Predicted High-Temperature Properties of Rubidium
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A virial equation of state for rubidium with coefficients through the fifth virial
is predicted from experimental PVT data of potassium and cesium by application
of the thermodynamic similarity principle. Exact thermodynamic relationships invelving
virial coefficients and other selected literature properties are used to generate saturation
and superheat properties of rubidium vapor. Values of enthalpy, entropy, specific
heat, and specific volume are tabulated for some 200 selected states in the temperature
range from 1300° to 2400°F. and in the pressure range from 0.2 fo 28 atm.

THE UNIQUE properties of the liquid alkali metals
and their vapors make them attractive as coolants and
working fluids in heat pipes, turbines, and other heat
transfer systems. These metallic fluids offer the capability
of operating at high temperatures to take advantage of
the increased thermal efficiency. Design problems associated
with new high temperature systems require an improved
knowledge of the properties of the metals.

In response to this need, several properties of sodium,
potassium, and cesium [including PVT (10), vapor pressure
(11), and liquid specific volume (12)] were measured to
high temperatures (2300° to 2500° F.) and to high pressure
(31 atm.). From the experimental data for each metal,
the authors have generated and published consistent sets
of thermodynamic properties (4, 5, 6). The present article
extends this work to rubidium, without additional measure-
ments, by using the thermodynamic similarity principle.

COMPRESSIBILITY DATA AND AN EQUATION
OF STATE FOR RUBIDIUM

Interpolation Method. When the compressibility data of
Stone et al. (I10) for the three alkali metals—sodium,
potassium, and cesium—were compared, the authors noted
that their molal volumes exhibited consistent behavior. For
example, the value of the difference ratio (Vo - W)/
(Vee — Vya) was surprisingly constant at all temperature
and pressure states within the limiting superheat range
of the sodium data. In fact, an average value of 0.20
for this ratio was generally within 10% of all observed
values. These observations verified the expected high degree
of thermodynamic similarity for the vapors, and the authors
reasoned that at any similar state, the volume of rubidium
should fall between that of potassium and cesium.

The authors alsoc noted that at any temperature and
pressure state the difference between the molal volumes
of any two metals was small. For example, the maximum
difference, over the superheat range of the sodium data,
was less than 7% for sodium and potassium and less than
2% for cesium and potassium. Since the observed volumes
of potassium and cesium bracket the desired volume of
rubidium and differ themselves by only a small amount,
the authors recognized that any reasonably accurate method
of interpolating between the values could be used to gen-
erate a consistent and reliable set of PVT data for rubidium
over a wide temperature range.

One method of interpolation was suggested by the existing
tables of computed thermodynamic functions for the mona-
tomic and diatomic gases of the alkali metals. From the
tabulated functions for each metal, equilibrium constants
of dimerization can be estimated and the molal volume
at any state can be computed by assuming that only ideal
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monatomic and diatomic species are present. Since the
thermodynamic functions were based on spectroscopic heats
of dimerization, it appeared likely that molal volumes com-
puted from them would be of sufficient accuracy to permit
reliable interpolations. To this end, apparent molal
volumesV’ for the four metals were computed from the
tables of Evans et al. (3) at a series of pressure and tem-
perature states between 1160° and 2240°F. (the maximum
temperature of the tabulated functions).

These computed volumes for sodium, potassium, and cesi-
um were in reasonable agreement with corresponding
observed quantities, and exhibited the same thermodynamic
similarity noted with the observed data. The authors con-
cluded that a reliable interpolation at any state would
be permitted with the equation

V/Cs - V/Rb

Vap= Ve -
R - /Cs_ V’K

(Ves= Vi) (1)

Values of the ratio (Vi = Viy)/ (Ve — Vi) at any given
temperature were relatively independent of pressure and
showed the expected constancy with temperature. The value
varied from 0.58 to 0.45 over the temperature range from
1160° to 2100° F., but tailed off to a value of 0.35 at 2240°F.
This higher temperature trend is believed to be due to
a breakdown in the assumptions underlying the computation
of the thermodynamic functions, and an average value of
0.51 was selected for interpolation at all temperatures.

Virial Equation of State. Compressibility factors for
rubidium may be calculated with Equation 1 over a consid-
erable superheat range and one could generate virial
coefficients and a virial equation of state by the graphical
methods described for potassium(5). However, it will be
shown that an equivalent equation of state may be obtained
by an alternate method in which the coefficients are com-
puted from those observed for potassium and cesium with
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Second, third, and fourth virial coefficients at 50° intervals
from 1300° to 2400° F. were computed from these equations,
and the values for each coefficient were fitted by the least-
squares method with a simple exponential equation. The
resulting equation of state is
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where

log {B| = -3.77134+4511.9/T+log T
B<0

log C = 1.90677+607.19/T +5.6975x 10"/ T*
log |D| = 4.59913 - 4806.5/ T+ 11.865 x 107%/ T*
D<0
E = 294,000

The fit of the virial equation of state to the interpolated
compressibility data for rubidium was checked mathemat-
ically. Compressibility factors for rubidium at states
covering the temperature range from 1300° to 2400° F. and
the pressure range from 1 to 28 atm. (the limiting pressures
of the potassium PVT data) were computed by the
interpolation method with Equation 1, and these were com-
pared with those computed from the virial equation. The
standard deviation at some 300 superheat states was less
than +0.05%.

CALCULATION OF THERMODYNAMIC PROPERTIES AND
FUNDAMENTAL DATA

The important properties of the metallic liquid and vapor
are volume, enthalpy, entropy, and specific heat. These
properties for rubidium were computed from the virial equa-
tion of state, from exact thermodynamic relationships, or
from the fundamental property equations included in this
section.

Saturation Pressure of Lliquid Rubidium. Several
investigators have published vapor pressures of rubidium
above 1 atm. Tepper et al. (13) reported the equation

log p = 5.72795 — 7110.53/ T — 0.14058 log T (N

which is based on measurements in the range from 830°
to 1976°F. His results are generally within 1.2% of those
by Achener (1) (881° to 1808° F.) and within 3.3% of those
by Bonilla, Sawhney, and Makansi (2) (833° to 1740°F.).
Since an extrapolation of the selected equation to 2400° F.
is required, the Kirchhoff equation by Tepper was
arbitrarily selected because this form of the equation was
found by Stone et al. (1) to fit the vapor pressures of
several alkali metals over wide temperature ranges.

Table |. Summary of Specific-Heat Measurements
of Liquid Rubidium

Density of Liquid Rubidium. The law of rectilinear diameters
was shown by Grosse (7) to be valid for metals over tem-
perature ranges extending from their melting points to their
critical points. Thus, the observed liquid densities of
Achener () in the temperature range from 182° to 1671°F.
were fitted with a rectilinear equation

di+d

=50.279 - 0.007365 T (8)

using vapor densities from this article. This equation was
used to extrapolate liquid densities to 2400° F.

Specific Volume of Saturated and Superheated Rubidium
Vapor. The value of this property at each state was obtained
directly from the virial equation of state.

Enthalpy, Entropy, and Specific Heat of Saturated and
Superheated Rubidium Vapor. These properties were com-
puted along constant temperature lines from exact thermo-
dynamic relationships with the starting point for a particular
property being the value of that property for the monomeric
gas at 1 atm. The working relationships presented for
potassium (5) may be used for rubidium by expanding
them to include terms for the fifth virial.

Enthalpy, Entropy, and Specific Heat of Monomeric Rubidium
Vapor. The magnitude of each property reported in this
article is largely determined by the selected monomeric
gas property and the enthalpy of sublimation at absolute
zero. Equations for the monomeric gas properties (relative
to the solid crystal at 0°R.) are

{h°) = 412.36 + 0.058091 T + 1600 e >** 7 ©)
(s")* = 0.10994 + 0.133759 log T + 0.3424 ¢ ™7 (10)
(c2)* = 0.05809 + 1.609 ¢~ 2*"T an

These were derived from the work of Evans et al. (3)
and are based on their tabulated properties over the tem-
perature range from 0° to 3200°R. and on the enthalpy
of sublimation at 0°R. (19.58 mean kcal. per gram atom)
derived in the next section.

Enthalpy of Sublimation at 0°R. and the Specific Heat of
Liquid Rubidium. The enthalpy of sublimation is needed
to relate the enthalpy of the monomeric gas to the base
state, the crystal at 0°R. The virial coefficients of rubidium
vapor having been evaluated, a reliable value of the sublima-
tion constant can be obtained from saturation pressure
data with the third-law equation

Temp. Specific-Heat Equation,
Investigator Range, ° F. B.t.u./Lb.-°R. 0 RT /2B 3C 4D
(A9, = — <—+ A el
M, v 2Vt 3V
Achener 150-1650 ¢, =0.11617 — 430083 x 10 * T + SE v
1.299 x 10 *T* b _ 0 _ 10
Tepper 260-2000 ¢, = 0.0881 av el > T Al - )/ Tl (12)
Table . Saturation Properties of Rubidium
(Basis: h = 0 and s = 0 for solid rubidium at 0° R.)
Do s, AS:, s,
Lb./ v, %, K, Ah, R, B.tu./ B.tu./ B.tu./
t, °F. Sq. In. Cu. Ft./Lb. Cu. Ft./Lb. B.tu./Lb. B.tu./Lb. B.t.u./Lb. Lb.°F. Lb.*F Lb.-*F.
1300.00 17.02 0.01341 11.7204 153.04 337.97 491.01 0.3375 0.1921 0.5295
1400.00 27.85 0.01369 7.4229 161.52 330.92 492.44 0.3421 0.1779 0.5201
1500.00 43.33 0.01399 4.9293 169.99 323.81 493.80 0.3465 0.1652 0.5118
1600.00 64.55 0.01430 3.4099 178.39 316.79 495.18 0.3507 0.1538 0.5045
1700.00 92.65 0.01463 2.4439 186.72 309.97 496.70 0.3546 0.1435 0.4981
1800.00 128.76 0.01499 1.8062 195.07 303.31 498.38 0.3583 0.1342 0.4926
1900.00 173.97 0.01537 1.3700 203.63 296.55 500.18 0.3620 0.1257 0.4877
2000.00 229.33 0.01578 1.0614 212.72 289.21 501.93 0.3657 0.1176 0.4833
2100.00 295.77 0.01622 0.8353 222.79 280.51 503.30 0.3696 0.1096 0.4792
2200.00 374.16 0.01670 0.6634 234.31 269.43 503.74 0.3740 0.1013 0.4753
2300.00 465.24 0.01724 0.5283 247.45 254.92 502.37 0.3787 0.0924 0.4711
2400.00 569.64 0.01783 0.4229 260.14 238.52 498.66 0.3831 0.0834 0.4665
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if all the thermal functions for the liquid and vapor are
known. The free-energy functions for the monomeric gas
may be obtained from Evans et al. (see preceding section),
and corresponding functions for the liquid may be derived
from specific-heat results. Two recent measurements of
liquid specific heat were found in the literature and pertinent
data relating to each are summarized in Table I. There
is significant disagreement both in the magnitudes of the
specific-heat values and their temperature dependency.
Since there was no apparent reason to choose one set
of sPeciﬁc-heat data over the other, the selected values
of ¢, and (AHj). were based on a third-law analysis of
the vapor-pressure measurements of Tepper et al. (13).

To this end, the value of the constant (AHS), was computed
from the vapor-pressure data over the measured tem-
perature range from 1300° to 2000°F. using, in one case,
the constant specific-heat value of Tepper and, in the other,
values from the equation of Achener (/). [Thermal data
for the solid at 77°F. were taken from Hultgren et al.
(8) and at higher temperatures from Rengade (9).] When
the sublimation quantities, so calculated, were plotted
against temperature, those based on the liquid specific-
heat equation of Achener exhibited a small negative slope
corresponding to 0.3% of the value, while those based on
the constant value exhibited a larger negative slope corre-
sponding to 0.6%. Therefore, the sublimation heat based

Table l1l. Thermodynamic Properties of Rubidium Vapor in the Superheat Region

(Basis: h = 0 and s = 0 for solid rubidium at 0°R.)

vt ke, S5,
p, Cu. Ft./ 2, B.t.u./ B.tu./ ¢ B.tu./
PSI Lb. p V/RT Lb. Lb.-°F. Lb.-° F.
1300° F.
17.02 11.7204 0.90283 491.01 0.52952 0.1356
14.70 13.7691 0.91585 494,18 0.53442 0.1256
11.76 17.5238 0.93247 498.22 0.54151 0.1125
8.82 23.7850 0.94923 502.29 0.55012 0.0991
5.88 36.3113 0.96609 506.38 0.56147 0.0856
2.94 73.8955  0.98302 510.48  0.57951 0.0718
1400° F.
27.85 7.4229 0.88539 492 .44 0.52007 0.1401
14.70 14.9139 0.93865 505.50 0.54068 0.1027
11.76 18.8839 0.95081 508.47 0.54718 0.0939
8.82 25.5024 0.96304 511.44 0.55518 0.0850
5.88 38.7414 0.97532 514.42 0.56591 0.0760
2.94 78.4619 0.98764 517.41 0.58334 0.0671
1500° F.
43.33 49293 0.86798 493.80 0.51178 0.1432
29.39 7.6088 0.90889 503.96 0.52499 0.1178
14.70 15.9706 0.95386 515.00 0.54566 0.0884
11.76 20.1549 0.96302 517.23 0.55177 0.0824
8.82 27.1298 0.97222 519.47 0.55938 0.0763
5.88 41.0811 0.98145 521.71 0.56973 0.0702
2.94 82.9377 0.99071 523.96 0.58677 0.0642
1600° F.
64.55 3.4099 0.85107 495.18 0.50450 0.1446
58.78 3.7980 0.86331 498.28 0.50787 0.1382
44,09 5.2539 0.89568 506.41 0.51770 0.1201
29.39 8.1781 0.92947 514.80 0.53038 0.1002
14.70 16,9700  0.96434  523.36  0.54982 0.0793
11.76 21.3682 0.97142 525.08 0.55568 0.0751
8.82 28.6993 0.97853 526.81 0.56304 0.0708
5.88 43.3628 0.98566 528.54 0.57313 0.0666
2.94 87.3555 0.99282 530.27 0.58992 0.0623
1700° F.
92,65 2.4439 0.83499 496.70 0.49814 0.1446
88.18 2.5896 0.84206 498,51 0.49995 0.1414
73.48 3.1960 0.86605 504.64 0.50640 0.1299
58.78 4.1108 0.89113 510.98 0.51390 0.1171
44.09 5.6413 0.91720 517.52 0.52297 0.1031
29.39 8.7105 0.94413 524.19 0.53484 0.0885
14.70 17.9311 0.97178 530.97 0.55343 0.0734
11.76 22.5431 0.97738 532.34 0.55912 0.0703
8.82 30.2304 0.98300 533.70 0.56631 0.0673
5.88 45.6060 0.98865 535.07 0.57623 0.0642
2.94 91.7347 0.99432 536.45 0.59284 0.0612
1800° F.
128.76 1.8062 0.81966 498.38 0.49257 0.1436
117.57 2.0111 0.83335 501.91 0.49588 0.1381
102.87 2.3496 0.85190 506.68 0.50061 0.1303
88.18 2.8031 0.87115 511.61 0.50588 0.1216
73.48 3.4407 0.89109 516.69 0.51186 0.1121
58.78 4.4005 0.91172 521.89 0.51884 0.1020
354

¥, R, s,
D, Cu. Ft./ 2, B.tu./ B.tuy a, B.tu./
PS.IL Lb. p V/RT Lb. Lb.-cF. Lb.-°F.
1800° F.
44.09 6.0041 0.93299 527.21 0.52736 0.0915
29.39 9.2171 0.95483 532.62 0.53865 0.0805
14.70 18.8659 0.97719 538.10 0.55666 0.0694
11.76 23.6916 0.98172 539.20 0.56223 0.0671
8.82 31.7351 0.98627 540.30 0.56929 0.0649
5.88 47.8228 0.99083 541.41 0.57910 0.0626
2.94 96.0875 0.99541 542.52 0.59559 0.0604
1900° F.
173.97 1.3700 0.80447 500.18 0.48767 0.1425
161.66 1.4965 0.81652 503.26 0.49036 0.1381
146.96 1.6756 0.83113 507.01 0.49378 0.1327
132.26 1.8952 0.84606 510.86 0.49746 0.1268
117.57 2.1708 0.86138 514.81 0.50147 0.1205
102.87 2.5262 0.87714 518.85 0.50588 0.1138
88.18 3.0018 0.89336 522.99 0.51081 0.1067
73.48 3.6694 0.91005 527.22 0.51642 0.0992
58.78 4.6732 0.92720 531.54 0.52302 0.0914
44.09 6.3492 0.94480 535.93 0.53114 0.0833
29.39 9.7055 0.96282 540.38 0.54202 0.0750
14.70 19.7822 0.98123 544.89 0.55960 0.0666
11.76 24,8216 0.98496 545,79 0.56508 0.0649
8.82 33.2212 0.98870 546.70 0.57207 0.0632
5.88 50.0210 0.99245 547.61 0.58179 0.0615
2.94 100.4217 0.99622 548.53 0.59819 0.0598
2000° F.
229.33 1.0614 0.78814 501.93 0.48328 0.1425
220.44 1.1147 0.79561 503.77 0.48476 0.1398
205.74 1.2127 0.80786 506.83 0.48729 0.1354
191.05 1.3257 0.82007 509.92 0.48995 0.1310
176.35 1.4576 0.83233 513.05 0.49276 0.1266
161.66 1.6138 0.84473 516.24 0.49575 0.1220
146.96 1.8017 0.85733 519.48 0.49895 0.1172
132.26 2,0318 0.87017 522.78 0.50241 0.1122
117.57 2.3203 0.88329 526.15 0.50618 0.1070
102.87 2.6921 0.89673 529.59 0.51034 0.1015
88.18 3.1890 0.91050 533.09 0.51500 0.0958
73.48 3.8861 0.92460 536.65 0.52034 0.0899
58.78 4.9335 0.93904 540.27 0.52664 0.0838
44.09 6.6814 0.95381 543.95 0.53447 0.0775
29.39 10.1807 0.96890 547.68 0.54504 0.0711
14.70 20.6852 0.98431 551.44 0.56232 0.0646
11.76 25,9383 0.98742 552.20 0.56774 0.0633
8.82 34.6939 0.99055 552.96 0.57466 0.0620
5.88 52.2058 0.99369 553.72 0.58432 0.0607
2.94 104.7426 0.99684 554.49 0.60067 0.0594
2100° F.
295.77 0.8353 0.76867 503.30 0.47923 0.1459
293.92 0.8421 0.77016 503.65 0.47947 0.1452
279.22 0.8997 0.78169 506.36 0.48146 0.1402
264.53 0.9632 0.79280 509.03 0.48349 0.1358
249.83 1.0338 0.80363 511.67 0.48558 0.1318
235.14 1.1130 0.81427 514.30 0.48775 0.1279
220.44 1.2025 0.82481 516.95 0.49001 0.1242
(Continued on page 355)
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on the specific-heat equation of Achener is preferred, and
the average value of 19.58 kcal. per gram atom was selected
for the thermodynamic calculations in this article.

Enthalpy and Entropy of Vaporization of Rubidium. Latent
heats of vaporization were calculated with

Ah, = Jp,(1114.1/ T - 0.009566) (¥ - v)) (15)

which was derived by a differentiation of the vapor-pressure
equation of Tepper and subsequent substitution into the
Clapeyron equation. A value of V{ at each temperature was
obtained from Equation 8 and a value of v? from the
virial equation of state.

The entropy of vaporization at each saturation point

was obtained by dividing the appropriate enthalpy change
by the absolute temperature.

Enthalpy and Entropy of Liquid Rubidium. These properties
of the saturated liquid at each temperature were obtained
by subtracting the enthalpy or entropy of vaporization
from the corresponding property of the saturated vapor.

THERMODYNAMIC PROPERTIES AND DISCUSSION

The saturation and superheat properties of rubidium from
1300° to 2400°F. are presented in Tables II and III. They
were computed from exact thermodynamic relationships
involving the virial and vapor-pressure equations, but sev-

Table lil. Thermodynamic Properties of Rubidium Vapor in the Superheat Region (Continued)

(Basis: h =0 and s = 0 for solid rubidium at 0° R.)

vt R, s*,
D, Cu. Ft./ 2, B.tu./ B.tu./ ¢, B.tu./
PS.I Lb. p V/RT Lb. Lb.-°F. Lb.-*F.
2100° F.
205.74 1.3048 0.83531 519.60 0.49238 0.1205
191.05 1.4229 0.84585 522.29 0.49488 0.1168
176.35 1.5609 0.85647 525.01 0.49753 0.1131
161.66 1.7241 0.86722 527.77 0.50035 0.1092
146.96 1.9204 0.87813 530.57 0.50337 0.1052
132.26 2.1608 0.88923 533.42 0.50665 0.1010
117.57 2.4618 0.90055 536.31 0.51023 0.0967
102.87 2.8496 0.91210 539.26 0.51419 0.0923
88.18 3.3675 0.92389 542.25 0.51865 0.0877
73.48 4.0937 0.93594 545.28 0.52378 0.0830
58.78 5.1844 0.94825 548.36 0.52987 0.0782
44.09 7.0041 0.96081 551.48 0.53747 0.0733
29.39 10.6463 0.97363 554.64 0.54782 0.0683
14.70 21,5783 0.98669 557.84 0.56487 0.0632
11.76 27.0451 0.98934 558.48 0.57024 0.0622
8.82 36.1568 0.99199 559.12 0.57712 0.0612
5.88 54,3807 0.99465 559.77 0.58673 0.0602
2.94 109.0535 0.99732 560.41 0.60303 0.0591
2200° F.
374.16 0.6634 0.74332 503.74 0.47526 0.1565
367.40 0.6808 0.74898 505.00 0.47605 0.1529
352,70 0.7202 0.76069 507.62 0.47775 0.1461
338.01 0.7624 0.77171 510.13 0.47946 0.1406
323.31 0.8079 0.78219 512.56 0.48117 0.1358
308.62 0.8573 0.79226 514.93 0.48291 0.1316
293.92 0.9112 0.80200 517.25 0.48469 0.1279
279.22 0.9705 0.81150 519.55 0.48652 0.1244
264.53 1.0362 0.82082 521.84 0.48840 0.1211
249.83 1.1095 0.83003 524.13 0.49036 0.1180
235.14 1.1918 0.83917 526.42 0.49240 0.1149
220.44 1.2851 0.84829 528.72 0.49453 0.1118
205,74 1.3917 0.85743 531.05 0.49677 0.1088
191.05 1.5148 0.86662 533.39 0.49914 0.1056
176.35 1.6586 0.87589 535.76 0.50165 0.1025
161.66 1.8288 0.88528 538.17 0.50433 0.0993
146.96 2.0333 0.89479 540.61 0.50722 0.0959
132.26 2.2836 0.90446 543.08 0.51035 0.0925
117.57 2.5970 0.91429 545.58 0.51379 0.0890
102.87 3.0005 0.92431 548.13 0.51759 0.0854
88.18 3.5393 0.93451 550.71 0.52189 0.0817
73.48 4.2944 0.94491 553.32 0.52686 0.0780
58.78 5.4282 0.95552 555.97 0.53278 0.0741
44.09 7.3196 0.96633 558.65 0.54022 0.0702
29.39 11.1045 0.97735 561.36 0.55040 0.0662
14.70 22.4641 0.98858 564.11 0.56727 0.0622
11.76 28.1445 0.99084 564.66 0.57261 0.0614
8.82 37.6123 0.99312 565.21 0.57945 0.0606
5.88 56.5482 0.99541 565.76 0.58903 0.0598
2.94 113.3570 0.99770 566.32 0.60529 0.0589
2300° F.
411.49 0.6351 0.75424 512.33 0.47678 0.1466
396.79 0.6678 0.76469 514.68 0.47827 0.1406
382.10 0.7025 0.77461 516.93 0.47976 0.1355
367.40 0.7395 0.78409 519.11 0.48126 0.1312
352.70 0.7793 0.79321 521.23 0.48278 0.1273
338.01 0.8222 0.80202 523.30 0.48432 0.1239
323.31 0.8687 0.81060 525.34 0.48589 0.1207

8, hé, 54,

D, Cu. Ft./ 2, B.t.u./ B.tu./ ¢, B.tu/

PS.I. Lb. P V/RT Lb. Lb.°F. Lb.-°F.
2300° F.
308.62 0.9195 0.81898 527.36 0.48750 0.1177
293.92 0.9752 0.82722 529.36 0.48916 0.1150
279.22 1.0366 0.83534 531.36 0.49088 0.1123
264.53 1.1047 0.84339 533.36 0.49266 0.1097
249.83 1.1808 0.85139 535.36 0.49451 0.1071
235.14 1.2664 0.85938 537.37 0.49644 0.1046
220.44 1.3634 0.86737 539.40 0.49847 0.1021
205.74 1.4743 0.87540 541.44 0.50061 0.0995
191.05 1.6024 0.88349 543.50 0.50287 0.0969
176.35 1.7519 0.89165 545.59 0.50527 0.0943
161.66 1.9289 0.89990 547.69 0.50785 0.0916
146.96 2.1415 0.90826 549.83 0.51063 0.0888
132.26 2.4017 0.91675 551.99 0.51364 0.0860
117.57 2.7273 0.92537 554.18 0.51696 0.0832
102.87 3.1464 0.93413 556.40 0.52065 0.0802
88.18 3.7058 0.94304 558.64 0.52482 0.0772
73.48 4,4898 0.95211 560.92 0.52966 0.0742
58.78 5.6667 0.96135 563.22 0.53546 0.0710
44,09 7.6295 0.97076 565.55 0.54276 0.0679
29.39 11.5572 0.98033 567.91 0.55281 0.0647
14.70 23.3442 0.99008 570.29 0.56955 0.0614
11.76 29.2383 0.99205 570.76 0.57487 0.0608
8.82 39.0621 0.99403 571.24 0.58168 0.0601
5.88 58.7101 0.99601 571.72 0.59123 0.0595
2.94 117.6548 0.99800 572.21 0.60746 0.0588
2400° F.

411.49 0.6867 0.78698 525.89 0.48161 0.1264
396.79 0.7196 0.79520 527.79 0.48294 0.1229
382.10 0.7548 0.80317 529.65 0.48429 0.1198
367.40 0.7925 0.81094 531.47 0.48566 0.1169
352.70 0.8333 0.81853 533.27 0.48707 0.1143
338.01 0.8774 0.82598 535.05 0.48850 0.1118
323.31 0.9254 0.83330 536.82 0.48998 0.1094
308.62 0.9779 0.84052 538.58 0.49150 0.1072
293.92 1.0355 0.84767 540.34 0.49307 0.1050
279.22 1.0992 0.85477 542.10 0.49470 0.1028
264.53 1.1698 0.86184 543.86 0.49640 0.1007
249.83 1.2488 0.86889 545.63 0.49816 0.0986
235.14 1.3376 0.87595 547.41 0.50001 0.0965
220.44 1.4383 0.88303 549.20 0.50196 0.0944
205.74 1.5535 0.89015 551.01 0.50401 0.0922
191.05 1.6864 0.89732 552.84 0.50619 0.0901
176.35 1.8417 0.90455 554.68 0.50851 0.0879
161.66 2.0254 0.91187 556.54 0.51100 0.0856
146.96 2.2460 0.91927 558.43 0.51369 0.0833
132.26 2.5159 0.92678 560.33 0.51661 0.0810
117.57 2.8537 0.93439 562.26 0.51983 0.0786
102.87 3.2883 0.94212 564.21 0.52343 0.0762
88.18 3.8684 0.94998 566.19 0.52751 0.0738
73.48 4.6811 0.95796 568.18 0.53225 0.0713
58.78 5.9010 0.96609 570.20 0.563795 0.0687
44.09 7.9352 0.97435 572.25 0.54515 0.0661
29.39 12.0055 0.98275 574.31 0.55509 0.0635
14.70 24.2200 0.99130 576.40 0.57173 0.0609
11.76 30.3277 0.99303 576.82 0.57702 0.0603
8.82 40,5075 0.99476 577.24 0.58381 0.0598
5.88 60.8675 0.99650 577.66 0.59334 0.0593
2.94 121.9482 0.99825 578.08 0.60956 0.0587
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eral factors regarding the basic data should be recognized
when using the tabulated properties. The virial equation
was obtained by interpolation between the experimental
PVT data of potassium and cesium. Its experimental basis
i8, therefore, determined by the potassium data which cover
a pressure range from 2 to 28 atm. and a temperature
range from 1600° to 2500° F. The saturated vapor-pressure
equation of Tepper represents data covering a pressure
range of 0.04 to 14.6 atm. and a temperature range of
830° to 1976°F. Properties of rubidium vapor have been
included in the tables for some states which are outside
the measured limits of the basic data, and these properties
may be of reduced accuracy.

Tepper et al. (14) have recently derived thermodynamic
properties for rubidium to a temperature of 2060°F. from
experimental compressibility data, and the properties may
be compared with those generated in this article. If the
NRL data are arbitrarily taken as reference and the prop-
erty changes from p, to 0.5 atm. are compared at tem-
peratures covering the overlapping range, the enthalpy
changes reported by Tepper et al. are 56% high, 4% low,
and 26% low at temperatures of 1880°, 1700°, and 1520°F.,
respectively, and their entropy changes at the same tem-
peratures are 12% high, 5% low, and 12% low. The observed
discrepancies in the two sets of properties can be explained
by the precision of the data by Tepper et al. (14). In
fact, the random errors in their compressibility factors range
from 1 to 3% and are larger than the differences which
exist between the observed compressibility factors of
potassium and cesium (5, 6) between which the rubidium
values are interpolated.

The authors believe that the properties generated from
the calculated equation of state are practically equivalent
to those which would have been obtained if experimental
compressibilities had been measured. This statement is
based on the evidence presented for the thermodynamic
similarity of the alkali metal vapors and on the reliability
check obtained by comparing computed values for the
specific heat of the liquid with corresponding experimental
quantities. Specific-heat values based on monomeric gas
properties (see preceding section) may be computed directly
from the enthalpy values for the liquid (Table II). These
are shown in Table IV to be in good agreement with the
corresponding experimental values of Achener (I). The
significance of this can be readily missed. One must recog-
nize, first, that the specific heats computed from monomeric
gas properties are completely independent of the
experimental values, even though the corresponding
enthalpy values are directly related by the third-law equa-
tion used to obtain (AHJ),. One must also recognize that
the computed specific-heat values and all the properties
of rubidium in Tables II and III are dependent upon the
same three basic relationships—the enthalpy equation for
the monomeric gas, the virial equation of state, and the

Table IV. Comparison of Experimental Specific-Heat
Values of Saturated Liquid Rubidium with Those
by the Monomeric Gas Path

Monomeric Experimental Values
Temperature, . Gas Path, of Achener,”
°F, s, B.tau/Lb.°F. ¢}, B.t.u/Lb.-F.
1300 0.0846 0.0808
1400 0.0848 0.0812
1500 0.0844 0.0818
1600 0.0836 0.0828
1700 0.0832 (0.0838)
1800 0.0842 (0.0854)

“ Experimental values in parenthesis are extrapolated.
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vapor-pressure equation. Therefore, the observed agreement
in the specific-heat values tends to substantiate these basic
relationships and to increase the degree of confidence which
can be placed in the reported values for all the properties.

NOMENCLATURE

second virial coefficient, cu. ft./mole

third virial coefficient, (cu. ft.)?/ (mole)

fourth virial coefficient, (cu. ft.)*/ (mole)®

fifth virial coefhcient, (cu. ft.)*/ (mole)*

specific heat at constant pressure, B.t.u./lb.-° F.

density, 1b./cu. ft.

free energy, B.t.u./lb.

enthalpy per unit mass, B.t.u./lb.

enthalpy change upon vaporization of a unit mass of
equilibrium vapor, B.t.u./lb.

enthalpy change upon vaporization of a mole of equilibrium
vapor, B.t.u./mole

any unit conversion

molecular weight of monomeric species

absolute pressure, p.s.i.a.

gas constant

entropy per unit mass, B.t.u./lb.-°F.

absolute temperature, ° R.

temperature, ° F.

molal volume (per formula weight of monomer), cu. ft./
mole

specific volume, cu. ft./1b.

compressibility factor, p V/RT
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Subscripts

0

D
s

K
Na
Rb

Cs

Superscripts

g
{

)

quantity at 0° R.
constant pressure
quantity at saturation
quantity for potassium
quantity for sodium
quantity for rubidium
quantity for cesium

quantity in gas state
quantity in liquid state
standard state, 1 atm. for gas
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