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Within the cont ex t of the gene ral problem to attain improved acc uracy for the transfe r of appare nt mass 

va lues, the PVT prope r1ies of ult rapure a ir at 298. 1S K for low pressures have been de termin ed. At 0. 1 MPa, the 

accuracy of the molar density is esti mated to be 0.00 1 pe rcent. Our applicati on of the isoth ermal Burne tt me thod 

to obtain the "PY'I~' measure me nt s, the ana lys is of these measu reme nt s, a nd the effects of syste matic Burne tt 

e rrors on the PYT results are di scussed . 
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The accurate transfer of an appare nt mass value from one 
objec t to anothe r is made with a balance compariso n of the 
objects in a gaseous e nvironment , usuall y the atmosphere , 
and consequently is affected by the accuracy with which the 
buoyant force ac ting on each objec t is known. The buoyancy 

Ii itself is proportional to the density of the gas and the volume 
of the gas displaced by the object; thus the accuracy of the 
net buoyancy co rrection to the compared masses depends on 
the errors assoc iated with the de nsit y of the gas and the 
volume difference between the objects. In the trad itional 
mass transfer, a major error in the buoyance correc ti on is 
attributed to the unce rtainty of the knowledge of the pressure­
volume-temperature (denoted by PVT) properties of the gas 
[1 , 2).1 The effect of this error, which we disc uss furthe r, 
limits the current accuracy of mass transfe r. For example, in 
the mass compariso n of two kilogram-objects fabricated from 
materials with the contrasting densities, aluminum (2700 kg/ 
m3) and stainless-steel (7800 kg/ m3), the buoyancy correction 

S for atmospheric air of normal compos ition would be equiva­
lent to 0.29 g. If the resolution of the balance used for the 
transfer were comparable with that of kilogram balances in 
national laboratories, 0 .005 ppm or 5 j.tg, the buoyancy 
correction for the ultima te accuracy would have to be known 
to 0.002 percent. This accuracy is not achieved in prac tice. 

" Usually the en'ors associated with the measureme nt of the 
buoyancy variables - moistu re content, press ure , tempera­
ture , and volume of the d ispl aced a ir-limit the accuracy of 
apparent mass compariso ns for kilognlm objects of contras t­
ing densities to about two orders of magnitude less than the 
maximum balance reso lution . Even for a mass transfer 

preCISIOn of 0 .1 ppm in the atmosphere, the buoyancy 
accuracy of 0.03 percent needed in thi s example would 

r Figures in brac ke ts ind icate literature refe rences at the end of th is paper. 

req uire that the moisture contribution in the de nsity of the 
a ir, typica lly 1 percent, be itself know n to 3 pe rcent. 

The prese nt transfe r limitation imposed by buoyancy 
un certa inti es suggests that mass transfers be made with a 
balance operated in a chambe r which is eithe r sufficiently 
evacuated to reduce the buoyancy co rrec tion to a negligible 
magnitude or which is fi ll ed with a gas whose density is 
accurately kn ow n as a fun ction of the operating pressure and 
temperature. However the trans ition to such environments 
from an atmosphe ric one without a s ign ifica nt loss of accu­
racy still requi res furth e r substa ntia tion of the PVT properties 
of atmosphe ri c a ir. For this reason, a nd in particular to 
evaluate the reli abil ity for literature values l3], we have 
redetermined the molar density of d ry a ir a t 298.1 5 K for low 
pressures . Our work also serves to ind icate the accuracy with 
which the molar density of a suitable environmental gas can 
be de termined . In this paper we present the results and our 
evaluation of them. 

For this redetermination we have used a Burne tt PVT 
apparatus, schematically shown in figure 1, which we have 
developed and used for the accurate determina tion of the 
PVT properties (defin ed as the compressibility fac tor) of 
gases over a wide range of conditions l4]. The Burne tt 
me thod itself, is an experimentally simplified method in 
which ne ither the quantity of gas nor its volume is measured; 
instead acc urate isothe rmal pressure measurements are made 
before and afte r stepwise expansions be tween two volumes. 
The measured pressures are converted into a known com­
pressibility fac tor, defin ed further as a pressure or de nsity 
series , through data reduction involving the least-squares 
evaluation of parameters in Burnett nonlinear equations. 
Details of the data reduction have been published else­

where [5] . 

415 



COUNTER BAl. ANC�N(; ---_... 
LINE 

FILLING -
EVACUATION 
LINE 

THERMAL 
VACUUM -~~#R­
JACKET 

HEATER '----fJi%1R 

FILLING -
EVACUATION----j~:H<3__1+ 
VALVE 

;APSULE 
RESISTANCE 
THERMOMETER 
WELL 

COOLI NG 
COIL 

CAPACITANCE LEAD 

·~~~&1f'{1~~~~~~~-OIL :T CIRCULATING 
PUMP 

INTAKE 
MANIFOLD 

FIGURE L Burnett PVT apparatus 

PUMP 

Because the equations needed in the data reduction are 
nonlinear, the interpretation of results is subtle. The reliabil­

ity of results can be estimated, however, from the smallness 

of the standard deviation, the invariance of the volume ratio 
parameter as evaluated from data obtained for gases with 
different nonideality behaviors, and a study of the effects of 

systematic errors. For these reasons, we report data for both 

helium and dry air, given in table 1, and also discuss the 
effects of Burnett systematic errors. 

In our experiments the pressure measurements are made 

with a combination of a controlled-clearance piston gauge, 
with gas as its pressure fluid, and a mercury barometer­
both primary standards. The gas being studied is confined to 
the Burnett volumes and separated from the pressure mea­

suring instrumentation by a closely-coupled, sensitive, and 
highly-reproducible differential pressure transducer. This 
allows all of the sample gas to be readily thermostated to 

within 0.002K of the required isotherm temperature. The 
measured pressure corresponds to that of the counterbalanc­

ing gas used to null the transducer. The accuracy and 

precision of the pressure measurements are optimum for 
pressures from 0.3 MPa to 3.7 MPa. For this range, the 
accuracy and precision are 0.003 percent and 0.001 percent 

or better. Under various experimental conditions, we have 
found that a pressure measurement usually repeats to better 
than 0.001 percent; if it does not we consider the disagree-

TABLE l. 

Results of nonlinear statistical analysis for dry-air Burnett PVT data . a-c 

Compressibility factor 
Volume ratio status 

value 

uncertainty 

Second virial coeffi cient 
value 
uncertainty 

Third virial coeffi cient 
value 
uncertainty 

Standard deviation (Mtpl 
Z (3.5232M P) 

uncertainty 

Z (0.30029MPa) 
uncertainty 

Z (0.1MPa) 

" Gas constant = 8.31435 (MPa cm3mol - ' K- ' ). 
b Ten;perature = 298. 150 K. 

Helium 

(1 + bzP + boP2) 

single parameter 

1. 78070 

0.00000. 

MPa- 1 

4.795 X 10- 3 

0.005 X 10- 3 

0.5 X 10- 5 

constant 

1. 78070 

cm3/mol 
-7.45 
0.02 
cm6/mol2 

1293 
16 
0.77 X 10- 5 

0.99198 
0.000008 

0.99912 
0.000003 

0.99970 

Air 

(1 + B2P + B3P2) 
single parameter a parameter/each dala 

sel 
1.78068 L 78068 (set 1) 

L 78068 (set 2) 
0.00003 0.00003 (set 1) 

0.00003 (set 2) 
cm3/mol cm3/mol 
- 7.38 -7.37 
0.11 0.12 
cm6/mol2 cm6/mol2 

1267 1262 
45 50 
0.8, X 10- 5 0.87 X 10- 5 

0.99203 0.99203 
0.00007 0.00008 
0.99912 0.99912 
0.00001 0.00001 
0.99970 0.99970 

c The pressure is denoted by P, the pressure virial coeffi cients by bi> the density by p, the density viria1 coefficients by B j, and the compress ibility factor by 
Z. 
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mentto be indicative of an apparatus malfunction or che mical 
instability of the sample gas a nd do not accept the measure­
ment as a valid data point. Further, the experiment is not 
continued until the fault is corrected. The sample gas 
temperature as defined by the Intern ational Practical Tem­
perature Scale of 1968 is measured with a capsule platinum 
thermometer located in the wall of the Burnell vessel. 

Our sample of ultra-pure air was especially purified by 
Scott-Marrin Inc. [6] and suppli ed in an anodized aluminum 
cylinder designed to prese rve the purity of the gas . The 
carbon dioxide content of the air was, initiall y, removed 
during its purification; afte rwa rd s, 0.032 mole percent of 
carbon dioxide was added by the supplier to the purifi ed air. 
The sample air was analyzed with a mass spectrometer by the 
Air and Water Pollution Analysis Section of the National 
Bureau of Standards. Its composition approximates that for 
dry a tmospheric air to withi n 0.03 mole percent ; the analysis 
results for the principal constituents a re: 

Composition, mole 
percent 

Molecular weight, kg! 
mol 

N2 O2 AI' CO2 Air 
78.1220.92 0. 93 0 .032 

0.028938 

Minor constituents such as Kr, Ne, and Xe are assumed to 
f be present in normal quantities. Scott- Marrin's estimate of 

contaminants (ppm per volume) in the sample prior to the 
addition of the carbon dioxide are water < 5, total HxCxx < 
0 .01 , CO < 0 .01, NOx < 0.01 and CO2 < 0.00 1. To 
preserve the samp le quality during the expe riment, the 
apparatus was evac uated and flu shed with the source gas 
prior to the initial fillin g of the sample volume; further, 
independe nt measurements were made with different samples 
from the same cylinder. Helium gas of 99.999 percent purity 
was used to obtain complementaJY Burnett PYT data to 
substantiate the value of the volume ratio parame ter obta ined 
from the a ir PYT data . 
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Two sets of Burnett PYT data were obtained at 298.15K 
for both the ultra-pure air and the helium. Each set consisted 
of data from a seri es of four consecutive expansions from the 
highest pressure to the lowest pressure compatible with the 
optimum precision and accuracy of the measurements. The 
initial pressure of the second set for each gas was selected so 
as to intersperse the data of the second se t with those of the 
first set. For the air data, the compressibility factor was 
represented by a second degree density series , which con­
tributed two parameters - the second and third density vi rial 
coeffi cients - to the overall parameter evalua tion. For he­
lium , a second degree pressure series was used; the value of 
the third viri al coeffi cient was obtained from literatu re values 
rather than from our experimental data. The contribution of 
this term to the compressibility factor is so small for our 

pressures that the other paramete rs a re more accurately 
evaluated with one fewer parameter. 

Results are given in table 1 for the nonlinear least-square 
evaluation of the Burnell equa tions formed from all of the 
helium data and , similarly, from all of the air data. In the 
helium data analysis, the parameters are common to all of 
the data; whereas , for the air data analysis, an initial density 
parameter is designated for each air data set and the role of 
the volume ratio parameter is varied for three different cases. 
In the first case , the volume ratio parameter is considered to 
have a constant value as determined from the helium data 
analysis; in the second, it is considered to be single 
parameter common to all of the air data; and in the third 
case, a volume ratio parameter is des ignated for each a ir data 
sel. In any of our Burnett data a nalyses, all of the parameters 
perta ining to a part icular analys is are s imultaneously evalu­
ated together with the " true" values of the measured pres­
sures for the analysis. 

To fac ilitate mass transfer buoyancy correc tions, we have 
gene rated dens ity and compress ibility fac tor values fo r the 
pressure range of probable inte rest from our air dens ity vi rial 
coeffi cients . These results are presented in table 2 along wi th 
comparative values obtained from "Tables of The rm al Prop­
erti es of Gases" by J. Hilsenrath et al. [3]. The pt'essure 
interval used in table 2 is small enough to a llow for linear 
inte rpolation. The lite ra ture values differ from ours by as 
lillI e as 0 .001 percent at 0. 1 MPa. At higher pressures, not 
listed, the agreeme nt is not as favorable, there being as 
much as 0 .04 percent difference at 3.4 MPa. For tempe rature 
differences less than 5 K from the refe rence tempera ture of 
298. 150K, a change in density with respec t to a change in 
temperature for the same low pressures may be approx imated 
with sufficient reliability from PYT correlation data for d ry 
a ir given in refe rence [3]. 

T ABLE 2. 
Pressure, density , and compressibility Jactor values Jar air at 298 .1 50 K. 

Pressure 104 X Densit y Compress ibility factor 
(MPa) (mol/em3) 

thi s paper reference 3 thi s paper reference 3 

0.01 0.040341 0 .040341 0.99997 0.99997 
.02 .080686 .080684 .99994 .99994 
.03 .121030 .121030 .09991 .99991 
.04 .16 1379 .161379 .99988 .99987 
.05 .201729 .201730 .99985 .99984 
.06 .242083 .242083 .99982 .99981 
.07 .282438 .282439 .99979 .99978 
.08 .322796 .322798 .99976 .99975 
.09 .363156 .363159 .99973 .99972 
.10 .403519 .403523 .99970 .99969 
.11 .443884 .443889 .99967 .99965 
.12 .484251 .484258 .99964 .99962 
.13 .524621 .524629 .9996 1 .99959 
.14 .564993 .565002 .99958 .99956 
.15 .605368 .605378 .99955 .99953 
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The estimation of accuracy for Burnett results is necessar­

ily somewhat subjective since systematic errors do not 
propagate directly in the Burnett equations. The nonlinear 

statistical unceltainties reflect the quality of the experimental 
data relative to the particular model- the Burnett equation­

used to describe the experiment analytically. The values 
obtained for the virial coeffi cients depend slightly upon 

whether the volume ratio is determined simultaneously with 

the other paramete rs or is assumed to be known from the 
helium experiments. This variation arises from three sources: 

the higher order nonideality behavior of the sample gas, the 

truncation of the series, and the inevitable high statistical 
correlation between parameters. For our reported data , 

however, the effect on the series value, i.e. the compressi­
bility factor, is quite small for our pressure region of interest, 

namely less than 0 .001 perce nt. The effects of systematic 
errors are preferably studied by the analysis of reliable 

Burnett data with simulated systematic errors superimposed 
on the data. We have discussed such an analysis in an 

earlier paper [5]; some of the pertinent res ults are given in 

table 3. The effects of similar errors in the analysis of our 
Burnett air data should be no greater than for those given in 

table 3 . The negligible effects of the systematic and random 
errors on the compressibility factor at the low pressures are 
a consequence of the approximation to its fixed limit , i.e . , 

the theoretical limit of unity as the density approaches zero. 

TABLE 3. 
Effects of systemILtie error.s .superimposed on C Ji4 Burnett PVT dILta ILt 

273.15 K. 

EITor source Percentage en or 
Percentage change in Z 

(0.1 MPa) 

Vo lume ratio 0.0011 <0.0005 
Pressure 0.003 < 0 .0005 
RT 0 .005 < 0.0005 

We conclude that the molar density of dry air presented 
here would allow for an apparent mass balance comparison 

betwee n aluminum and stainless-steel kilogram objects to an 

accuracy better than 0.005 ppm in a pure dry air environ­
ment. Slight variations in the composition of the air used 
from that of our sample air would have only a negligible 
effect on the PVT results. The practical realization of this 

accuracy will, of course, depend upon any additional errors 

incurred in the measurement accuracies of the pressure, 
temperature , and composition of the buoyancy gas environ­

ment. It will also be affected by the accuracy of the values 

used for the gas constant and for the molecular weights of the 
constituents of the pure air. Ideally, one would want the 
limiting accuracy to be determined by the uncertainties 

associated with the values for the molecular weights. For air, 
these have bee n es timated to correspond to a total uncertainty 

of 0.001 percent of the molecular weight of the air environ­
ment. 
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