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Institute of Gas Technology's P-V-T apparatus diagrammned in Figure 2.
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Techniques for P-V-T measurements

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

“It iy an inescapable fact that in re-
search, the quality of a conclusion is
expressable in terms of one or more
measurements, Without such a reduc-
tion to elementary considerations, no
experiment is repeatable, no result
is verifiable—no basis exists for the
entire structure.”

This statement (1) is especially
true for our ficld—chemical engincer-
ing. In recent years, it has also be-
come increasingly cvident 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 theorctical and empirical
methods of representing behavior are
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, 17 rcqucntly
an increase in the accuracy of experi-
mental data may Dbe necessary to
implement the next step in theoretical
or analytical developments, Such
steps have frequently characterized
developments in the field of physics.

Those working on the P-V-T be-
havior of fluids should seck such
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improvenient s, Re-examination  of
their approwcl might be worthwhile
for many vniversity and  industrial
laboratories. [t wounld scem that many
investigators  overlook  the uses  that
others will try to make of their data
after they become part of the litera-
ture—cven lI-.u'lgh the investigator
may have stated intended limits of
use. In many cases, in considering
service to the profession, it might be
worth the ot effort to improve a
piece of appuaratus Lo the point that
another significant figurce can be added
to the valucs reported. Tt might be
worthwhile lor more nniversity labora-
tories to emwilate the practice of a
noted laboritory in Europe, In this,
the number of apparatus construction
aclivitics is reduced to a minimum;
a single apparatus is built and it is
as refined as possible. In this approach,
masters  degree  candidates  would
engage in lewer apparatus construc-
tion activities; more would spend
their time on taking high quality
data, dala analysis, and carrying out
caleulations with these data. It might
also be hop=d that the more mature
investigators in industrial laboratories

would seck to add all possible refine-
ment to their clforts. In short, this
is a plea for excellence in the P-V-T
investigations that may be planned
in tho future,

Such a plea requires  defense
because it would certainly mean re-
duction in the number of thesis
investigations of intermediate sophisti-
cation—those with the objective of
building a piece ol equipment and ob-
taining  some data  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 the field. The requirements
for modern equation of state develop-
ment, second and third interaction
virial coefficient determination, and
phase equilibrium prediction work are
such that accuracies in excess of four
significant  figures are  frequently
worthwhile. At times this 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).

properties in terms of the equilibrium
property, density (2, 3).

In an attempt to present an ap-
praisal of this particular field of work,
uses of P-V-T information will be re-
viewed briefly, and the major methods
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
life as possible.

Why increased accuracy valuable

Some review of the use of P-V-T
data, to point out arcas in which
accuracy limitations are already being

Solbrig and Ellington (16).

felt, should be of inciit, It should also
help particularize seusitive arcas of
current information, as determined
from some years of work in the field,
without detailed documentation.

Simple volume calculaticns

Undoubtedly thi: fisst use and need
for P-V-T' data were for ordinary
density calculitions—to know how
much of a materia! could be crammed
into a certain vessel at a selected
pressure and tempeiature, This resull
could, of cowse, o presented in
terms of the conventional compressi-
bility factor by smple algebraic
manipulation.  There are  relatively
few instances in which a  directly
determined devsitv, per sc. must be
accurate to wilhin one-half percent
of the truc valne. An error analysis
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Figure 3. Bean variable-volume P-V-T apparatus (18).
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Figure 2. Schematic diagram of constant-volume P-V-T apparatus of

based on the delining relationship is
simple and it shows that relatively
unsophisticated experimental proced-
ures will yield such values.

Derivatives in calculations

For the calculation of the thermo-
dynamic propertics of a gas, a number
of relationships are employed which
require integration of terms including
the first derivative of functions of
P-V-T behavior, e.g.,

dU = C,dT-}-

[T(oP/3T),—PldV (1)
and in terms of the compressibility
factor, Z,

(oP/0T). = (ZR/V)

-+ (RT/V) (3Z/3T). (2)

In the above, U = internal energy

and C, = molar constant volume heat

capacity. Similarly, for enthalpy, H:
dfl =G, dT

+ [V=T(dV/0T),)dP (3)
(aV/aT), = (R/P) X
[Z 4 T(0Z/0T),) (4)

If one examines these relationships,
it immediately becomes apparent that
for certain combinations of conditions
the term involving the derivative will
contribute significantly to the result.
It should also be evident that the
requirements on P-V-T data are more
stringent for representation of the
values of the derivative with a given
accuracy for given values of the in-
dependent variables than for predict-
ing the pressure, volume, or tempera-
ture, For each differentiation of the
PV product there will be a loss of
precision 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 variable-
volume P-V-T apparatus (20).

PV measurements must have a preci-
sion of about one part in 1,000,

Partial enthalpies

To caleulate similar properties for
mixtures, it is necessary to know the
elfect of composition on the contribu-
tion of cach component, such as
partial enthalpies; I, = (2l /on,)
25 1 sy + « L0 derive partial enthal-
pies for mixture components, differ-
entiations of the PV product with
respect to both temperature and com-
position are required, and the initial
measurements must have an accuracy
of about one part in 10,000 to yield
partial enthalpy values accurate to
one part in 100, Thus, for mixtures,
precision in 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:

(eC,/oP)p = — T(3°V/3T") p

(5)
This equation involves second differ-
entiation of the PV product for the
pure component or given mixture,
and provides a means of evaluating
heat capacities at high pressure with-
out the use of calorimetric or Joule-
Thomson data, Again, the evaluation
of the second derivative requires
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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Figure 5. Variable-volume apparatus
of Connolly, et ai. (22).

RT d(Inf)==V,dP (6)
where fi is the ligacity and V, is the
partial molal vohune of the ith com-
ponent. To evaluate the partial molal
volume, it is necessary to differentiate
the saturated  liquid — and  vapor
volumes with vespect to composition.
Thus, to obtain the ratio ol vapor
composition o Tiquid composition al
equilibrinm (K-factors)  accurate Lo
one part in 100, the original P-V-T-

composilion 1ocnstrements must - be
accurate ti Jdoat one part in 2,000,

Equations of Stute

During the List deeade « high level
of aclivity has continued in equation
of state developinent. The objectives
of this work e twofold; first there
is the cngincering objective of im-
proved represcutation of existing data
on fluids for thermodynamic property
caleulation and design and, secondly,
there is the fundamental objective of
expanding Lnowledge of the molecular
behavior of fiunids, Recent efforts to
improve representation of data may
be thought to date from the work of
Beattic and Bridgeman and Benedict,
Webb and Rubin, The success
achieved with these equations has
resulted in use for ranges beyond
those for which they were developed.
There have been so many develop-
ments of polvnomial fits to various
sets of data that new offerings may
almost be presented with  apology.
Nevertheless, the objective of ade-
quately representing the behavior of
both single and multicomponent
systems for the liquid, gas, dense
fuid, and liquid-vapor regions with a
single rclationship still remains unat-

Figure 6. Compressi- Figure 7. Piezometer
bility cell, Douslin (24). of Doolittle (25).

taincd. The primary requirement for
continued progress toward this goal is
internally ~consistent, accurate data
for all of these regions. It is extremely
disturbing for the investigator trying
to do analytic work to find that im-
portant sets of data are displaced from
cach other or show divergent trends.
dven more trying is the task of
analyzing experimental methods and
determining which set of data shall
be used, on the basis of a terse
journal article.

Voids in experimental data which
are assuming increased importance
are those near phase boundaries and
for the dense Iluid. In particular, if
an cquation is to be used to represent
saturated densities or to predict va-
por-liquid equilibria, difficulty may be
expected if considerable extrapolation
beyond the range of the data is re-
quired to reach the phase boundary.
Irom the preceding discussion, it is
evident 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
dependence 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 virial 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

CHEMICAL ENGINEERING PROGRESS, (Vol. 59, No. 11)
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fanction @« knowa, It highly aceurate
valies of the sceond viral coellicient
are available, new information can be
obtained regarding the adequacy of
the varions potential  functions  and
combiniug miles (5, 6). Although the
caicniahous are extremely dif ficult for
all but the simplest potential functions,
the third virial can be calendated by
consideration of all possible two-body
interactions in the three-body .‘-V\fern

Extensive and very aceucate Pv-T
data are required 1o yvield socond

virial valies accueate o beftor o
1,\1 (7). Acearavics  considerably
hetter thaw this are desivable o wfoe-
mation is (o be extictod regoding
interaction  cocfficioms  for mivtares
and especially i patentinl finetion
parameter combining niles are W be
testedd {0). In addition to the wse of
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sWinn voos
) 11‘1 '.'.n,.
by wse ol
i, resy tright
tiom yickis,
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Fronn this, the
found by piotiing {#F--1)V versus %4
and oxtrapolitiv g o the ov
ohlain:

fim

( l/"V }‘ f)

This macthad i voy sensitive to
GTors i density e o denvitios, so
that the exmrapeiaton em be estens
sivey aned Yhe wvidnes vather
gnestionable. To 3w the thivd
virial can he evelueted by praphically
datermining:

lim  {Z- N)VSBY = O (9

{179 =l

Thiy plov 0 pev
value of |/ it Bl up vadhier
than exteapabs s wah neghigible curva-
fore i an crrose oo vaine of B has
b used, weaen of  these
difficultion o v expenmental e
thods  whi-h out  first-order
effects nuy beoseae aore widely used.
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wisttive to the
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Transport proposties

Recent  emrelation ofieits have
shown that relatcadip between the
l\un\‘-qulhh)!nn. _,)h:,)l.l\u.s, L., Vis-
cosity and v sonductivity, aid
the erquilibaivia 3 praperty cone
timues to moin wnpport. Ow the basis of
sugieestions h\' tnasian wrders, Owesns
and Thodes (87 aned ohiers bave
made extensive i of the celationslip
between restdind Hwrmal condactivity
ang the density of o thaid m conelate
data to o single curve. Bakin and

seungl vinual 1y h'«?'

Elhngton {3) and Stading and I“llin"-
o “.‘ }s.\w- shovae that Hquid, ga
.’U\t (!L,“L\(! “'H(l \‘('\Ln);ll]( il l)l'
correlated simnilarly. The dependence
has been shown (2) to have funda-
mental buasis in the mmlu'n wiolecalar
theory ol finids,

It s significant that these cltorts
yicld Luulnm»lv of siates in the cor-
relations, The coreelitions also show
that for extensive ranges of couditions
a single viscosity value results for a
.wwlc density, whether that density
u'lm'swls i ]ng,h]v compressed  gas,
devse fhaid, or 2 ligud at elevated
temperatire and  low [ROSSUTC, This
s been shown o obtain for both
v mmp:)m-n%s aircd mixtaces (9),
This situation s especiadly nnpnrl.mt
in the extea (-mphum that it p..tu
an the need for accarate prediction
of densities of Wl fnid phases and
prefeably with a siugle lclnt.m)-.m;».
Mirther confirtnation of this necd has
Doen found becaase of the signiliviat
vomposition d(,pvurh nee of ilu, Corie-
tation, both from e viscosity isiag
vule standpoint aod that of the de ity
In a case or bwo, enoneous sample
analyses were detected twough lh\“it’
sensitivities,

In recapitulation, great expansion
i the uses of PV-T tnformation in
the Jast decade, porticnlarly in the
calenlations made possible by high
spesd compriters,  las resalted o
greater need e ever For high
qu.\hly PV compusition: data (&u‘
2 conditions of finid existence, There
inogreat need foe waproved equation
of state representation of these data
{or the NAD yange of conditions and
tor Diudamental stadies, Y'xrmlly in-
evoaned aeenvacy i necded in Taoth
the basie data and the various ropre-

f Thermostat
| P
'
i

]

!

‘ |'
Vapar |
J .\dmpte |
S |

i~

Liquid
sampie | ] I
e interface |
;detecztor
]

Stirrer

Mercury
flow tube

drive

Shde wire e

- Beflows

auicie-

Center
POst e,

Fithng b \
port s

Pezometor wali N

Shide vare

ST <Gl <Y
o T I

Piston

S Plezometer
o .Ar" wall

i Charging
4 port

Figure 8. Sage and lacey cell with

liguid surface locator (26).

Figure 9, Schematic diagram of Bridge-

man beliows cell (27).
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Figure 10, Schematic diagram of Bndge‘
man free piston cell (27).
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sentations so that the varions proper-
des caleulated asing thon will Tiave
adequate acearicy.
Methods of measurement

The wmethads of determining  the
PV-P behavier of o fwid may be
generalized as to the basie restraing
placad npon the Buid, There are the
constant-volmne pPyenometers and
variable-vahuae for  constanls
s:mip]u mass, the f::\'pm\.'.imu .-,ybtvm
arrangements for viviable-sampic mass,
special  configurations of each, and
diffecential  apparatus  designad  to
sereen out first-order effcets, Each
will be disenssed as a elass and some
significant works  with that method
deseribed  briefly, 3t i hoped that
this will aid the new westigator in
selecting  an  approach which will
meet his objectives,

oclis

Constant volume-—constant mass

Conceptually, this method is prob-
ably the simplest of those eaployed
to  obtain combinations of PV.T
conditions.  Basically, it involves
charging a known mass of the fiaid
under test to a pycnometer or cedl of
known  volume and  measuviag the
presswee and temperatuve of the ma-
tevial, or vice versa, Thers ars many
vaviations of the wethod, seme for
high presswee work, some for high
or fow teraperatures, and soma based
on the state of the Huid.

The simplest versions ave those for
determining the densities ol liquids
or gases uear atmospheric presswre.
These emplov glass vessels, whose val
ume has been determined as accurately

v

{

\

RN CRE

Tesls baing pevion
wide the test finid,
aeomaticn is wsvally
effectod Irv wely ing the vessel fall
ol merewy ar spe atly p vicgdd water
at a measwed teapemtase, thus the
avearaey o this valne depcnds ol
mintely npon the ity of e oy
or water vsed the knowledize of ts
geniprecature cocliivent, the acearacy
ol measwrement o the weighing tem-
perature, and M acowaey of the
weighing iell (100 The variable of
Bavometeic peessare can be wicasnred
with acceptablo aceoaey with vela-
tive: ease; the fomperatire o can be
measeed withe asaossabie acewaey,
Use of this method tor presshres mineh
above atmaspheric i obvived by the
increased weight of the eell, The end
resudt ds that waitle every selinement,
errovs ean be reduced to the arder of
0.605% (B:100,000) {or gases, bat even

as possible. fitoed
The voluiae o e

K

Expansion
valve

Discard
valve

R e S

aad gsing the Burnett apparatus diagrammed in Figure 11,

achieving crrors of less than 0.1% is
ditlienlt; achieving ervors of the order
of 1:1,000,000 is possible for liquids.

Density balance

Avother apparatus for low pressaves
iv the density balanee. This consists
of wovessel, with o window in one end,
centaiing & balance bean with a
pointer on ane end and a quartz bulb
or halloon on the other. The chamber
is evacuated and then filled with a
wlorence gas to such a pressave that
tie bean is exactly balanced, I the
chumbiey is again evaeuated and then
filtod with a test gas to saeh a pres-
siee that the heam s again in balance,
e densities of the gases we cqual
for the two sets of conditions. FEevors
with this method may be veduced to
the order of O.1% (1:1,000) with care-
ful work (11, 12).

S
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High pressure gas cell

Diaphragim celi

Figure 11, Diagram of commercial Burnell apparaius (5
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For wse at higher pressures, the
vessel becomes a heovy-walled metal-
He coutainer and the measurement of
the mass of a gaseons tost Hold and
the pressure ae  comnplicated.
wtmber  of  investigators,  some
Hyted by CGorangs (13), have o

s upproach in whicl the test fiuid is
chavged te the high pressure vessel
E'\.Hf.{ s pressure and  temperalure
detenmined, Figure 1, The mass of the
sumple Js determined afterward by ex-
;mn-lin;; it to :mn(ssphcric pressure or
below in a lorge vessel at known
temperatore. Thns, the mass must be
calenjzied Hrom a second set of VT
mexseremants at conditions for which
the density of the wateriol s dnewn
with saificient acenracy,

Several points should be mentioned
regarding this method. Ove approach
iy to evavaate the svstem, olose V3,
Figatre 1. inject the saaple, clese VI,
messuce the pressure andd thermostat
tempevature, and then close V2. The
sample i then expanded from the
waeasnred vohime of the sample vessel
to low pressure i the vessel phus the
measured volume of the expansion
vessels and the munifold systen, It is
clear that, for high accuracy, signifi-
cant difficolty s encountered in deter-
mining the volume of the manifold-
ingr and knowing its temperature with
sufficient aceuracy, Futher, ideal gag
behavior canuot be assumed for the
sample at atmospherie pressare (14),
as was dune by many earlier investi-
gators, for compiting the samp]c DRSS,
The acouracies obtaimable with care-
il work are reprasented by those of
Bennett and Dodge (I5), whose es-

cof the systarc
YA PO,

High pressins
metiogd
fin wodd Eliogton
wres o
WICATRTE
533 2
cave 2

A Waraioa

for sevtiad g
S0 Ib s,
from o

This  wurit advaniages
that the muss ol te seple s de-
rermined buih s it is charged o
ihe tigh oo wessel and veleased
frony dt vt g f charging
vields sevonl caa poinds In essenee,
the Il v e ad manifold svaten
wre evaciaded, the vosse! innersed in
Hauid nitcagen. the sample measwrad
ab low pressvs and passed o the
vessel wod  condensed.  Alernately
for noncondensables, a high pressure
buret is used 2 mcasare the somiple
into the vessel, To condnet 2 1un, the
vessel is wanned the coctents stirved,
the vessel place-d in the thermostat
bath, the temperatire stabilized and
the pressure measured, Then, stabili-
zations we made ai otho) temparatnres
and the pressures measmvad, Shice the
high pressuee capithiey system to the
pressure gnige sepicstor s also Blied
with samaple. @ sy balance mast be
made to calealide the density of the
matevial fu the - essel foe each teraper-
ature, Then o fewetion of the sample is
bled iwdey oo v pressure buret sys-
tom and e soed and s made for
the sime ienneoarey as beloare, As a

check ow il o series. the maoss

Vacuum system

{\\:.\.,'\' A\
RN

tnstitute of Gas  Techoology's PV-T
apparatus diagrammed in Figure 13.

charged must equal the sum of the
wiasses bled ont of the vessel. Careful
wark with this relatively unsophisti-
cated system yickds densities with
errees of Jess then 1:1,000. Michels,
et al. {IT) quate results accwrate to
1:10,000 {or a very refined apparatus.
A further vaviation of the basie
method which has been widely nsed
mdnsteially for  temperatures near
ambiont is that evolved by Bean (18,
19), Figues 3, The high pressure ves-
sel A and the expansion volume B are
imacrsed i the same thermostat bath,
‘The expunsion volume s relatively
small so that oamercus  expansions
(henee data peints) arve obtained to
recuce the vessel pressure to near
atmospherie, The indwstrial unit has
been shown to veild densities with
ervors of less then 1: LOGO (19).
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Figure 13, Schematic diagram of low pressure variails

volume apparatus (14).

Figura 14, Differential P-V-T apparatus for obtaining second

virial coafficients (35).
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Variable volume—constant mass

In this method, combinations of
P-V-1' conditions are obtained by con-
Iining a certain constant mass of test
fluid in a vessel at constant tempera-
ture and determining the change in
volume of the sample with change in
pressure. Its use dates from anticuity
with respect to experimental thermo-
dynamics. In the 16th century, glass
cells containing a test liquid confined
with mercury and a gold foil mercury
position indicator were Jowered into
the ocean to secure high pressures.
General use of the method dates from
Amagat’s work (1893), Some of the
most accurate data yet reported have
been obtained by use of this method.

The form of apparatus which has
yielded some of the best information
is that due to Michels and Gibson
(20), Figure 4, 1t has been used more
recently iy Schamp, et al. (21). This
consists essentially of an inverted glass
buret of bulbs joined by capillary
tubing to magnify volume changes
and into which platinum contacts have
been fused. The bulbs may be ar-
ranged so that all but the first are
the 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 part
outside the buret filled with oil from
the pressure generator. The entire
pressure vessel is immersed in a therm-
ostat bath,

Pressures to 3,000 atm.

The quantity of gas placed in the
buret above the mercury is deter-
mined  with great care, Then, tho
pressure of the oil is increased to
drive mercury into the buret and com-
press the sample, As the mercury con-
tacts cach electrode, the volume
occupied by the sample is known for
the pressure existing at that time. This
type of application of the method has
many inherent advantages. Pressure
has no effect on the buret until levels
are reached at which the compressibil-
ity of the glass must be taken into
account, It has been used effectively
to pressures as high as 3,000 atm,
Errors of no more than 1:10,000 are
estimated for some of this work (20).
However, it is not generally used for
temperatures above 200°C because
the mercury dissolves the platinum
contacts.

A dilferent adaptation of this basic
method was emploved by Connolly
and Kandalic (23), Figure 5, in which
a calivrated glass capillary served as
the pressure vessel with mercury the
confining fluid, The volume of the
sample at any time was determined

from the length of the capillary not
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Figure 15. Differential apparatus for determining interaction of second virial

coefficients directly (6).

filled with mercury, Fstimated errors
were less than about 3:10,000 for
data oblained around 10 atm, and
1: 1,000 for that around 25 atm,

A somewhat similar adaplation has
been used by Dousling et al, (24),
Figure 6, to obtain data estimated to
be accurate within 3:10,000 for tem-
peratures near ambient and 3:1,000 at
300°C and 400 atm, In this case, the
sample container consists of a pressure
vessel, within which is placed a glass
liner or pipette of measured volume
containing a carefully weighed amount
of sample. To begin a run, the space
between the pipette and vessel is
evacuated, filled with mercury and
the tip of the pipette broken off. From
this point, the pipette volume minus
the amount of mereury pumpod into
the vessel including various correc-
tions yields the sample volume.

Another variation was used by
Doolittle, et cl. (25). for measure-
ments on liquids, Figure 7. In this, a
stainless steel piezometer contained
the sample instead of the glass vesscl
employed by Michels; it was closed
at the top with a steel plug. A rising

mercury column compressed the test
fluid as in Michels” apparatus, The
position of the colimn was determined
by uso of a dillerential transformer
connected to a 1000 cycles/sec. bridge
with a vacuum tube voltmeter as a
null indicator; the differential trans-
former was moved to detect the posi-
tion of an iron slug which ﬂoatcg on
the mercury, Doolittle estimated that
volume measurements were accurate
to 1:10,000 except around 1 atm.;
over-all errors in density were esti-
mated to be less than 4:10,000 to
pressures of 4,000 kg./sq. cm.

Hydrocarbon systems

A version incorporating a magueti-
cally driven stirrer, resistance bridge
liquid-vapor interface locator and ports
for sampling both phases has been
used by Sage and Lacey (26) for
hydrocarbon systems, Figure 8. The
estimated uncertainty in volume meas-
urements is 5:10,000, with this being
the greatest error in the measured
variables.

Bridgeman (27) suggests two
further embodiments for high pres-
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sures. One, Figure 9, coulains the test
finid in a hellosvs which is surrounded
by the pressure generating Haid, The
change i length ol the bellows s
measured by use ol w shde wire and
potentiometer and e rll'.ul:.:,u -
ternal  volume is  calenlated.  Some
investigators feel that the accuracy ol
the method suffers because ol inclastic
hysteresis of the bellows. The second
embodiment ulilizes a [ree piston, Fig-
ure 10, which slides up and down the
barrel of the cylindrical compressibil-
ity cell. The volume occupied by the
test is determined from the position of
the piston. Bridgeman used a piston
which fitted the vessel barrel so close-
ly as to preclude fluid bypass and
determined  piston position with the
slidewire technique,  Several  petro-
leum  company Jaboratories  utilize
further modifications  which inchide
“O"ring or “chevron” packings be-
tween the piston and cell, measure-
ment of piston position with a ruled
rod attached to the piston and extend-
ing through a packing gland, tranion
mounting for rocking to facilitate mix-
ing, and a bulls-cve port for observing
liquid-vapor interlaces and estimaling
the volume of cach phase. Less ac-
curacy is obtainable with these units,
but highly useful information has been
obtained with them,

Variable volume—variable mass

Burnett (28) evolved a method for
obtaining P-V-T data without direct
volume measurements. Figure 11 and
Figure 12 show a refinement of the
equipment in which the two sample
containers operate  under balanced
pressure. In operation, the test gas,
Pigure 11, is contained at a measured
pressure in one chamber, VI, of a

double pressure vessel which iy in o a
constant temperaturg bath, The see-
ond chamber s evacuated and valved
oll, Then i sample s expanded Lo
fill both chinobers, the pressure meas-
ured, the seeond chamber again closed
ofl and evacnated, and the expansion
process repealed a mumber ol times
until neav-atmospheric: pressare i ob-
tained. With the  equation of  state
written, in tenns of the compressibili-
ty factor, first Tor the original mass in
Vessel VI and then in both vessels,
one obtains:

PV, = %, BT (10)
PAV.4-V.)  Z.ou RT (11)

This can be rearranged o give
(P/ PN (PP )Y V) /Y,
AV (1)
where N is an apparatus  constant
which depends only on the dimen-
sions of the equipment, After a series
ol j successive expansions,

(P,/P.) N' = 7.,/ %, (13)
P,N' = I i Y (13a)

The limit of the vatio P, /P, as Py —
0 is the cell constant, which must
usually he considered to he a function
of temperature, 1 the isotherm for a
given series of expansions is sufliciently
lincar, the extrapolation often may be
performed  graphically; frequently it
must be performed by fitting a func-
tion to the data,

As regards accuracy of results, it
should be noted that any error in
P./Z. is introduced directly into cach
Z,. Therefore, accurate low pressure
measurements are essential unless the
isotherm exhibits linearity to relatively
high pressures. Also, because the cell
constant N is raised to the power jf
in determining Z,, the effect of any
error in N is magnified considerably;

sl
R —

Figure 16. Details of a differential P-V-T apparatus (€).
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to a lirst approximation the crror in
Py N’ from an error in N is j times the
error in N. Therclore, the crux ol ac-
curale Burnell apparatus work is very
accurate determination of the appara-
tus constant, Detailed  discussions  of
the use of this equipment have been
given by Bloomer (19), Mueller, et al.
(29) and Schneider (7); data treat-
ment has been discussed by Plelferle,
et al. (30), Schneider, et al. (31),
Silberberg, et al. (32), and Canfield
(33). Error estimates range from
2:1,000 in Z for use of the industrial
units (32), to 1:10,000 in cell con-
stant N for very careful work and
special units (33).

Recently, Burnett  (84) reported
on the adaptation of this approach to
the determination of the compressibi-
tics of multicomponent systems  for
conditions  within  the  two-phase
region. In this apparatus, two expan-
sion valves are needed between the
two chambers; one at the top for vapor
and another at the bottom for Tiguid.
The system is set on a rocking mount
5o that the fluid in the chambers can
be mixed to assure constant mixture
composition, This is a new techmique
and crror analyses have not been pre-
sented.

A modification of the method has
been used to obtain compressibility
factors accurate within about 0.01%
for pressures near atmospheric, Figure
13 (I4). Data are obtained at two or
three different pressures by confining
a sample of gas in successively larger
volumes at constant temperature over
mercury, Each pure gas or first mix-
ture component was taken into the
expansion system, Figure 13, to fill
one of the measured volumes, and its
pressure measured carefully. Other
components were then taken succes-
sively into the mixture preparation
bulbs, measured in like manner and
then forced into the expansion sys-
tem and mixed. The sample pressure
was then measured as it filled suc-
cessively one, two and three bulbs.

The data were treated with the
equation of state truncated after the
second virial, i.e.,

[PV/ (1-LaP) 1, = [PV/(14aP)],

=(PV/Z), = PV;—>, = RT
(14)
The data for several expansions were
fitted to:

PV = (PV), (14-8P) (15)
Then B was corrected for variation
with pressure to give the second virial
at 60°F and 1 atm. by introducing the
third virial.

Special methods

It is especially worthwhile to note
that several investigators have devel-
oped experimental approaches that
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climinate first- and even some second-
order ellcets directly, Addingley and
Whytlaw-Cray (35) were apparently
the first to compare direetly the gas
under investigation with an approxi-
mately equimolar quantity of a well-
investigated  reference  gas. They
measured  the small  dilterences  in
volume when the gases were at indent-
ical pressures,  Haman and  Pearse
(36) and later McGlashen and Potter
(87), Figure 14, measured the small
difference in pressure when the two
gases were conlined as nearly as pos-
sible at the same temperature and
equal volumes. The apparatus is as
nearly symmetrical as possible. The
test gas is charged to the left buret
and the reference gas to the right
through the manometer tinhes M, with
the mercury withdrawn, The mercury
levels were then raised to the fivst
buret mark to confine the gases in the
same volume and the amount of one
adjusted to give the same pressure.
Then, the two were successively com-
pressed to fill only two and only one
bulb cach and the pressure dillerence
measured. The pressures are related
directly to the second virial cocflicient.
To yeld an accuracy of 2:1,000 in the
second virial, the initial total pressure
need only be known to 1:1,000. The
need for maximum possible accuracy
is concentrated on measurements of
the pressure differences.

Interaction second virial coefficients
have been measured directly by Knob-
ler, et al. (38), and by Magasanik and
Ellington (5, 6), Figure 15 and 16.
In this case, three vesscls of cqual
volume 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
the same pressure, Then the contents
of vessel V, of the first component are
mixed with those of the second com-
ponent in V, by repeated flushing
into and out of the expansion vessel
TP. The mixture is then compressed
back to the initial volumes in V. and
V, and the difference in pressure be-
tween the mixture and that of the
reference volume, V,, measured di-
rectly with the differential manometer
D. This difference can be related di-
rectly to the interaction second virial
coefficient. Thus, first-order total pres-
sure and second-order pure component
second virial effects are sereened 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:

1. That more of the experimental

efforts for obtaining new P-V-T
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data Dbe directed at obtaining
values accurate to  1:5,000 or
better.

2. That more efforts be directed
toward obtaining data near phase
boundaries, and for the dense
fluid.

3. That effort be made to extend
ach new work to existing data
and reconcile discrepancies 50
that larger internally consistent
sets will resalt,

4. That new efforts include relative-
ly extensive ranges of more than
one independent variable to ob-
tain {ull advantage of the smooth-
ing cffects obtainable with analyt-
ical fits.

5. That effort be made to develop
more special methods that will
yield data directly on second
order effcets.

It is recognized that these recom-
mendations are in the direction of in-
creased cost for new efforts, but the
added value of them to other investi-
gators and engineers should more than
make it worthwhile, #
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