1 + 1/ (3 + (3 * Lbaffix) {7 * Rbaffix))) 'longueur equivalente orifice -rtection de
Santeler

Clausbaffix =1/ (1 + (3 * Lbaffixeq) / (8 * Rbaf) 'coefficient de Clausing en sortie de bafibeef

Rbafl = 0.0025 'en m' rayon de la baffle mobifetéou

Lbafl = 0.005 'en m'

Lbafleq = Lbafl * (1 + 1/ (3 + (3 * Lbafl) / (7Rbafl))) longueur equivalente orifice - correctam Santeler
Clausbafl =1/ (1 + (3 * Lbafleq) / (8 * Rbaflgpefficient de Clausing en sortie de baffle mobile

Rbaf3 = 0.0015 'en m' rayon de la baffle mobi&teous

Lbaf3 = 0.005 'en m'

Lbaf3eq = Lbaf3 * (1 + 1/ (3 + (3 * Lbaf3) / (7Rbaf3))) longueur equivalente orifice - correctam Santeler
Clausbaf3 =1/ (1 + (3 * Lbaf3eq) / (8 * Rbaf3)pefficient de Clausing en sortie de baffle fixe

Rbafint = 0.017 'en m' rayon de I'espace intefidmf

Lbafint = 0.003 'en m'

Lbafinteq = Lbafint * (1 + 1 / (3 + (3 * Lbafint) (7 * Rbafint))) 'longueur equivalente orifice -reection de
Santeler

Clausbafint =1/ (1 + (3 * Lbafinteq) / (8 * Rbaf)) 'coefficient de Clausing en sortie de baffief

Rentre = 0.017 'en m' rayon de l'espace d'entméé. ou craqueur = amont de la baffle fixe

Lentre = 0.003 'en m'

Lentreeq = Lentre * (1 + 1/ (3 + (3 * Lentre) /{Rentre))) 'longueur equivalente orifice - cotien de
Santeler

Clausentre =1/ (1 + (3 * Lentreeq) / (8 * Renredpefficient de Clausing

Rorifl = 0.0003 'en m' orifice entrée craqueur

Lorifl =0.004 'en m'

Lorifleq = Lorifl * (1 + 1/ (3 + (3 * Lorifl) / (7 Rorifl))) 'longueur equivalente orifice - cortam de
Santeler

Clausorifl =1/ (1 + (3 * Lorifleq) / (8 * Rorif)Jcoefficient de Clausing de l'orificel

Rtubl = 0.00445 'en m' tube de transfert entredascraqueur

Ltubl = 0.067 'en m'

Ltubleq = Ltubl * (1 + 1/ (3 + (3 * Ltubl) / (7Rtubl))) longueur equivalente orifice - correctim Santeler
Claustubl =1/ (1 + (3 * Ltubleq) / (8 * Rtublgpefficient de Clausing

'Rbuse = 0.000025 '(en m)rayon laudéfinir dans les sous progammes
Rbusel = 0.000025 ' (en m) rayon buse de l'iotH28120
Lbusel = 0.0003 '(en m) longueur buse
Lbuseleq =Lbusel * (1 + 1/ (3 + 3 * Lbusel / (RBusel))) 'longueur equivalente busel
Clbusel =1/ (1 + (3 * Lbuseleq) / (8 * RbuseXpefficient Clausing sortie busel
Rbuse2 = 0.00005 ' (en m) rayon buse du CsOH
Lbuse2 = 0.00045 '(en m) longueur buse
Lbuse2eq = Lbuse2 * (1 + 1/ (3 + 3 * Lbuse?2 / (Rbuse?2))) 'longueur equivalente buse2
Clbuse2 =1/ (1 + (3 * Lbuse2eq) / (8 * Rbusez)efficient Clausing sortie buse2

'Eta0 = 0.0000229 'viscositéa/300°K MKSA'

'depend des temperatures a défams les sous programmes
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Ceff = Claus * Pi * Reff * 2 / (2 * Pi * M * Rg Teff) (1 / 2)) ' conductance orifice effusion funx
moleculaire (moles/s)

Ccond = Clauscond * Pi * Rcond * 2/ ((2 * Pi * MRg * Teff) ~ (1 / 2)) 'volume condenseur

Corif3 = Clausorif3 * Pi * Rorif3~ 2/ ((2 * PiM * Rg * Teff) » (1 / 2)) ‘orifice 3 entréeoadenseur
‘conductance intégrée sur gradient de T

'‘Ctub2 = (Claustub2 * (3 /2) * (Pi * Rtub2 * 2j(2 * Pi * M * Rg) ~ (1 / 2))) * (((Tcraq ™ (1 / )+ (Teff~ (1 /
2))) / (Teff + (Tcrag ™ (1/ 2)) * (Teff ~ (1 / 2)} Teff)) 'tube liaison craqueur - condenseur

‘conductance fixe a T moyen

Ctub2 = (Claustub2 * (Pi * Rtub2 ~ 2) / ((2 * PiM * Rg * Ttub2) ~ (1 / 2)))

Corif2 = Clausorif2 * Pi * Rorif2~ 2 / (2 *PiM *Rg * Tcrag) * (1 /2))  ‘orifice 2 sortieadenseur
Ccraq = Clauscrag * Pi * Rcrag * 2/ ((2 * Pi * MRg * Tcraq) * (1 / 2)) 'volume craqueur

Cbaffix4 = Clausbaffix * Pi * Rbaffix * 2 / (2 *P*M * Rg * Teff) ~ (1/ 2)) 'baffle fixe pour'étage 4
condenseur

Cbaffix3 = Clausbaffix * Pi * Rbaffix * 2 / (2 *P* M * Rg * Tcraq) * (1 / 2)) 'baffle fixe pourdtage 3
craqueur’

Cbafl4 = Clausbafl * Pi * Rbafl ~ 2/ ((2 * Pi * MRg * Teff) * (1 / 2)) 'baffle mobile 1 ibice

Cbafl3 = Clausbafl * Pi * Rbafl ~ 2/ ((2 * Pi * MRg * Tcraq) * (1 / 2)) 'baffle mobile 1rifice

Cbaf34 = 3 * Clausbaf3 * Pi* Rbaf3 2/ ((2 *PM * Rg * Teff)  (1/2)) 'baffle mobile 3 diices
Cbaf33 =3 * Clausbaf3 * Pi* Rbaf3 ~ 2/ ((2 *PM * Rg * Tcraq) * (1/2)) ‘baffle mobile 3 dices
Cbafint4 = Clausbafint * Pi * Rbafint 2/ (2 iPM * Rg * Teff) ~ (1/2)) 'espace inter baéfs mobiles
étage 4

Cbafint3 = Clausbafint * Pi * Rbafint 2 / (2 iPM * Rg * Tcraq) ~ (1 / 2)) 'espace inter baffl mobiles
étage 3

Centre4 = Clausentre * Pi * Rentre * 2 / (2 * RI*™* Rg * Teff) ~ (1/2)) 'espace entrée fftmfixe étage 4
Centre3 = Clausentre * Pi * Rentre ~ 2 / ((2 * I*™* Rg * Tcrag) ~ (1/2)) 'espace entrée ffledfixe étage
3

Corifl = Clausorifl * Pi * RorifA~ 2/ ((2*PiM *Rg * Tcraq) * (1/2)) ‘orifice d'entréens le craqueur
‘conductance selon formules L. Michelutti sur img&gpn volumique'

'‘Ctubl = (Claustubl * Pi * Rtub1 "~ 2/ ((2 * Pi * MRg) ~ (1 / 2))) * ((Tcraq - Tbuse) /2 * 1/ (Tag ~ (3/2) -
Tbuse * (3/2)))

‘conductance des tubes 1 sur intégration molaodrcalcul)’

'‘Ctubl = (Claustubl * (3/2) * (Pi * Rtub1 ~ 2j(2 * Pi * M * Rg) ~ (1 / 2))) * (((Tcrag ~ (1 / 2)+ (Tbuse " (1
/2)))/ (Tcraq + (Tcraq ™ (1 / 2)) * (Tbuse ” (2)) + Tbuse))

‘conductance des tubes 1 fixe a T moyen

Ctubl = Claustubl * (Pi * Rtub1 ~ 2) / ((2 * Pi * MRg * Ttubl1) ~ (1 / 2))

'‘Choc

'‘Choc = 200

Choc = (Gamma *Rg /M * (2 / (Gamma + 1)) * ((Gamin 1) / (Gamma - 1))) (1 / 2) 'coeff a multipljar
racinede T

Cbchocl = Choc * ((Tbuse) ~ (1 / 2)) * (Rbusel *Bi / (Rg * Thuse) 'Conductance choquée sortiselen
moles/s

Cbchoc2 = Choc * ((Tbuse) ~ (1 / 2)) * (Rbuse2 *Bi / (Rg * Thuse) 'Conductance choquée sortisehen
moles/s

Cchocorifl = Choc * ((Tcraq) ~ (1 / 2)) * (Rorif12) * Pi/ (Rg * Tcraqg) 'Conductance choquée sartificel
en moles/s

Cbmoll = Clbusel * Pi * (Rbusel ~ 2) / ((2 * Pi *vRg * Thuse) ~ (1 / 2)) 'conductance moleculaiogtie
buse en moles/s

Cbmol2 = Clbuse2 * Pi * (Rbuse2 ~ 2) / ((2 * Pi *vRg * Thuse) ~ (1 / 2)) 'conductance moleculaiogtie
buse en moles/s

Kbvisl = Pi * (Rbusel ~ 4) / (16 * Etabuse * Lbuké{Rg * Thuse) '‘conductance visqueuse buse ersi®l
Kbvis2 = Pi * (Rbuse2 ~ 4) / (16 * Etabuse * Lbuyé2Rg * Thuse) '‘conductance visqueuse buse ersi®l
Korifl = Pi * (Rorifl ~ 4) / (16 * Etaorifl * Loril) / (Rg * Tcraq) 'conductance visqueuse orificelr®les/s
Ktubl = Pi * (Rtub1 ~ 4) / (16 * Etatubl * Ltub1YRg * Ttub1l) 'conductance visqueuse tubel(Gl) efesis
Lmbusel = Rg * Tbuse / (2 ~ (1 / 2) * Pi * Delt2” Nav) 'libre parcours moyen (en m) =Lm /P &)’
Lmbuse2 = Rg * Tbuse / (2 ~ (1 / 2) * Pi * Delt2” Nav) 'libre parcours moyen (en m) =Lm /P &)’
Lmorifl = Rg * Tcraq/ (2~ (1 / 2) * Pi * Delta 2 * Nav) 'libre parcours moyen (en m) = Lm /P Ra)'
Lmtubl = Rg * ((Tcraq + Tbuse) / 2) / (2 ~ (1 /*2Pi * Delta ~ 2 * Nav) 'libre parcours moyen (e mLm /P
(en Pa)'

Lmeff = Rg * Teff / (2~ (1 / 2) * Pi * Delta * 2 Nav) 'libre parcours moyen (en m) = Lm /P (en Pa)
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End Sub

kkkkkkkkkkkkkhkkkhkkkkkkkhkkkhkkkkhkhkkkhkkkhkkkhkkkkkkhkkkx kkkkkkkkkkkhkkkkhkkkkhkkkkk

Sub Condenseur() 'calcul écoulement moléculairguerar-condenseur a partir de la

'pression a lI'entrée craqueur Pcraq'
Tbuse = 1045 'K

Tcraq = 1770

Teff =1234 'T condenseur
Ttubl = (Tbuse + Tcraq) / 2

Ttub2 = (Tcraq + Teff) / 2

variables

K=0

J=0

Worksheets("feuil5").Cells(1 + J, 1 + K).Value =ctaq(bar)"
Worksheets("feuil5").Cells(1 + J, 2 + K).Value =t&¢
Worksheets("feuil5").Cells(1 + J, 3 + K).Value =€ft
Worksheets("feuil5").Cells(1 + J, 4 + K).Value =€
Worksheets("feuil5").Cells(1 + J, 5 + K).Value 08l Pcrag/bar"
Worksheets("feuil5").Cells(1 + J, 6 + K).Value ol Peff/bar"
Worksheets("feuil5").Cells(1 + J, 7 + K).Value ®Peff/Pcraq”
Worksheets("feuil5").Cells(1 + J, 8 + K).Value =¢&f)

Forl=2To -2 Step -1
'Pcrag = 10 ' Pcraq entrée craqueur en Pa

Pcraq = 10 ~ | ' Pcrag entrée craqueur en Pa

Ctot = 1/ Centre3 + 1/ Cbaffix3 + 3 / Cbhafinta+ Cbafl3 + 2 / Chaf33 + 1 / Ccraq

Ctot = Ctot + 1 / Corif2 + 1 / Ctub2 + 1 / Corif3

Ctot =1/ Ctot + 1 / Centred + 1 / Cbaffix4 + Glafint4 + 1 / Cbafl4 + 2 / Cbaf34 + 1 / Ccond

Ctot =1/ Ctot
Peff = Pcraq / (1 + Ceff / Ctot)
Qeff = Peff * Ceff

J=J+1

Worksheets("feuil5").Cells(1 + J, 1 + K).Value =rBg / Pst
Worksheets("feuil5").Cells(1 + J, 2 + K).Value =o€t
Worksheets("feuil5").Cells(1 + J, 3 + K).Value =fCe
Worksheets("feuil5").Cells(1 + J, 4 + K).Value =fPlePst
Worksheets("feuil5").Cells(1 + J, 5 + K).Value =d(@craq / Pst) / Log(10)
Worksheets("feuil5").Cells(1 + J, 6 + K).Value =d(@eff / Pst) / Log(10)
Worksheets("feuil5").Cells(1 + J, 7 + K).Value =fP/ePcraq
Worksheets("feuil5").Cells(1 + J, 8 + K).Value =fQQe

Next |

End Sub

*% *k%k * *% * *% * *% * * *% * *% *

Sub ligneGI() ' buse 1 (50 microns) avec un selu te liaison pour toute buse
'= tub1l et pression craqueur imposée '

L=0

K=0

J=0

Thuse = 1045 'K
Tcraq = 1770
Teff = 1234

Ttubl = (Tbuse + Tcraq) / 2
Ttub2 = (Tcraq + Teff) / 2
variables
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K=0

Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,
Worksheets("feuil3").Cells(1 + J,

K=12
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Q=K+9
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
L=L+1
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Q=K+9
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
K=K+3
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Q=K+9
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
K=K+3
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Q=K+9
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,
Worksheets("feuil3").Cells(1 + L,

1 + K).Value =O'P

2 + K).Value =0%ant"
3 + K).Value =OfRol"
4 + K).Value =r@l"
5 + K).Value =sgnt"
6 + K).Value =¢@q"
7 + K).Value =ttgnS"
8 + K).Value =st"

9 + K).Value =I'P

10 + K).Value Kn"

1 + K).Value = ti®1"
4 + K).Value =Ube-1"
7 + K).Value = tBe-1"

1+ Q).Value =rie1"
4 + Q).Value =ube-1"
7 + Q).Value =uge-1"

1 + K).Value =2FPa"
2 + K).Value =1mPa"
3 + K).Value =0FPa"

1+ Q).Value =d P2/bar"
2 + Q).Value =0ty P1/bar"
3 + Q).Value =0ty PO/bar"

1 + K).Value =2mPa"
2 + K).Value =1mPa"
3 + K).Value =0FPa"

1+ Q).Value =dt P2/bar"
2 + Q).Value =6ty P1/bar"
3 + Q).Value =6ty PO/bar”

1 + K).Value =2mPa"
2 + K).Value =1mPa"
3 + K).Value =0fPa"

1+ Q).Value =dt P2/bar"

2 + Q).Value =6ty P1/bar"

3 + Q).Value =dty PO/bar”

4 + Q).Value =dg Pcrag/bar”
5 + Q).Value =0t Peff/bar"

‘calcul de la conductance entre craqueur et coedens

Ctot = 1/ Centre3 + 1/ Cbaffix3 + 3 / Cbhafinta+ Cbafl3 + 2 / Chaf33 + 1 / Ccraq

Ctot = Ctot + 1 / Corif2 + 1 / Ctub2 + 1 / Corif3

Ctot =1/ Ctot + 1/ Centred + 1 / Cbaffix4 + Glafint4 + 1 / Cbafl4 + 2 / Cbaf34 + 1 / Ccond

Ctot = 1/ Ctot
K=0
Forl=2To -3 Step -0.25

'les pressions sont calculées en Pa'

'Pcraq = 10 'Pa’
Pcrag =10 * | 'Pa’

'Peff = 10 * (Log(Pcraq) / Log(10) - 0.2359)
'‘Qcrag = (Pcrag * Corif2) / 3 'méme flux dans cheedes 3 lignes'
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Peff = Pcraq / (1 + Ceff/ Ctot) 'calcule la Peffle Qeff (flux) correspondant a Pcraq
Qeff = Peff * Ceff

Qcrag = Qeff

Ptubls = Qcraq / Corifl + Pcraq

P2 = Pcraq

P1 = Qcraq / Cchocorifl

'POsant = (Qcraq * (1 / Korifl + Qcraq / (Cchocdrif2))) ~ (1 / 2) 'élimination de P1'
POsant = (Cchocorifl / (2 * Korifl)) * ((2 * Korif* Qcraq / (Cchocorifl ~2) + 1)~2-1)~1/2
POmol = (Qcraq / Corifl) + P2

'Résolution de la transition avec Santeler damide 1 '******kkkkiiiiitikikikddi
J=J+1

If POmol > POsant Then

POmax = POmol * 1.2

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Linel:

For PO = POmin To POmax Step pas

Qsant = (Cchocorifl ~ 2 / (2 * Korifl)) * ((1 + (2Korifl * PO / Cchocorifl) ~ 2) A (1 / 2) - 1) '&bit buse+choc
en moles/s'

Lmoyen = Lmorifl / (P1 + P0) / 2)

Knl = Lmoyen /(2 * Rorifl) 'attention DeMuth defi Kn a l'inverse

Qmol = Corifl * (PO - P2)

'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca Knl) formule DeMuth

QtranS = Qsant* (1 - Ca” (-1 /Knl)) + Qmol * C&1 / Knl) 'inversion du Kn
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO

Worksheets("feuil3").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rk@

Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim

Worksheets("feuil3").Cells(1 + J, 5 + K).Value =&p$

Worksheets("feuil3").Cells(1 + J, 6 + K).Value =r@q

Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =ste

Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1

Worksheets("feuil3").Cells(1 + J, 10 + K).Value nK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas /10

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =rRax
J=J+1

If pas < PO /100000 Then

GoTo Line2:

End If

L=L+1

GoTo Linel:

End If

Next PO
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Line2:

K=0

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =rif2"
J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil3").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =&t"
Worksheets("feuil3").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil3").Cells(1 + J, 10 + K).Value Kri"

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil3").Cells(1 + J, 10 + K).Value K

‘Sorties des résultats seuls'

L=L+1

K=12

Worksheets("feuil3").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil3").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil3").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil3").Cells(1 + L, 1 + Q).Value =d¢(@2 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 2 + Q).Value =d¢(@1 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 3 + Q).Value =d¢(0 / Pst) / Log(10)
Q=K+15

Worksheets("feuil3").Cells(1 + L, 4 + Q).Value =dg(@craq / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 5 + Q).Value =d(@eff / Pst) / Log(10)

K=0

Porifls = P1

Ptubls = PO

J=J+4

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil3").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =&t"
Worksheets("feuil3").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil3").Cells(1 + J, 10 + K).Value Kn"

'boucle pour calcul de I'écoulement dans le tube 1'
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'les pressions sont calculées en Pa'

P1 = Ptubls

P2=P1

POsant = (Qcraq / Ktub1 + P1 ~ 2) ~ (1 / 2) ‘forendIHagen-Poiseuille pour le tube de transfergéentraqueur
car pas d'orifice de sortie'

POmol = (Qcraq / Ctubl) + P1

'Résolution de la transition avec Santeler-Hagansde tube 1" xx#kkkkiikkxiikikkiokk
J=J+1

If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Line3:

For PO = POmin To POmax Step pas

Qsant = Ktubl * (PO~ 2 - P1 ~ 2) ' flux molairébel en visqueux-laminaire = Hagen-Poiseuille'
Lmoyen = Lmtubl / ((P1 + P0Q) / 2)

Knl = Lmoyen /(2 * Rtubl)

Qmol = Ctubl * (PO - P1)

'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca "y

QtranS = Qsant * (1 - Ca " (-1 /Knl)) + Qmol * (C&1 / Knl))
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil3").Cells(1 + J, 10 + K).Value aK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =rRi
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =rRéx
J=J+1

If pas < PO /100000 Then

GoTo Line4:

End If

L=L+1

GoTo Line3:

End If

Next PO

Line4:

K=0

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =df1"
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J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil3").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =5t"
Worksheets("feuil3").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil3").Cells(1 + J, 10 + K).Value Kr"

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil3").Cells(1 + J, 10 + K).Value aK

K=15

Worksheets("feuil3").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil3").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil3").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil3").Cells(1 + L, 1 + Q).Value =d¢(@2 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 3 + Q).Value =d(@0 / Pst) / Log(10)

K=0

'boucle pour calcul de I'écoulement dans la busg"Gl
J=J+4

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil3").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =&t"
Worksheets("feuil3").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil3").Cells(1 + J, 10 + K).Value Kri"

Ptuble = PO

P2 = PO

'les pressions sont calculées en Pa’

P1 = Qcraq / Cbchocl ' Qchoc en mol./s, P1 pressterne orifice buse seul choqué'
'POsant = (Qcrag * (1 / Kbvis1 + Qcraq / (Cbcho))) ~ (1 / 2) ‘élimination de P1'

POsant = (Cbchocl / (2 * Kbvis1)) * ((2 * Kbvis1lQcraq / (Cbchoc1 7 2) + 1) 22 -1)"21/2
'POhag = (Qcraq / Kbvisl + P2 ~ 2) ~ (1 / 2) 'fotend'Hagen-Poiseuille’

POmol = (Qcraq / Cbmoll) + P2
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'Résolution de la transition avec Santeler datmifap 1 *****#kkikikxtkiikkddiii

If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Line5:

For PO = POmin To POmax Step pas

'‘Qhag = Kbvisl * (PO~ 2 - P2 ~ 2) ' flux molasdduse entiére en visqueux-laminaire = Hagen-Pidiseu
Qsant = (Cbchocl ~ 2 / (2 * Kbvis1)) * ((1 + (2 *Kis1 * PO / Cbchocl) ~ 2) ~ (1 / 2) - 1) ' déhitsle+choc en
moles/s'

'‘QhagS = Kbhvisl * (PO~ 2 - P1 ~ 2) ' flux moldgeonduit buse en visqueux-laminaire = Hagen-Ridiee
Lmoyen = Lmbusel / (PO + P1) / 2)

Knl = Lmoyen/ (2 * Rbusel)

Qmol = Cbmoll * (PO - P2)

'‘QtranS = Qsant * (1 - Ca " -Knl) + Qmol * (Ca "y

QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * (C&1 / Knl))

Test = QtranS - Qcraq

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =1r@q
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil3").Cells(1 + J, 10 + K).Value aK

If Test > 0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =rRé&x
J=J+1

If pas < PO /100000 Then

GoTo Line6:

End If

L=L+1

GoTo Line5:

End If

Next PO

Line6:

K=0

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =uge1"
J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value =0'P
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Worksheets("feuil3").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil3").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil3").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil3").Cells(1 + J, 10 + K).Value Kr"

J=J+1

Worksheets("feuil3").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil3").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil3").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil3").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil3").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil3").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil3").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil3").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil3").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil3").Cells(1 + J, 10 + K).Value aK

K=18

Worksheets("feuil3").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil3").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil3").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil3").Cells(1 + L, 1 + Q).Value =d¢(@2 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 2 + Q).Value =d¢(@1 / Pst) / Log(10)
Worksheets("feuil3").Cells(1 + L, 3 + Q).Value =d(@0 / Pst) / Log(10)

K=0

Next |

End Sub

*% * *%k% * *% * *% * *% * *kkkkkkkkkhkkkkhkkkk

Sub ligneCsOHY() ' buse 2 (100 microns) avec untsdnd de liaison pour toute buse
'= tub1l et pression craqueur imposée '

L=0

K=0

J=0

Thuse = 1045 'K
Tcraq = 1770
Teff = 1234

Ttubl = (Tbuse + Tcraq) / 2
Ttub2 = (Tcraq + Teff) / 2

variables

K=0

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =&t"
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Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kr"

K=12

Worksheets("feuil6").Cells(1 + L, 1 + K).Value = i®1"
Worksheets("feuil6").Cells(1 + L, 4 + K).Value = Ube-1"
Worksheets("feuil6").Cells(1 + L, 7 + K).Value = iBe-1"
Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =ri1"
Worksheets("feuil6").Cells(1 + L, 4 + Q).Value =ue-1"
Worksheets("feuil6").Cells(1 + L, 7 + Q).Value =uge-1"
L=L+1

Worksheets("feuil6").Cells(1 + L, 1 + K).Value =2APa"
Worksheets("feuil6").Cells(1 + L, 2 + K).Value =1APa"
Worksheets("feuil6").Cells(1 + L, 3 + K).Value =0APa"
Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =dg PO/bar"
K=K+3

Worksheets("feuil6").Cells(1 + L, 1 + K).Value =2APa"
Worksheets("feuil6").Cells(1 + L, 2 + K).Value =1HAPa"
Worksheets("feuil6").Cells(1 + L, 3 + K).Value =0RPa"
Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =d¢g PO/bar"
K=K+3

Worksheets("feuil6").Cells(1 + L, 1 + K).Value =2APa"
Worksheets("feuil6").Cells(1 + L, 2 + K).Value =1APa"
Worksheets("feuil6").Cells(1 + L, 3 + K).Value =0RfPa"
Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =dg PO/bar"
Worksheets("feuil6").Cells(1 + L, 4 + Q).Value =d¢ Pcraqg/bar"
Worksheets("feuil6").Cells(1 + L, 5 + Q).Value =dg Peff/bar"

'Calcul de la conductance entre craqueur et coedens

Ctot = 1/ Centre3 + 1 / Cbaffix3 + 3 / Cbhafinta+ Cbafl3 + 2 / Chaf33 + 1 / Ccraq

Ctot = Ctot + 1/ Corif2 + 1/ Ctub2 + 1 / Corif3

Ctot=1/Ctot + 1/ Centre4 + 1 / Cbaffix4 + Gbafint4 + 1 / Cbafl4 + 2 / Cbaf34 + 1/ Ccond
Ctot =1/ Ctot

K=0

For1=2To -3 Step -0.25

'les pressions sont calculées en Pa'

'Pcraq = 10 'Pa’

Pcrag =10~ | 'Pa’

'Peff = 10 ~ (Log(Pcraq) / Log(10) - 0.2359)

'‘Qcraq = (Pcraq * Corif2) / 3 'méme flux dans cheedes 3 lignes'

Peff = Pcraq / (1 + Ceff / Ctot) ‘calcule la Peffle Qeff (flux) correspondant a Pcraq
Qeff = Peff * Ceff

Qcrag = Qeff

Ptubls = Qcraq / Corifl + Pcraq

P2 = Pcraq

P1 = Qcraq / Cchocorifl

POsant = (Cchocorifl / (2 * Korifl)) * ((2 * Korif¥ Qcraq / (Cchocorifl ~ 2) + 1) A 2 - 1) ~ 1/ Zlimination
de P1'
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'POsant = (Qcraq * (1 / Korifl + Qcraq / (Cchocbrif2)))~1/2 'formule alternative pour elimation de P1
POmol = (Qcraq / Corifl) + P2

'Résolution de la transition avec Santeler damgite 1 ****#*kkkkkititiiikkkkikk
J=J+1

If POmol > POsant Then

POmax = POmol * 1.2

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Linel:

For PO = POmin To POmax Step pas

Qsant = (Cchocorifl ~ 2 / (2 * Korifl)) * ((1 + (Korifl * PO / Cchocorifl) ~ 2) ~ (1 / 2) - 1) '&bit buse+choc
en moles/s'

Lmoyen = Lmorifl / (P1 + P0) / 2)

Knl = Lmoyen/ (2 * Rorifl) 'attention DeMuth deifi Kn a l'inverse

Qmol = Corifl * (PO - P2)

'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca Knl) formule DeMuth
QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * C&1 / Knl) ‘inversion du Kn
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value aK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =rRé&x
J=J+1

If pas < PO /100000 Then

GoTo Line2:

End If

L=L+1

GoTo Linel:

End If

Next PO

Line2:

K=0

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =rif2"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
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Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kri"

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =d2dt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value K

'Sorties des résultats seuls'

L=L+1

K=12

Worksheets("feuil6").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil6").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil6").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =d¢(@2 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =d(@0 / Pst) / Log(10)
Q=K+15

Worksheets("feuil6").Cells(1 + L, 4 + Q).Value =d{@craq / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 5 + Q).Value =d(@eff / Pst) / Log(10)

K=0

Porifls = P1

Ptubls = PO

J=J+4

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kri"

'boucle pour calcul de I'écoulement dans le tube 1'

'les pressions sont calculées en Pa’

P1 = Ptubls

P2 =P1

POsant = (Qcraq / Ktubl + P1 ~ 2) ~ (1 / 2) 'forendIHagen-Poiseuille pour le tube de transfergentraqueur
car pas d'orifice de sortie'

POmol = (Qcraq / Ctubl) + P1

'Résolution de la transition avec Santeler-Hagansde tube 1"***¥¥kkkikikibittbrkiikoik
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J=J+1

If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Line3:

For PO = POmin To POmax Step pas

Qsant = Ktub1 * (PO~ 2 - P1 ~ 2) ' flux molairédbel en visqueux-laminaire = Hagen-Poiseuille'
Lmoyen = Lmtubl / ((P1 + P0O) / 2)

Knl = Lmoyen/ (2 * Rtubl)

Qmol = Ctubl * (PO - P1)

'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca "y
QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * (C&1 / Knl))
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = QIm
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value nK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =rRax
J=J+1

If pas < PO/ 100000 Then

GoTo Line4:

End If

L=L+1

GoTo Line3:

End If

Next PO

Line4:

K=0

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =d@1"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
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Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =5t"
Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kri"

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value K

K=15

Worksheets("feuil6").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil6").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil6").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =d(@2 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =d¢(0 / Pst) / Log(10)

K=0

'boucle pour calcul de I'écoulement dans la bude 2
CsOH
J=J+4

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kr"

Ptuble = PO

P2 =P0O

'les pressions sont calculées en Pa'

P1 = Qcraq / Cbchoc2 ' Qchoc en mol./s, P1 pressterne orifice buse 2 seul choqué'
'POsant = (Qcraq * (1 / Kbvis2 + Qcraq / (Cbcho@)) ~ (1 / 2) 'élimination de P1'

POsant = (Chchoc2 / (2 * Kbvis2)) * ((2 * Kbvis2Qcraq / (Cbchoc2 2 2) + 1) 2-1)"1/2
'POhag = (Qcraq / Kbvis2 + P2 ~ 2) ~ (1 / 2) 'fotend'Hagen-Poiseuille’

POmol = (Qcraq / Cbmol2) + P2

'Résolution de la transition avec Santeler damtgifge 2 ****# ¥ rxwkkrmidxkikirirxihrx
If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1
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POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Lineb:

For PO = POmin To POmax Step pas

'‘Qhag = Khvis2 * (PO~ 2 - P2 ~ 2) ' flux molaseduse entiére en visqueux-laminaire = Hagen-Pidiseu
Qsant = (Cbchoc2 ~ 2 / (2 * Kbvis2)) * ((1 + (2 *Kis2 * PO / Cbchoc2) ~ 2) ~ (1/ 2) - 1) ' débitsle+choc en
moles/s'

'‘QhagsS = Kbvis2 * (PO~ 2 - P1 ~ 2) ' flux mold#eonduit buse en visqueux-laminaire = Hagen-Rdise
Lmoyen = Lmbuse2 / (PO + P1) / 2)

Knl = Lmoyen/ (2 * Rbuse2)

Qmol = Cbmol2 * (PO - P2)

'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca "y

QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * (C&1 / Knl))

Test = QtranS - Qcraq

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = @im
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value K

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =rRax
J=J+1

If pas < PO /100000 Then

GoTo Line6:

End If

L=L+1

GoTo Line5:

End If

Next PO

Line6:

K=0

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =Uge2"
J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil6").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =tfgnS"

265



Chapter V: Building and Testing the CHIP Thermo-&tin Reactor

Worksheets("feuil6").Cells(1 + J, 8 + K).Value =&t"
Worksheets("feuil6").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil6").Cells(1 + J, 10 + K).Value Kri"

J=J+1

Worksheets("feuil6").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil6").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil6").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil6").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil6").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil6").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil6").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil6").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil6").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil6").Cells(1 + J, 10 + K).Value K

K=18

Worksheets("feuil6").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil6").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil6").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil6").Cells(1 + L, 1 + Q).Value =d(@2 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil6").Cells(1 + L, 3 + Q).Value =d¢(0 / Pst) / Log(10)

K=0
Next |
End Sub

kkkkkhkkkkkkkkhkkkhkkkhkkkhkkhkkkkhkkkkhkkkkhkkkhkkkkkkkkkx kkkkkkkkkkkhkkkkhkhkkkhkkkkk

Sub ligneGVH() ' buse 1 (50 microns) avec un selétde liaison pour toute buse

'=tubl vers craqueur'

L=0

K=0

J=0

Tbuse = 1045 'K

Tcraq = 1770

Teff =1234

Ttubl = (Tbuse + Tcraq) / 2

variables

K=0

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kri"

K=12

Worksheets("feuil7").Cells(1 + L, 1 + K).Value = i®1"
Worksheets("feuil7").Cells(1 + L, 4 + K).Value =Ube-1"
Worksheets("feuil7").Cells(1 + L, 7 + K).Value = iBe-1"
Q=K+9
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Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =ri1"
Worksheets("feuil7").Cells(1 + L, 4 + Q).Value =ufe-1"
Worksheets("feuil7").Cells(1 + L, 7 + Q).Value =uge-1"
L=L+1

Worksheets("feuil7").Cells(1 + L, 1 + K).Value =2HPa"
Worksheets("feuil7").Cells(1 + L, 2 + K).Value =1APa"
Worksheets("feuil7").Cells(1 + L, 3 + K).Value =0AfPa"
Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =dg PO/bar"
K=K+3

Worksheets("feuil7").Cells(1 + L, 1 + K).Value =2APa"
Worksheets("feuil7").Cells(1 + L, 2 + K).Value =1APa"
Worksheets("feuil7").Cells(1 + L, 3 + K).Value =0AfPa"
Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =dg PO/bar"
K=K+3

Worksheets("feuil7").Cells(1 + L, 1 + K).Value =2APa"
Worksheets("feuil7").Cells(1 + L, 2 + K).Value =1APa"
Worksheets("feuil7").Cells(1 + L, 3 + K).Value =0RPa"
Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =dg P2/bar"
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =dg P1/bar"
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =d¢g PO/bar"
Worksheets("feuil7").Cells(1 + L, 4 + Q).Value =dg Pcraqg/bar"
Worksheets("feuil7").Cells(1 + L, 5 + Q).Value =dg Peff/bar"

'Calcul de la conductance entre craqueur et coedens

Ctot =1/ Centre3 + 1 / Cbaffix3 + 3 / Cbafinta + Cbafl3 + 2 / Cbaf33 + 1 / Ccraq

Ctot = Ctot + 1/ Corif2 + 1 / Ctub2 + 1 / Corif3

Ctot =1/ Ctot + 1/ Centre4 + 1 / Cbaffix4 + Ghafint4 + 1 / Cbafl4 + 2 / Cbaf34 + 1 / Ccond
Ctot =1/ Ctot

K=0

For1=2To -3 Step -0.25

'les pressions sont calculées en Pa’

'Pcraq = 10 'Pa’

Pcrag =10~ | 'Pa’

'Peff = 10 ~ (Log(Pcraq) / Log(10) - 0.2359) 'pawmgon mais aussi valable pour les autres car easgiion
des racines des masses

'‘Qcraqg = (Pcrag * Corif2) /3 'méme flux daihgcune des 3 lignes'

'‘Qcraq = (Pcraq * Ceff) /3/5

Peff = Pcraq / (1 + Ceff/ Ctot) 'calcule la Peffle Qeff (flux) correspondant a Pcraq
Qeff = Peff * Ceff

Qcrag = Qeff

Ptubls = Qcraq / Corifl + Pcraq

P2 = Pcraq

P1 = Qcraq / Cchocorifl

'POsant = (Qcraq * (1 / Korifl + Qcraq / (Cchocbrif2))) ~ (1 / 2) 'élimination de P1'
POsant = (Cchocorifl / (2 * Korifl)) * ((2 * Korif* Qcraq / (Cchocorifl ~2) + 1)~2-1)~1/2
POmol = (Qcraq / Corifl) + P2

'Résolution de la transition avec Santeler damide 1 ******kkkkiiiiktikiiikddi
J=J+1

If POmol > POsant Then

POmax = POmol * 1.2

POmin = POsant * 0.9

Else
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POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Linel:

For PO = POmin To POmax Step pas

Qsant = (Cchocorifl ~ 2 / (2 * Korifl)) * ((1 + (Korifl * PO / Cchocorifl) ~ 2) ~ (1 / 2) - 1) '&bit buse+choc
en moles/s'

Lmoyen = Lmorifl / (P1 + P0) / 2)

Knl = Lmoyen /(2 * Rorifl) 'attention DeMuth defi Kn a l'inverse
Qmol = Corifl * (PO - P2)

'‘QtranS = Qsant * (1 - Ca " -Knl) + Qmol * (Ca Knl) formule DeMuth
QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * C&1 / Knl) ‘inversion du Kn
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value aK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =rRi
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =rRéx
J=J+1

If pas < PO /100000 Then

GoTo Line2:

End If

L=L+1

GoTo Linel:

End If

Next PO

Line2:

K=0

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =rif2"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =&t"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kr"

268



Chapter V: Building and Testing the CHIP Thermo-&tin Reactor

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value aK

'Sorties des résultats seuls'

L=L+1

K=12

Worksheets("feuil7").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil7").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil7").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =d(@2 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =d(@0 / Pst) / Log(10)
Q=K+15

Worksheets("feuil7").Cells(1 + L, 4 + Q).Value =dg(@craq / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 5 + Q).Value =d¢(@eff / Pst) / Log(10)

K=0

Porifls = P1

Ptubls = PO

J=J+4

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kri"

'boucle pour calcul de I'écoulement dans le tube 1'

'les pressions sont calculées en Pa'

P1 = Ptubls

P2 =P1

POsant = (Qcraq / Ktubl + P1 ~ 2) ~ (1 / 2) 'forendIHagen-Poiseuille pour le tube de transfergentraqueur
car pas d'orifice de sortie'

POmol = (Qcraq / Ctubl) + P1

'Résolution de la transition avec Santeler-Hagansde tube 1" xx#kkkkiikixiikikkkiokk
J=J+1

If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10
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Line3:

For PO = POmin To POmax Step pas

Qsant = Ktubl * (PO~ 2 - P1 ~ 2) ' flux molairébel en visqueux-laminaire = Hagen-Poiseuille'
Lmoyen = Lmtubl / ((P1 + P0O) / 2)

Knl = Lmoyen/ (2 * Rtubl)

Qmol = Ctubl * (PO - P1)

'‘QtranS = Qsant * (1 - Ca " -Knl) + Qmol * (Ca "y

QtranS = Qsant * (1 - Ca” (-1 /Knl)) + Qmol * (C&1 / Knl))
Test = QtranS - Qcraq

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =dadt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = Qim
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =dp$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =1@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value nK

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas = pas/ 10

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =rRax
J=J+1

If pas < PO /100000 Then

GoTo Line4:

End If

L=L+1

GoTo Line3:

End If

Next PO

Line4:

K=0

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =dfi1"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kr"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =d2dt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = Qim
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Worksheets("feuil7").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@itS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =ste
Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value nK

K=15

Worksheets("feuil7").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil7").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil7").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =d(@2 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =d¢(@1 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =d¢(0 / Pst) / Log(10)

K=0

'boucle pour calcul de I'écoulement dans la busel'GV'
J=J+4

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tfgnS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kr"

Ptuble = PO

P2 =PO

'les pressions sont calculées en Pa'

P1 = Qcraq / Cbchocl ' Qchoc en mol./s, P1 pressterne orifice buse seul choqué'
'POsant = (Qcraq * (1 / Kbvisl + Qcraq / (Cbcho@))) ~ (1 / 2) 'élimination de P1'

POsant = (Cbchocl / (2 * Kbvis1)) * ((2 * KbvislQcraq / (Cbchocl 2 2) + 1)~ 2-1)"1/2
'POhag = (Qcraq / Kbvisl + P2 ~ 2) ~ (1 / 2) 'fotend'Hagen-Poiseuille’

POmol = (Qcraq / Cbmoll) + P2

'Résolution de la transition avec Santeler damifap 1 *****#kkkkikxttiikkddiiik

If POmol > POsant Then

POmax = POmol * 1.1

POmin = POsant * 0.9

Else

POmax = POsant * 1.1

POmin = POmol * 0.9

End If

pas = (POmax - POmin) / 10

Line5:

For PO = POmin To POmax Step pas

'‘Qhag = Khvisl * (PO~ 2 - P2 ~ 2) ' flux molaseduse entiére en visqueux-laminaire = Hagen-Pidiseu
Qsant = (Cbchocl ~ 2 / (2 * Kbvisl)) * ((1 + (2 *Kis1 * PO / Cbchocl) ~ 2) ~ (1 / 2) - 1) ' déhitsle+choc en
moles/s'

'‘QhagsS = Kbvisl * (PO~ 2 - P1 ~ 2) ' flux mold#eonduit buse en visqueux-laminaire = Hagen-Rdlise
Lmoyen = Lmbusel / (PO + P1) / 2)

Knl = Lmoyen/ (2 * Rbusel)

Qmol = Cbmoll * (PO - P2)
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'‘QtranS = Qsant * (1 - Ca " -Kn1) + Qmol * (Ca "y
QtranS = Qsant * (1 - Ca " (-1 /Kn1)) + Qmol * (C&1 / Knl))

Test = QtranS - Qcraq

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rka
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = @Qim
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =sfe
Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value K

If Test >0 Then

POmin = PO - pas

POmax = PO + pas

pas =pas/ 10

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0fin"
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0OtRax"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =rRid
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =rRax
J=J+1

If pas < PO /100000 Then

GoTo Line6:

End If

L=L+1

GoTo Line5:

End If

Next PO

Line6:

K=0

J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =Uge3"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value =0'P
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =0%ant"
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =0fRol"
Worksheets("feuil7").Cells(1 + J, 4 + K).Value =r@I"
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =sgnt"
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =¢@q"
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =tf@nS"
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =st"
Worksheets("feuil7").Cells(1 + J, 9 + K).Value =1'P
Worksheets("feuil7").Cells(1 + J, 10 + K).Value Kri"
J=J+1

Worksheets("feuil7").Cells(1 + J, 1 + K).Value = PO
Worksheets("feuil7").Cells(1 + J, 2 + K).Value =J2dt
Worksheets("feuil7").Cells(1 + J, 3 + K).Value =rk@
Worksheets("feuil7").Cells(1 + J, 4 + K).Value = @im
Worksheets("feuil7").Cells(1 + J, 5 + K).Value =&p$
Worksheets("feuil7").Cells(1 + J, 6 + K).Value =r@q
Worksheets("feuil7").Cells(1 + J, 7 + K).Value =r@tS
Worksheets("feuil7").Cells(1 + J, 8 + K).Value =sfe
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Worksheets("feuil7").Cells(1 + J, 9 + K).Value = P1
Worksheets("feuil7").Cells(1 + J, 10 + K).Value aK

K=18

Worksheets("feuil7").Cells(1 + L, 1 + K).Value = P2
Worksheets("feuil7").Cells(1 + L, 2 + K).Value = P1
Worksheets("feuil7").Cells(1 + L, 3 + K).Value = PO

Q=K+9

Worksheets("feuil7").Cells(1 + L, 1 + Q).Value =d(@2 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 2 + Q).Value =d(@1 / Pst) / Log(10)
Worksheets("feuil7").Cells(1 + L, 3 + Q).Value =d(@0 / Pst) / Log(10)

K=0
Next |
End Sub

*% k%% * *% * *% * *% * * *% * *% *

Sub Viscosité()

Etabusear = (18.497 * Tbhuse / 300 + 3.22) * 10 * -6 'viscosité Ar'
Etaoriflar = (18.497 * Tcraq / 300 + 3.22) * 106" -
Etatublar = (18.497 * Ttubl /300 + 3.22) * 10 ~ -6

MAr = 0.04 'kg pour Ar(g)'
Deltaar =2.9 * 10 ~ -10 ‘diamétre de la molécule
Gammaar =5/3 ‘rapport Cp/Cv monoatomique

EtabuseH2 = (6.0514 * Thuse / 300 + 2.6067) * 16  'viscosité H2 selon lissage'
EtaorifAH2 = (6.0514 * Tcraq / 300 + 2.6067) * 166"
Etatub1H2 = (6.0514 * Ttub1 / 300 + 2.6067) * 1&6"

MH2 = 0.002 'kg pour H2(g)'
DeltaH2 =1 *10 " -10 ‘diamétre de la molécule
GammaH2=7/5 ‘rapport Cp/Cv diatomique = air

EtabuseW = (11.46 * Tbuse / 300 - 1.69) * 10 -6  'viscosité H20'
EtaoriflW = (11.46 * Tcraq / 300 - 1.69) * 10 ~ -6
Etatub1W = (11.46 * Ttub1 /300 - 1.69) * 10 " -6

MW =0.018 'kg pour H20(g)'
Deltaw = 1.6 * 10 ~ -10 ‘diametre de la molécule
Gammaw =7/5 'rapport Cp/Cv diatomique = air

'‘Etabuse = EtabuseAr
'Etaorifl = Etaorif1Ar
‘Etatubl = Etatubl1Ar
'™ = MAr

'‘Delta = DeltaAr
'‘Gamma = GammaAr

'‘Etabuse = EtabuseH?2
'Etaorifl = EtaoriflH2
'Etatubl = Etatub1H2
'™M = MH2

'Delta = DeltaH2
'‘Gamma = GammaH2

Etabuse = Etabusear
Etaorifl = Etaoriflar
Etatubl = Etatublar
M = MAr

Delta = Deltaar
Gamma = Gammaar
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‘Etabuse = EtabuseAr / 2 + EtabuseH2 /2 5686 H2 dans 50% Ar'
'Etaorifl = EtaoriflAr / 2 + EtaoriflH2 / 2

'Etatubl = Etatub1Ar /2 + Etatub1H2 / 2

'Delta = DeltaAr / 2 + DeltaH2 / 2

'‘Gamma = GammaAr / 2 + GammaH2 / 2

End Sub

kkkkkkkkkkkkkhkkkhkkkhkkkhkkhkkkkhkhkkkhkkkkhkkkhkkkkkkhkkkx *
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APPENDIX V-B
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Figure V-Al: Thermocouples location in CHIP reactor
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repére repére Proposition |Zone [Pasition Type Regulation T nominale|
thermacouple | thermocouple en “C
S1IE SIMAP
52 BE15 Condenseur Trou droit enveloppe Molybdens haut B Regulation etage 4/1600
51 B113 3214 Condenseur Trou gauche enveloppe Molybdéne bas B
41 Bi13 Condenseur Baffle Fixe condenseur B
41 BX11 @212 Condenseur Partie basse conderseur B
T2 BE1Y9 entre cragueur et Tube de transfert (position haute a travers
conderseur sole hawte four étage 4 B
| BI1T 3218 entre craguedr et Tube de transfert (position basse) a travers
conderszur disque céramique four Stage 4 B
33 BE11 Cragqueur Partie haute cragueur B
32 BX09 @210 Cragueur Baffle fins cragueur B Regulation stage 3[1600
E B9 Cragueur Partie basse cragueur B
62 BEIT entre use et cragueur Tube amont craqueur [position haute) &
traners sole haute four etape 3 B
) K45 & K206 Buses Trou kztéral drait ) Regulation etage 2)900
Fi K05 Buses Trou latésal gauche K
13 K35 & K204 Evaporateur Trou fatéral droit K Regulakion etage 1|700
12 K03 Evaporateur Trou latéral gauche )
1" Kno2 Evaporateur Trou Tnifeéreur ¥
0 K1 Ambiance four Loveé entre les arrivées paz K
o K201 Embase réacteur a ceeur de lembase J
02 J2h Embase réacteur proche crayon chauffart J Repulation crayon Réacteur| 150
03 J17 Lignes imjectaurs entre les 3 lignes gaz horizontales J Resguliakion injecteurs|150
04 J18 Lignes imjecteurs dans Lair entre BOA iode et BOA vapeur : J Regulation coques|150
voques chauffantes
L] Lignes mjectsurs twal vanne Vi3 (vanne vide Here jode] J
B8 J17 caisson GVH zone externe  |Vanne V10 amont BOA vapeur J Regulaticn caisson externe{150
85 caisson GVH zone externe  |Vanne V10 amont BOA vapeur K
B3 caisson GVH zone externe  [Vanne V11 purge sortie CEM J
82 J18 caisson GVH zone intzme [P - regulateur de pression CEM J Regulation caisson interne|T0
B4 caisson CVH zone intame  |P1 - regulateur de pression CEM K

Table V-A: Thermocouples description
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APPENDIX V-C

lonisation cross section (1bn?) and isotopic abundance of the measured isotope

Potontiel of lonisation / V

Figure V-B1: lonisation cross section of Ar, Ag aidas function of the ionisation potential

ne

Component Isotopic abundance for tf
measured isotope
Ar 0.996
Ag 0.518
Ni 0.680769

Table V-B1: Isotopic abundance for Ar, Ag and Ni
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APPENDIX V-D

Calculated Ar pressures at the cracker entraneeeisas in the condenser are presented for
the two experiments retained at the melting tentpegaof Ag and Ni in the two following
figures. Temperatures of the different stageslaved of the experiments. The geometry is the

same for the two experiments.

Ar/12 line - experiment: CHIP-230908 with Ag ref.

'3.0 T T T

_ly = 2.58456E-02x* + 2.85938E-01x° + 1.09817E+00x? + 2.69204E+00x - 2.61700E+00|
R? = 9.99559E-01

log10 (p / bar)

5 y = 2.58456E-02x* + 2.85938E-01x> + 1.09817E+00x? + 2.69204E+00x - 2.85290E+00
R? = 9.99559E-01
‘80 T T T } T T T
-4.0 35 -3.0 2.5 2.0 -15 -1.0 0.5 0.0

0910 (p, Ar Input/bar)

Figure V-C1: Calculated pressures of Ar at the &mcentrance and at the condenser (effusion
orifice) as a function of the input pressure in tAgiodine line (nozzle 50 microns diameter. T
condenser = 1234 K, T nozzles = 1045 K, T crackd7Z0 K, p(Ar/CsOH) = 50 mbar, p(AsJl= 632
mbar, p(Ar/H/H,0) = 0 (clogged)
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Ar/CsOH line. Experiment CHIP-250908 with Ni ref.

I I I
y = 1.81531E-02x* + 2.42058E-01x° + 1.13428E+00x° + 3.17396E+00x - 1.28566E+00
35 4 R® = 9.99590E-01

log10(Ar/bar)
[$3]

< p Ar- cracker
——————— Op Ar Condenser |- - ---

[

|

|

|

|

|

|

|
[
|

|

| |
|

|

|
-
|

|

|

|

|

|

|

-6.5 1 -~y = 1.81531E-02x* + 2.42058E-01x° + 1.13428E+00x? + 3.17396E+00x - 1.52156E+00
R? = 9.99590E-01
7 ‘ ‘ i i i i
-4 3.5 -3 2.5 -2 -1.5 -1 -0.5
log10 (p,Ar input /bar)

Figure V-C2: Calculated pressures of Ar at the d&@centrance and at the condenser (effusion
orifice) as a function of the input pressure in hRgCsOH line (nozzle 100 microns diameter). T
condenser = 1726 K, T nozzles = 1012 K, T cracket853 K, p(Ar/CsOH) = 51 mbar, p(As)l=
99.3 mbar, p(Ar/kH,0) = 0 (clogged)
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Conclusions générales et Perspectives

Le présent travail a porté sur I'étude thermodympmi et cinétique de l'iode dans un
environnement chimique représentatif de celui aristlans le cas d’'un accident nucléaire
grave sur un réacteur a eau pressurisée. Le systéimeue de base choisi était le systeme
guaternaire {Cs-1-O-H}, systeme dans lequel des mmsBs stables a base d’'iode existent
comme Csl sous forme solide, liquide ou gazeuse daeprésence de polyméres. Les
composés hydroxydes comme CsOH sont aussi tréestabexistent sous forme liquide et
de vapeurs complexes. La compétition entre la foomades composés iodés condensés et
gazeux va se produire et sera fonction, entre adé® rapports H H,O qui caractérisent le
milieu accidentel. Tout I'enjeu du programme CHi&dé par I'IRSN est d’expliquer
comment cette compétition se regle dans les circdatrefroidissement, et notamment pour ce
qui concerne cette étude analytique, dans la zdeedd «bréche en branche chaude». Les
essais intégraux Phébus, menés a I'échelle 1/580@apport aux réacteurs a eau pressurisée
de type 900MWe, ont montré que de l'iode sous fotreée volatile se propageait dans ce
circuit jusqu’a l'enceinte de confinement, contearent & ce que les calculs
thermodynamiques laissaient prévoir a partir desindes existantes dans les bases
thermodynamiques. Le transfert de matiére dan® agihe se produisant dans un temps
relativement court, une des hypotheses envisageds ators que la recombinaison des
espéeces atomiques issues du coeur du réacteurfaisatque lentement en ce qui concerne

I'iode.

Sur le plan des données thermodynamiques, le gréaenil a porté sur trois aspects relatifs
au probléme de la fiabilité des données utiliséasdes calculs:

« compiler et critiquer les données existantes afiprbposer des valeurs plus fiables
pour les fonctions thermodynamiques comme celaéafadt pour le composé Csil:
description plus fine du liquide (fusion et cap@aalorifique), et nouvelles enthalpies
de formation pour le monomere et le dimere gazeD&s nouvelles données
correspondent & une augmentation relative desipnssge I'ordre de 30% par rapport
aux données actuellement retenues (compilationlalghéo et al. 1982).

» Déterminer des grandeurs thermodynamiques en supptéour des composés dont
la compilation critique montrait des incertitudesportantes: ce fat le cas pour la
vaporisation de CsOH, composé important dans leemédccidentel en présence d’un
exces de vapeur d’eau. Ces déterminations ont patenmodifier tres sensiblement la
température de fusion du composé, et ont fournipresa analyse critique de la
littérature sur la base de ces déterminations Aadevelles enthalpies de formation
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pour le monomere et le diméere gazeux de I'hydroxy@s pressions proposées sont
inférieures de 36% a celles compilées récemmenGoawvich et al. (1997). Il faut
noter que le présent travail satisfait exactememt racommandations proposées par
les auteurs de cette compilation.

* Rechercher des especes nouvelles a base d’iodeoquiait expliquer le transport,
c'est-a-dire des especes plus stables que les sémp@sl et CsOH. Un travail
expérimental par spectrométrie de masse haute tatope a donc été entrepris pour
confirmer et/ou infirmer la présence de la moléadmplexe C40H(g) proposée par
Blackburn et Johnson en 1986. Ce type de complexs ¢h chimie gazeuse des
molécules ioniques avait déja été observé sur daécmles a base de Bore, puis
soupconné pour des mélanges de type NaCl-NaOH.dlécole CslOH(g) a bien été
observée mais avec des difficultés supplémentaitess aux modes d’ionisation
propres a ce type de molécule ionique. Les fonstitrermodynamiques proposees
dans ce travail correspondent a une molécule phidesque proposé par Blackburn et
Johnson avec une pression supérieure d'un facteBr MDes fonctions
thermodynamiques complétes sont proposées poumédgrées dans les banques de

données.

En terme de bilan thermodynamique, le présent iilrpeamettra une évaluation plus précise
des quantités d’iode transportées d’'une part paweeles propriétés thermodynamiques sont
plus fiables, mais aussi parce que la présenceediuriécule nouvelle change la distribution
de l'ilode dans le systéme accidentel considérétraesport de l'ilode va augmenter non
seulement parce gu’avec ces nouvelles donnéeg)@sICsl,(g) sont plus volatiles de 30%,
mais aussi parce que B3H(g) est 13 fois plus volatile que les composéddse Csl(g) et
CsOH(g). Un effet de levier dans la compétitionrer@sl et CsOH va aussi se produire car

CsOH est pour sa part moins volatile de 36%.

En ce qui concerne l'obtention de données cinésiqgle présent travail a consisté a

entreprendre la construction et la mise au poinhd'éacteur expérimental associé a un
spectrometre de masse pouvant a la fois analysailiku réactionnel - tout au moins en le

simplifiant du point de vue chimique — et fourngsdconstantes cinétiques. Les différentes
phases de la mise au point de ce réacteur au dewss travail ont été:
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* Le calcul des régimes de flux qui permettent disfsate au transit de flux trés faibles,
compatibles avec les flux d’effusion mesurés pacspmétrie de masse, le réacteur
ne devant pas perdre de matiére.

e La conception d'une architecture permettant didiice plusieurs réactifs
simultanément afin de satisfaire a I'observatianéme simplifiée — de réactions dans
des systémes quaternaires du type {Cs-I-O-H}. kddtction indépendante des
réactifs, - CsOH, bD/H, et L, — doit permettre de porter un diagnostic suréagtions
ou espeéces limitantes lors de la recombinaisorr@dujsant dans la branche chaude
du circuit primaire. Le réacteur est donc muni destlignes d’introduction de gaz
débouchant dans un craqueur a haute températud® #P suivi d’'un condenseur
dont la température peut varier et qui satisfaik aaractéristiques d’'une cellule
d’effusion, ce qui est une premiére en spectroméig masse.

* Les tests assurant des conditions de fonctionnersaiigfaisantes qui permettent
d’envisager au moins une fonction diagnostique,aat mieux, a la suite de

modifications en cours ou proposées, des étudésqumes.

Ce réacteur complexe a nécessité beaucoup deltevaifait I'objet d’une collaboration
étroite avec le service d'ingénierie de la DPAM’IRSN qui en a assuré la conception
technique et une bonne part du suivi méthodologi§u& mise au point du réacteur a pris un
certain temps du notamment a sa complexité techiple et aux contraintes de son
intégration dans le spectrométre de masse, sanptepies armoires pilotes de régulation
(gaz et électricité), des événements imprévus apparus ayant pour cause principale la
méconnaissance scientifique des réactions de I'iBdeeffet, la chimie haute température de
I'iode est bien moins connue que celle des conabtistandards, et est peu quantifiée. Ainsi,
'absence de données thermodynamiques pertineatpemmet pas de choisir avec assurance
les matériaux les mieux adaptés. Un effort de cgsaace thermodynamique générale des
réactions de l'iode avec 'ensemble des matériawnuakcléaire serait utile et va sans doute

devenir nécessaire.
Les perspectives qui peuvent étre dégagées dunptémeail sont:

» Conserver un axe de recherche sur la thermodynanidgs systemes a base d’iode:

deux aspects doivent étre développés en paraliglennserver un ceil critique sur les
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données publiées, ce qui demande un travail minuted du temps, (ii) établir de
nouvelles données en recherchant des espéces lesistables.

» Faire précéder toute étude cinétique d’'un effoerrhodynamique comme cela a été
fait ici pour le systéme {Cs-1-O-H} car la spectréirie de masse aura besoin de
références fiables pour déterminer si une réactaservée est en régime
thermodynamique ou présente une limitation cinétiqriest I'enjeu de la phase de
diagnostique du réacteur CHIP.

* Améliorer sensiblement les qualités du réacteurFCpbur aborder de fagon certaine
et fiable I'ajustement des modéles cinétiques @etiens en phase gazeuse. Cette
amelioration porte sur trois points importants goat — (i) le choix du matériau ne
présentant pas d’interaction avec l'iode aux terpees d'intérét, (ii) le gradient
thermique entre craqueur et condenseur, - (iii) demditions de I'écoulement
moléculaire dans I'étage haute température dedifiiservira de référence de pression

a I'ensemble des especes analyseées. .

Le réacteur CHIP associé au spectrométre de masde un outil de compréhension
indispensable, et peut devenir une méthode deataliddes modeéles cinétiques de réactions
en phase gazeuse. Cette méthode a la possibibgpldation large apte a aborder la

complexité des problemes poseés par le comportedesnnatériaux du nucléaire.
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