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Air Force Office of Scientific Research under AFOSR Contract No. 49(638)- 
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relation of mixed or interaction second virial coefficients. The experi-l 
mental work was completed on 31 October 1967. 

The research staff consisted of Dr. Jerome Brewer, Principal 
Investigator, and Mr. George Vaughn. 
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ABSTRACT 

4 Interaction second virial coefficients were detennined for 55 
binary mixtures, formed from the spades: He, Be Ar Kr *. » « ® 

cMff^i C^’ 03K8’ rtKln'22 from •150• 50*C. 'puré s«om’v^Í«i ’ 
coefficients were measured for 00, CH4, Xe, Kr and B2 from -ISO* to 

of 0 1 ee/ Sr0 Jlrlal C0efl,l0l®nt "as determined usually to a preoleion 
Intermolecdar potentla^func tion ZT ^ ^ ^ 
using a modified foi* of the Redllch-KWong e^MtlOT^fttãtê!” 
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SUMMARY 

Experimental apparatus has been constructed to measure the 
interaction or mixed second virial coefficients of binary mixtures from 
which the so-called cortbining rules of intermolecular potential function 
may be tested and from which some thermodynamic properties of mixtures 
may be calculated. 

The experimental apparatus has successfully measured the inter¬ 
action second virial coefficients (B12) a vast number of gas mixtures 
from -150#C to 50°C in 25* steps, a total of nine different temperatures. 
A total of 55 binary mixtures were investigated. The mixtures were formed 
from the following chemical species: helium, neon, argon, krypton, xenon, 
hydrogen, nitrogen, carbon monoxide, carbon dioxide, oxygen, methane, pro¬ 
pane, and Freon-22. A total of 251 evaluations of Bx2 were made for these 
mixtures and were based on more than 700 separate experimental detennina- 
tions. With the same apparatus a total of 138 determinations were made in 
the evaluations of pure second virial coefficients of CO, CH4, Xe, Kr and 
N2 in the region from 0* to -150#C. 

The excess second virial ' (.dents were obtained usually to 
a precision of 0.1 cc/mole correspond ^ to an error in the ratio &/? 
of one part in 200,000. From thes> the mixed or interaction second virial 
coefficients were calculated. Their accuracy depends on the pure component 
data as well. 

The agreement between the experimental values and those calcu¬ 
lated by the Kihara potential was considered fair, the discrepancy was at 
the lower temperatures where it was as much as 8 cc/mole. 

The second virial coefficients of the pure components as well 
as the interaction second virial coefficients (Bj^) were correlated by 
means of a modified form of the Redllch-Kwong equation of state for the 
second virial coefficient. 
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I. INTRODUCTION 

The inportance of the pure and interaction aecond virial coeffi¬ 
cient in the atudy of intermolecular potentials and for the deterninationa 
of themodynamic properties of real gas mixtures has been pointed out (Refs. 
1 and 2). These coefficients arise from the virial equation of state ac¬ 
cording to Kamerlingh Onnes (Ref. 3): 

PV/RT « 1 ♦ B/V ♦ C/V2 ♦ D/V5 ... (1) 

where B , C , and D are the second, third, and fourth virial coefficients, 
respectively. The inportance of this equation is due to the fact that it 
converges rapidly up to moderately high densities and that the virial coef¬ 
ficients are related to intermolecular potentials. Furthermore, on the basis 
of statistical mechanics the rigor of the following equation can be shown: 

^ ■ Z (2) 

where % , Bj^ , Bjj , and By are the second virial coefficients for 
the mixture of components i and J and the interaction between i and 
J , respectively, and x¿ is the mole fraction of component i . For a 
binary mixture this reduces to the following: 

% » 4 SxiXjft* ♦ x|b22 (3) 

Similarly, the third virial coefficient is written as: 

(4) 

which for a binary mixture reduces to: 

CM " xlcm 4 5x1x2C112 4 3xIx1C122 4 ^222 * (5) 

2 



The relatif» of the second vlrl.1 coefficient to the intennoleouler soten- 
tlal 0{r) function Is ss follows: 

B [l-exp(-0(r)/kT)]dbo(r) (6) 

where 

b - 2rlNr^ 
(7) 

Since the second virial coefficients are known for a number of 
pure gases, the next most important quantity in the virial equation of state 
is the interaction second virial coefficient. Data on these coefficients 

TL!* fr*8entJeiy 8CarCe 0r lncoinpletfc' ®08tly having been taken at room 
a Clear need th«efore to measure the interaction 

t C r:f lCie?tS ^ a Vlde range of tM?*ratures ito contribute 
to the study of intermolecular forces and to provide the data for calcula¬ 
tion of thermodynamic properties of mixtures. Recent emphasis on cryogenic 
processes has accented a need for such infonnation at low temperatures? 

Therefore, to add to this urgently needed data, the present re¬ 
search Prt«wm was initiated in order to determine the interaction second 
virial coefficients for several binary systems between -150*C and 50*C. 

II. EXPERIMENTAL METHOD 

,*COni VlrU1 <!0*mcl“t d.t.mln«! hy , 
dlfferantlal wthod »hleh iHuure. tht prtHurt ohan*. »hen two run neee 
are mixed at constant temperature and volume, similar to that uaed by 
Knobler et .1. (Ref. 4). In essence, the meihod conai.taTcÄ two 
chambers with gas A, and a third -chamber with gas B, at the earns temôera- 
ture and pressure. Then gas A in one of the chambers is mixed with gas B 

MaSíríd^th^n^íf81, PUT preaeure chm* M « ^•■ult of mixing is 
measured with an oil manometer using gas A in one of the chanters as a ref- 

tharTo betWeen tha chartber8 18 «intained less 
than 0.0005 C and the differential pressure measurement is amde to less than 
0.005 cc. of oil or within 5 x 10*6 atm. ms differential pressure is 
irectly related to the excess and the interaction second virial coeffi¬ 

cients. 3he excess second virial coefficients are determined to within 
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0.1 cc/nole and tha arror in tha interaction second virlal coefficient 
depends upon the error of the excess second virial coefficient and those 
errors in the pure second virial coefficients. 

III. EXPERIMENTAL APPARATUS 

A. Physical Description 

A simple schematic diagram of the appamtus for the measurement 
of interaction second virial coefficients is shown in Figure 1. Ihls ap¬ 
paratus measures accurately the small pressure change that occurs when two 
pure gases are mixed at constant temperature. The apparatus consists oft 
(l) a three-compartment brass cylinder; (2) a lew temperature bath assembly; 
(3) a mercury Toepler pump; (4) an oil manometer; (5) two mercury manometers; 
and (6) a cold trap. All parts are Interconnected with metal and glass 
tubing, mostly capillary. 

The heart of the apparatus is the three-eompartmented brass cyl¬ 
inder 4-5/16 in. in diameter which contains the gases under study. Three 
compartments were made in the solid brass cylinder by drilling three 1-5/8 
in. diameter holes completely through it, and oriented 120 degrees. The 
ends were capped making each compartment about 300 ce. in volume and of 
equal volume within 0.2 percent. The compartments were connected to a 1 mm. 
glass capillary tubing by means of 0.5 mm. I.D. stainless steel capillary 
tubing. (During the last year this was changed to a 1 mm. I.D. tubing to 
economise the expensive gases, Xe and Kr.) The stainless steel tubing 
extended nearly to the bottom of each compartment. The sections of the 
tubing within the compartments had holes drilled in their walls to make 
the flushings and pharginga of the gases more efficient. 

The tesperature of the compartmented brass cylinders was main¬ 
tained constant in a liquid bath of water or Freon contained in the stain¬ 
less steel Dawar. Water or kerosene was used as the bath medium for opera¬ 
tion at temperatures of 25* to 50*C, and Freon-11 or Freon-12 was used at 
the lover temperatures. The bath was cooled by passing a cooling fluid, 
water, Freon, or liquid nitrogen through a submerged copper tube. A heater, 
wrapped around this tube, supplied just that amount of heat necessary to 
maintain a constant tesperature. The bath temperature was controlled by a 
proportional precision temperature controller made by Bailey Instrumenta 
Company of Danville, California, and used a sensing element placed directly 
in the bath. The absolute temperature was determined within 0.05*C from a 
platinum resistance thenmmeter placed in a central hole of the brass cyl¬ 
inder making uae of a Mueller bridge. Temperature drifts of 0.001*C in the 
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bath temperature were easily detected by this means. The bath temperature 
was maintained within 0.001*C and the temperature gradients between the 

compartments were probably maintained less than 0.0005#C. Agitation of the 
bath fluid was provided by an external motor, driving four propellers. 

Kie Fréons used for the bath medium were recovered and stored in 
a reservoir maintained below its boiling point by mechanical refrigeration. 
For bath temperatures below room temperature, liquid nitrogen or cold nitro¬ 
gen gas may be used to cool the bath medium. 

The mixing of the two pure gases was accomplished by a 600-cc. 
glass Toepler pump. By using compressed nitrogen gas and vacuum applied to 

the right-hand chartber of the Toepler pump, it was possible to withdraw a 

sizable fraction of the two pure gases into the left-hand chaniber of the 

Toepler pump. Mixing actually occurred in the T-Joint in the glass capil¬ 

lary. After about 15 cycles of operation of the Toepler pump the gas was 

completely mixed for purposes of this experiment since further mixing pro¬ 
duced no measurable change of pressure. 

The pressure which results from the mixing of two pure gases was 
measured with a 2-mm. capillary oil manometer whose fluid is Octoil-S. This 

fluid has a vapor pressure of 10*8 torr and a density of 0.909 gm/cc at 27°C, 
which are ideal characteristics for this application. The levels of the oil 
manometer were measured with a cathetometer to within 0.003 cm. ihe brass 
cylinder, the Toepler pump, and the oil manometer are all interconnected 
with capillary tubing so that the volume of the gas at room temperature 

within the system is a small fraction of the total. Furthermore, the vol¬ 
ume of the gas at room temperature communicating with each leg of the manom¬ 
eter was made nearly equal so that normal variations in room temperature 
had a negligible effect upon the pressure measurements. 

The mercury manometers were used to measure the charging pressure 
of the two gases before mixing and to aid in a preliminary pressure equili- 
zntion of the gases prior to use of the oil manometer. When the pressures 

of the two gases were nearly equalized, as indicated by the mercury manometer 
readings, they were applied to the oil manometer. Final pressure equiliva- 
tion was accomplished using the mercury manometer leveling bulbs for fine 
adjustments. 

The cold trap was used when necessary for removing condensables 
in the gases under study. This prevented any condensation from occurring 
within the brass cylinder. 

* 
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B• Experimental Procedure 

While temperature equilibrium between the bath and the brasa evl- 

fiu8hin8 -14 char81^ °f «>• into the test chambers vere carried out. Ihe Toepler pump vas flushed and 

at8thfoWlth«n •pproxl“te S0'50 oi th' binary mixture under study 
at the operating pressure of 2 atm. (if one used an arrangement whereby * 
the volume of the gas normally contained within the Toepler pump is very 
small, it would not be necessary to charge the Toepler pump with a SO-SO 

mixture.) The compartment of the brass cylinder adjacent to the Toepler 
pump was flushed three times with one of the gas constituents under^y 

finally filled at the operating pressure. The other two cosçartments 

r'Virî'4 thr" tlnes vlth 016 other constituent of the binaiy system to 
steelU 'm1*1 flnall5r fmed t0 th* Operating presaure. When the stainless 

culred ^ary W“ in0re83ed to 1 considerably less flushing was re- 
indicated^ ^'83ures of 018 8,588 approximately equalized as 
indicated by the mercury manometer readings. 

With the Toepler punç> stopcock open, and the mercury level of th* 
Toepler pu^ aet on its fiducial marie, final Assure „uU^tio^as ac 

compllshed by adjusting the mercury manometer leveling bulbs. The oil 

read ^ the C8theton8t8r' indicated the differential pressure. 

isolatedSfrom "Te" v-“ 01 0U’ ^8 "rCUIy ^«ter, 
: r r , - , y Ju!t iefore “c mixing was begun th. read- 

inga °f((the oil manometer were recorded as the "differential pressure befor« 
mixii*. One of the oil manometer stopcocks was closed to isolate the™- 

pllshed 17* 'u ^ TmP- °f 018 888 components^va^accom- 
pushed by cycling the mercury within the Toepler pump 15 times. Ihe mer¬ 
cury was then brought back to the fiducial mark and the Toepler pump stop¬ 

cock was closed. After opening the oil manometer stopcock^he differential 
pressure after mixing was read. rrerential 

To insure complete mixing the contents of the two comoartMnts 
were mixed five more times. When th. readings could be 

were accepted as the final differential pre.sure after mixing 

thilÜitinî °f "f11”® 18 8i,,Plir ^18 dlfferencc between the ftaal «ri 
the initial readies. A correction is applied for the change m volume of 

the systems brought about by the change in levels of the oil manometer. A 

further small correction is applied to account for the differences in the 

tTJitíhe ba^eratUre8- ^ experimental run w.s îepîïca'ed wîth 
the positions of the gases reversed. 

I 

I 
i 
ï 

I 
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IV. CALCULATION OP SECOND VIRIAL COEFFICIENTS 

When the effect of pressure change on the density of the small 
amount of gas that is at room temperature is ignored, the pressure change 

caused ty mixing xs related to the following variables according to the 
following equations as derived by Knobler et al. (Ref. 4). 

ÄP d2E , (dg-dj)2 
Pi ' 2(148^) 4d1d2 

where AP = pressure change after mixing, 

Pi = filling pressure, 

E = excess second virial coefficient, 

d^ = molar density of component 1 , 

¿2 - molar density of component 2 , and 

Bn = second virial coefficient of component 1 . 

In the above equation the excess second virial coefficient E is defined 
as follows: 

E = B12 - ( V2 (9) 

In the calculation of AP/Pi in the above equation, the third virial coef¬ 
ficient and its interactions were ignored. However, for interactions at 

the lower temperatures the effect of the third virial coefficients must be 
included to obtain results within 0.1 cc/mole. The above equation may be 

simplified with negligible error by eliminating d2 and dj^ , resulting in 
the following equation: 

(10) 
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In the above equation B22 is the second virial coefficient of 
component 2 and V0 is the ideal molar volume or RT/P^ . The observed 

value of AP must be corrected for the resulting volume change including 
the effect of the bath and room temperatures being different. 

For the purpose of error analysis, the above equation may be 
reduced to the approximate relation 

AP 
P i 

(11) 

Differentiating the above equation and setting the molar density 
equal to P^/RT and solving for the error in the excess second virial coef¬ 
ficient dE f one obtains 

dE = (12) 

For a filling pressure of 2 atm. and a temperature of 25*C, dE 
is 0.12 cc/mole. Thin would be the expected error in the excess second 

virial coefficient provided that the only error was that due to reading the 
pressure change on mixing to within ID'S atm. or about 0.01 cm. of oil, 
which is easily done. 

After the excess second virial coefficients are determined from 
the above equations, the interaction second virial coefficient is determined 
as follows: 

B12 = E + (Bn+B22)/2 (13) 

Therefore, to determine the interaction second virial coeffi¬ 
cients, one must have accurate values for the pure second virial coefficients 
of the gases under study. Should more accurate values of Bi1 and Boo 

be determined, new values for Bj^ are simply determined by substitution 
in the above equation. 

9 
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The following are more complete calculations which take into 

account the effect of the third virial coefficients and include the correc¬ 

tion for the volume change, the correction for the difference between the 

bath and room temperatures, as well as a small temperature coefficient of 
the manometer fluid density. 

Calculate pressure correction due to unequal manometer fluid 
levels : 

fflrfPjd-BnF/BpTf,)_ 

VC(A*B) <V%> 

AV(P0)(l-BeP/tac) 

TCC ♦ [V^V^b’] (Vtb> 

Total correction = (Pf-P)i ♦ (Pf-P)2 > 

where ¿V = h^D2/8 

VA-B = 615 ^1 

Vc = 307.6 

VC(A+B) = 1,5 

VCC = 1,1 

Tg = bath temp. = tg + 273.15 

Tc = room tenp. = tc + 273.15 

BC = (Bii+B22+E)25«/2 

P = filling pressure, atm. 

Ej = aRTBhd.lJfO.gOBJAP^ )(13.596) 

Bß = (BH,fB22+ET^T/2 

(14) 

(15) 

10 



d - -7.5 X IO“4 t ♦ 0.9291 

D = nanometer dia. in cm. 

P0 * filling pressure in cm. of oil 

P0 » 13.596 Pi/0.909 

Pi = filling pressure in cm. of Hg 

h = apparent ÂP rdg in cm. of oil 

P = P¡/76 

i0 = 

Vo * i/äo 

Calculate true pressure change of mixing: 

(17) ^actual * h ♦ ÆP( corr 

(Pf-P) = (¿Factual^'7*5 x 10’4 *0 + 0.9291)/(13.596)(76) (18) 

Calculate n]_/n2 i 

ni/ng = (l+B2d24C2d22 )/(1+8^+0^2) (19) 

ril/r^ = 1 - B1d1 + Bi E2d2 + (02*cl) 
1+B-^d^ 7^2 

(20) 

where 

di * P/RTnd.^d,,) = d^a.Bjd,,) (21) 

11 



(22) 

nl/n2 * 1 ♦ (B2-B1)d0 + 2¾¾2 - B22do2 - 2B13do3 

- BlVoS + V2fVB2>d03 * <Cl-C2>do2 

Calculate the excess quantity, E : 

or = nj/ng = 1 (23) 

ß * n2/nl ‘ 1 (24) 

Zj. = 1 4 B-lARTjj/P+B-l) ♦ C1P2/R2Tb2 (25) 

Z2 = 1 ♦ Bg/iRTg/P+Bg) ♦ C2P2/R2Tb2 (26) 

2n1n2RT/4v12P = P/pRT^Zg (27) 

3RTn13/8Pv13 = 3P2/8(RTB )2(1+33^) (28) 

C122 * (CUiC222)l/3 (29) 

c112 = (50) 

The quantity E is calculated from the following equations using 
the above substitutions. 

(Pf-P)/P = (2n1n2RT/4v12P)[E-B1or/2-B2ß/2] 

* (ïRTn^/Sv^) [-Cm - , 

* (i*2[VBsK)C122 + 

(31) 

12 
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V. EXPERIMENTAL RESULTS 

A> Sources of Second Vlrial Coeffieíunta 

taken fro» th.'^ 00'fflclent' ^ «>• f=>Ho»ln« .pede. 

AU of thee, „et. TL^' 

tÓ"^íell8 [Z' lh ^ °n “í0“ ™«”x- 

tenths of . cubic ^ ^ ^To^n^ ^ " fW 
Oletea from -130¾ to -lso*c int,-i for nltr0«en »•« «xtrep. 
1 cc/mole. Slnce^the Z of o“^tZ ^ ^ " 
cf det. points hed to te interpole ted. This lôte^oîeu»”^^" 

í Se'”“ “ 1/1 graPh WhlCh MS * #trelght 1^ It«™4 

else t^en^mlhe^i^IreTœ VT ‘*Ci” ™ 
10 end 11), X. (Bef. 12), 0¾ (Reft.‘S JÄ« ¿J WVT^ 

16 and 17), and Freon-22 (Refs. 18 and 19). Äese^Sti were bLúLÍ^ 
by our new determinations. 8X8 were BUPPl«nented 

®* Variai Coefficients by This Study 

y uj u Below 0°C we U8ed our own values for Bn for CO CH ïfr 
Xe, which we believe to be more accurst* th.n " ««d 
h«VA a.í.^4^ i « accurate than previous measurements. We 

“"Llnt:r:: VuT'TZiZ r..^ 
uhen the bath*te^m^lsIL^r^Tl!™!?" th' unlu,*n *•" 
euletion 0f th, in' 1,“ 

r :,e^ Síâ^ ~~-1- 
used for VT'ZZZ Z'ZîZ'ZZZÏLZïZîr» "Z 
in Table Ilj and those for the third viri.1 »o.íe1. 1 ‘ *” *lv,n 

estimated by Preuenltt (Sef. 20)) are given in Tabllm. ,0" ^ th*,* 

• Table. I through IX .re ahown in the Appendix, p. 2g. 

IS 



detemi„ed^elther*by ^ «» 

an error ln the B12 determination of leJe thanTÍ’oc/lf 1ChTh00ntrl’IUt"1 
are listed in Table IV. 8 tn 0,1 ^«se values 

C. Interaction Virial CoeffMM»n+. 

which shows in^cc^iv^col^rtr^r10^811008 8re glVen ln Table V> 
the apparent pressure change of mixirL ®^8tem^ the bath temperature, 

pressure In 00^11^^07^=0^, t“4"8 °f 0l1’ the ,min* 
true or actual pressure change £7 corre<!tlon. «>, 
average value of E for rlXaL^i ,’ ! g ■ the 

eients of the pur. components, and, flnl7 COeffl‘ 
coefficients. ’ the interaction second virial 

quantity, E ^^Talíy^mred towmñTiT/ TV*“ the *“«• 
temperature range from -150*c to cc/no^e ^or the entire 
in the manometer was appreciable. ^ Where 80lubillty of the gases 

and BeorholXra) th08e °f “'»eis 
(Ref. 23), Pfefferle et «...on (Bef. 2p), Kr,«, aM ^ 

ehovs agrewnent within the ^ 2S) 

D* Test with Kihara Potential 

systems. Prausnitz and Myers (Ref pt/v, ’ ? Performed for several 

agree well with so« expSn^ d.^! 7.7.77« 'f'"1“10"* 
made with data taken for « v novever> these conçarisons were 

rameters have heeTd",^«^ ^ÎaVmTteTT ' 7 ^ P- 
and the Kihara potential functions have been determinL^8^2 and 
by Connolly and Kandalic (Ref. 28) The ^ fr°a th* tabulations 
cient was calculated by coaCuter f if 8eC°nd vlrlal co*«i- 

the Kihara potential and include the quantu^ cw^ti^10"8 aCC°rdlng t0 

14 



BiJ ■ f 4/s ♦ el ,r. oij 2 

* !2LÜ2J + » r 
2 in Poi/l 

. ÏQ1 * Y°J Vol * H>l3al 
2 8tt 

where 

(32) 

PoiJ * I ^oi+Poj) (33) 

U oij |UoiUoJ (34) 

in Table y^00®'*1'180" of ^culated and axperinental values is shown 

A study of Table VI shows that in most eases the systems of helium 

a edTluT lTãreat*r dl#CrePanCy betW88n ^ «xperimental8and c.î^ lated values, being more pronounced at the lower temperatures. Por 

ancles a^iï!°ïhblnarÎe8 ^ ^ nltr0«en «ave ^e greatest dis^-' 
well witi ÎÎ! 0Larg0n’hydr0gen *** nitrogen-hydrogen checked quit^ 
., he Kihara potential, niese comparisons show quite definitely 
the strong effect of neon and helium in their binary systems. Sîveï the 
helium-neon system agreed well with calculated values presUblHuTíí TcL 
compensation effects. As might be expected, the argon-nitrogw s«U 

il^r IntiLSîat^ ^8^181 beci,Ui# comp^ents^re síÍ 
ilar. Intennediate in the degree of disparity between calculated and ex- 

anfrü aCtl°" 8eCOnd virU1 coefiicienta were the hydrogen-helium and hydrogen-neon systems. * 

Diese differences between cslculst«! end experinentsl results sr. 

TIWCT ‘L“ TT ^th* ™.^y."r^L"on Of 0.1 cc/mole. Moderate disparities at a temperature of -125#C wer« about 

?reate8t dl8agreements ranged from 5 to 8 cc/mole. A possible 
conclusion is that a need exists for better conibining rules. The moat 
ising area of improvement appears to be in the conibining rules attributable 
to quantum effects, since both hell« snd neon are queaj*.!.! 
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VI. CORRECTED CALCULATIONS AND CORRESPONDINO STATES CORRELATION 

Some of the calculations of the Interaction second vlrlal coef¬ 
ficients in our report of December 1965 (Ref. 29) were in slight error. 
Ihe sources of errors were: (1) the density of the manometer oil should 
have been calculated from the equation, 

d * -7.5 X 10*4 t ♦ 0.9291 , (35) 

rather than the equation, 

d » -7.5 X 10”4 t + 0.9241 (36) 

(2) the value of the second vlrial coefficient of pure nitrogen at 50aC was 
given incorrectly in our previous report as -2.58 cc/mole, the correct value 
is -0.26 cc/mole; and (3) in our previous report, we used the density of 
mercury at 0°C as 13.6 g/cc, whereas now we use the more exact value of 
13.596 g/ec. 

In our previous report we attempted to show a correlating rela¬ 
tionship between the excess quantity, E , and the absolute temperature by 
plotting log E versus absolute temperature. This correlation was empiri¬ 
cal and we find now that a better relationship to fit the pure component 
data as well as the mixture data is the following: 

This is a fora of the Redllch-Kwong equation of state for the second vlrlal 
coefficient which is modified to include an additional term to give a better 
representation of xenon, krypton and methane. We have deteralned the best 
values for the constants A , B , and C in the above equation using the 
data of the following pure components: N2, Kr, CO, CH4, Ne and Ar. We have 
then assumed that the mixing rule for the volume is correct as given by the 
empirical confining rule by assuming or equal to one in the following 
equation: 

16 



A/3 
'»y ■ a tf-# 

(38) 

IVom the values of A n Bn>a n i ^ . 

°f Vij , we then detemni, by the ^ 

"owV™:of ^ 

Tclj - 8 (39) 

of the nixture^i^vertfled?" ^ 88^^10 cc”lllr'in« rjlc for the teiperature 

methane, 

prenou. reports), we heve perforad only delete“™te"S "““•fT4 ‘B 
experiments in the interest at .«««««, instead of triplicate 

work the reproducibility of our Betted' ^ ^8810^ 
ore fully .. good as those obW^T^Îlr.Ttb'*!“' ^8°4 ^8 
species which could have e signifícate solteui^^ «««Ption ol those 

suspect solubility of this kite could occur wnf s^t™ r'T,4'1' °U- W8 
propane, and Freon-22. Therefore our Wltîu8y8teBB Involving xenon, 

pootte to b. as .ccur.t.“eÄ.0*rt.íi•Xr:L^•!1•, *” ^ "■ ' 

those Interaction secote'vlrUl^Mff^ 008881,18 th* 8»ta on 
known method now exists for deteminimr «î* h,lium k«cauae no 
the pseudocritical volume of this «as”* taBp#rÂtur# 
Problem at some future^te. ^ * W0UW h0pe 1:0 ^-tigat. this 

virial coefficients^^the^asis of arînt"*1^^ ^ int*r,ction ,ÄCond 
potential. We have found tha. a satiafíetoíT«^" the Kihara 
basis of mixtures was not obtained sine! ^ í° thl* pot#ntlil <» the 
the order of 8 co/»ol. b.^."^^ * 
tained. This result led us to -n-i ^ . calculated values were ob* 

spending .tata, corral“ usÄ^mte to* « ‘ 0088- 
state as applied to the second virial Z.tt<7< RfUl2h"KWon« nuetion of 
statea correlation is based upon theorv 8UCh # corr#>P°»>lng 
30) who states that the secoíTvirialToüff^1^^0^ by 0u«enh#la O^f* 
as the pure coaponents should obey the followi^ r^ti^S^* “ ^ 



(40) 

where V* is a characteristic volume and T* is a characteristic temper- 

T resi try!be critlcal volune> VC , and the critical temperare, 
*.L’ rf3pect/vely^ tut not necessarily so. In our analysis we have used 
the values for V* as V„ and T* 

cases except hydrogen wheíe we have chose^th^vaiues^s^dTouien^im 

V^e Z TÏ VhiT We did n0t inVeSti6ate WaS ^ ^ determina“ 
V and T* themselves as a best fit to the second virial coefficients of 
the pure components. It may be that our data alone are not sufficient to 

determine both of these characteristic constants for each pure conçonent; 

equal^o ^ p0S8ibility ^ be to determine T* assuming that V* is 

n lr¡ Tat)les V11* VIH and IX are presented the results of our cor- 
eiation using the modified Redlich-Kwong fonnulation of the second virial 

coefficient using a corresponding states approach according to Guggenheim. 
s correlating equation was found from the pure components, N2, Ar, CO, 

we, CH4 and Kr to be c * * 

In Table VII are given the results of the correlation with the pure compo- 
nents showing the experimental and calculated values from the above equation 
and the standard deviation together with the values of Tc and Vc used. 

In Table 7111 are given the results for the binary systems show¬ 
ing the comparison between the experimental values and those calculated by 
the correlating equation. Also shown are the excess quantity, E , and the 
values of Vclj used. The Tclj values were found from a least square 
fit to the experimental values. Prom these, the value of B was found 
from the following equation: 

TciJ (42) 

The standard deviation is also given. 
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The data are arranged according to temperature in Table DC. In 

Figure 2 it is shown how equation (41), based on the data of CO, CIL, Kr 

Ke, No and Ar, fits these species and those of H2, 03%, COo, Oo, Freon-22 
and Xe. The data on C3HS, C02, 0? and Freon-22 are not as accurate as the 
others and if these are mt considered, Figure 3 shows the result. 

A graphical representation of the correlation of our interaction 

r.e<' ,nd virial coefficients to this same equation is given in Figure 4. All 

banry systems except those containing He are shown. These are omitted be¬ 

cause at present there is no acceptable method to evaluate its pseudocriti- 

cal temperature and volume. From Figure 4, it is seen that the correlation 

is fairly good except for some systems of Freon-22, C3H8 (where disparities 
w.rs expected because of the pure component data) and Ar-CH4. The discrep¬ 

ancy of the Ar-CH4 system was not expected and is not accounted for at this 

4 4.U + ^116 the ab0Ve corrfe:!ations are fairly good, it should be pointed 
out that the precision of the B12 data is about 20 times better than the 

correlation. The conclusion is that we have not yet found a satisfactory 

method, either by corresponding states correlation or by intermolecular 

potential function, of representing our precise data by a single function 
winch applies to all species. — 
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VII. SUGGESTED FURTIIR WORK

In view of the undesirable solubility of some of the species In 
the manometer oil. It has occurred to us that an improvement over the exist

ing apparatus could be effected by increasing tne prec.ision to 0.01 cc/mole. 
We would do this by eliminating the oil mancraeter entirely and by using an 
electronic differential null meter to measure the change in volume that^^ 
c<;curo on mixing two puie gases at constant pressure. The volume change 
would be determined by weighing the amount of mercury expelled from the 
system on an analytical balance. The mixir.g operation could be performed 
at constant pressure within the precision of one part in 100 million which 
is within the state of the art for differential pressure gauges. This new 
order of precision in the pressure would demand a new and higher order of 
precision in temperature control which we feel is also within the state of 
the art. With no oil within the system there would be no solubility problem 
and improved results would be obtained with all species especially those of 
xenon, propane and Freon-22. Not only would this new apparatus provide im

proved results on the Interaction second virial coefficients but it would 
also give improved results for the second virial coefficients f the pure 
coB^Jonents and permit extending those values to new temperatures.

Our preliminary results on the determination of pure virial coef

ficients have indicated at least some of the second virial coefficient data 
are in doubt. For example, our results have indicated that some sisable 
errors may exist in the nitrogen data, based upon the work of Otto (Ref. 5). 
Therefore, our suggested extensions of this work could significantly Improve 
these data.
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TABLE I 

DETERMINATIONS OF PURE SECOND VIRIAL COEFFICIENTS BY THIS STUDY 

Temperature 
Specie (°C) 

CH^ - 50 

- 75 

-100 

-125 

150 

N2 50 

- 50 

*11 
(cc/mole) 

- 83.45 
- 83.56 
- 83.61 
- 83.54 
- 83.66 
- 83.57 
- 83.63 
- 83.65 

-106.49 
-106.48 
-106.48 

-138.61 
-138.78 

-186.06 
-186.09 
-185.76 
-185.77 
-185.89 
-185.92 
-185.70 
-185.78 

-264.58 
-264.40 
•263.85 
-264.27 

- 25.99 
- 25.99 
- 26.06 
- 26.17 
- 26.14 
- 26.00 
- 26.04 
- 25.81 
- 25.79 

^11 (avg.) 
(cc/mole) 

- 83.58 

-106.48 

-138.69 

-185.87 

-264.28 

- 26.05 

25.81 
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TABLE I (Continued) 

Specie 
Temperature 

(°C) 

n2 (concluded) 75 

- 75 

100 

-125 

ipiplSO 

CO 50 

- 75 

-100 

(cc/mole) 

- 37.30 
- 37.30 
- 37.46 
- 37.46 
- 37.39 
- 37.39 
- 37.24 
- 37.25 
- 37.24 
- 37.27 
- 37.26 

- 52.00 
- 52.92 
- 52.79 

- 74.68 
- 74.70 
- 74.56 
- 74.57 
- 74.00 
- 74.85 

-108.41 
-108.50 
-108.78 

- 30.55 
- 30.46 
- 30.52 
- 30.46 
- 30.42 
- 30.59 
- 30.51 
- 30.52 

- 42.65 
- 42.69 
- 43.03 
- 43.06 

- 59.70 
- 60.07 

Wip 

B11 (avg.) 

(cc/mole) 

- 37.39 

- 37.24 

52.84 

74.69 

-108.56 

- 30.51 

42.86 

- 59.89 
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TABLE I (Continued) 

Temperature 

Specie (*C) (cc/mole) 

CO (concluded) -125 - 84.51 

• 64.64 

- 84.46 
- 84.50 
- 84.58 

- 84.57 
• 84.34 
- 84.38 

- 84.25 
- 84.34 

-150 -123.14 

-122.72 

-123.25 
-122.73 
•122.38 

Kr - 50 - 94.91 

- 94.94 
- 94.89 
- 94.87 

- 94.87 
- 94.74 

- 94.98 

- 95.09 
- 95.42 

- 95.26 
- 94.97 
- 94.89 
- 94.96 

- 94.91 

- 94.96 
- 94.83 

- 94.90 
- 94.76 

- 94.85 

- 75 -119.26 

-119.27 
-119.21 

-119.09 

-119.15 
-119.06 

Bu^avg.) 

(cc/aole) 

- 84.46 

-122.64 

- 94.95 

-119.17 
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TABLE I (Concluded) 

Tempemture 

Specie (°F) 

Kr (concluded) -100 

-125 

150 

Xe - 50 

- 75 

100 

B11 
(cc/mole) 

-153.34 
-153.30 
-153.34 
-153.60 

-203.96 
-203.97 
-204.32 
-204.22 
-204.21 
-204.22 
-204.33 
-204.19 

-288.28 
-289.05 
-288.84 
-289.19 

-226.72 
-226.60 
-226.89 

-283.82 
-283.89 
-284.04 
-284.04 

-368.53 
-368.12 

Bn (avg.) 

(cc/mole) 

-153.40 

-204.18 

-288.84 

-226.73 

-283.95 

-368.32 
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TABLE IV 

System 

He-N 
II-IJ 
He-Ar 
H-Ar 
lie-H 

Ne-N 
He-Ne 
Ar-N 
Ar-Ne 
H-He 

C3H4-Ne 
C3H4-N2 

C3H4-H2 
C3ll4-Ar 

F22-N2 

^22"^r 
F22“Ne 

F22_He 

F22-H2 

Kr-Xe 
Kr-No 
Kr-He 
Kr-H2 
Kr-Ar 

Kr-Ne 
Xe-N2 
Xe-He 
Xe-H2 
Xe-Ar 

EXCESS QUANTITY FOR BINARY SYSTEMS AT 25°C (CC/MOLE; 

System E25 

17.8 

8.1 

20.1 

8.3 

1.1 

Xe-Ne 

C0-N2 

CO-He 

CO-Ar 

CO-H2 

77.0 

0.0 
20.8 

0.0 
9.2 

9.9 

0.7 

-0.6 
13.7 

2.8 

216.0 

138.0 

238.0 

192.0 

132.0 

121.0 
123.0 

189.0 

198.0 

172.0 

13.0 

5.4 

40.5 

23.7 

4.6 

31.6 

34.5 

91.5 

64.8 

30.0 

CO-Ne 
CO-CH4 
CO-CO2 
CO-Kr 

CO-Xe 

12.5 

3.5 

22.0 

3.6 

29.6 

CH4-N2 5.7 

CH4-He 40.7 
CH4-Ar 4.5 

CK4-H2 21.8 
CH4-Ne 30.8 

CH4-C02 22.6 

CH4-Kr o.O 
CH4-Xe 12.2 
C02-N2 27.4 

C02-He 82.6 

C02-Ar 

C02-H2 

C02-Ne 

C02-Kr 

C02-Xe 

02-He 

32.6 

59.1 

70.5 

22.7 

25.8 

19.3 
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