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THE VAPOR PRESS\JRE, HEAT OF SUBLiiUl.TION, A.t"JD 
EVAPOR.0..TION COEFFICIENT OF LANT?Jl.JJUM FLUORIDE 

Raymond 1-1. Mar and Alan r,;. Searcy 

··Inorganic I·~a:terials Research Division, La•,r.cence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering,· 

University of California, Berkeley, California 

August 3, 1966 

ABSTRACT 

The vapor pressure of solid lantha:c:..um fluoride in the 

temperature range 1325° to l650°K has been found by tne torsion-effusion 

method to be given by the equation log P. ac;m 
( 0.009) X

. 104· + :::: - 2.173 ± 
T l 0 

9.608 ± 0.065. Estimated heat capacities &~d free energy functions 

Were USed vTith the measured :;Jressures to calculate ..I- ~ ., ..;... . J:' vne neav O.L sub-

limation at 298.l5°K by the Second and Third Law methods. The values 

are 107 ± 5 kcal ~nd 103 ± 5 kcal respectively. Because of uncertain-

ties in estimates, 107 ± ,5 kcal is set as the most probable v~lue and 

uncertainty. Comparison of torsion-Langmuir measurements fron the 

(0001) crystal faces with the effusion data yield an evaporation 

coefficient of 0.95 ± 0.1 in the experin:ental range. 
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I. INTRODUCTION 

Accurate thermodynamic data for most of the rare'earth fluorides 

are still not available, although :Srewer1 has esti:r.:8.ted data for :r.ost of 

them. 
2 

LL-:1 and. Searcy have studied. the vaporization of cerium tri- · 

fluoride by the torsion-effusion method. Mass spectro~etric studies 

have been mad.e on the trifluorid.es of scand.i1k'11., yttrium, and lanthanum 

by Kent, Zmbov, Kana' an, Besenbrucl1, r•:cDonald, and 

. - . . 4 '5 This paper reports a torsion-Langmulr ana torslon-ef~~slon 

investigation of lanthanu.rn fluoride in the ter.1perature rane;e from 1325° 

to l650°K. From the effusion measurements the heat of sublimation at 

298.15°K has been calculated by the Second and Third Law methods &~d 

from comparison of Langrimir and effusion measurements the evaporation 

coefficient has been deter;nined in the experimental temperature range. 

Apparently, no pre.vious stud.y of the evaporation coefficient of a halide 

of a main group III element has been reported. 

II. EXPERIMENTAl, 

A graphite cell with two eccentrically placed orifices was suspended 

in a furnace by a 0.005 em di~'11.eter tungsten fiber of about 43 em length. 

The torsion cell used for the Knudsen studies consisted of a cell block, 

two cylindrical cells, and two cell end plates, all of graphite. The 

cells fit snuggly into holes in the side faces of the cell block. The 

cell end plates had orifices drilled through the centers through which 

vapor could escape. The torsion cell used for the Langmuir studies 

'.-las rr.od.ified to allO'tl the LaF 3· crystal surfaces to be held flush 

against inner faces of orifice lids by graphite back-up washers. All 
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gaseous molecules escaping from crystal surface areas other than those 

exposed. by the orifices were vented out t!J.rough a 35 llit.l hole in the top 

oi~ the torsim• cell bloclc Pressures can "'::le calculated by mea::.s pre-

viously d.escribed. from angular d.eflections caused. by vaporizu."~i'on in 

. ~..:- ' . 6 ' 7 - ~ . . -'- 8 
e!~Uslon anc. Langmulr experlmenus . 

;-' 

ObserveG. :press".ires must 'jbe 

corrected for the effect of orifice dimensions 9' 10
. 

For the present study~· tl-:.e I(nudsen orifices ·were cylindrical·:~and 
~· 
'• .. ·~. 

the Langmuir orifices v7e::_·e conically concaved. vri th an apex angle o~, 
•'· 
{~ 

120°. Tl1e dimensions ar.c. correction :::'ac'i:.ors for the various orific~es': 

are given :Ln Table I. To minimize the possibility Df a systematic 

error, the suspending fiber was replaced. ~~ ~ . . i.,nree vlL'les. The torsion 

' ~ 
constants of the wires were 2.144, 2. 062, l. 979, and. l. 982 dyne-cm/rad.'. 

The cells were heated in a resistance furnace by radiation from 

tungsten hairpir"-sha:ped. elements. A non-magnetic stainless steel 

column enclosed t~e suspension system. 

As escape of vapor caused the cell to rotate in one d.irection, it 

was ;;-:anually returned to its original position by hristing the upper 

:point of attacl:o...raent of the fiber in the opposite direction. The angles 

of twist necessary to return the cell to its original orientation were 

recorded to the ·nearest five-thousanciths of a degree by means of a 

modified ganiometer. 

Temperatures were read 'by means of an optical pyrometer 'Vthich Has 

focused on a black body hole drilled into the bottom of the cell block. 

Temperature grad.ients in the Knud.sen and Langr.mir cells are believed. 

to have been negligible because (1) cells were suspend.ed. in the central 

portion of an 8 em vertical zone for vthich the te;;.pen:1ture had been 

(i' .. 

-, 

,. 

.. · 
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O.emonstrated to be consta:::1t to 1.;i thin 2°C and (2) optical p:,.-rometer 

rr.ec;.surements reVealed no variation in temperature ·acro-ss t!' ... e ' ... -'-00 u uom 

surface of the cell .. 

About a· -10° discrepancy 1v-as noticed bet'.veen the te;:-tperatures read 

on t:;e lo' . .;-scale and the high-scale of the calibrateC. •pyrometer. The 

py1·or;.eter was accordingly recali brat eel by corr,parison vii th platinu..':l-. 

platim.J..t-n/10% rhodium therrr.ocouple :neasurements. For tnese recalibrations 

a graphite cell was heateC. in the furnace with the therl:locouple placed 

in the cell within 0.6 em of the black body .hole. 

The low-scale pyrometer readings agreed exactly with the thei·mo-

couple at l025°C but deviated by 10° at l225°C. The high-scale agreed 

exactly at l200°C but deviated by 7° at l375°C. Correction of pyrometer 

readings to agree with the temperatures read i·rith the thermocouple 

improved agreemen~ between data obtained with the t·~To different pyro-

meter scales. 

It should be noted that the errors in the uncorrected pyrometer 

readings did not exceeC. the error limits claimed by the manufacturer, 

yet because the errors were terr.perature dependent they could cause a 

relatively large error in the.determination of a heat of sublimation 

from measurements of the temperature dependence of the vapor pressure. 

A Second Law heat of sublimation calculated from uncorrecteC. measure-

ments made only with the low-scale would be in error by 3%. 

The validity of the calibrations was checked by rr.easuring the vapor 

pressure o;." Thirty-three tin datum points yielded a:-. average Third 

Law heat of sublimation of 71.98 kcal/r:10le, which is in .;ood agreerr.ent 

1·.rith the 11 values of 71.8 and 72.2 reported by Schulz ' t.! ,... 12 ana. •• u ... t..::;ren . 
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?:c::.or to each series of effusion :measurements vith lanthanw":l 

fluoride, the cell was tested for leaks of a kind tha~ rn1gn~ contribute 

to t~e :Lieasured angle o: .... C.eflection. Lanthan-u..:r~ fl"J..oriO..e v.ras load.ed into • 

a pail"" of cells \vhich l:aC. no orifices. T!le asse~-:-ibl:-f '\·tas tl:e~ heated to ( 
•' 

1600°K and absence of significant leakage '\·ras C.er:-~onst1~ated by absence 

of rotational deflections. U9on co:mpletion of the test, orifices were 

drilled into the cell end plates. 

Each ne•..r sample was heated slovly to l650°K and held at that 

te;;,perature for one nour to vaporize volatile impurities. Data were 

~ . 
then collected by maki~G either random tenperature changes of about 40° 

or by making s::::aller successive ter:-"perature increases'· or decreases. 

The background pressure· for all measurements '\vas betw·een l x 10-9 and 

7 x 10-9 atn. 

The lanthanu..-.;; f:J.:..:oride povder of 99.9% purity used in the Knudsen 

experiments vas purchased from Semi-Elements Inc. To ensure that the 

pressure data vere due to tne vapo::.~ization of lantnanum fluor~de only, 

samples of the original material, of a cnaracteristic sublinate from 

heating at l600°K and of residue vere analyzed spectrographically. The 

analyses performed by the .A..-uerican Spectrograpn:i,c Laboratories showed. 

lanthanmn to be the principal metallic constituent in both sta.rtir.g 

material ~""ld sublimate. The principal irn.:purity in the starting 1~1aterial 

vras 0. 015% iron vhere the impurity is reported as the oxide oi' iron. 

The. sublimate contained 0. 35~ silicon (pres1.1.'!,ably fror:-. the quartz 1valls 

on ',·ri~ic;; the subli:ma.te ;vas collected) ana. 0. 03% iron as the principal 

::--!etc.llic · ir:::purities. The physical a~pearance of "-'· ~..o.i.~.e 

markedly upon heating, despite the fact that spectroscopic and x-ray 

... 

., 
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analyses shoi-red no measurable changes. The originally flaky white 

. po\\.,der v . .,.as consoliC..ated. into a dense grey TI:ass. Heati:Bg to ten:pel---a~ures 

above 15C0°K for times of tvro hours o:.c ;:-.o:.ce resulteci in proC.uction of 

c:.cystallites up to 0.3 rr~ on a siC.e. 

TD.e lanthanu.-n fluoride crystal used lr. the Langmuoii:1' ex:periments 

was purchased. f:rom Nuclear Ele::-nents Corpo:ration. Tl::e c:tystal of unlmown 

orientation was oriented. by -cne bac~-:reflection Laue method. Despite a 

t f ' - l b p ll " Tf" 
13 t . 1 re:por o easy oasaJ.. c.c..eavage y ,ve er ac1a l\.UCZa, r-la and error 

attempts to find a :plane of cleavage faileC.. Crystal slices about 1.5 mm 

thick were made along the basal plane by means of a diamond sav with 

kerosene coolant. Each crystal slice was polisheC. vith four successive 

grades of emery paper. 'A final polish vas accomplished with 100 micron 

alumina grit in a kerosene mediu.~. 

III. RESULTS Al~D DISCUSSION 

The results of 100 Knudsen vapor pressure dete:rminations collected 

in the range 1325° to 1650°K are presented in Table II and Fig. l. The 

results of2l free surface pressure determinations are given in Table III 

and Fig. 1. A least s~uares fit of the effusion data yielded the 

eq_uation: 

l o4 
log P t = -(2.173 ± 0.009) X -m + 9.608 ± 0.065 (l) 

lO am · 1' 

where the errors are standard deviations. 

The vapor was assumed to consist only ,of LaF3 molecules. This is 

the molecule indicated t_o be the principal vapor species by the mass 

spectrometric study of Kent, 3 et al. Furthermore, ther:r,ociyna::;ic calcula-

tions indicate that pa:rtial pressures of other species, LaF, LaFz, CF4, 
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reaction with carbon, should be negligible: The possf~i~ity that the 

-- 0 I ) l -'- • - , ~ va,o-; w-as .r-.i.2 .\g or anvnanu.."Tl-oxyger.!. ~::--oc.uc-r,s rror:.~. a 

sa.::ple Has elimim:.ted. by the one hou::c" ::.eat treatmen"c at lc50°K. It 

has been shm.r£1 that :~yC.::c"ated. rare eartl1 flucriG.es a1·e ·completely de-

Because it has been shm,'n that too low a A../ ri ratio ir::plies the 

· 1· ''" ·t "" - l ""1 t· 16 •17 +he ra+.co ~ .... an 1napp 1caol.1.l y OJ. mo..Lecu~ar J. ovr eq_ua 1ons, .., ~~ or ~,ne ne 

free path to the orifice d.i&vr,eter, ),jc., vas .calculated at all readings 

by means of a hard sphere approximation
18 

with the sphere raG.ius taken 

as the sum of the experinental La-F d.istance
19 

and the fluoride ion 
\ 

I 

.radius. In this research, in which the lowest value of "A/d. vras 0.40, 

no indications of a significant change in flow characteristics with 

'A/d •,.;as observed .. 

The heat of sublimation ·vras calculateG. from the effusion data by 

the Second Law and. ThL-Q. Lm·r methods. 
20 

The Third. Law method req_uires 

knowledge of free energy functions anC. the SeconC. La1-r methoC. req,uires 

heat capacity data. It vras necessary to estimate these q,uantities for 

both the solid anC. the gas. 

The heat capacity of crystalline lanthanu.cvr, fluoride 'lvas estimated 

to be c = 19.77 .,.. 8.48 X 10-3 - 5.90 X 104~2 eu/mole by as su....uing that 
p T T 

the C.ifference ·oetveen tne heat capacities of La2o3 
21 

an C. 2(LaF3 ) is 

the the difference between the heat capacities of Ce2o3 
22 

same as 

a:1d 2(Ce?3). 23 

T:r .. (:; Lu.-F valence vi.bratior: in crystalline LaF3 :.s rt:::pol"-~ecl to be 
15 

403 
_,. 

cr:-:. .... The La-F stretch freq,uency for gaseous LaF3 •..;as estimated 
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' 9 -I . ' . -'-. -'-h ...... h t. .&> .,_, , to be 41 em on ~ne asswupvlon v .av ""era lO o~ vne va~ence 1ribration 

•.t 

freque:::1.cy in the crystalline state to the stretch freq_uency in tl1e 

gaseous state is the s~~e as the ratio 
24 

for Jl.lF3. The stretching force 

constant for La~F bonds in the gaseous nolecules is then calculated to 

be 1.96 x 10 5 dyne/em. Lim and Sea:c-cy2 r-~ave shmm th~t for CeF3 this 

means for estimating the fore consta::1t gives a result that differs by 

only 10% from that calculated fror.1 an ind.e:pendent empirical equation 

.&> , , , b •. bb , , T • 25 
~ormu~a~eQ y nersc1 acn anQ ~aurle. 

Plots of the out-of-plane bend force consta...'1t tn(kz/12 ) and the 

in-plane bend force constant Q,n(k3/l2 ), where lis the La-F distance, 

versus k1 for the constants of D3, point group species,show a straight. n . . 

line relationship. kz/l2 and k 3/!2 for LaF3 were assUr.led to fall on 

this line. These force constants were thus estimated to be 0:192 x 105 

and 0.103 x 105 dyne/em. Using the three force constants and the 

.. f , l 26 .._, . ' t. , .co • f L ,., ( ) 
va~ence- orce moQe , vne Vl~ra lona~ ~req_uencles or ar 3 g were 

calculated to be 419, 156, 461(2) and 179(2) c::n- 1 • 

The electronic contribution to the heat capacity was asswued to 

+3. 27 be the saile as that of La lon. B t 1
28 ' ' -'-h ... ~or rewer e a nave sno,,m "- a" ~ 

transition metal dihalides, values so estimated are in reasonable 

; agreement with known data. Heat capacities for the gas >·~ere calculated. 

at 100° inte:c-vals from 300° to l800°K and the equation, C = 21 .. 42 -4.06 
p 

\vas fitted to the values. 

The free energy functions for the crystalline state l·rere calculated 

27.0 eu/~ole. Glassner's entro:py estimate for CeF3 was only 0.04 eu 
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1 d ~ l 30 ~, si:lalle::- t:::.s.n the experimental value found. by v.estrurn an bea_e. 'L1e 

proba"b2.e er::-or in the estir:1ate of S~ 9 s for La?3 (s) , 0 A~ eu, could. cause 

a. 0. 3 kcc.:/:-~~ole erro:- in ~he calcul.s.ted. ::es.t o:f Si,;,bli:nation. The 

and 1800° are t":)-ve::: in Ta ole IV. The average Third La<r:' 'ral ue for the 

- >-- - ••· - "- · · lO .... 4° < 0.·-:;)· .. , w'11e.re tn' e t<.O·at of suulimatlon over &.J.J. c.avw:-' poln-cs \·Tas _._ .J. 'u -' __, 

error is the stanG.arG. G.eviation from the mean. 

A least sauares calculatior. rrave t~H~ /T + I = ( 106.424 
• ~ j_ 

::: 0.440) X 

·103 /T - 43.291 ± 0. 302 from the Second. Lav G.ata from -vrhich L\H~98 .15 = 

53.24 ± 0.30 eu were obtairted. 

The major sources of error in calculated heats of sublimation 

were the estimations of·the heat capacities and free energy functions. 

Estimated e::-rors of 10% of the-vibrational freq_uencies, 5% of the 

molecular radius, and 15% of the electrical contribution to the free 

energy function cause an error of 1% of the gaseous free energy function. 

Assu.--r.ing the solid. heat capacity and s~98 to be in error by 1 cal/mole 

and 0.2 eu/mole leads to an error of 2.0% of the soliC. free energy 

function. E:.-rors in calibrating the vire, measuring the orifice diameter, 

channel length, and axis arms, and reading the angles of deflection 

could cause an error of about 0.5% of the LIH~98 . The temperatures are 

believeG. to be correct to 1-iithin ±5°.· An error· of ±5° causes an error 

of ±0. 5% in the heat of sublimation. As a res.ult, the Third Lavr heat 

of sublimation is estimated to be correct within ±4 kcal/mole. 

: The estimated errors in the ~olecular constants cause a 0.2 cal/mole 

error in the gaseous heat capacity. An assumed error of _ cal/mole in 

-'ci·;e f:eat capacity for the solid causes an unce::.·tainty o-f: ±0.5 }:cal/r:~ole 

• 

• 
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J..n the Second Law heat of subli:::ation. The assur::ption that the t:er;rpera-

ra:::ge r,-, .......... ...... ..:..o- .. en C. cc.:c.ses ar: errol"' cf in 

The Secor.d Lavr heat of subli;::-.ation is therefore estil:-,ate<i to be accurate 

to within ±4 kcal/mole. 

The discrepancy "between the Third La',J and Seco:1d I.,a' .. i ~1eats of sub-

limation prooaoly results ~ainly frorr inaccuracies in the estimated 

free energy functions and in the te~perature dependence of the pressure 

measurements. Until more ex:perir.:eri-c.al C.ata :c~or molecular constants of 

high temperature gas ~olecules "become availa"ble, the Second L~' results 

should probaoly be considere<i :aore reliable, a."ld the neat of su"blimation 

at 298.15°K can be conservatively fixed as 107 ± 5 kcal/mole. 

'I'he suolir:J.ation pressures for lanthanum fluori<ie measured recently 

by Kent, et a13 lie aoout a factor of tvo belm' pressures reported in 

this paper. Kent, et al used Langmuir weight loss measc:rements and 

mass spectrometric measurements calibrated "by use of the Langmuir veight 

loss data. Discrepancies of about a factor of two have also "been noted 

. 31 32 
bet·,.;e;en C.ata for CaF2 and BaF2 . collected in Margraves .laboratory ~ 

.· " ". t. f S ' 1 16 ., H. t33 . • l m• .;. , ana aa a o cnu z ana .ar respec~J..ve~y. lnere appears vO oe a 

systematic discrepancy between O.ata collecteci by the torsion-effusion 

methoci in this laooratory and data collected by or normalized vrith 

· Langrr.uir measure:men'9s in Margrave's laboratory. A. systeri:ati.c erro::: o:f.' 

a factor of two in pressure determinations iWuld cor:trib-..:te about 

2 1-:cal er~o:c to a Thil"'d. La\-r 1'-.1eat of subli:;~atiorl for lanthaL.LC!! fluoricle 

anC.. ~egligi ble error to .-, S0conC. La~v r:.c~(. .. -:~ of sublir.laticn. 
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the free s\l::face su8li::-.:.a7,~on data in t!-:e s.-::.:::e C..Y:?S.:"c..tus by the Sfu"':"le 

tec:;::niq_L;.es so that rr;.ost sjrste:matic errors in lJ:::.."essure C.eter1~~in2..tions 

vrould be coinmon to both sets of data a:J.d '.ml.:ld cancel 'i'n calculations 

of the coefficie~t. It is seen on Fig. l that the torsion-Langmuir· 

data are in ve~y close ag~eement with the effusion data. Comparison 

'of tie Langml.:ir n~essures '<lith the ecrc.ili'ori~'Tl p~eSSUl'eS given "'oy 

Eq. (l) shows no significant temperatu~e dependence· of the evaporation 

coefficient and yields a coefficient of 0.95 ± 0.12, the e~ror being 

the standard deviation from the mean. The estimated experimental 
\ 

error in the deter:·:;:l.::J.atwn of the evaporation coefficient is ±0 .1 and 

is attributed primarily to a ±5° uncertainty in the surface temperature 

of the lanthanu.."n fluoride c~ystal relative to the temperature in an 

effusion cell. 

A microscopic examination of the evaporated Langm~ir surfaces 

shm.,-ed them to be essentially planar but irregular. The l mm surfaces 

vrere :;. __ c.,-;; '.-il"C!l no surface irregularities. The 1.5 mm surfaces consisted. 

·of abc/c. 40% flat areas anci '60% maa.e up of many. :wuntain shaped. .fe:::atures. 

that averaged 1;5 x 104 sq. microns in basal area-and 50 microns in 

height. The 3 mm surfaces 1-lere planar _witb a fine net1mrl;;:, of surface 

ir:::·ca;'J.laritiee esti~ated to be about 10 rn.iercns in he::.ght. 

The sar1ples were reheated to 1200°2 for 15 r{dnutes and re-exar.-,irw.t.ion 

shm.,-ed that all surfaces tenC.ed to s!:,ooth out. The :ca"c.r,er ls.rge pe2..}:s 

on the 1.5 :~n surface decreased in heisht and the &~aunt of flat area 

increased tYrofolG.. 'i:he 3 ::~ surfaces exhibited an incree..se in the 

.. 

; 
I' 
i 
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e..:r..ou..nt of flat area and. the surface iYregulari ties 1-rere red.uced. to a 

fi:'1e, almost liLear r.~.et;·ro:-ck of raised. area. For evapo~ati.on fron the· 

of ls.nt:-.. c..::l..L~ fluoride, the differerJ.ce bet\·reen _J~l:e 

evaporation coei'ficie:::~ ( -~:C.i.c..t n1easure<i witho\lt correct::.or: for surface 
'() 

irregularities) and. the true evaporation coefficie:1t :_,;; ::;::::ooably less 

than .l;~. ~ro deterr:1ine if tl~e apparent :pressures f~o:1 s. gi "'ten 8.rca of . 

.. surface changed. 1r.easurably as the sur:'ace reced.ed durin; evaporation, 

data vere collected vrith the 1 ITJ:':l' orifice until a recess 1 r:-::n deep 

formed., The· sides of the cavity were vertical. Ko· change in the 

press1..n·e-tern.perature :celationshi~o was observed as the cavity deepened. 

Tl:is fact further substantiates the conclusion that the evaporation 

coefficient is near unity. If the coefficie:1t were rn.uch less than 

unity, the Langmuir pressures vrould. have increased noticeably vith 

time because the c;J.eepeniri.g cavity would provide an increasingly close 

approximation to an effusion cell. 

III::: conclude that the evaporation coefficient for the ( 0001) plane 

o::t lanthanUr.J. fluoride is unity to within a small 'probable error and 

that evaporation coefficients for other tri-fluorid.es o:~ 1<.':-nthar:wr, and 

ma:i.n group three elen:ents are probably close to unity as ·.rell. 

34 
Burns has recently reported convincing evidence that the 

evaporation coefficients for the various vapor species from solid 

Al203, solid Ga203, and solid Im203 approach l/3 as a li:;,i tine value 
--,-

at the melting point. He points out that Hirth and Pound.:;) have 

predicted that surface diffusion would. set an upper li~it of a = l/3 

fo1· sint;le crystals of netals, and. he d.ra"i·rs attention to the fact 

that sever-al other studies in addition to his O\·n.1 suT;pol1 t the 
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hyyothesis that a si:r.lila:r limit may ayply to ::nany inor.;anic solids. 

The present research and the recent study or.~ oariurn f.iuoride suo-

• 
. . 

solids. FurtDer stuO.y is :needed to ascertail"l -r,.;rhy for so:ae inor6anic 

solid.s the evayoration coefficient may be U:::'}ity over -e:'consid.erable 

ter::perature range and for others it does not reach unity in a 

real:zaOle te~~e~atu~e range. 
·,· 

'·~· 

' I 
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Ko"d'e" data { ~ 
Langmuir data j : 

d (approx) 

0.10 em 
0.15 em 
0.19 em 
0.26 em 
0.34 em 
0.10 em 
0.15 em 
0.31 em 

"\ 
\ 

6.4 6.6 6.8 7.0 7.2 

1/T (10- 4 oK- 1
) 

7.4 7.6 7.8 

MUB·9680 

• 

f r-. 
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.. 

• Vapor pressure of lanthanR~ fluoriQe . 

\ 

:~ ·• 
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Table 7 Orifice G.ir;,ensio:-:s ..!,.. 

.::.t 

' ! 
~'! 

.Orifice C..i z::::~:..et er A c.; ex Cl-lannel 
.. . ~ 

Co:-.:.--rc:ction _:_e~-:G~:J. 

Cell ( w i C.H .. , ... !! ... ngle ( c···· \ ""I factol'S • 
( 2.) CD) (a) (b) (a) (b) 

Yu.~u6.ser1 l 0.0990 0. 09216 0.1499 0.1524 o.J-;697 0.4645 -'-

L"lud.se:l 2 0.1594 0.1524 O.l633 O.l59l 0.5508 0.5621 

K."mC.sen 3 0.1866 0.1940 0.1628 0.1631 0.6063 0.6155 

K11udsen 
! 

0.2633 0.2634 o ,-c' 0 l L.01 0.7043 0.7067 4 .J...) 0 ....... ',/_._ 

IC:·::.·l.~G.s en 5 0.3!_~52 0.3529 0.1613 0.162:!., 0.7465 0.7500 

Lane;:-::L:.i:r 1 0.0999 0.0982 120° 0. 31l+4 0. 3172 1.129 1.130 

Lang1r .. uir 2 0.1525 0.1517 120° 0.3172 0.3172 1..122 1.122 

Langmuir 3 0.3056 0.3213 120° 0.3172 0.3172 1.104 1.102 

;..! '. 
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Table II. Temperature effusion :p:ress'.lre, Y3.tio oi' ~.:·~:·.:: free :pgti1 
to orifice d.ia.rr&eter, and. _tl~e Tt.irCi La\·r heat of Sl..:-ol:..:·:·.~-:-:..:~o~J. of L:.::..F3. 

·====--· ·==-==·= 

'Temp 

( atm) 

0.10 em d.i arr,eter; o::::i.'"ice 

1540 
1559 
1582 
1577 
1579 
15'(8 
1599 
1615 
:::.ELo 
1638 
l595 
1622 
loOl 
1609 
1619 
1582 
1562 
1572 
1560 
1540 
l~4h 

1 ', ~u) 
~r { '-

1500 
l52l 
1535 
1566 
1605 
1528 
1552 
1557 
1562 
1582 
1604 
1631 

2.5.:::_9 X 

2.40{ X 

9.530 X 

i .. C~6 ;{ 2.C-4 
l. 034 X lO .. u. 

1~18/.c X 10-~ 
i.536 -'- lO- ~ 
7.375 A 10-5 
4.769 x 10-5 
6.175 x lO-s 
1. 109 X 10--. •-./ ::> 

3.050 X 10-6 
3.533 X lQ-6 
7.382 x 10- 5 
1.257 X 10-S 

2.007 x lO-s 
2.875 x 10-5 
5.895 X 10-4 

' -l.lo2 x 10 s 
2.501 X 10-s 
l+. 306 X 10-5 
h 3-- 1Q:. J_) X ~ 5 

5.054 x lO-s 
7.158 X 10-6 
1. o6i; A 10-6 
1.925 X 10 

<) 

2.53 
.... •: .:::: 
~-: ........ 

l.~o 

1.25 
l.l8 
1.1'! 
0 .. ()'-~ 

0.62 
0.~0 
0.42 
1.04 
0.62 
0.96 
0.84 
0.65 
l. 33 
2.02 
l. 58 

·2.30 
3.li.;. 

25.31 
12.35 

~{. 39 
4.70 
3.30 
l. 64 
0.86 
3.78 
2.38 
2.23 
1.9.:::.. 
1.37 
0.<)3 
0.52 

.. .. -·(· ,/ "\ ... ~ce.J.. mo..Le1 

102.81 
102.86 
102.59 
102.70 
io2. 65 ·-
102.60 
102. ·ro 
102.60 
102.61 
102.65 
103.15 
103.03 
103.25 
103.27 
103.02 
103.19 
103.34 
103.1); 
103.63 
l03.63 
103.12 
103.33 
l03.56 
103.47 
103.26 
102.92 
103.09 
., (l'J '),... 

.LV.).'--) 

J.03. 07 
103.35 
103. ::...'( 
103.23 
l03 .. 3~ 
I ...... ,.) 0'/ 
~U<-._,, 

I 

. \ 
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Tao1e II. (cont. ) 

--------------· =================== 

Te:r~:o 

1523 
1536 
1556 
1471 
1499 
1522 
1523 
1502 
1490 
1484 
1456 

s 
2.177 X :lO-s 
2.858 x 10-s 
4.158 X 10-6 
7.625 x 10-s 
1.288 X 10.-5 
2.168 X 10-s 
2.168 x 10- 5 
1.374-x 10-6 
9.814 X 10-6 
9.936 X 10-6 
5.660 X 10-

O.i9 err, d~a~ete~ or'fice 

1389 
1386 
1380 
l~~~;:) 

1Li13 
1437 
1466 
1487 
1435 
1496. 
1497 
1512 
1408. 
1393 
1418 . \ 

l4t.:-l 
14·~5 
1462 
1481 

l506 
1489 
1474 

6 
l.108 X l0-7 
8.978 X 10-7 
6.737 X 10-6 
1.214 X 10-6 
1.310 X 10-6 
2.916 X 10-6 
7.725 X 10-s 
l. 046 X 10-5 
2.840 x 10-5 
l 287 x lO-r -· . - ;) 

1.287 x 10-5 
1.624 X 10-6 
1.433 X 10-6 
1.053 X 10-6 
l. 815 X 10-6 
3.320 x 10-:-6 
3.848 X 10-6 
6.088 X 10-6 
8.639 x 10=5 
l. 320 •'- 10 5 
l. 320 A 10-5 
9.614 X 10-6 
8.190 .A 10-

~·~ean fr.ee 
pat~./Dia:.::eter 

2.83 
2.18 
- -? --'-·)-
7.82 
4.72 
2.84 
2.85 
4.43 
6.15 
6. 02 ~ 

10.43 

40.32 
49.65 
65.87. 

.37.14 
25.09 
15 .Sl.i 

6.48 
9.57 

16.24 
3.74 
3.74 
2.99 

31.58 
42.54 
25.11 
13.95 
12.07 

7.72 
5.51 
3.64 
..., ,...,... 
.).00 

4.98 
5 ,"(8 

\ 

\ 

( <-·c ·-" /"'Ol '"') -':1.. c....L .... _,_ 

103.35 
103.34 
103.41 
103.19 
103.43 
103.31 
103.37 
103.l.i] 
103.67 
103.23 
103.06 

103.17 
103.58 
103.91 
103.69 
103.1.;6 
103.72 
103.00 
103~26 
103.66 
103.2)-l 
103.30 
103.54 
103.77 
103.60 
103.78 

103. !.;6 
2.C3. 26 
103.43 
l03.lo 
103.81 
103.66 
103.18 

• 

•· ' ~' 



• 
' 
(~ 

'• .. 

Tem:.:~ 

1455 
~:.;~0 

1423 
1474 
1388 
1394 
11.;.23 
1431 
1402 
14h3 
1453 
l459 
1469 
lVT9 
" 98 
:2)c'JO 

0.26 

1395 
., ..... ,,7;-:-
J...)j.) 

1354 
1349 
1359 
137.9 
1388 
1391 
1403 

'1414 
1404 
1369 
'1354 
1347 
1368 
l38l 
1:J90 

' :_:.' I ~·. -- ',_,._, 

1377 

em 
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':::a"Jle II. (Cont.) 

-. " 
..L.U 6 

3.173 :.~ lO 5 
2.33l x 10-5 
' 6 - . 0. 0/ X 10_ 0 
1.001 X 10 6 
1.l/3 X 10- G 
2.032 X 10-6 
2.434 X 10-6 
l.395 X 10-6 
3. 75l; X 10-6 
4.083 X 10-5 
5.000 X 10-6 
5.826 X l0-5 
7 .. 73:7) :·: lO-s 
1.:!..3'7 X 10-5 
7..944 X 10-

d. i a'Yleter orifice 

7 -9.670 X 10 7 -5.971 X 10 7 
3.638 10 -X 7 -2.942 X 10 7 
4.c26 10 -X 7 
6.904 2_0 -X 7 
9.800 10 -X 6 -1.170 X 10 6 
l. 469 1'0 -X 6 
1.836 10 -X 5 -
l. 513 X 10 7 -5.703 X 10 7 
3.'943 10 -X 7 -3.115 X 10 7 
5.369 10 -X 7 
7 .Ol6 ~c 

-
X 6 -l.OJ4 }: - " ..!..u 5 -l. ~~:-;J ~: 10 7 

o.J95 -. ;-, .. ~v 

patt/:Di2:leter: 

8.93 
14.9~ 
~0.62 
1 .n 

L~ l.~ . . 60 
38.22 
22.5::.. 
2-3.39 
32.32 
12.78 
11.44 

9.38 
8.10 
6.11~ 
4.24 
5-95 

33.52 
53 .\.4 
86. Lf4 

106.62 
7!.21 . 46.44 
32.9l 
27.63 
22.18 
1/.88 
21.55 
55.77 
/9.85 

100.32 
59.19 
lr5. 71 
3'"' "~, c . .c.i 

26.02 
~? .::), 
./-•/'"T 

103.25 
103.42 
103. ~-l' 
103.60 
103.38 
103.37 
103.35 
i r·"~ Oc _V;J.U) 

103.43 
l03.hl 

\ 103.82 
103.63 
103.83 
- r-......, ,"" ,r 
..LU.).OO 

103.74 
103.03 

103.97 
103.76 
103 .7)1 

103.97 
103.79 
103.78 
103.~5 
103.16 
103.36 
103. 2~9 
103.33 
103.53 
103.53 
103.65 
l03.7G 
J.03.88 
-.I"'"") ~.-.. 

..lU.).).) 

103. r-l-:' I~ 

103.90 



'···'•" 
'. ~ 1' • 

..... 

·"'~ ,/. 
i 

"·/. 

., •; . 

. ·>. 

.... ... :· 

"',·· 

•.''' 

.• <. ( ·.:···; 

. ·, 
~ .. 

'~ .. 

1359 
-~:.)0:.~) 

1343 
.i.360 

.1376 

.,., 

.l...L. 

?::essure 

( 2. t::.) 

7 

7 4.3).:.6 -- 10 
2.{6h :--: 
2.6!.;3 X 

i.C 7 
lO _ 7 

4.434 X lO 7 
6.821 X 10 

·I 
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1 Cor"- ) \ .l" . 

l'-·1ean. free 
patl-.. /Disr.eter 

5t~. 76 
6).42 
89.17 
53.81 
35.37 

103.62 
103.83 
103.81 
103.66 
103.61 . ~ .. ' 

.;·_,. 

(i 

•• 

. !.i 

....... 



/ 
- .. / 

. .c: '··. 

~=.o.c-.-.·c~~=-~======== 

2rnm 

l~-61; 
j_~~ 7:.. 
154~ 
1542 .. - . .--/' ,~ 

..!..;:~ 

2Jl37 
l50Lf 
1524 
l520 
1497 
1L72 
1455 
1'432 
1416 
l47~f 

1378 
1398 
1428 
1464 
1432· 
1390 
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?l~ess~~e 
( a.t::::) 

3.5:-~o ): 10 5 
3 . ) ) 9 -- ::_ 0- s 
7 .l2: ..... 10 

2.528 
I )~0 

2.184 

}~ lO - 6 

~- 10- 5 
x lO-s 

l. 75l ~: lC- 5 

l~226 x 10-s 
6. 834 :-: 2.0- 6 

3.321 X 10-6 
2. 2).:.9 X 10-5 
l. 551 .1'. j_\) -

6 

6.224 X 10-5 

6.779 X 10_7 . 
1.070 :< 10-6 

2.245 X 10-6 

6 . 191 }: l·G- 6 

2.530 X 10-6 

8.073 X 10-7 

?.>..r.s.yo;.~2.t ion 
Cc;2f-;.. ... icient 

l.l2 
.96 

1.07 
1.13 
1.07 

1.07 
.98 
:sT 

l. 00 
.n 
.71 
.33 
. 85 
. 81; 

.1. 01 
.70 

l.Ol 
l. OS 

.93 

.85 



I , 
./ 

lOOO 

::..:..oo 

1200 

1300 

. 1400 

l50J 

1600· 

11'00 

1800 

s 

(cal/deg/mole) 

36.972 

l~o. 797 

48.400 

49.784 

51.129 
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.·='===-=..~ _.- ··-··· -·--· . ----~==== 

,. 
b 

(cal/deg/mole) 

87.4ll 

S8. 977 

90.073 

91.307 

92.475 

93.588 

94.650 

96.622 

' 

st<b 

- (cal/ d.eg/:::oie) 

48.439 

l:S .180 

47.718 

\ '7 --. ·-7 :.+I • .)) . 

46.989 

\ 46.619 

46.250 

45.875 

45.493 

\ 

: ~ 

i 
-I 

i 
f 

. ( 
l 
I 

t 

. 1 
' 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respe~t·to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or co~tract 
with the Commission, or his employment with such contractor. 
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