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Uses of experimental P-V-T composition data 
are reviewed briefly to show the need 
for increased accuracy in new data. 

"', is /III illl'sCllp(i/Jlc fact /Iwt ill re­
s(,arch, thc quality of a conclusion is 
expressahle ill terms of one or more 
ll1caSll rClllcnts. \Vithollt slich (l rcduc­
tioll to elcmcn/ary cOllsiderations, 110 

experimcnt is repcalablc, 110 result 
is vcrifiaulc-no un5is exists for the 
en/ire structure." 

This statement (1) is especially 
true (or our field-chemical cngincer­
ing. In rccent ycars, it has also be­
come increasingly evident that meas­
urements of a given accuracy have a 
definite place in time in the develop­
ment of a given area of physical 
science. As theoretical and cmpiri<XI1 
methods of rcprcsenling behavior arc 
improved and come abreast of data 
accuracy, it may be pertinent to 
inquire as to whether an addition to 
the literature represents new informa­
tion or measurement error. Frequently 
an increase in the accuracy of experi­
mental data may bo necessary to 
implement the next step in theorelieal 
or analytical developments. Such 
steps have freqllently characterized 
developments in the field of physics. 

Those working on the P-V-T be­
havior of fluids should seck such 

iIIlP'()\ ' 11 ' ·,,1:. i\(!-"X;'lIlillatioll of 
their "111'"'''' ' ''' nllghl 1)0 worthwhile 
for m .II" II "i, ersily and induslrial 
lahoratories. I I I\'olll;i St '('111 lhat many 
inve~tigat.ors flveriool.. th,! uses that 
others will I, y to make of their data 
afler they h' :( '(lmu p:1.1'1' of the Iitera­
lme-I'vell Ihel/gil t ill) investigator 
may havI! s lakd illte"d,·,[ limits of 
lise. In, n;lI,)' cases, in conSidering 
service tn tho profession, It might be 
worth th" 1 , tl.l efrort to improve a 
piece of .l l'i ';,r:llIl5 to the point that 
another Si.t;II i1II·.lIlt fi~ttre can be added 
to the valu,'s reported . It might be 
worthw]'ile 1,)1' more l111iversi tv iabora­
torie.~ to (·I1,"1.,tO th.., pracdce of a 
noted ]aboral')J'y i'l Em'ope. In this, 
lhe numher of apparatus eonslmction 
activities is rl'duc(xl to a minimnm ; 
a single ;Ipparallis is built and it is 
as refined as pOSSible. III this approach. 
masters d(,gree candidates would 
engage' i'l !'ewer apparatus eonstmc­
tion act ivit i ('~; l1lore wO\1ld spend 
their time on taking high quality 
data, uat ,l .I11;llysis, and eallying out 
ealclll:ttions with these data. It might 
also be I Oj J<1 that the more mature 
investigator, in industrial laboratories 

s e e 

would seck to add all possihll! rdillc­
ment to th!'ir drorts. In ~I,ort, this 
is n plea for ext:ellcnee ill the l'-V-l' 
investigations that may bc planned 
in Ihe fulure. 

Such a plea requires defense 
because it would certainly mean re­
duction in the number o( thesis 
investigalions of intenllediate sophisti­
cation-those with the objective of 
building a piece of equipment and ob­
taining some llala primarily for 
experience. A generation ago, densi­
ties of little better than two-figure 
accuracy provided the level of infor­
mation on fluid behavior generally 
necessary. Since then, equations of 
state and other methods of representa­
tion have been improved to the point 
that data of such accuracy now 
seldom add much to the useful infor­
mation in tbe field. The requirements 
for modern equation of state develop­
ment, second and third interaction 
virial coefficient detetnlination, and 
phase equilibrium prediction work arc 
such lhat accuracies in excess of four 
sign.ificant figures are fre(luently 
worthwhile. At times lhis may require 
expensive duplication of work done 
not too many years before unless the 
earlier investigator is quite foreSighted. 
A further impetus for internally 
consistent liquid, gas, and dense fluid 
P-V-T work is provided by the success 
which has been realized in repre­
senting nonequilibrium (transport) 
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Figure 1. Schematic diagram of constant·volume 
P·V·T apparatus typical of that used by Dodge 
(15) . 

Figure 2. Schematic diagram of constant·volume P·V·T apparatus of 
SoluIIL iJnd Ellington (16). 

properties in terms of the equilibrium 
pl'opert)', density (2, 3) . 

III an attempt to present an ap­
praisal of this particular field of work, 
uses of P-V-T information will be rc­
viewed briefly, and the major mcthod.~ 
of obtaining data described.. Some of 
the characteristics of each method 
will be cited and. their attributes 
pointed out without defense by de­
tailed error analysis . In this way, it 
is hoped that new investigators may 
be assisted. to pinpoint accuracy con­
siderations for proposed. measurements 
and obtain data with as long a useful 
lifo as possible. 

Why increased accuracy valuable 
Some revicw of the usc of P-V-T 

data, to poi nt out arras in which 
accuracy limitations are already being 

felt, shollld hI' "f JI1<", it. Jt ,hollid abo 
help particlIl.ll'iz(· wnsitivc areas uf 
current in forllla t i, '11, as ddNlllined 
from some years of work in the field, 
without deiaikd docullientation. 

Simple volume c ~Ilcu l at i oils 

Undoubted],' 1.1 ,' 1St \IS, ' and necd 
for P-V-1' d:tI \ .1' , Ie for ordinary 
density cak-lIl, till ' ,,-to know ho\\' 
much of a mal<: '·I.I (,.l llid hi' crali1mt:d 
into a eertaill \". ;~, at a selected 
pressure and tr,l,p '" ;,. !He. rIlis rcsult 
(.'ould, of CO ll i "i " 'PI"I'wlltt:d in 
terms of the {'('I,I ,,' ,ollal ('(> lllj)J"('ssi­
bility facto r hI' 'inple ;dg('braic 
manipul ation. TI"'I" arc I "l.l!ivcly 
few installc, " ill whit-I! , dllcctlv 
determined .1('1 ~I l\, eel" s(". 1I111st b~ 
accurate to \\ ,1 1,11 lI!1('-half perccllt 
of the trll t' v:tl",. An "ITO!" analYSis 

Figure 3. Bean variable·volume P·V·T apparatus (18). 
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hased on thc dcfining relationship is 
~imp le and it shows that relatively 
unsophisticated experimental proccd­
ures will yield such values. 

Derivatives in calculations 

For the calculation of the thelmo­
dynamiC properties of a gas, a number 
of relationships are employed. which 
require integration of tenns including 
the first derivative of functions of 
P-V-T behavior, e.g. , 

dU = C, dT+ 
[T( ()P/oT) ,,-P]dV (1) 

and in terms of the compressibility 
factor, Z, 

(ap/()T) , = (ZR/ V) 
+ (RT/ V)(aZ/oT). (2) 

111 the above, U = internal energy 
and C. = molar constant volume heat 
cap,lcily. Similarly, for enthalpy, JJ: 

(/[J = C. ciT 
+ [V-T(UV/ilT)p]dP (3) 

«()V fa T) p = (RIP) X 
[Z+T(aZ/()T)p ] (4) 

If one exami.nes these relationships, 
it immediately becomes apparent that 
for certain combinations of conditions 
the term involving the derivative will 
contrihute significantly to the result. 
It should also be evident that the 
rC(juirements on P-V-T data are more 
stringent for represcntation of the 
values of the derivative with a given 
accuracy for given values of the in­
dependent variables than for prcdict­
ill~ the pressure, volume, or tempera­
ture, For each differentiation of the 
PV product there will be a loss of 
precisioll of about one order ( 4). 
Thus, to obtain derived thermody­
namic properties from P-V-T data on 
a given component or mixture, ac­
curate to one part in 100, the original 
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Figure 4. Michels' type vari able· 
volume P·V·T apparatus (20). 

Figure 5. Variable·volume apparatus 
of Connolly, ct al. (22), 

Fir:ure 6. Compressi· Figure 7. Piezometer 
bility cell, Douslin (24). of Doolittle (25) . 

[JV measurcments must have a prcci­
sion of about onc p.ll"t in 1,000. 

Partial enthalpies 
To calculate similar propertics for 

mixtures, it is I1('tTssary to know the 
clrcct o[ composition on the contribu­
tion of each componcnt, such as 
partial clltlJalpies; Tl. = (all/u ll,) 
7', I', ,,', '''' , , Tn dnive partial ell I hal­
pies for mixture compolI('nts, (lirrcr­
enliations of the I'V produ()t with 
respect to both tl111pcrature and com­
position arc required, and the illitial 
lIle.tSlIremcnts must have an nCClU'i\CY 

of about one part in 10,000 to yield 
partial l'nthalpy values accurate to 
one part in 100, Thus, for mixtures, 
prceision ill the P-V-T data is even 
more important than for pure 
components , 

The change of isobaric heat capac­
ity with pressure is given by: 

( cCp/ap)T = - T (a'V/aT')p 
(5) 

This equation involves second di[er­
entiation of the PV product for the 
pure component or given mixture, 
and provides a mcans of evaluating 
heat capacities at high pressure with­
out thc use of calorimetric or J oule­
Thomson data. Again, the evaluation 
of tho second dcrivative rcquircs 
P-V-T data with a precision of about 
one part in 10,000 to yield values 
accurate to one part in 100. In the 
caSe of vapor-liquid equilibrium, the 
fugacity or thermodynamic pressure 
of each component must be balanced 
in each of the coexisting phases. 
The fugacity of a component in a 
mixture at constant temperature and 
constant composition is given as: 
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HT d(lll!, ) -V,cif (6) 
whcl'e ti is tl" llic;acity and V, is the 
partial ll10bl \ olll'llt, of the ith com­
pOllent. To ev,,]llat,' th l~ partial lI10lal 
volume, It is ""t'('ssary I,) ddl'er(,lltiate 
the sattlratl'(l li'l uid ,,,,,I vapor 
volul1l c's witiI J'('SIlC'ct to (~lIlljl()sit ion, 

TIlliS, to Oht .lI 11 tlte ral io of vapo r 
compositioll tn liq uid c'ollll,,)sition at 
eC[llilihrilllll (/, hetnrs) aC(,lIr"l,. to 
()Iltl pari ill I 'HI tl'l: origillal {'-V-'1'­
t~J1l1p()sil iclI ,,, """'" '"ts mllst he 
aceur:ll, ' I', .,: ," "IIC ' l""t ill 2,000. 

Equatio' is 01 .3ute 
DllIill: II,,· ,I,t d('(,;lde'" high level 

of aClivily lidS c'clIlt iltl ll'd ill ('quatioll 
of slato d(·vc:lojJ1l1enl. The obje<:lives 
of this \\'01 k "r(, t\\'o fold; first there 
is the (llgilH','rilig ohJcctive o[ im­
proved r''PICS( Ilt..t ioll "I' c~isting data 
on fluids r"l' tIH'l'I nodY":1I1,j(, prnpcl'ty 
calculation Jilt! desigJl awl, secondly, 
there is thl' fllndamental objective of 
expandillg 1 1lC' d, dge of Ihe molecular 
behavior of Huids. Reccnt efforts to 
improve repn s..,,,tation of data may 
be thought to date from the work of 
BeaLtie anti Bri cl~eman and Benedict, 
W ebb ancl Hubin. The success 
achieved with Ih('se equations has 
resulted in lise [o r ranges bcyond 
those for which Ih('y were developed , 
Thcre have I,ecn so many develop­
ments of polvnomial fits to various 
sets of data that new offerings may 
almost bl' prcsented with apology . 
Neverlhcl(:~;s, the objective of ade­
quately rei're cnling the behavior of 
both single ancl multicomponent 
systems for hc liquid, gas, d ense 
fluid, :111(1 iiiI' id-vapor regions with a 
single r"l:ltlOliship still remains unat-

taincd . The primary requirement for 
continlled progress toward this goal is 
internally consistent, accurate data 
for all of these regions, It is extremely 
distlll'billg [or the investigator trying 
to do analytiC work to find that im­
porlant sets of data arc displaccd from 
each other or show divergent trends. 
Ev('n moro trying is tbe task o[ 
analyzing experimental methods and 
dctel1nilling which set of data shall 
be It.~ ed, on the basis of a terse 
journal article, 

Voids in experimental dala which 
arc asslIming increased importance 
arc I hose IIl'M phase boundarics and 
for tho dellse lillie! , In particular, if 
an Ge]ualion is 10 be used to represent 
saturated densities or to predict va­
por-li(luid equilibria, difficulty may be 
expected i[ considerable extrapolation 
beyond the range of the data is re­
qUired to reaoh the phase boundary. 
From the preceding discussion, it is 
evidcnt that a valid equation of state 
must fit an adequately large field of 
data with sufficient accuracy that the 
values of the first and second deriva­
tives at any point meet calculation 
requirements. This places increased 
dependeI:1ce upon the higher order 
terms and hence the accuracy of the 
data fitted, 

Virial coefficients 
To improve knowledge of the mole­

cular behavior of fluids, efforts have 
been concentrated on the vinal form 
of the equation of state developed 
from statistical mechanics. The second 
virial coefficient can be calculated 
from consideration of two-body inter­
actions if the intermolecular potential 
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Figllre 9, Scil(;matic diagram of Bridge· 
man beliows c(,11 (27). 
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;'·,U:",:~.It\J\ (.~) -' :llld St,\diJlg and El1ing­
\dd (;.~) L,\v(~ !\~I{J"'''H th.d li(juld, gas, 
att·l d":I~;(~ iillid ".., l\l .. r·:llicr, I.'ail })I.' 

(/);'iyL:{'d ":iiilll:~i·h·. '1 L{ ,iepciICJr'll<'c 
h;d iH.'(~H s}I\J\\'lt l2 i it) nave t uHda-
1\"tt'!)1,,1 h:I"i:s jp tlH' l))")dcrll lIiOl('l'lll:tr 

d\!.'in·\" ut illlith, 
It ' f', S;.~;:li{jI,·;\rd thaI ,1\cs("" cflnrts 

\'It,:d CiHt!jHHitv of ~1,1i("'; ill tl!(~ ("In 

;"'].1' \'lll~. TIl(" eorn;!"ti,,"'; alsII ~hl)w 
tl',,1 fur ,'~,kIlSivc rallges of cOll<litiow: 
a s:n,i.;ll.' vis('\)si1.v v;lh)(; rC~';\ih~ for a 
~.illglc tI,lI'iih', ·wll(·lh, ·,. tb,lt ch'Il··:lIy 
It'pn:.')c!)t~~ a highl)' cOlnpn .. ~, .. \"i·d g::u, 
tiClIW flnid. or a 'Ii'l,nd iCt '.,lcY'lied 
:":111','\;\1:11'1' ;,nd low l,n·.s~III(. Th;~ 
:I ' l~. i,c, 1\ ~,h<)Wll I" I)l.I:lin i"l' l)()ll, 
}II11(' '.'dldih}/I(·lt \~ :uhf : 1\\:.;1 Hf\"'1 (9) . 
l'! !I~ .. ',il II.d j, 'II :(~ (':-,pcci.dly i:np\.rf ,\Jlt 

iii /l,(, extra (·mpila:,i-; Ih;\l il pLlt:(·~, 

"!I dl\, J)/·"d fl),. ,\l-Cltrat<: prt·,di\·:iql\ 
·:~f 11\'n~,illt.'J I)f ,\11 Hliid ph~J~~c~, ;\1\:1 

~)I·(·ri'\·abJy \ .... ith ~\ Sillg!< r\JHt;t))}.·'~I\}). 
{"lll'!,}"'\' ("ilnhno~d"))' or this necd h~.!~ 
iH'Pl l )(Hu!d hi'\ iil:\;,' of Ihe si:~J)H;\ ,lilt 
"'()iI!P I.l~hidfi dCp\~lld\lIU' of Il',~ ("orn'­
L\tioH. huth frO/I) tiH~ vl'\('.o!.;it.v Hli~..:ng 
n!l,· ~t:\ndl)l)int :wd that of the dell·,iil'. 
1n ,\ ("\~l' or l"\VIl, cn·')IH.)()U~ .':tn}plr" 
:ii, .dv-;('~ were dei:(-<:led iltrou:>I1 tfl\'~') . ,~ 

~.~ 'll~it 1 V lIlt '~. 
1:1 l"\'1.\\pit·\;].\t!on, ~re~'lt (;;.;pallsinn 

ill 1 he 1I~1'.'; nl: ".:1,' -'i' iilf'Hmation in 
iiw lasl do(',uk, p,))·ticuhrlv ill tl:e 
1'"i<:II1ation~ m;'«le p(I%iblc hy hi!,':h 
sp,·'.'([ (·()n1[iiil,.')";, kl.~ rl'~l\ttcd ill 
;.~n"'k!' TlI,,'d 111:1/, '.'1.... h-.l' high 
'lil:lhly j'-\!-'j" (;!llnJ" , ~iti{)" da('l for 
:III • .'(" "iitl/l!I ~ ,.1 J11Ii.1 ,\i':i"lIt'1'. T1',( ·\'t , 
:'; 1~II';I( 1)('1'(1 i'" .. !il/pl/\\·,·d '·'1".ltioll 
"I' ~Ia(,' n lll'<·.'('l\t.,li,,1/ (,f lJII.'<;" ,Iul,l 
for lite rull ra".l:(' of (,'""ditioi/, and 
Ill .. f!1\1d;""('lIbd ,[",Ii,";. FinaJty. in· 
(,\,1,;\,,,,<1 aeC!1!':"'V i~, 11("'(\1'(1 ill 1"0tll 
lll() biiSic datu ;;\\(] (lie VU) i(}u~ ]',,1'l'I;-

--- - -.- -----.- -.- --'-'1 

':;llue Wife'. ,. . ..-"'-- ."-.,J-.... ...-. 

!-~~~.~.:J --r-t--::~': 
I J,! \ -1 ' , 
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Figure 10, SchernJiic diagram of 8ridg(!· 
man free piston ceil (27). 

November 1963 83 



'".'uLdi;\l)·'; ~Jd th~!l dh' ' ''':,.trinll~ jH; 'Pt.'! 

l\'~ ~ .-tl{:ul:-dl.!d Ils'n~ :In'l 'l \vill 1,:J\.·· 
"dec \' "Ill' ;\Cl·'Ir;\c\,. . 

Methods Of mear,Lrerncnt 
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i' ''''·T hi,L,\vinr ill I ' ihii\i ::1;\\' lH~ 
f.!.c:H;ndj'l,J.',i ;:I~ to :L,· haslc I"t'~:irajnt 
l)l:\ee(l npon : Le- ihlld. oJ Li on- arc ! h(· 
('f)'''''(,lU:'.\'"hn\h' i'V'.::HH)\!.'i'l'I:i ~!1H t 
'.r:l.ri:ihll'-\"!dH,df' ;;,I;:'i ("i' ,'dd-:: .I)\t­

'i~UlipJO ;,);, ,'3 , th(· (\p;.1I1~dIJ\' ~.y~) !. 1 1), 

.r:Til·I)!.Cll\c·nh for v:cl!.,),1e -.,. \I1,pic lI\il~.' . 
"r)(~ci:tl I.~onf,guntli\j\\·\ ,'J : \ '\l(, ~', and 
differenti;d .1pp.,i",Hn.1io d~,~.\gnt·d to 
s(;recn nul first-orckr dil'ds. J~.,('h 
wiil be dis(,\I~~I'C I a~) .1 r:ia~., ,/I Id ~;ome 

sig(jif:c~wt \\'od(,~ with th:ll Il\ethod 
r!c~;cdlw(l bntdiy. It is lwpd that 
-th\~wil1 ai(1 the 11<~W inve',1igul(/i' ill 
.sek-cting· ~I!/ <l1'PI'0:1('1I whicli will 
meet his obje(:tives. 

Tests bejn~~ i )I'.:(I·nl :I :~I~ ~,s;n;;~ the Burnet!: apparatus dlagrd!lH\h!d J\\ Figure 11. 

Constant volume--constant mass 
Con(:,~pl.ually, ~hi~ nle-tJwcl b ;\Jol>­

ably tho simple,'t of thosc olnpl"y,·d 
to ohl',lin I..·OIlIbiliatioliS o( I'-V T 
c(lJlClition~. J:l.l~ic;) lIv. it i 111'01 v;:s 
clJJrgirl .~~ a "klI0\\'n l;la~~ uf Uh) iiljid 
wIder tcst to .1 p)'eIIC/II/'.·/ '.'/' (\r ('..II c}f 
known vnl 11 1I11\ and r/lf:.I~,uri,,<, Ihr.· 
pn~ss\li'O :tnd lcmpt'I'.IIUI\· of IJ;~ IIl;l­

h'ri,\1, \H' vi("c ver~a. 'llH1n' I\\'I,) n):\0Y 

v;lriati(l1lS o( tho ll\('\l\l)r! , sOlnc' frol' 
hIgh pres~\\n) worll, S(lWc.' (01' high 
or low l('lnp,·ratllrC'~. alld SO/Ill,) b.I.',cd 
on thn hIatt.: of Ihe Huid. 

TIIII ~ilnl]lk~1 VI.·rSHjll 'i I/H~ Ihow fill' 

(kl:(mninlllg tho <lemilie .. " of 1i'jldd1; 
or .g'IS"~ twar lltrll(l~phol'lr: prW,SIlI','. 
Thc',(\ cl1lplo." glass V(·.,.,ds. \,,11,,[,(\ voJ .. 
\1n1e h:ls h(··c' \\ rlcternIi1l1'd :I'i .1(,~·lII"llelv 

01:\ p():;~·ihh~. n~ \"1 \ ~:L d\!' 1''',1 fl!li d. 
'rlu.' \.-o)nilil d \'l~_" itiH i" i!"naB', 
e~T\~ I: : I.·(\ lr. \-~f ;..: ' 11. dH' \.~ .,.1,('1 fun 
\ I~ llH':TI,d':' .d' ..... ;).'. ;,:: \ ' ; ', 1"'1""';-' d \\',d,, ' i' 

:ct .\ j: lt·.\~l1l·_',i l C.,I\ ',";-;I.I , ::.\ tip, ... th·' 
,H'('nr,\l.' , ' \II :h;~ \r:d l l(~ lL I! i \I\!~ nI!: 
I\, '.t h i ~- "1"\1\1 tilt, P J\ jl \' "i' l!I(' )\L\'\(:il1." 

IIi' \\';\t(',' 11· .• ·ci : 1.\- !.':iJ\\'L (~,.~I~ of it') 

h '\li';',- 'lll]}, ' ('i," ~r ·.'p 't. ~ l!f' "L'i'I,;,,\~'\ 
n! , tll ',hUiY \\lf"!1 :\1 l ,(' \\'\ \';hl'l;~,It'i,.J ­
P( ' ,;"d\ln' ~iild 1f ll i!(;C'\\ i',' \'1 \J\ ~' 
\\,(,-"r}ll/}p' I::"'})' \ !ri'. ' \'!I'" ,:1'1,, :,1(, Df 

h ; tI;'; 'Il\l 'l~~ '( ' 1'\"'.' qn,' /',\11 lH' lill . ~ .·; l1n'd 
lI'ill) ;ll·C·'·I'I.\I>,.· .,C'·II'.\\\ '.\ illt ;,\,1,,­
I j\'( 1.';1'\(", 111\ ' 111\1) ,( ' \" 'q \I:.' ,d "o ~·.\lt ht' 
I1H,,\.·.llH,d \\' i!:, ':''.;\ .',,~ .,hj" 'H', ' \1r; ,,'\', 

thl' (If {"i~. ;:lC'i l\\,,J Ipr p~., ~ . '.I<)I'" 11.1:1 ·11 
;lhm',· ;\(I1I\.·.pl!, ·(;, :; ,;»\ i I, ,1 i'" II,,· 
lncrf',, '\('d \\"i ld d lIt d \" ('i:1. 'i"},c ('I'lhi 

1'( '~\lll is 111:11 " " 'I: i, '.·I·,·n ,1'1111"11 11'111, 
('ITO!'') ("1)) tH' 1'1' •. 1i1('(·d hi th~' (Ird, 'r llf 

O.O(l;""f, !;':10il.OI)!1l \0:' ~;l~ . '·~. 1"11 C'I', II 

,,,,hic'vin:.' rI:'or~ of Jess I\.alt O.l~b is 
dilfir:,,!t ;·' .• dli<".·it<!' error~ of the order 

.~ 

III !; I,OOO,OOIl is pmsible ror ll<~lJids. 

Density balance 

\1'(1:1\1':' (lpp,~ r.I.ltl:.; fnl 10\\' prl'~.~,Il\t's 

j •• t l." ( kll~>ill' b.d ' llIV(·. Thi" COll:;:~t~ 
I i! d \ ("':',1'1. ,,:ifl! ~1 \\'illc\()\V III Olll! ('nel, 
('C1I,Ll\n1n[1 a halanc(' l)('.lll'l "'jlh a 
ll:,illt"r ,,;~ (Inc "nl! and ~I rplarlz blllh 
1)1 Iwlino/l nll Ilw nll I< '1'. The ch;,nll)('r 
i ~ "va"1/alt'd :111<1 il,c ' lI fillc 'd With .1 
r,d'l 'n'I"'(' ,l~ns to SIH'h ;1 prt,',,'}1110 that 
II,, : 1)1';'\\1 1~ c'\;wtlv 1><11:111('('.1. If I1IC' 

,·h;' lIIl., I is a!~"ill I'V;,; Il.llc·r! :llld ll"'n 
fiji,·" \. illl :\ lC'~1 1!;IS to s, wll ,\ pn'~­
~.III·'· 11>:11 ill(' 1",.\\11 is ;1!'..Iill In b:I1.ll/c('. 
11,(: <I 1·1l.'.ilic·" nf' th .. g. ,r,(·s ,tn· c'l.lI.\] 
]'01' t!i,· Iwo ~,('I~ of Cl)nditil)lls. E\'nlr~ 

11.'111. thi!. nl('lhod 1\) [1\' he \,('rhll·I·,l 10 

tho on11'1' of O.J 'i'~. (]: j ,OO()) with ('ar,'-
1'111 \\11I1. (I J, 12). 

----- -------
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figure 11. Diagram of commercial Burnelt ::1pp.\r,l<l'S (::;.', 
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Figure 12. Burnett apP<lratus with !;;i\!anced·pressure cell!'.. 

Ct1~M1C,r',1. E:NG:t1EE$t(NG P'RC>G-RESS, {Vd. 5'1, No, I!) 



Fn~' U~~.I: at h.lF)::"j pre~~ul(,s~ the 
",\ ".~:\'l h·,~ • .:v'nf.c. '!, Lc ... ',- y·\\':dl,:d !n!~t:d-,. 

I , , I \ ·1: J J)(,f.i 
.. . ;'j,bJ !,;\, .. t, 

~-~"~r' f""'····;·':"''i''''''',.,,..·· ,..-; .. -,~ 

lK: (.-'C,rd:ll:J.:r ~\:H\ : 1: .... J)\!:;\:.UI'\'HH1nt 0: 
th(.~ n,,'\s~J Gl :\ g.,;.;\~.:)!.!~ :~';;,.L ::uj;J ,\lid 

d:l:.! p\"l:-~'jl.i:·e ,\l(~ c(nnp!;("~df.'<i, ,\ 
n:~n\b\l' oj h\\·I.~:~:ji!:"Hu,'~. ~:\)ii;(' ;;rc 
Ib:",d b\' \.ornnH!.1:. i 1,;'.~, !);i\'(S "11\1 ',\\'cd 
;,\1 apP;'\d.ch in "'\\'~:kJ, d.t..: ti:st ill.1i~} 1!J 
(h:trp"d. '.\"1 the hirh prv)o)snre ve~;:.;(~l 
;\nd . ~ il:i PH~s"I\n't;"") ~UH! ternpc'l'idHre 

dl'hl·mll.,"\, Fig\ll" i. The mJ~.' (if the, 
'\' .. '!np1" }." dt.'h. ·r; !Jil\'.~d ~·\ften.\';\l·d hy ,~x­
:I,i!KLi",.,: it til "dHH ,~ph('ric pn~~slln-: or 
b('~, •. \.' ~H it hn ;:1': \'"cssei :it kno\vn 
t(.·.ni..I·~'l.l~ !lJ":'. '·[,h:i.~~, :he rn;\s~ :-111.\."( be: 
f.',\l('uh!h~J f~ dnt ~ ~l.:-\,\!j;d set of t·I .. V-'1' 
l\h·:~,;t:rt.·int'\\\~: :.It C'):\(~::i:):)~ i'or \vhi,J~ 
~h,,~ d!2n~,il:\' itf d:\.: If,,\fei'I,\l )[, knCt\<,T\ 

wili\ 'i"iii('l~llt ac Cl)r.,,·~'. 
Siwl~ral p", inU; sllC1ul'cJ he rnentH)IIt'cl 

reg~rciilll!, ll,;'; nwllu)cJ. One appro;lch 
is 1ft e"'\l"~i.1~dl.! I h~~ '.\"~,t(,Hl, (\Jose \~'3J 
Fip.;mc 1. inject the &;lJnpk, c:lw('. VI, 
1nel;~lIre Ilw pr('.~sun· :i\{(l therl1lo·;t'lt 
ii'!l\I)CI'::tloi'C, .ll\cJ :l"jn dos,~ V2. Tl:t~ 
,;ampk I'; tlu~n c:xp::ntkd from Ih('. 
lr,,~a.I:llred VI)lllme of t!lp ~a:nple \'cssd 
10 Io\',' prcssl.ll(· ill 11:(: v,·""d ph;; the 
nleas\li"\ld voluJlk! of the c:qx\n~:on 
v~"s\'ls alld the rn;,lIifolcl ,y~k;il. Ii is 
dear t iltH, [Ilr hi/rll ;-'C('I:r,\cv, :,ipdi­
Clillt clilfi':nltl' is ";lC()/IIli.Cl'cii ill di~l.el­
llIinillg the ~.:\)lllm{' of tht: Illl.lllifold, 
ing and knowing il,.; t:>n1r('rallll'i\ with 
Sililkic\)lt ~IITIII';\\'\'. FIII11'i'l", ide,\\ ~!.;1~ 
behavior 1',IIHlot .]". ~1~;!;\I1rw(l lor the 
s;1mpho :It ;1t11l1)~;I\lll'l j;-. pn:';~"l'i' (14), 
.,,; \\';lS dl.\J\O.' bv /lI;IIW e:.lrlir.':- illvcsti·· 
,";·1101':;. fOI' 1.\\nl[1I1:j\,Lr 'll:,> ~,\lllpk 1'll:I,S. 

;hw :)ci'lIr;:ci,'s Dbt;~iil,-.bJ{' with cure·· 
fill work ':1'(' reprc:,I,'lIl,',\ by IhlJ~e oJ 
lknnett: and Dodge (IS) . who~e es-

(f'\. i' '\ 
nnt~· .. ,'! tt Ir·~ilf ,I: ~;1'. ,,> ',tel,; 
\. i;;lJ.>:, I.!. \~ tJ i~! 

.:) V,li, ',t 1 

ha~; 1..11"('. 

I' 

~. , t 

\'" l~l"~L'J,d 

t.i 1: 1: i ~~ ~;tl',n 
~\ I ~ !·,·s : !\ 

3.1J!)O n, ,'" 1"'.! \·"x'Ct t ,;:-C 

frun, .... ,'·.HJ ,) it} .• ~Ji{:) 

Th,',; "\:,,.,11\ II " ~""ll.\Ll}fC;'~ 
li\:tt ,II' \ .'l ... , ( •• LII\:; :"\ ;~i:'I'.~ }::; t,!:> 

h\n:)i~'\I.l t·, :) iI \ if: IS (!~;]!i\Pd d'hi 

~::c L'.:~:I .,',' \.,'. \'t,';';"(~ H!H; :r:l~\ ~·.si )d 
fr:.)!l\ jl,. ,\,\ 1\ '\; l.:.';\~ ,h~:r.~~j!!g 
,\·ji·1d:- ,',1'\ : \ ",1 p(Ji\,i ... hl t"':-';','!)CC) 

tL\., hi'-~{l , ,', ,\Hd ;n:,;;d>ld 3:.:';\('ii', 

are t'\'iICu.d, ·d, I Li: "l'\·~'."'I: :ll1)I\Cr~\'.'! i:1 

li<pdd nil,Y'g";) 'L" f';i~'·P:\" nV\\.f.ut'('t.t 

a:. 1(r,v ,Pi'.".·,!\"'· :.!)rl l' :~.~.\.·d j\,\O tt,c 
v('.s~,~l ;\i"l(\ ,,'I ill\;\'fI"i(ld, b 1: crna::~!1)' 
- I' 1 !or })Ont.'{I(i\!'!ij ~:,\ )!('S, a l1ig,.! pn'\:';lll:e 
!Hlf\'( j''; IlSI d :.) 'nV,i"':\;:\. Uli' ·:i~!l\'li)!<.· 
ill~\) tlh· \'(~.~\.: 'Co ... ·\Jr,\!1\f·: ::t Pln,. 111',: 
\'(:s~pl i:-: \\',,~ HP'. j t h·· c\-... t'~nt$ .~Un'('\i. 

flit' \'\'~ :-\'1 IiL, '''! 1:1 {:I,S !i,enH(;$t.tt 

i·,;tI:h. t'h(: h.lnp,'Ci.!!.dfc ~,l !hjH·l.l~d ~lHJ 
Hit, 1'((;''''',:'i' n'I""I·I1/'(·J. '1'1 I'.:!! , st,)hili­
Z~IIiO-l\S .\l·i' )n;l(il.' ·.H othf') t,\"i\·''-rl'{nfi·S 

and the pr \ '.~ ~,I1),('·'; nj('::I"~I.\l"I'd. :':ilV.~,. tIle 
111;/)1 pn'~\~i\\I'G "lpdl;'IiY :.v~,t(Jn to \l'l~ 

\ ~ ~ , "1 1 ' 
pn'ss\ll'{~ :":.\\,,,.~( .1' , '!.':\i'i>.!.\j\" ~'i it,·,O f! \"<1 

\\lith S:liilP~\, ,\ ; 'd'S l\:d,\t,\(' Ihll~·t ~)(' 
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InstitutEI of Gil::> T v;hnolo1:Y ';; P-V-T 
appilrdtl.lS dlagrnrnrnccJ in FI8U1'c 13. 

charged fnll,;l '~(l",tl thi~ sum ()[ th,· 
m,I-'~l';; hkcJ (lilt of the V C;S~I.!i. Careful 
\V",k will, this n'bti,'cly ulIs,'pi:isti­
cO-lfd sy!'tr.rn yi:.'!ds oCHsities \vit'h 
"rl'l"':, of 1,::;s ~h:lll 1: J ,000. !vfi<.:hcls, 
(:'! t~,l,:"'17) <'phite 1 (";,.!hs ,accundD to 
j: 11):0\)0 {')1' ~ ·"vry reUli'..I;l nppalJtus. 

}\ fur:hl'r ,·ari:d'i'.H\ of th(: b,lSic 
nwtiwd wit lC:h 1,,\$ h.:·c: I widelv l\~,~t1 
j:1C11.l.~!ri.Lll:.· f,,!' :r:nl',.:r:itmcs' n(':tr 
;)In[;i,'nt i, I h"t ev(>Jv<~tl 'ilv B"lIn (1 S, 
19), Figl1t ... : ;~. Th l , high l~\rc';S\1re ves­
sel ,\ ilm] 1 he ":cr"l!!!,i"')) vohm,(' II am 
imw, :I'M:d ill I hc~ Srlhll, thClI1I01,t,\1 b.llb. 
The eXi";,nsio:1 voi,::rl(' ;S l'l:ialivl'ly 
s1i1:ill ~() th;\l m:llIcro\,;; expansi(\ns 
(!-II':lCo data pf,jnl&) ,lllJ ,)ht:iincd [n 
reilneo tho V!;.',1;c\ nn!~:;/)l" to ni'ar 
;-,t!l\,)spheric. The il;dmtriilJ Ullit h;)s 
1><'('n sJlOwn to vcdc! iler.,;iti0s with 
('nnrs I) f less th(l;~ 1: 1.,0(10 (10). 

Figure 13. Schematic diagram of low pressnre Vr. ~i::li ,i.:, 
volume apparatus (14). 

figure 14. Differenti;)1 P-V·T apparatus for obtaining s(lcond 
virial coefficient~'l (35), 
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Variable volume-constant mass 

In this method, cumbinatiolls of 
/'- \' -'J' cOllditions nrc obtaincd by con­
fi lling a ccrtain constant mass of test 
flu id in a vessel at constant tempera­
ture and determining the change in 
\'ohllne of the sample with change in 
pressure, Its use dates from antiquity 
with respec t to experimental the1111o­
dynamics , In the 16th century, glass 
cells cOlltaining a test li<lllid cunfincd 
with mercury and a gold foil mercury 
position indicator were lowered into 
the ocean to secure high pressures, 
General use of the method dates from 
Amagat's work (189:3) , Some of the 
most acclIrate data yet reported have 
heen obtained by lise of this mcthod, 

Tho form of apparntlls which has 
yielded somc of the best information 
is that due to :-'1 ichcls and Gibson 
(20), Figure 4, It has been uscd more 
recently by Schamp, cl of. (21), Thi~ 
consists essentially of an invert<xl glass 
buret of bulbs Joinod by capillary 
tubing to magnify volume changes 
and into whieh platinum contacts have 
been fused, Tho bulbs may be ar­
ranged so that all but the first are 
tho same size, or sequenced in size 
(22), The buret is placed in a pres­
sure vessel in which the bottom part 
is filled with mercury and the top prut 
outside the buret filled with oil from 
the pressure generator. The entire 
pressure vessel is immersed in a thelm­
ostat bath, 

Pressures to 3,000 atm. 

Tho 'lllantity of gas placed in the 
hllrcl ahove thl' Ilwrellry is d('«('r­
mined with great eare, Theil, tlto 
prcssuro of the oil is iller('ascd to 
Jrivo mercmy illto the bmet lind com­
press the sample, lis the mercury con­
tacts each electrode, the volumo 
occupied by tho sample is kllOWIl [or 
the pressurc existing at that timc, This 
typo of applicatioll of the melhod has 
many inherent advantages , Pressure 
has no effect on the buret until levels 
are reached at whieh the compressibil­
ity of the glass must be taken into 
account. It has becn used effectively 
to pressures as high as 3,000 atm, 
Errors of no more than 1: 10,000 ru'e 
estimated for some of this work (20), 
IIowever, it is not generally used for 
temperaturcs above 200'C because 
the merctllY dissolves the platinum 
contacts, 

A different adaptation of this basic 
method was (>mplo~'ed b~' Connollv 
.111(; l\::. -,c:,~:;: f :::; , Ficurc 5, ill \\ hich 
a (;.(1(, ra:ed gbss c.1pdbry sern'<i as 
the pressure vessel with mcrcury the 
confining fluid. The volume of the 
sample at any time was determined 
from the length of the capillmy not 
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Figure 15, Diff"/l11It ial appa ratus for determining interaction of second virial 
coefficients directly (6), 

lIl1ed witlt IlH·J'(·my. K~til1lated ('I'ror.~ 
w,'n: It'ss thall a'IHlIIl :1: JO,O()O IO! 
dala ohtai1I('{1 ar(llllld I () atill. nlld 
l: 1,000 for thai ,1I'I)1I1ltl ~!) atlll, 

A sOllwwhat similar adaptation has 
been us, ... l hy DOllS1iI1, cl (If. (24), 
Figure 6, to ohtain data e~tiJ11ated to 
ho accurato witllill .'3: 1 0,000 for tem­
peratures ncar ambiPnt and 3: 1,000 at 
300·C and 100 at111. In this case, lho 
samplo container consists of a pressure 
vessel, within which is placed a glass 
liner or pipette of measured volume 
eontaining a carefully weighed amount 
of sample, To begin a run, the space 
between the pipette and vessel is 
evacuated, filled with mereury and 
the tip of the pipette broken off. From 
this point, tho pipette volume minus 
the amOllnt of lllercUlY pumped into 
the vessel including various correc­
tions yields the sample volume. 

Another v:u;ation was uscd hy 
D vnjittl(>, C( cl. ::.5 \ , fr r 11ll".1-'\lrl'­
nlcnts 0:1 H '~~lids. Fi;ure 7. Ir, !hi_" a 
stainlcs$ steel piezometer contained 
the sample instead of the glass vessel 
employed by Michels; it was closed 
at the top with a steel plug, A rising 

11l('l'('ury colilmn compressed the t<,,~t 
lillie! as in M iclH'ls' apparatlls, Tho 
positioll of the ('011111111 was determined 
hy uso of a dirrcrential transformer 
cOllnectod to a lOOO eyelt·s/sec, bridge 
with a vacuum tuhe voltmeter as a 
nul! indicator; the differential trans­
former was moved to detect tho posi­
tion of an iron slug which floaled on 
tho mercury. Doolittle estimated that 
volumo meaSllrements were accurate 
to 1: 10,000 except around 1 atm,; 
over-all errors in denSi ty were esti­
mated to be less than 4: 10,000 to 
pressures of 4,000 kg,fsq , em. 

Hydrocarbon systems 
A version incorporating a magneti­

cally driven stirrer, resistance bridge 
liquid-vapor intcrface locator and ports 
[or sampling both phuses has been 
used by Sage and Lacey (26) for 
hydrocarbon systems, Figure 8, The 
c~timatcd tlll(ertaint\' in \'oluJ11c m(,;15-

u~cme:lts is 5,10.000. with this be.no:: 
the greatest error in the measured 
variables, 

Bridgeman (27) suggests two 
further embodiments for high pres-
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SUl'l'S, O I1l', Figlll'<' D, "lllilai llS III<' ksl 
lillie! ill a 11<'1100\'s w lli<"il IS SIII'IIIIIIII I('d 
by III<' jll'l' ,S,SlIn' g"l l" ',llll',~ IIIlid, 'I'll<' 
l'ilallgl' 111 I"" glh III til<' 1,,'llmv, IS 
l1H'aslIl', 'd b)' liS,' 01 :t ,s lld(' win' 'lI ,d 
lHllt'lililllllJ'lL'r :tlill II", ('1',il lgl' iii ill­
I ('mal VOiUllIl ' i, (';t!l 'ltiakd, S'Ull(' 
iliveslig,llors i't-I'I II'dl I h,' aL'l' urae), of 
lhe Illt'LilOd slIfrcrs IWcallst' of il ll'iaslie 
hySl('l'('sis o( lh l, h"lIows , The s('colld 
l'lIll)l)dimcllt u lilizes a fr('e p iston, Fig­
tll'e 10, which slici!'s up and dowil the 
bal'rel of the cylimlric, tl compressihil­
it v cell. The \'Olullle occllpied by the 
t(:SI is t1l'lCl'IlIill('d from thc position o[ 
Ihl' pislon, Bridgem all lI ,cd a piston 
\\'hi('il filtl'd Ih " I't'ssl,l harre' l so cl()se­
ly as to pr, 'cl ude fillid h)'pa,~s alit! 
dd('rlllilleci pi,stoll posilion witla the 
slidewirc tcchlliqlle, Several petro­
lellill compally laboratori(,s utilize 
fllrther Il}( )[lificatiolls whil'h includc 
"O"-ring or "c!H:vron" packi ilgs iJc­
tween th,: pis toll and cell , JlH'asur('­
l1ll'nt of pi.~ tOIl Jl<),~i ti on witll a rliled 
rod altaelH'd to ti l(' pisloll and c~ t"lId ­
illg throll gh n pac 'killg gl;u lCI , trllilioll 
IIl(Hlillilig for rockillg 10 laci lil atl: III i,­
ing, anci a hulls-,'yc ' pOl't for oiJserv ing 
liquid-vapor ilil crfaC'es alld cstililating 
tho v,)llIllw of ea('h phas(', Less ac­
curacy is nhl:aillahle with th('se units, 
hut hi g lll)' IIsr[ul informatioll klS heen 
obtained with thclll. 

Variable volume-variable mass 

nUl'llctt (28) evol ved a method for 
obtaining P-V-T data wilhollt direct 
volume measurements, Figure 11 :Uld 
Figure 12 sho\\' a refinemcnt o[ the 
equipm en t in which thc two sanlple 
containers opcrate Hilder balanced 
pressure, In opcration, the test gas, 

_'cigure 11 . is coutained at a measured 
pressure in one chamber, VI, of a 

T 
/ 

.1<1111>1" llil',"III'C ,'('ss!'1 \\'lli,'l> is ill a 
, 'IIII'!.IIII 1"IlII"'I,JllIl'l' 1"JlIi. 'I'll(' S''\' ­
(1I1d (,1 1,11111"'1 ,', ("',lI'II,llt'd ,111.1 \,;t!\",d 
"II, TllI'lI Ii" ""'"p l,, I, C'\jl,lllll('rI to 
lill 1111111 "11.,,,")('1\, til(' plt's\lIr,' III<'a\-
11I"d , Ihc ' ""'1111<1 l'h,lIIa1I1'r .I;~'1I11 !'ltl,\(,c! 
ofr :llId ('\'a"II"I('<I, alld the ('\IJ.lllsioll 
prot'('" 1<'I)(';lIc'<I " 11111111)('1' o( 1lllll 'S 
IIlItil lIl'ar-,atll)'''l'l ll'I' il' pl't'sslIrt' is ob­
taill,'d, \\'llh II I<' el(ll.(ti<l1l of stalL' 
\\'rilll'I(, ill 1('1'111\ or thl' (,()III[l rcss ihili­
tv Lldlll', fi,.,: 101' Ih l' 1l1'l!~IIJ ;d 11I.ISS ill 
\\,\\('1 \ '1 ,11"( litl'lI III i}()ll( \'('s,\C'Is, 

0111' "ht;lills: 
I' .. \', Z"lI,/iT ( 10 ) 
/ ',(V, I V ) Z,II , iiI' (Jl) 

TIllS (':III IH' \'(';JI't.lllgl'd I,) give 
(I" /',,) ,V \ /', /,,,) (V, \I,) V, 

Z, Z" (12) 
wlll're N is .Ill apparatus l'()II,lalll 
\\'hiell dl'j l<'llds I1 l1l y Oil 11." dilll<'l1 -
Sill liS III' th" e(l'lil'"H'III, ,\f ll'r ;( ,'l'\'il'S 
or ; slIl'('!'ssil'( ' t'\lla ll s iolls, 

( [' , I' .. ) N' Z , /Z .. 

/ ' .. Z, Z" 
'I'll<' lilil il or III(' l',lIill /'1' / 1', as /' , _ . 
() is III<' l,(,11 "<llIst.lId , \Vhiell 1111,,1 
" , " al ly I,, : l'oll,idC' rC' ti til 11<' a IUlldioll 
or t('ll1l )('ral 1I 1'(', II Ill(' iSIIIIII'I'111 for a 
g iven seri!'s of I'\P:lIlSiIIllS is sufTieiC' lIlly 
Iin ca r, the e\ll'ap()ial ioll often lIl ay be 
performed gl':lphicall)': fr<'<[lIcntly it 
mllst b, ~ perfo rm ed hy fitting a fill le­
tio lt to the dat,I, 

As regards aC(; \I1'aey of reslllts, il 
shollld be notecl that any error in 
1',, / 2 . is in trodllcC'd directly ililo each 
Z" Thcrefore, aCCllrate low pressure 
nW(1Sllremcnts arc essential unl ess the 
isotherm exhihits linc"rity to relatively 
high presslII'es, .\150. beeallse the eel: 
cons tant N is raised to the power I 
in determining 210 the effect of any 
error in N is magnified considerably; 

Figure 16. Detai ls of a differential P,V,T apparatus (6), 
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10 a fir,t approxililatioll thu error in 
/', N' frolll all C'l'ro r ill N is ; timl's Lllu 
l' ITor io N, 'I'IIt'r<"i ol'(', lhu crllx of ae­
('l lral,' 11111'11<'11 apjl"ratlls work is vl'ry 
acc' lIra lt: d, 'll'l'Il1ill:tlioll of Ihe appara­
I liS L'Ol lslall!. J klai Jt.d disClissio lls of 
lhe IISl: of Ihis (,(Jlli Jllllunt have 1)('('11 
given by Bloomer (1U), ;...ltll'lIer, cl (ll. 
(2iJ) :llId Schne idcr (7); data trcat­
m e nt h as beell discllssed by l'fdferle, 
cl 01. (.:30), SClllH'icic 'r, cl III, (.'31), 
SiII)c ri>erg, ct ai, (32), and Canfie ld 
(;3:3), E rror estimates r.lngc j rom 
2:1,000 in Z [or u se of the imlustrial 
units (32). to 1: 10,000 in cell eon­
stallt N for very careful work and 
special IIl1its (33), 

H('eelltly, Burnett (3L1) reported 
Oil the adaplation of this approach to 
I h" clc:te rminatiol1 of lhe comprossibi­
tics of llIulticomponent sysk ms for 
cO llditions wilhin the two-phase 
i'cgioll, In this apparatus, two expan­
sim i valves arc nceded b e tween the 
tw,) ch :lIl1lll ~ rs; CIIIC at the top [or vapor 
allli allolhl'r al the hottom for liquid, 
TIIt ~ S),St"1I1 is sC'l Oil 11 rocking mount 
so Illal tilt' flilid ill tho challli>ers ca n 
be llaixC'ci 10 ass II 1'( ' eOllstant mixture 
compositioll, This is a new techllique 
and error analyses have not b een pre­
sented. 

A modification o( the m ethod has 
bcen used to obtain compreSSibility 
[actors accurate within about o,n 1 % 
for pressures near atmospheriC, FigllJ'e 
13 (14), Data arc ohtained at two or 
three differe nt press lIJ'es by confining 
a sample o[ gas in successively larger 
volumes at constant temperature over 
merelllY , Each pure gas or first mix­
ture componcnt was taken into th e 
expansion system, Figure 13, to fill 
olle of the measured volumes, and its 
pressure measured carefully. Other 
componen ts were then taken sueccs­
sively into th e mixture preparation 
bulbs, measured in like manner and 
then foreeo inlo the expansion sys­
tem and mixed, The sample pressure 
was then m easured as it filled Slle­
eess ively one, 1:\'10 and three bulbs, 

The data were h'eated with the 
eq uation of state truncated after the 
second virial, i ,e" 

[PV/ (l + aP)). = [PV/ (l + aP)) , 
=(PV/ Z)( = PV/,~o = RT 

(14) 
The d ata for several expansions were 
fitted to; 

l'V = (PV) . (l+,BP) (15) 
Then ,B was corrected for variation 
with pressure to give the second virial 
at 60°F ancI 1 atm, by introducing the 
third virial. 

Special methods 
It is espeCially worthwhile to note 

tha t several investigators have d evel­
oped expe rim ental approaches that 
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l'lilllillat(' first- :\IIti ('\ '('11 'OIlH' ',T olltl ­
order elkcls dir('('(h ', ,\ d dlllg l<-)' alld 
\\ 'hyll,l\\, -(;ray (:l.l ) "I'll ' '!JIII.IITIIII" 
the first to ('1l1l11).II'(' dil'l 'dly Ihe g:;s 
\llIder ill\,("tigatioll " 'Ith all approxi­
mately c«lIilllolar «u:lldily 01 :l \<'(,11-
ill\'estigalcd rcll'rcll('e gas, Thcy 
\1H.'.lsIIITd III(' slll:t11 diil(,),I'llccs ill 
\'OllllllC WhCl1 III(' t;a'>es wc\'(' :It ilillt-Ilt­
ical pres'lires, (1.1I11all allu Pearse 
(J (j) alld bter \\cClasitclI alld l'olll'r 
(.'~7), Figure H, 1l1l'aSIlred thc slilall 
uifferCllce ill pressure \\'itl'1I tile lwo 
g.ascs wcre cOllfillCd as lIearl ." as pos­
,sible at tlte sallie tClllperatllre alld 
cCll ,al volumes, The apparatus is a~ 
II carly ,S),l1l1l1etril':ti as possihl('. Tlte 
tc'sl gas is d,arg('d III tile Ic'll hmd 
:lIld tite \'(; 1'('1'1'111'1' gas 10 titc' right 
throl lgh the IllallOIlIt'tn 11I1)('s ~I, with 
the lIIerellry willtdr,lwll. The IIIC'I'('llry 
IC\'cls were t hell raised to tlte firsl 
burct mark to COli filiI.' the gases in the 
same volume and the alll()llIlt of olle 
adjllstctl to gi\'e the same prcsslII'e, 
Then, the two wcre successively com­
pressed to fill ollly two alld ol~ly OIlC 

bulb each and the prcssure diffcrence 
l11easlll'cd. The pressllres are rl'iatc'd 
directly to thc secolld virial coefficient. 
To ycld an accuracy of 2: J ,000 ill the 
second virial, the initial tntal pressurc 
need only be known to I: 1,000. The 
need for maximum possible accuracv 
is concentrated on measurctllellts (:1' 
the pressure differences, 

Interaction sccond vi rial coefncicnts 
have been measlIl'ed directly by Knob­
leI', et aT. (38), and by ~lag:tsanik ;)lId 
Ellington (5, 6), Figure J5 and 16. 
In this case, three vessels of l'qual 
volumo are held at the same tempera­
ture. Two vessels, V, and V" are filled 
with one gas, Figure 16, the third, 
V" with the second gas, all at precisely 
tho same pressure. Then the contents 
of vessel V, of the first component are 
mixed with those of the second com­
ponent in V" by repcatcd f1ushillt; 
into and out of the expansion vess~l 
TP. The mixture is then compressed 
back to the initial volumes in V. and 
V" and thc difference in pl'essllr~ be­
tween the mixture and that of the 
reference volume, V" measured di­
rectlv with the differential manomcter 
D. This diffe rence can be related di­
rectly to the interaction second virial 
coefficient. Thus, first-order total pres­
suro and second-order pure component 
second virial effeots are screened out 
to give more accurate interaction co­
efficients directly. 

Recommendations 
If recommendations were to be 

made on the basis of this review, they 
would be: 

88 

1. That more of the experimental 
efforts for obtaining new P-V-T 
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Ge ~t T. Ellnctoll rece ived h is B.S.Cll.E. 
from Univers ity o f Colora do. M.S.Ch.E. 
and 1\1. Gas Technology from t.t.T., and 
Ph.D. from t.t.T. He h<1s VlOri(cj in 
operations (,V.1 !u J tl on for tfl e U.S. 
Navy a nci III t il e utility gas indu stry in 
Atlanta, . Goston and Chattanoga . He 
SPCllt Illl1 e y<'OI rs 'n reSe<1 rCl1 and edu · 
ca tion nl lile In s tillll p of GOIS Tecll · 
nology. Hc IS cu rre ntly <1 SSI StOillt 
clirec:or of r xpl o lt ;,li on Hesenrc: l for 
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c as s to rage . il l' received !l is B.S.Ch.L 
fr0111 M.I.T. and his M.S.Ch .E. and 
Ph.D. degrees fro l11 I.I.T. 

data h e ciire<:ll'tl at ohtaillillg 
vailles accurate to 1:5,000 or 
helle I'. 

2. Thal more efFOIis be diJ'e<:ted 
loward obtaining data ncar phase 
boundaries, and [or lhe dense 
flui d . 

3. That e n"ort be made to exte nd 
(',]ch ncw work to exisling data 
and rcconcile d isc·rep ancies so 
that larger internally consistent 
sels will result. 

4, That IH'W efforts inclllde relativc­
ly extensive ranges of more than 
one independent variable to ob­
tain [ull advantage o[ the smooth­
ing erfects obtainahle with analyt­
ical fits . 

5. That effort be m ade to develop 
more siweial methods that w ill 
yield J:ltn diI'Cetly on second 
order effects. 

It is rccogltizcd that these recom­
mendations are in the direction of in­
eroasec1 cos t for new efforts, but the 
added value Llf t'hem to other investi­
gators and eng ineers should more than 
mnke it worlll \\·1I ilc. # 
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