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T h e  compressibility or volumetric behavior of a qas may be 
described in terms of the dependence of the compressibility 
factor z upon any two of the variables pressure, volume, and 
temperature. The compressibility factor is defined by the re- 
lation, 

P V  
(1) 

Conventional methods for measuring gas compressibility re- 
quire the simultaneous determination or knowledge of the pres- 
sure, temperature, volume, and mass of the gas. In the Burnett 
method, only pressure and temperature are measured. Neither 
volume nor mass measurements are required. Compressibility 
factors are determined directly from the experimental pres- 
sures by either graphical or analytical means. The composi- 
tion of the experimental gas need not be known accurately; in 
fact, i t  is not even necessary to know the identity of it.  The 
disadvantage of the method is that i t  is not suitable for use in  
the liquid or two-phase regions. 

THE BURNETT METHOD 

The Burnett method (3, 4 ,  introduced in 1936 has not 
found widespread use, but has been used for comprehensive 
studies by Miller and others (8, 9, 13, 20-22, 27) and Schneider 
and coworkers (15, 16, 78, 2.3, 24, 29, 30, 32). Less extensive 
investigations have been carried out ( 7 ,  2, 6, 7. 74, 25, 28, 33) 
and commercial models of the Burnett apparatus are available 
from at least two instrument manufacturers. 

The basic element of the apparatus is a compressibility cell 
comprised of two separate chambers, the volumes of which are 
essentially independent of the internal pressure. The two cham- 
bers, I and 11, are interconnected through an  expansion valve. 
The compressibility cell is enclosed in a constant temperature 
bath. 

The experimental routine is begun by filling chamber I with 
the gas to an  initial pressure Po. Chamber I 1  is then evacuated 
and the expansion valve opened, permitting pressure equaliza- 
tion between chambers I and 11. When thermal equilibrium has 
been restored, the expansion valve is closed and a new pres- 
sure p ,  i s  measured. The evacuation, expansion, and pressure 
measurement is repeated until pressures too low for accurate 
measurement are attained. In  this manner, a series of isotherm- 
ally measured pressures po, p , ,  p2, . . . , p r  ,, p,. . . . is ob- 
tained. Such a series of pressures may be called a single run 
for that gas at the designated temperature. Generally the pro- 
cedure is repeated, starting with a different initial pressure, 
Po, until a sufficient number of runs has been made to establish 
the isotherm. 

Pressure-Ratio Relations. If V I  and V I I  are the respective 
volumes ofchambers I and 11, the ratio expressed in the follow- 
ing equation is a true apparatus constant. 

z =- 
nR T 

(2) 

The number of moles of gas involved in the r th expansion may 
be expressed by the following equation: 

'Present address, Magnolia Petroleum Co., Field Research Labora- 

'Deceased. 
tories, Dallas, Tex. 

and the following two articles appears on page 
1325 of the October 1959 issue of Industrial and 
Engineering Chemistry. 

Utilizing Equation 2, Equation 3 may be written as follows: 

(3) 

(4) 

There is strong experimental and theoretical evidence to sup- 
port the assertion that limit < = 1. This limit applied to 

Equation 4 leads to the relations 
p-0 

Equations 5 and 6 show that ,Ymay be evaluated from any of 
Four different extrapolations of experimental pressure-ratio data 
on a given gas. If the compressibility factor isotherm is linear 
with pressure, both pr.,,Jp, us. p ,  I and p J p ,  us. p ,  will 
give linear graphs, considerably facilitating an  accurate ex- 
trapolation. 

Compressibility Factor Relations. If Equation 4 is applied 
repetitively to the first, second, . . . , 7th expansions, the re- 
sulting equations may be combined to produce the relation: 

Po 

20 

p N r =  - z 

It is apparent from Equation 7 that 

(8) 
Po 

Limit p r N r  = - 
P,+O ZO 

Contrary to the case with the pressure-ratio relations, Equa- 
tions 7 and 8 apply only to the pressure measurements in the 
same run. The limiting value of pTdV ', po/co, is a run constant 
which depends only upon the initial pressure po and the com- 
pressibility of the experimental gas. 

In a graphical evaluation of the data, p,dV' is plotted against 
the pressure p ,  and the zero-pressure ordinate po/z0  obtained 
by extrapolation. The compressibility factor 2, at pressure pr  
may then be calculated from Equation 7. The shape of the 
p,,Z.' isotherm for each run is similar to the shape of the com- 
pressibility factor isotherm. If the latter approaches linearity at 
low pressures, which is generally the case, extrapolation can be 
made with considerable accuracy. Because any error in po/zo  is 
introduced directly into each z,, accurate low pressure meas- 
urements are essential unless the isotherm exhibits linearity to 
relatively high pressures. 

Because h ' i s  raised to the power r in Equation 7, the effect of 
errors in N i s  considerably magnified. As a first approximation, 
the error in p,.1.' from an error in .V is 7 times that error in "$". 
Accurate knowledge of the apparatus constant A' is the key to 
accurate compressibility determinations with the Burnett 
apparatus. 

At higher pressures the data points generally fall rather far 
apart in a given run, whereas they group much more closely at 
the lower pressures. After a few runs, an isotherm may be well 

314 JOURNAL OF CHEMICAL AND ENGINEERING DATA 



established at lower pressures, but additional points may still 
be needed at higher pressures. In such a case, it is necessary to 
continue the expansions in each subsequent run only until a 
pressure is obtained in the region in which the isotherm is al- 
readyestablished. If the run is terminated at a pressure p I  at 
which the compressibility factor is known accuratelv, the fol- 
lowing relation may be used to calculate the values of c,: 

( 9 )  

Of course, any error in zi is introduced directly into the 2, 

ANALYTICAL TREATMENT OF DATA 

The graphical methods are rigorously applicable to any gas, 
and with sufficient care, may produce results that compare fa- 
vorably with those of any other method of compressibility meas- 
urement. Analytical methods of data treatment, however, pos- 
sess advantages such as the following: 

Much of the subjectivity is eliminated in the treatment of the 
data. 

The coefficients which result may, under certain conditions, 
be considered as virial coefficients or may be used to calculate 
virial coefficients. 

The correlation ofdata on mixtures is facilitated. 
Interpolation into the data with respect to pressure, and per- 

haps with respect to temperature, is facilitated. 
O n  the other hand, an  analytical treatment of the data r:- 

quires a mathematical expression capable of representing the 
experimental data within the limits of their precision. For iso- 
therms of moderate curvature, such functions are easily ob- 
tained. For isotherms of considerable curvature, the determina- 
tion of a satisfactory function may be difficult. In fact, for many 
systems, this limitation precludes the use of analytical methods. 

The methods described here are simply those which cor- 
respond to conventional analytical expressions for volumetric 
behavior or which have been used by others with the Burnett 
method. Other expressions may in some cases be equally satis- 
factory, or perhaps superior. The techniques of analysis may be 
useful in developing other such methods. 

linearization of Functions. In such analytical methods, i t  is 
customary to employ a least squares routine, or some other 
curve-fitting procedure, to evaluate the constants of the se- 
lected function; first, however, the function must be linearized 
with respect to the undetermined constants. A Taylor's series 
expansion is useful for this purpose. 

In general, if a function of the variables x,  contains the co- 
efficients Ai ,  the function F ( x , ,  K,)  may be expanded in a 
Taylor's series about the approximate solution ( x > ,  A:,)). If the 
following definition is made: 

h K j  = K j  - K .  
IO 

(10) 

and if second and higher order derivatives are neglected, the 
following relation is valid: 

K .  = K .  
I J o  

The set af unknown constants K, is transformed into a new set 
of unknown constants AK,. Derivatives higher than the first 
have been neglected in Equation 11, so an  iterative procedure 
is always required in the solution of such an  equation. 

Qeiden Expansion of z. The Leiden expansion of the com- 
pressibility factor cis represented by the following equation: 

B' C' 
z=l+-+-+... (12) v v= 

For a particular gas, the second virial coefficient B',  the third 
virial coefficient c', etc., are all functions of temperature only. 
For convenience of notation, Equation (12) may be rewritten 
as: 

from which it follows that 

B' = al' R T, C' = a2' ( R  TIa, etc. 

If the run constant &4 is defined by the equation 

(14) 

A = zo/po (15) 

Equation 7 may be written as 

zr  = AprN' 

or as 

p, lZ, = (AN')-' 

Equation 13 may then be written as 

(17) 

pr = F,(r,N,A,ai) = (AN?"+ a;(AN')'V + ') (18) 

j = l  

Equation 18 relates all pressure measurements obtained in a 
particular run. 

When Equation 18 is expanded in a Taylor's series and all 
derivatives of ord.er higher than the first are neglected, there 
results the equation 

a F0 
F,(r,N,A,a;) = F,"(r,No,Ao,a: ) + h N + 

' 0  a N o  

where 

The linearized coefficients A.t- ,  A'4, and Aui are as defined by 
Equation 10. 

Berlin Expansion of z. The following equation represents the 
Berlin expansion of the compressibility factor 2 :  

2 = l + B p + C p l +  .... (23) 

For convenience of notation, the coefficients may be expressed 
in a more general form. 

2 = 1  + C 4 . p '  

i= 1 
For a particular gas, the coefficients a, are functions of tempera- 
ture only. The corresponding coefficients of EquatiGns 13 and 
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24 may be exactly interrelated, provided that the two expres- 
sions are both infinite series, by inversion of the series. 

Pressure-Ratio Method. If Equation 24 is applied to Equa- 
tion 4, there results the following general expression for the 
Dressure-ratio: 

For simplification of notation, the following definition may be 
made: 

(26) P r 

P r - 1  
Equation 25 may then be written as 
P r - 1  

Pr 

y =-- 

-= fr-l (Pr-l, Y, N ,  “ j )  = N -t 

i- 1 L J 

When Equation 27 is expanded in a Taylor’s series and all 
derivatives of order higher than the first are neglected, there 
results the equation: 

T-1 + Y, N ,  a j ) = f ; - l  (Pr-p Y,  No, a io)  +- 
a N o  f,, 

where 

10 j=1 

The linearized coefficients A.\. and A a, are as defined by Equa- 
tion 10. 

When Equation 4 is inverted and Equation 24 applied to i t ,  

or, as before, 

When Equation 32 is expanded in a Taylor’s series and all 
derivatives of order higher than the first are neglected, there 
results the equation: 

where 

(34) 

The linearized coefficients A.2’and Au,  are as defined by Equa- 
tion 10. 

A special case of the pressure-ratio method arises when the 

isothermal variation of the compressibility factor with pressure 
may be considered to be linear. 

z = l + B p  (36) 

In such a case, Equation 4 leads directly to two expressions 
which are already linearized with respect to their coefficients. 

Equations 37 and 38 are useful for treating data from gases 
such as hydrogen and helium, which possess linear isotherms 
to relatively high pressures. 

These pressure-ratio relations may be applied to all data 
taken on a given gas at a constant temperature in a particular 
Burnett apparatus. This feature is the chief advantage of the 
pressure-ratio methods. 

Method Using Run Constant. When Equations 16 and 24 
are combined, there results the following equation: 

A p r N r = i  +Ca.pi I r  

j = l  
Equation (39) may be rewritten as 

(39) 

i = 1  
Equation 40 relates all pressure measurements obtained in a 
particular run. 

When Equation 40 is expanded in a Taylor’s series and de- 
rivatives of order higher than the first are neglected, 

Fr(rsAJ”ai ,  p , )  = l$’ (? ,Ao,  Nos a jo ,  pr) + 

where 

(43) 

The linearized coefficients A A ,  Auke, and Au, are as defined by 
Equation 10. 

Pfefferle (2&22) has employed a method in which Equation 
39 is algebraically linearized with respect to the constants. Be- 
cause certain approximations are involved in the development, 
an  iterative procedure is required for the solution, just as for 
Equation 41, A disadvantage of the method lies in the fact that, 
in the least squares routine, residuals of a function of pres- 
sure rather than of pressure itself are treated, making interpre- 
tation of the significance of the residuals somewhat more diffi- 
cult. The results from Pfefferle’s method were compared with 
those from Equation 41 for the helium calibration data at 
100°C. (Table 1) and found to be identical well within the 
limits of precision of the data. 

Method Using Po.  The run constant A may be eliminated 
from Equation 40 by means of Equations 15 and 24. 

A = - = -  20 1 F + c  a j p g  

Po Po j =  1 

(45) 
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Equation 40 may then be written as 

1 
(46) 

Equation 46 relates all pressure measurements obtained in a 
particular run. 

When Equation 46 is expanded in a Taylor's series and de- 
rivatives of order higher than the first are neglected, there 
results the following. expression: 

d Fo 
Ff(r,po,N,ai,p,) = F,"(~,P~,N~,~~~,P~) + -L A N  + 

JNO 

where 

a F," rNi-' 
---=-(F>'- (48) 
a No Po 

Y I  ' I  
(49) 

The linearized coefficients A "V and A u, are as defined by Equa- 
tion 10. 

The  error in the initial pressure, Po,  of a run is a chance var- 
iable, so there is a possibility that an unusually large random er- 
ror in ,bo might introduce appreciable bias in the results of 
Equation 47. To  prevent i t ,  several determinations of Po might 
be made at the beginning of a run and the average value of 
these determinations used in the solution. 

Leiden Expansion of In z. This analytical method of data 
treatment was developed by F'fefferle (20-22) when it was 
found that the 30°C. isotherms of carbon dioxide and mix- 
tures rich in carbon dioxide could not be presented success- 
fully by Equation 24 with a reasonable number of terms. The 
equation used to represent the data was as follows: 

which may also be written as 

Equation 50 is unusual in that, regardless of the number of 
terms in the polynominal exponent, it generates a n  infinite 
series for the compressibility factor 2.  

Equations 16, 17, and 51 may be combined into the follow- 
ing equation: 

In p ,  =-In A - r In N + b' ( A N r ) - '  + c' (ANr)- '  + 
d' (AN')-' + . . . (52) 

Equation 52 relates all pressures measured in a particular run. 
If In p, is expanded in a Taylor's series according to Equation 
52, and the function G, is defined as follows: 

G r  =-In (A,N,'p,)  + b,' (A,Ni)-' + c l  (A0N,')-' + 
d,,' (AON@-' + . . . (53) 

neglecting all derivatives of order higher than the first, the re- 
sult may be expressed as follows: 

The  linearized coefficients P A ,  A.V, A b ' ,  A c ' ,  etc., are as de- 
fined by Equation 10. 

Berlin Expansion of In z. This analytical method of data 
treatment was introduced by Harper (8, 9) as a counterpart of 
the Leiden expansion method just described. The  equation to 
represent the data was as follows: 

( 5 5 )  z = exp [ b p  + cp' + dp' + ... 1 

In z = bp + cp' + dp' + . . . 
which may also he written as 

(56) 

Equation 56 also generates a n  infinite series for the compres- 
sibility factor .r, regardless of the number of terms in the 
polynominal exponent. 

Method Using Run Constant. In the method demloped by 
Harper (8, 9), Equation 56 applied to the tth pressure measure- 
ment and Equation 16 are combined with the following result: 

In p ,  = -In A - r In N + bp,  + cp: + dp: + . . , (57) 

Equation 57 relates all pressures measured in a particular run, 
and it is linear in the constants In A ,  In N ,  b, c, d, etc. No 
approximations are involved in developing Equation 57, so an  
iterative procedure is not required in the solution. This ad- 
vantage could be outweighed by Harper's discovery that the 
value of the second virial coefficient (b in this equation) is 
highly dependent upon the degree of the polynomial. 

Method Using A.  I t  is possible to improve on the method 
just described in a manner which reduces the amount of 
computational work involved in a solution. 'According to the 
definition of .1 in Equation 15 and to Equation 56, the fol- 
lowing equation may he written: 

(58) 

If Equations 57 and 58 are combined, there results the equa- 
tion 

In A = In z, - In p ,  = bp, + cpi  + dp)o + . . . - In po 

P 

Po 
In L = - r  In N +  bp, 

d P f $  1] +... (59) 
Po 

Equation 59 relates all pressures measured in a particular run. 
In Equation 59, the ratio pr/po is treated as the variable 

rather than p,. T o  minimize the error introduced by random 
errors inPo, several determinations of Po might be made at the 
beginning of each run. 

Pressure-Ratio Method. If Equation 4 is written in logarith- 
mic form, the following equation results: 

pr-1 

Pr 
(60) 

If Equations 56 and 60 are combined, the resulting equation 
will be 

In - = l n N + l n  z r-1- In zr 

dp: r+-ll +... (61) 
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Equation 61 applies to all measurements made on a given gas 
at  a constant temperature in a particular Burnett apparatus. A 
similar development can be made for the ratio ,b,/pr , . Equa- 
tion 61 is linear in the constants In .li; 6, c, d, etc., and so may 
be solved directly without necessity for an iterative procedure. 

EXPERIMENTAL APPARATUS 

Compressibility Cell. The details of construction of the com- 
pressibility cell are shown in Figure 1. The  body, heads, cap 
screw rings, and caps were machined from cold rolled steel. The 
overall length of the assembled cell, excluding thermocouple 
gland nuts, is 19-1 /4  inches. The  two chambers were bored to  a 
2-1 / 2  inch-diameter to within approximately 3/4 inch of each 
other. The outside diameter of the body is4 inches and the caps 
are 5-1 / 2  inches in diameter. Iron-constantan thermocouples 
extend through packing assemblies to approximately the geo- 
metric center of each chamber. There are five ports for 1 / 4  
inch high-pressure tubing, three entering chamber I and two 
entering chamber 11, not shown in Figure 1 .  

The  cell closures are conventional. A bead was machined 

Scale 

O,,,,,,,; IN. 

Figure 1. A i s  the Compressibility Cell, B i s  the 
Thermocouple packing assembly 

1 .  Head gasket 
2. Cap screw ring 
3. Head 
4. Thermocouple packing assembly 
5. Cap screw 
6. Cap 
7. Thermocouple junctions 
8. Chamber II 

9. Chamber I. 
10. Thermocouple wires 
1 1. Ceramic insulators 
12. Ceramic insulators 
13. Teflon packing 
14. Follower key 
15. Follower 
16. Packing nut 

on the flange of the head and a matching groove on the op- 
posing face of the cell. A soft steel gasket is compressed be- 
tween the head and the end of the cell by eight cap screws 
bearing on a cap screw ring. The thermocouple packing as- 
sembly is incorporated in the head at  each end of the cell. 

The  volumesof the two chambers plus tubing and other com- 
ponents associated with them are approximately 745 ml. and 
310 ml. respectively. The  effect of internal pressure on the 
volume of either chamber or the two chambers combined has 
been calculated according to relations given by Comings for 
thick-walled cylinders ( 5 ) .  At room temperature, the change 
in volume is approximately 0,0137G per 1000 p.s.i. internal 
pressure. At 200" C . ,  this figure will be somewhat increased, 
perhaps to as great as 0.015yc. 

The arrangement of the valves associated with the compres- 
sibility cell is shown schematically in Figure 2. Valve 1 is the 

Figure 2. Vacuum and charging system 

filling valve for chamber I .  Valve 2 connects chamber I with 
the differential pressure indicator and the pressure measuring 
system. Valve 3 is the expansion valve connecting chambers I 
and 11. Valve 4 is the dumping valve for chamber 11. These 
valves arr  attached directly to the cell by mounting brackets. 
With the exception of valve 2. a commercially available high- 
pressure stainless steel needle valve, these valves were especi- 
ally developed to provide positive bubble-tight closing with 
each operation. As shown in Figure 3, the valve seat is a cop- 
per plug pressed into place in a Type 416 stainless steel bar- 
stock body. The valve stem is of heat-treated Type 420 stain- 
less steel. Teflon packing is employed. 

The  compressibility cell is mounted in a constant tempera- 
ture oil bath with a capacity of approximately 18 gallons. The 
bath oil is circulated by two 5-inch marine-type propellers lo- 
cated in diagonally opposite corners of the rectangular bath and 
heated by two pairs of tubular immersion heaters. The heat 
output of one pair is controlled manually by a variable auto- 
transformer, while that of the other pair is varied by an E. H. 
Sargent and Co. Model S Thermonitor, a thermistor-actuated 
proportional controller. With this arrangement, i t  is possible to 
control the bath temperature to within 10.02"C. in the tem- 
perature range of 50" to 200°C. 

Vacuum System. The vacuum requirements of the Burnett 
apparatus are not so rigorous as those of certain other types 
of compressibility apparatus. The vacuum system shown sche- 
matically in Figure 2 can reduce the pressure in chamber I1 to 
below 50 microns in about 10 minutes and, for outgassing pur- 
poses, can reduce the pressure in the entire compressibility cell 
to below 5 microns. 

Standard high-pressure needle valves and 1 I 4 inch high-pres- 
sure tubing are used in the vacuum system. Vacuums are meas- 
ured by a McLeod gage connected through Valve 18. In paral- 
lel with the McLeod gage is a mercury U-tube manometer 
(enclosed in the multiple manometers' constant temperature 
air bath) which serves as the barometer for the apparatus. 
Valve 16 connects to the multiple manometer system. 

Charging System, For compounds having low vapor pres- 
sures at room temperature, the compound in the liquid state 
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61 Prior to the calibration of the thermocouples, the potenti- 
ometer was calibrated, and its standard cell voltage measured 
by comparison with standards. The thermocouples were cali- 
brated against mercury thermometers in the range from 35" to 
100" C. and against a platinum resistance thermometer in the 
ranges from -33" to +40"C.  and from 100" to 245°C. Agree- 
ment of the two scales at their overlapping points was within 
the limits of experimental precision. The thermocouple calibra- 
tion is believed to contain systematic errors no greater than 
10 .05"  at -30°C. increasing with temperature to 10 .12"  at 
245'C., or about *0.027$ of the absolute temperature. The 
precision of the temperature measurement is k0.03" C. 

Pressure Measurement. Experimental pressures up to 65 
p.s.i.a. are measured with the multiple manometers, a set of 
three mercury manometers in series, each of which is capable of 
measuring a pressure difference ofapproximately 17 p.s.i. Pres- 
sures above 65 p.s.i.a. are measured with the piston gage which 
has a range up to 2000 p.s.i.g. The heart of the pressure-mea- 
suring system, however, is the mercury differential pressure in- 
dicator, an  instrument which indicates when the gas pressure in 
chamber I is exactly balanced by the hydraulic pressure gen- 
erated by either the multiple manometers or the piston gage. 
These three instruments, along with suitable oil injectors and 
Bourdon tube pressure gages, are all inter-connected with high- 
pressure steel tubing and valves in a hydraulic system filled 
with crystal oil. This system is shown in Figure 4. 

The differential pressure indicator (Figure 5) is essentially a 
mercury U-tube manometer with electrical probes to locate by 
contact the surfaces of the mercury in the oil and gas sides. 
When a balance exists between the gas and hydraulic pressures 
and when the mercury interfaces are exactly at the points of 

I ooop,..i.q. 

I I* Scale.  L I , I I , Y I 

Figure 3. Copper seat high pressure valve 

1. Packing nut 
2. Lock ring 
3. 1/4 inch high pressure 

tubing ports 
4. Copper seat 

5. Valve stem 
6. Spacer ring 
7. Packing ring 
8. Teflon packing 
9. Packing follower 

must be charged to the compressibility cell by positive dis- 
placement. With the charging system, shown schematically in 
Figure 2, the liquid is displaced by mercury into the com- 
pressibility cell. Two 800-ml. surges are used. One receives 
the experimental compound as it is discharqed from chamber 
11. The receiver surge also serves as a source of mercury for 
the injector, a piston displacement pump which transfers the 
mercury to the other surge, from which the charges to chamber 
I are made. When the supply of hydrocarbon in the charging 
surge is exhausted, the roles of the two surges are reversed. Be- 
cause the receiving surge can reduce the pressure in chamber 
I1 only to the vapor pressure at room temperature, recovery 
of the remaining gas may generally be accomplished with a 
cold trap (Figure 2).  

The stainless steel charging surges are each equipped with 
two electrical probes to indicate when the mercury levels reach 
the maximum and minimum positions within the surges. As an 
additional precaution, a mercury trap is included in the charg- 
ing line. An electrical probe in the bottom of the trap indicates 
the presence of even a very small amount of mercury. Standard 
high-pressure stainless steel tubing and valves are used through- 
out the charging system. 

For gases available in high-pressure cylinders, the charging 
system is not necessary. For such work, the charging system 
connection to the union shown in Figure 2 is broken and the 
cylinder is connected directly to this union. 

Temperature Measurement. Temperatures are measured by 
iron-constantan thermocouples and a k e d s  and Northrup 
Model KO. 8662 potentiometer. The temperature of the refer- 
ence junction is measured to 10 .01"C.  with a mercury 
thermometer. 'Two of the thermocouple measuring junctions 
enter the compressibility cell. A third junction is employed to 
indicate the temperature of the oil in the constant temperature 
bath. By means of a selector switch, each of these three junc- 
tions may be placed separately in series with the reference 
junction and the resulting electromotive force measured by 
the potentiometer. Precautions are taken to prevent erroneous 
thermo-electric effects in the thermocouple circuits. 

f 3 6 0 x . g .  

hi I 

Figure 4. Hydraulic system 

contact with the probe ends, then a previously determined 
pressure difference exists between the gas pressure and the hy- 
draulic pressure at some reference point in the measuring sys- 
tem. Balances are always obtained after both interfaces have 
been moved upward as a result of injection of oil into the center 
tube of the instrument. 

The  differential pressure indicator was machined from 'Type 
416 stainless steel bar stock. Ports for 1/4-inch high-pressure 
tubing permit connections to each of the three tubes. Electrical 
probes enter both the gas and oil-side tubes through packing as- 
semblies at the top of the instrument. Contact of the mercury 
with a probe is indicated by a neon lamp in series with the 
probe. A valve in the differential pressure indicator permits the 
gas-side tube to be shut off from both the center and oil-side 
tubes. The  instrument is mounted in the constant temperature 
oil bath containing the compressibility cell. 

The differential pressure indicator and its associated hy- 
draulic system constitute a two-fluid manometer which is 
further complicated by one portion being at the oil bath tem- 
perature and the remainder at room temperature. The effect of 
the oil bath temperature on the hydraulic head correction was 
determined by calibration aqainst the multiple manometers at 
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pressures below 65 p.s.i.a. a t  100" and 200°C. The correc- 
tions for the considerably lesser effect of variation in room 
temperature were easily calculated. 

At pressures up to 65 p.s.i.a., hydraulic pressures are gen- 
erated and measured by the mutliple manometers apparatus. 
In this apparatus, a nitrogen gas pressure is transmitted to the 
oil by means of a special mercury U-tube manometer (Figure 6) 
and is measured by one or more of a group of three mercury U- 
tube manometers in series. The manometers are inter- 
connected through surges which may be filled independently 

I I 

Figure 5. Differential pressure indicator 

1. Probe pocking assemblies 
2. 1/4 in. high pressure 

tubing ports 
3. Oil-side probe 

4. Center tube 
5. Welded plugs 
6. Valve 
7. Gas-side probe 

from a gas cylinder. Each surge is also provided with a bleed, 
and two are provided with connections to the vacuum system 
(Figure 7).  

The special Manometer is a borosilicate glass U-tube ma- 
nometer with the glass tubes sealed into the head with neoprene 
O-rings. The portion of the manometer containing the oil- 
mercury interface is made of 1-inch heavy-wall borosilicate 
glass tubing and the remainder is made of 1/2-inch heavy-wall 
tubing. Capillary depression of the oil-mercury interface, 
which might otherwise be difficult to evaluate, is minimized by 
this large diameter. Lucite plates with matched etched refer- 
ence lines provide a fixed point in the manometer which per- 
mits reference to the rest of the hydraulic system. 

All surges and manometers, as well as the manometer used 
in connection with the vacuum system, are mounted on a rack 
and enclosed in a constant temperature air bath maintained at 
either 45" or 50" C. The manometers are observed through the 
glass door of the air bath by means of a precision cathetometer 
divided to 0.05 mm. The observed heights of the mercury 
columns, corrected for capillary depression, are reduced to 
0" C. and a gravity of 980.665 cm. per sec.2 

Pressures above 65 p.s.i.a. are measured with a simple piston 
type gage manufactured by the Ruska Instrument Corp. The 

Scale : I I . i a I . Y  i T "  
Figure 6. Special manometer 

1. 1/8 in. N.P.T. connections 
2. Neoprene O-ring 
3. O-ring follower 

4. Pocking nut 
5. Borosilicate glass. 

manometer 

piston diameter was measured by the manufacturer by com- 
parison with end standards and reported to be 0.40695 inch at 
25" C. with a radial clearance between piston and cylinder of 
0.00002 in. This diameter was confirmed by micrometer caliper 
measurement which agreed to closer than 0.0001 inch. The 
effective piston diameter was taken to be 0.40697 inch at 25" C. 
The effect of temperature on the piston area was taken to be 
2 x 1O 'pe r "C .  

The weights supplied with the piston gage were calibrated on 
analytical-type balances against a set of Class S weights which 
had been calibrated by the U.  S. Bureau of Standards. For 
actual use, the in vacuo masses so obtained were corrected for 
the mass of displaced air. The acceleration of gravity in the 
laboratory was taken to be 979.289 cm. per sec.2 (70). The 
pressure generated by the piston gage when unloaded was de- 
termined by comparison with the multiple manometers at pres- 
sures below 65 p.s.i.a. 

s p e c i a l  
nanome -f rex 

B l e e d  

Figure 7. Multiple manometer apparatus 
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In order that a fixed hydraulic head be associated with all 
measurements with the piston gage, a pointer is used t o  indi- 
cate the correct position for the piston at the time of the mea- 
surement. By means of the cathetometer, it is possible to  re- 
late the hydraulic head corrections for the multiple manome- 
ters and the piston gage on the basis of a common reference 
plane in the hydraulic system. 

A detailed examination was made of the uncertainties in 
pressure measurements by the two methods, and it was con- 
cluded that the systematic error in pressure measurement for 
this apparatus does not exceed 0.047G in the range from 
atmospheric pressure to 1000 p.s.i.a. Random errors are more 
difficult to  evaluate, because they are a matter of probability. 
However, it is believed that errors larger than 0.03% with the 
multiple manometers and 0.02% with the piston gage are rare. 

CALIBRATION WITH HELIUM 

The graphical determination of the apparatus constant N is 
made most easily and accurately by using a gas with a linear 
compressibility factor isotherm. In such a case, as is shown 
by Equations 37 and 38, linear relationships apply to the pres- 
sure ratios. Analytical determination of N is most accurately 
made with a gas having a linear isotherm, because representa- 
tion of the compressibility behavior is easily accomplished by 
Equation 36. Helium possesses linear isotherms up to mod- 
erately high pressures, so is well suited as the calibrating gas 
for the Burnett apparatus. 

The helium was designated by the Bureau of Mines as Grade 
A Helium, indicating a purity of 99.99+70, the impurity being 
hydrogen. No further purification of this helium was deemed 
necessary. To  investigate the effect of temperature on N, com- 
pressibility measurements were made at 100" and 200°C. 
Several runs were made at each temperature. The data from 
each run are presented in Table I. 

The helium calibration data were treated analytically in 
three different ways. The compressibility factor isotherm was 
assumed to be linear with pressure, as represented by Equa- 
tion 36, a n  assumption which was subsequently supported by 
the excellence of the fit. The  least squares criterion of fit to the 
data was employed. There was considerable evidence that the 
percentage precision of the pressure measurements is essentially 
independent of the pressure, so the residuals in the least squares 
routine were weighted accordingly. The three Berlin expansion 
methods employed were the pressure-ratio method represented 
by Equation 38, the method using the run constant represented 
by Equation 40, and the method using bo represented by Equa- 
tion 46. In the latter methods, (I, = B, and (I~, a 3 ,  etc., all 
are zero. 

The  pressure-ratio method was applied to the complete set 
of data taken at each of the two temperatures. The resulting 
values of N and B are included in Table IV. A statistical 
evaluation of the confidence limits (12) of these values of JV 
indicates a 95% probability that N differs from 1.415078 
at 100°C. by no more than 0.009870 and from 1.415057 at 
200" C. by no more than 0.013370. 

Temp., Run 
" C .  No. r 

100 8 0 
1 
2 
3 
4 
5 
6 
7 

100 

100 

100 

9 

10 

11 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 
1 
2 
3 
4 

100 12 0 
1 
2 

Po 
Atm. 

60.9122 
42.7591 
30.0757 
21.1854 
14.9382 
10.5386 
7.4379 
5.2522 

68.4999 
48.0573 
33.7793 
23.7854 
16.7679 
11.8285 
8.3477 
5.8926 
4.1622 
2.9392 
2.0778 

53.8347 
37.8242 
26.6193 
18.7573 
13.2282 
9.3332 
6.5899 
4.6545 
3.2874 
2.3223 
1.6402 

6.1955 
4.3747 
3.0902 
2.1828 
1.5419 

4.0327 
2.8497 
2.0127 

Table I. Helium Calibration Data 

- P r  Temp., Run 
P, 1 " C .  No. 

- _ _ _  200 14 
0.70198 
0.70337 
0.70440 
0.70512 
0.70548 
0.70578 
0.70614 

_ _ - -  
0.70157 
0.70290 
0.70414 200 16 
0.70497 
0.70543 
0.70573 
0.70590 
0.70633 
0.70616 
0.70693 

_ - _ _  
0.70260 
0.70376 
0.70465 200 17 
0.70523 
0.70555 
0.70607 
0.70630 
0.70630 
0.70643 
0.70626 

- - - _  
0.70610 
0.70638 
0.70638 
0.70638 200 18 

0.70664 
0.70630 

T 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I1 

0 
1 
2 
3 
4 

P r ,  
Atm. 

67.1662 
47.2084 
33.2351 
23.4222 
16.5225 
11.6656 
8.2305 
5.8140 
4.1056 
2.9011 
2.0499 

54.8903 
38.61 72 
27.2064 
19.1822 
13.5358 
9.5544 
6.7444 
4.7617 
3.3657 
2.3773 
1.6800 

62.1479 
43.700 1 
30.7734 
21.6900 
15.3010 
10.7991 
7.6249 
5.3843 
3.8031 
2.6868 
1.8985 
1.3417 

4.4775 
3.1628 
2.2349 
1.5792 
1.1157 

P, 
P, I 

0.70286 
0.70401 
0.70474 
0.70542 
0.70604 
0.70553 
0.70640 
0.70616 
0.70661 
0.70662 

- 

- _ _ _  

- _ _ _  
0.70353 
0.70451 
0.70506 
0.70564 
0.70586 
0.70589 
0.70603 
0.70682 
0.70634 
0.70667 

- - - _  
0.70316 
0.70420 
0.70483 
0.70544 
0.70578 
0.70607 
0.7061 4 
0.70634 
0.70646 
0.70662 
0.70668 

_ _ _ _  
0.70639 
0.70661 
0.70661 
0,70648 
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The two Berlin expansion methods were applied to three 
high-pressure runs at each temperature. The results are sum- 
marized in Tables I1 and 111. Comparison of the results of 
the two methods for individual runs shows that effect on N 
of random errors in bo was in no case as great as 0.001%. The 
effect on B was greater, particularly at 200" C. In  Table IV, 
the weighted means of the results in Tables I1 and I11 are com- 
pared with the results from the pressure-ratio method. These 
weighted means were determined by weighting the results from 
each run by the number of pressure measurements in that run. 

The second virial coefficients of helium at 100" and 200" C. 
are compared with the values reported by others in Table V. 
The two values from this work are those resulting from the 
pressure-ratio method, primarily because that method permits 

Table 1 1 .  Results from Helium Runs with 
Berlin Expansion Using Run Constant 

Temp., Run 10' A ,  i o4  B, 
"C. No Atm ' Atm ' .h. 
100 8 1.678756 3.6994 1.415100 

9 1.496817 3.7022 1.415047 
10 1.894529 3 6997 1.41 5070 

200 14 1.516230 2.7365 1.415076 
16 1.84941 2 2.7962 1.415125 
17 1.036993 2.8050 1.41 5068 

Table Ill. Results from Helium Runs with 
Berlin Expansion Using po 

Temp., Run 10' B, 
"C. No. Atm.-' .\ 

100 8 3.7151 1.41 5089 
9 3.6893 1 415054 

10 3.6985 1 415070 

200 14 2.7423 1.415073 
16 2.7490 1.41 5 134 
17 2.7808 1.41 5078 

simultaneous treatment of all data taken at a given tempera- 
ture. Agreement at 100'C. is good; however, because Kee- 
som's values (1 l )  appear to be generally low, there is a pos- 
sibility that the value for B at 200°C. determined in this 
work is also low. This is perhaps a consequence of the presence 
in the system of the mercury vapors from the differential pres- 
sure indicator. It can be both theoretically and experimentally 
demonstrated that, because of the geometry of the apparatus 
and the slow diffusion rate of mercury vapors, the addition of 
mercury to the system during a run is negligible. However, the 
concentration of mercury vapor, although far from the satura- 
tion value, may nonetheless have been sufficiently great as to 
cause the second virial coefficient of the mixture to depart 
significantly from that of pure helium. 

Because the use of a single value of A' at all experimental 
temperatures was desirable as a convenience and appeared to 
be warranted by the calibration results, the value of 1.41507 
was selected as the apparatus constant. It is believed that the 
error in this value does not exceed O . O l ~ o .  

NOMENCLATURE 

A =  

a =  

a,' = 

B =  

b =  

6' = 

B' 

322 

Run constant, 5 
Coefficient ofpJ in Berlin expansion of 

Coefficient of -- 

Second virial coefficient in Berlin expansion of 2 
Second virial coefficient in Leiden expansion of 
Coefficient of p in Berlin expansion of In 2 

Coefficient of -- in Leiden expansion of In 

P o  

in Leiden expansion of 2 r,rr 
R T  . 
I; 

Table IV. Summary of Results of Analytical Treatment 
of Helium Calibration Data 

Temp., io4 B, 
"C. Method "I' Atm:' 
100 Pressure ratio 1.415078 3.694 

Using run constant 1.415070 3.701 
Using Po 1.41 5069 3.700 

200 Pressure ratio 
Using run constant 
Using po 

1.415057 2.774 
1.415089 2.771 
1.41 5094 2.758 

Table V. Comparison of Second Virial 
Coefficients of Helium 

l o 4  B, l o 4  B, 
Source Atm:' Source Atm:' 

100" C. This work 3.694 200" C. This work 2.774 
( 7 7 )  3.52 ( 7 7 )  2.60 
(77) 3.706 ( 79) 2.851 
( 19) 3.718 (24) 2.853 
(24)  3.728 (37) 2.758 
(26) 3.64 
(37) 3.692 

C =  
C' = 

c' 

d =  

d' = 

I =  
In = 
& =  
n =  
P =  

Po = 
R =  

T =  
V =  

c =  

r =  

v, = 
VIl = 

z =  
20 = 

Coefficient of p2 in Berlin expansion o : ' ~  
Third virial coefficient 
Coefficient ofp2  in Berlin expansion ofln 2 

Coefficient of (y)2 -- in Leiden expansion of In 2 

Coefficient ofp3 in Berlin expansion of In 

Coefficient of !T in Leiden expansion of In 2 

Index identifying term in virial-type expansions 
Logarithm to the base 2.718 . . . 
Burnett apparatus constant 
Number of moles 
Absolute pressure 
Initial pressure of a run 
Gas constant 
The number of an  expansion in a run 
Absolute temperature 
Molal volume (total volume wherever n appears in 
conjunction) 
Volume of chamber I 
Volume of chamber I1 
Compressibility factor, PV/nRT 
Compressibility factor at pressure po 

(J  

Subscripts: 

0 = Approximate value (except in the case ofp, and z o )  
r = Pertaining to the state after the r-th expansion 

r-1 = Pertaining to the state after the ( r  - 1)st expansion 
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Compressibility of lsopentane with the Burnett Apparatus 
I. HAROLD SILBERBERG,’ JOHN J. McKETTA, and KENNETH A. KOBE’ 
University of Texas, Austin 12, Tex. 

fib, the range in which modern compressibility data on  iso- 
pentane at  temperatures of interest are lacking, the Burnett 
method (5) is ideally suited. For complete and accurate es- 
tablishment of the isotherms, the relatively low vapor pressures 
require an  apparatus capable of accurate measurements at low 
as well as high pressures. 

The  Burnett apparatus constant, N ,  was determined by hel- 
ium calibration to be 1.41507, and compressibility factor iso- 
therms of gaseous isopentane, from 50” to 200” C. and at pres- 
sures up to 65 atm., were determined as described in the 
preceding article ( 7 7 ) .  Vapor pressures, saturated vapor densi- 
ties, and second virial coefficients were also determined. 

EXPERIMENTAL 

lsopentane Purity. The research grade isopentane was ob- 
tained from the Phillips Petroleum Co. The purity of this iso- 
pentane, based on  a determination of the melting point, was 
stated to be 1 0 0 ~ o .  Dissolved air was removed from the hydro- 
carbon by two condensations under vacuum conditions at dry 
ice temperatures. The  high purity of the isopentane was con- 
firmed by a traverse of the two-phase region at 175°C. The  
vapor pressure from 90% vapor to 10% vapor (by volume) did 
not vary by more than 0.01 atm. 

RESULTS 

Vapor Prersures. Vapor pressures of isopentane were meas- 
ured from 50” to 175” C. at  25” C. intervals, a t  least two meas- 
urements at each temperature. Separate charges of isopentane 
were used for each measurement. The observed vapor pressures 
were correlated and smoothed graphically by a residual tech- 
nique and compared (Table I) with those values reported by 
Isaac, Li, and Canjar (6) and with values similarly smoothed 
from Young’s data (20). The total maximum uncertainty in 
these vapor pressures including that portion corresponding to 
the temperature uncertainty, is estimated not to exceed 0.25%. 

’ Present address, Field Research Laboratory, Magnolia Petroleum Co., 

’Deceased. 
Dallas 21, Tex. 

~ 

Temp., 
c. 
50 
75 

100 
125 
150 
175 

Table I. Comparison of Vapor Pressure Data 
VaDor Pressure. Atm. 

~ 

Isaac, others (6) Young (20) This Work 
. . .  2.022 2.025 
. . .  3.954 3.983 
. . .  7.031 7.106 

11.881 11.621 11.787 
18.474 18.171 18.449 
27.590 27.171 27.556 

0 I 2 3 4 5 6 7 8 

PRESSURE, e .  ATM. 

Figure 1 .  Graphical method to obtain po/zo 
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