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The available experimental density data for hydrogen have been compiled to produce 
a reduced density correlation for the liquid and gaseous states. This investigation has 
utilized fifty-seven sources of data, extending from the early studies of Amagat (1880) 
to the recent contributions of Johnston, Keller, and Friedman (1954). 

Based on the concept of a reduced density, a correlation for hydrogen has been developed 
ranging in temperature from the melting point (14OK.) to 3,300"K. and in pressure as 
high as 2,550 atm. This correlation provides continuity between the liquid and gaseous 
phases; whereas existing equations of state fail to describe the experimental behavior 
in the transitional region, particularly near the critical point. 

Four hundred and eighty-five experimental points covering the entire region were 
checked to establish the reliability of this correlation, which reproduced the experimental 
data to within 0.49y0. 

Present technological practices use 
generalized reduced-state correlations for 
the estimation of thermodynamic and 
transport properties of substances. The 
validity of this approach has proved 
satisfactory in the correlation of densities 
(49) ,  viscosities (7I) ,  thermal conduc- 
tivities (6'4, 66), and diffusion coefficients 
(27) ; more intensive investigations indi- 
cate that helium and hydrogen do not 
conform to this generalized pattern. 
Nelson and Obert (59) also recognize this 
inconsistency and suggest the use of a 
quantum parameter for these light gases. 

To correlate the properties of hydrogen 
and helium one proposa1 considers adjust- 
ment of their critical constants. Newton 
(60) presents a generalized activity- 
coefficient chart based on an empirical 
correction quantity of 8 added to both 
the critical temperature and critical pres- 
sure of hydrogen, helium, and neon. 
Dodge ($6) utilizes this concept to corre- 
late compressibility factors; Morgen and 
Childs (57) show that this concept is 
valid in limited ranges of temperature 
and pressure. Basing their studies on 
hydrogen PVT data, Maslan and Littman 
(52) construct a compressibility chart. 
Data for the inert gases are fitted to this 
chart by the application of additive 
corrections to the critical temperature 
and pressure of argon, neon, and helium. 

In  viscosity studies Brebach and Tho- 
dos (15) present a reduced-state correla- 
tion for diatomic gases. To describe 

properly the behavior of hydrogen with 
this correlation i t  was necessary to adjust 
progressively the critical temperature and 
pressure. 

Alternatively equations of state have 
been used to predict generalized behavior. 
While such equations are of a generalized 
form, the constants involved and their 
use have a specific value for each sub- 
stance. Reattie and Bridgeman (IS) point 
out that simple equations of state derived 
from theoretical considerations are in- 
accurate for a wide range of temperature 
and pressure. Furthermore empirical ex- 
pansion type of equations require a 
large number of terms for use over a large 
range; hence they are inconvenient for 
use in thermodynamic calculations. 

Owing to the anomalous behavior of 
hydrogen and helium, specific reduced- 
state correlations are recommended for 
the estimation of their physical proper- 
ties. The present investigation concerns a 
comprehensive literature survey of hydro- 
gen density data and the construction of 
a reduced-state correlation. 

EXPERIMENTAL BACKGROUND 

To obtain sufficient experimental data 
for the development of the density corre- 
lation, a comprehensive literature search 
has been conducted. Extending from 
the early work of Amagat (1 to 5 )  to the 
recent contributions of Johnston, Keller, 
and Friedman (SS), fifty-seven sources of 

experimental density data have been 
utilized in this study. The data cover the 
range between 14" and 773°K. and pres- 
sures as high as 12,580 atm. This range 
not only includes the gas phase but also 
extends into the liquid region. Consider- 
able duplication was found to exist a t  
temperature levels from 200" to 450°K. 
In  contrast to this situation experimental 
data above 773°K. were nonexistent. 

Despite the fact that Amagat (2) 
initiated measurements as early as 1880, 
his work is consistent with data reported 
later by other investigators. Between the 
period of 1901 to 1928 considerable 
experimental work was reported by 
investigators at the Physical Laboratory 
of the University of Leidcn. This group, 
headed primarily by Kamerlingh Onnes, 
produced reliable density data extending 
from the saturated envelope to the 
gaseous state. During this period Holborn 
and Otto reported density data for the 
gaseous state only, primarily between 
65" and 473°K. The experimental data of 
Bridgman (17, 18) extend up to 12,580 
atm. but are limited to temperatures 
of 303" and 338°K. 

The experimental findings of Bartlett 
et al. (8,9, 10), as well as those of Deming 
and Shupe @4), permit the extension of 
these studies to 773°K. The recent 
contributions of Johnston et al. (33, 34) 
represent a comprehensive coverage of 
temperature and pressure. These investi- 
gators have produced consistent data 
ranging from the boiling point through 
the critical point and well into the 
gaseous region. Much of the foregoing 
data have been compiled by Woolley, 
Scott, and Brickwedde (83) in 1948. 
Their smoothed data are reported in 
tabular form. 
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DEVELOPMENT OF REDUCED-STATE 
CORRELATION 

A reduced-state correlation of density 
with temjxrature and presaure requires 
accurate values for the temperature, 
pressure, and density a t  the critical point. 
For hydrogen the critical values reported 
by Kobe and Lynn (48) have been 
accepted; these are T, = 33.3"K., P ,  = 
12.8 atm., and pc = 0.0310 g./cc. 

Thc majority of experimental data 
upon which this correlation has been 
based are not reported in terms of 
absolute densities. Rather, experimental 
densities are presented in terms of Amagat 
units and hmagat densities, which are 
values relative to those a t  standard con- 
ditions. The conversion of these values 
for hydrogen to absolute units, grams per 
cubic centimeter, has been accomplished 
by the use of M = 2.016 g./g.-mole 
and V o  = 22,428 cc./g.-mole at the 
standard conditions of 0°C. and 1 atm. 
With these constants the absolute density 
for hydrogen becomes 
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Figure 1 presents a density correlation 
for hydrogen in which reduced density 
is a function of reduced temperature 
and reduced pressure. This correlation 
presents values resulting from the work 
of the fifty-seven investigators indi- 
cated in this figure. The data are cus- 
tomarily reported isothermally under 
varying pressures. IIence it was necessary 
to prepare a cross plot for several of these 
references. This procedure involved plot- 
ting the expcrimcutal isotherms on log- 
log paper with reducwl density and 
reduced pressure as the cwmlinates. From 
these cross plots the eq,eriiiiental density 
correlation was developed by plotting 
the isothermal data a t  the pressures 
indicated in Figure 1. 

The saturated envelope was estab- 
lished from the data of Kamerlingh 
Onnes, Crommelin, and Cath (40) and 
Mathias, Crommelin, and Kamerlhgh 
Onnes (55). Additional data substantiat- 
ing and extending this curve to the 
melting point were obtained from other 
references (16, 25, 69, 72, 76, 76, 77, 82). 
The intersections of the isobars and 
saturated vapor curve were located from 
the vapor-pressure data of Kamerlingh 
Onnes and Keesom (4,5), Cath and 
Kamerlingh Onnes (19), Keesom, Bijl, 
and van der Horst (47), and White, 
Friedman, and Johnston (78). 

At pressures above PR = 15 and 
temperatures below TR = 6.0 the only 
data reported are those of David and 
Hamann (22). These data enable the 
interpolation over the region of TR = 2.4 

As already pointed out, the experi- 
mental data are limited to temperatures 

to TR = 6.0 and PR = 15 to Pa = 100. 
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HYDROGEN 
TC=33.3'K P, =12.8atm pc=0.0310 g/cm3 

Density Data for the Liquid and Gaseyus States 
G s ,  

of less than 773°K. The extension of this 
correlation to higher temperatures was 
accomplished through the application of 
a compressibility-factor chart. Values in 
the high-temperature region of the 
Nelson-Obert chart (58) mere plotted 
against the reduced temperature for 
different reduced-pressure parameters. 

Since ill the limit a t  high reduced temper- 
atures these isobars converge to z = 1.00, 
the relatioilships of this cross plot were 
readily e\trapolated, and the extrapo- 
lated v:tlues produced linear relation- 
ships :it high temperatures on the 
Nelson-Obert chart. By means of these 
lincar cc,mDressibility-factor relationships 
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Reduced Temperalure. T.= 
T, 

Fig. 2. Reduced-density correlation for hydrogen (logarithmic 
coordinates). 

and the experimental densities a t  the 
highest reported temperatures, the iso- 
bars of Figure 1 were extended through 
use of the following equation: 

For isobaric conditions, PR = PEL,  Equa- 
tion (2) becomes 

Following this approach, the authors 
calculated reduced densities up to temper- 
atures of TR = 100 and pressures of PR = 
200 as extensions of the experimentally 
established isobars. 

Bridgman's data (17, 18) appear to 
be consistent with those of experimenters 
at lower pressures. Owing to the limited 
temperature range of his investigations, 
however, isobars through his data could 
not be reliably extended. 

Figure 2* presents the final reduced 
density correlation based on 2,500 experi- 
mental density values. The solid lines 
represent regions covered by experi- 
mental points; whereas the dashed lines 
represent the regions involving the ex- 
tensions already discussed. 

The correlation presented in Figure 2 
permits the rapid determination of hydro- 

gen densities over extended conditions 
of temperature and pressure. However 
the low-temperature liquid region is not 
readily interpreted, because of the in- 
herent compact nature of reduced-density 
correlations plotted on logarithmic co- 
ordinates. A more expedient representa- 
tion of the low-temperature liquid region 
is realized on rectilinear coordinates as 
presented in Figure 3. As before, the 
solid lines represent regions covered by 
experimental points; whereas the dashed 

*An 8% by 11-in. reproduction of Figure 2. with 
fine graph lines shown, is available upon request 
from the authors. 

lines represent extensions of data. As 
already pointed out, the use of rectilinear 
coordinates limits the extent of the 
temperature range. The correlation pre- 
sented in Figure 3 permits the rapid 
determination of hydrogen densities for 
the liquid- and dense-phase regions on 
an expanded scale; Figure 2 shows this 
region in a compact manner. 

DISCUSSION OF RESULTS 

Since the reduced-state correlation of 
density with temperature and pressure 
(Figure 2) is based on experimental data, 
its reliability as a means of determining 
accurate density values depends upon 
two factors. 

First is the accuracy of the experi- 
mental results as reported by the various 
investigators. The data (11 ,  44, 51, 85) 
which were obviously out of line from 
the general trend of the experimental 
points were eliminated. Otherwise no 
discrimination was made in preparing 
this correlation. 

The second factor is the reliability of 
the correlation to reproduce values con- 
sistent with the ones determined experi- 
mentally. To determine its reliability a 
representative sampling of data was 
taken from each reference source pre- 
sented in Figure 1. Four hundred and 
eighty-five values were read from the 
chart a t  varying temperatures and pres- 
sures so as to cover the entire range indi- 
cated by solid lines. The correlation of 
Figure 2 produced agreement to within 
0.49% of the experimental data; it was 
found to be in best agreement, 0.2175, 
with the work of hfichels et al. (54, 55, 
66). The deviation from the data of 
Kamerlingh Onnes et al. (36 to 38, 41, 
42, 43, 46, 72) ,  Witkowsky (81), and 
Deming and Shupe (24) was 0.38%. The 
correlation reproduced the results of 
Amagat (2, 3,4, 5 ) ,  Holborn (28), Holborn 

Fig. 3. Reduced-density correlation for hydrogen in the saturated- and dense-phase 
regions (rectilinear coordinates). 
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and Otto- (29, 31, SS), and Johnston and 
White (34) t o  within 0.56%. The great- 
est deviations, 0.70 and 0.99%, were 
from the data  of Bartlett et al. (8, 9, 10) 
and Crommelin and Swallow (20, 21), 
respectively. The deviation from the 
work of Crommelin and SwaIlow can 
be explained in par t  by the low-temper- 
ature region investigated. Near the criti- 
cal point the isobars have a steep slope, 
and hence the chart is difficult t o  read. 

It is concluded tha t  owing t o  the 
comprehensive literature survey Figure 2 
is a representative correlation of the avail- 
able absolute-density values. Further- 
more the average deviation of 0.49% 
indicates that the chart is reliable in 
producing values consistent with the 
experimental data. 

NOTATION 

A. U. = Amagat unit 
dA = Amagat density 
P = pressure, atm. 
PR = reduced pressure 
p = absolute density 
pR = reduced density 
TR = reduced temperature 
z = compressibility factor 
z1 = compressibility factor at the 

P R ~ ,  PR,,  TR., = reduced states for den- 
sity, pressure, and tem- 
perature at the reference 
point (highest reported 
temperature) 

reference point 
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