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government procurement operation, the U. S. 
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obligation whatsoever; and the fact that the Govern¬ 
ment may have formulated, furnished, or in any way 
supplied the said drawings, specifications, or other 
data is not to be regarded by implication or other¬ 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented invention that may in any way be related 
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C'V'jgenic Techn-csl Services Section in the National Bureau of Stendarda, 
Cryogenic Engineering Laboratory under U. S. 4ir Force Gvoutract No. D. 0. 33 
‘’bl6)59"6* This contract was initiated under Project No. 73¿0 > rThermophy3ical 
Properties of Materials", Task No. 73603. The work was administered under the 
direction of the Physics Laboratory, Directorate of Materials and Processes, 

i Deputy for Technology, Aeronautical Systems Division, with Mr. Paul Dimiduk 
as project engineer. Work conducted from January 1959 to January 19&1 i-3 covered 
in this repoit. 

In addition to the staff regularly assigned to the Evaluation and 
Compilation Unit, tbe iolloving members of the Cryogenic Engineering Laboratory 
staff contributed to this phase of the Compendium in the literature search and 
preliminary phases of compiling data for the data sheets: Dr. P. L. Barrick 
(electrical resistivity); Dr, F, E. 5. Germann (velocity of sound, equilibrium 
concentration of binary mixtures; D. E. Jordan (compressibility factor, solubility); 
Dr, N. D, Tjmmerhaus (equilibrium concentration of binary mixtures, entropy). 
In addition, the section on Thermal Conductivity Integrals was undertaken and 
completed by A. L. Bashford, J, R, Kluherz, and E. G. Payne, under the general 
supervision of R. L. Powell. 

The frofeasional staff assigned to the Evaluation and Compilation Unit 
for at least a port of the p riod represented by this report were: Richard B. 
Stewart, Project Leader; Robert D. McCarty, David R. Millhiser, James D. 
Cunninghsm, end M. Richord Eriksson. The data sheets completed by this staff 
are as follows: Robert McCarty (Compressibility Factor for Helium, Neon, Nitrogen; 
ection on Velocity of Sound; section on Electrical Resistivity; Tempereture- 

1 ropy diagram for Neon); David Millhiser (Compressibility Factor for Methane; 
pj eliminnry compilation for ilectrics'1 Resistivity); James Cunningham (Compress¬ 
ibility lector lor hydrogen, Air); Richard Eriksson (preliminary compilation 
for Electrical Resistivity); Richard Stewart (Equilibrium Concemtrations of 
Dina my Mixtures). Mrs. Genevieve Michela was responsible for the organization 
of . '.o bibliography end also supervised the preparation of all of the typed 
cvny and tables of values. The graphs were drawn by Richard D. Weekley, Donald 
C. /'.-irrison and Lewis J. Ericks. The find review of the data sheets was dene 

'V R. D. Srott, E. H. Brov.ni end V. J, Johnson. These and many other staff 
menbemc co; buted to the Compendium in numerous ways and each contribution was 
/alu^ble in „re completion of this task. 



^ aase li of the Compendium inclurlpo np-f-n t 
factor, velocity of So,u,d and entropy It 
centration of binary mixtures of fin^c ï Vdpor'll(luid equilibrium con- 
conductivity integrí “Ôi^Lííi“d th«-al 
of these properties for the follovinc~matêriaî"^ í“ are included for each 

Hydrogen, Neon, Nitrogen, Air ^ftbaS Factor (Hel1- 
Vclocity of Sound (in liquids: Helium, F-ircp- --^a.T"S.dlag‘fam for Neon)i 
Methane; in gases: Helium, Hydrogen^Nto^^ftrLpnoe, UJrygcn^ ArZon> 
oxide, Argon, Methane); Liquid-Vapor*Fmm lihvi n ’ 0xytien’ Ai^ Carbon Mon- 
Hydrogen, Nitrogen, Meihane; Hydrogen Coaceatratio«s (Helium in 
Nitrogen in Oxygen, Carbon Monoxidf, Argon" M'thane)’^ElecÏT^^' Mf:than^ 
(53 of the pure metallic elements)- Electrical Resistivity 
metallic substances, 36 non-ferr-- Condl^tinty Int^ral s (H pura 
plastics). I„ 6ene;a; the dita steet; níotnt1«™^3/11"75 !‘ 0*«*» •»* 
fora, and in addition include tables of .eîeôteH -, pri:narlly ln graphical 
sources of the data and other referen-- f raferences to the 
the user are also given. ^ Appropriate comments of interest to 

publication review 

This report has been r viewed tnd is ar,protedi 

FOR THE C(M-WIDER i 

0 Chief, Theraophysxcs Branch 
Physics Leborptory 
Di re «'terete of Materiels end Processes 
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volume is intended basically as a loose-leaf 
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INTRODUCTION 

This program for the compilation of thermophysical properties of fluids 

and solids at cryogenic tempera to res is a continuing program to make 

available to the cryogenic industry, corrélatiens and compilations of the 

data necessary for cryogenic systems design and analysis. These compilations 

are a result of an extensive search of the scientific and engineering 

literature and a careful analysis and comparison of the available data to 

select values for presentation on data sheets. The data sheets illustrate 

the information graphically, together with tables of "selected values", 

citations of references used in the compilation, and additional references. 

Suitable comments on the data and their arrangement or treatment are also 
given. 

Phase I of this Compendium v/as issued October, i960 in three parts 

which are: (l) Properties of Fluids, (2) Properties of Solids, and (3) 

Bibliography of Refernces, Cross-Indexed. 

The following are the Properties and the Fluids included in Part I of 
the first phase of the work. 

!•*” Density Helium..001* 

2. - Expansivity Hydrogen ---- .002 1 

3- - Thermal Conductivity Neon ------ .003 I 

4. - Specific Heat and Nitrbgen --.004 

Enthalpy Oxygen ----- .005 

5- - Transition Heats Air ------- .006 

6. - Phase Equilibria Carbon Monoxide - .007 

?• - Dielectric Constants Fluorine ---- .008 

8. - Adsorption Argon ------- .009 

9- “ Surface Tension Methane..010 

10. - Viscosity 

The Properties of Fed ids incluaed in Part II of the first phase of the 

Compendium are: Thermal ¿xpansic . (2.000), Thermal Conductivity (3.000),and 

Sped tic Heat and Enthalpy (4.000). The solids covered and their code 
rmmhPTK o"rmmp>a >vw ntnoono a—n. i nr\ n.,„- n_ 



IMs second phase of the Compendium is issued as a supplement to the 

first phase and ir arranged for uniform continuity. It covers additions.! 

properties of the same materials as follows: 

II. * Compressibility Factor (Z = PV/rt) for: Helium, Hydrogen, 

Neon, Nitrogen, Mr and Methane. 

IJ. Thermal Conductivity Integrals. (The solids covered are 

listed in the "Table of Contents" preceding this section.) 

14. Temperature-Entropy Chart for Neon. 

15. Velocity of Sound (in liquids: Helium, Hydrogen, Nitrogen, 

Oxygen, Argon, Methane; in gases: Helium, Hydrogen, Neon, 

Nitrogen, Oxygen, Air, Carbon Monoxide, Argon, Methane). 

lo. Liquid-Vapor Equilibrium Concentrations of Binary Mixtures 

(Helium in Hydrogen, Nitrogen, Methane; Hydrogen in Nitrogen, 

Carbon Monoxide, Methane; Nitrogen in Oxygen, Carbon Monoxide, 

Argon, Methane). 

IT. Electrical Resistivity for 53 metallic elements. (The 

elements covered are listed in the "Table of Contents" 

preceding this section.) . 

The bibliography issued as a part of this second phase includes the 

following references; 

1. All documents listed as "Sources of Data" and es "Other 

References" on the data sheets included in Phase II. 

2. Additional references on compressibility factor, density, P-V-T, 

data, entropy, velocity of sound, and two-nV'ase binary 

mixtures of the ten fluids listed in the following list on 

literature searches. 

3. Electrical resistivity of the metallic elements. 

The bibliography for the thermal conductivity integrals will be found in 

Part III of Fnase I, and is not repeated here. The journal abréviations 

used in the bibliography are those used in Chemical Abstracts. 

During the compilation of the data sheets for this second phase, 

rmc in npArrvMno- pi nnfaillirp and philosophy were effeet.Pii . 

The addition of professional staff made this project no longer dependent on 

the part-time services of other laboratory staff members for the detailed 

* This number represents the coding sequenc . 



preparation of the ratería! for the data sheets. Several „.»hers of the 
laboratory staff have continued to contribute to this Corpendier, 

consultants in their field of specialUation. use of the 

tories'computer facilities was also Inaugurât* »“ thl“ lnste.nces 
w„ used extensively in preparing this second phase. n sev« 

UM " Õ, computer has enabled us to (l) increase the number ,f da'a values 

conquered in the compilation, (2) employ a more extensive and exaetinj compari- 

son'of alternate sources of data, and (3) to rigorously calculate the derived 

thcnr.odynami.c properties. 
A literature search was conducted on each of the several subjects con¬ 

sidered. T" search was primarily of the various abstracting Journals, but was 

suppler,le œd by later reference to the bibliographies Included in many of t e 

documents. The pertinent articles were procured and the Bi^lficant data 

complied for evaluation and inclusion in the data sheets. 
The extent of the iiterature searches for the various materials considered 

is as follows: 
Properties of Helium , 
a. Chemical Abstracts: Volumes 46 thru 4? <1952 “ 1955) 

b. Industrial Arts Index: <1943 " 1957) 

c. Engineering Index: (1950-1956) 

d. ASKE Seventy-Seven Year Index, Technical Paperb. 

e. B-oreau of Mines Information Circular 73^4. A Comprehensive Bib 

ography from 1933 to 1945 
Bureau of Mines Bulletin tób; Helium: Bibliography of Techn ca 

and Scientific Literature from its Discovery (186? to January 1, 

1947. 
Helium by W. H. Keesom, covered an extensive search of the literature 

TTTTto 19b2, as well as a thorough compilation of the data on helium. 

Properties pjl Hydrogen 

a. Chemical Abstracts (1948 thru 1955) 

V- Dinircinc Abstracts (l949 thru 1957) 
o', industrial Arts index (19^ thru 1956; Feb., May, Aug., Hov. 

f. 

g' 

19^7; Jan.-Mar., May, Aug. 1958) 

Engineering Index (1948 thru 1956) 
Transactions of the American Society of Mechanical Engineers 

(1948 1956) 

3 



i\ National Bureau of Standards Research Paper 19T¿, Compilation of 

Ihermal Properties of Hydrogen in its Various Isotopic and Ortho- 

Para Modifications, covered an extensive search of the literature 

prior to 19½. 

National Bureau of Standards Circular 504, Tables of Thermal Prop¬ 

erties of Gases edited by J. Hiisenrath, et al., covers an extensive 

search of the literature prior to 1952. 

Properties of Neon 

a. Chemical Abstracts: Volumes 1 thru 52 (19OT thru I95Ö) 

b. Physics Abstracts: (1892 thru I912) 

c. Engineering Index: (19^5 thru 1957) 

Properties of Nitrogen 

PV>ianvî 1 A V» v»r» /■» 4- ~ • 
V/L*. ^ U Í L\J ij vyj. ‘ ■ 0 « X uii’u \Lyj\ otu u ) 

b. Reviews of American Chemical Research: (19OO thru I906) 

c. National Bureau of Standards Circular 564. 

Properties of Oxygen 

a. Chemical Abstracts: Volumes I9 thru 5^ (1925 thru i960) 

b. Engineering Index: (.1948 thru 1959) 

c. Transactions ASME, individual indexes thru Volume 8l (1959) 

d. Journal of the American Rocket Society, Volume 26 thru 30 

(1956 thru i960) 

i 

Properties of Air (including mixtures of oxygen and nitrogen) 

a. Chemical Abstracts: Volumes 43 thru 52, No. 9 (1949 - Sept. 

25, 1958) 

b. Physics Abstracts: Volumes 46, 52 thru 6l, No. 3 (1943, 

1949 - August, 1958) 

c. Industrial Arts Index: (1949 - 1957 and May - July, I958) 

d. The Engineering Index: (1949 - 1957) 

e. Dissertation Abstracts: (195^ - Aug. 1958) 

Properties of Carbon Monoxide 

a. Chemical Abstracts: Volumes 44 thru 50 (1950 - 1956) 

Pi upcx ulcb u-L rluuriac 

a. Chemical Abstracts: Volumes 1 thru 50 (1907 - 1956) 

b. Industrial Arts Index: (1945 thru I955) 

Properties of Argon 

a. Chemical Abstracts: Volumes 42 thru 44 (1948 - 1950) 

4 



Properties of Me thane 

¡TchcmUal Abstracts: Volumes 1 thru 50 OOT - 1956) 

r^ntuctivity and Electrical Rcsls^^vry nt .■ 1-V 

a. Chemical Abstracts: Volumes 1 thru 50 UOT - 1956) 

b. Physics Abstracts: 1900 thru 1956 
c. LaMolt-Bcmstein Physikalisch-chemische Tabellen, edited 

by W. A. Roth and K. Scheel (Julius Springer, Berlin) 5th ed., 

vol. 2, 1923i 5th ed., 1st supplement, /ol. 1, 192T; 5th ed., 

2nd supplement, vcl. 2, 1931; 5th ed., 3rd supplement, vol. 3, 

d. National Bureau of Standards Circular 556. Thermal Conductivity of 

Meta: and Alloys at low Temperares; A Review of the Literature 

(195 / 

In addition to the specific searches listed above, a considerable number 

Of references were found from listings on file in the Cryogenic Bata Center. 

Also, inasmuch as most of the searches were for all properties of a par leu 

material, many of the articles covered several materials. These addlt ona 

references were added to the bibliographies of the other materials cover 

were used by task authors In their evaluation and selection o a a’ 

additional source of references was from the document, 

documents fluently listed references of a broader coverage than * -terl ^ 

presenced in it, and thus provided a more extensive range of property - 

result, the actual scope of the literature searching was much greater than . - 

dicated by the specific searches as listed. 

5 



11. (XK) 11. (XK) 

CCMPRïSSIBILI'.rY FACTOR of CRYOGENIC FLUIDS 

CONTENTS 

Compressibility Factor for Helium ........ 

Compressibility Factor for Normal-Hydrogen 

Compressibility Factor for Neon . 

Compressions ’ y for Nitrogen .... 

Compressibility Factor for Air .. 

Compressibility Factor for Methane . 

11.001 

11.002 

11.003 

11.004 

11.006 

11.010 

AN EXPLANATION THE AMAGAT UNIT 

Values of pressure, volume, temperature are often reported in the liter¬ 

ature with the specific volume or density reported with an Amagat unit. 

Several of the data sheets on compressibility factor contain such data and 

in reporting these values, the original Amagat unit is used. The Amagat 

unit is a dimensionless ratio of the density, specific .olume, or of the 

PV product, divided by the corresponding property at a standard condition 

(usually 0°C and 1 atmosphere pressure). Three such Amagat units then are 

employed with the following definitions: 

Amagat "density" - 

Amagat "volume" 

Amagat "PV" 

Amagat 

amagat 

Amagat 

density 

standard density 

volume _ 

standard volume 

rv 
standard PV 

(Consistent dimensions are used in these definitions so that the Amagat 

is a dimensionless quantity.) 

That these three Amagat imito are consistent may be demonstrated as follows: 

(subscripts are used to designate the appropriate Amagat unit) 

Amagatp -- p/Pstd ; (p in gm/cc) 

but p = l/v , (v in cc/gm) 

then, Amagatp = p/pstd = v^/v = l/Amagat^. 

7 
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COMPRESSIBILITY FACTOR OF CRYOGENIC FLUII>S 

likevd.se, Magat = Aragat x p , (p in atm.) 
p V V 

or, Amagatpv = p/Amagatp 

For example, at standard conditions of 0°C and 1 atm., 

by definition Amagat = 1 

Amagat^ = 1 

Amagat^ = 1 

thus, 1 Amagat,,. = l/l Amagatp = 1 Amagat^/l atm. = 1 

A further example, consider helium at °0°K, p = 0.00G0 gui/cc, p = 10 aim. 

( V = i/o = 166.7 cc/gm.) 
[for helium at 0°C, 1 atm., vstd = 5601.9 cc/gm, (ostd =- 0,0001785)] 

The Amagat values are as follows: 

Amagat^ = v/vstd = I66.7/56OI.9 - 0.02975 

Amagat = p/p ,-, = O.OO60/O.OOOI785 = 33»6l 
p Süd 

Amagatv = l/Amagatp = l/33*6l = 0.02975 

, 10 atm. x 166.7 cc/gm. . n orwc 
Amagatpv = pv/pvstd = “atm. x 5601.9 cc/¿n. " 

Ariagat = Amagat /p = 0.29''5 AO atm. = 0.029^5 
pv 

Thus, Amagat^ = l/Amagatp = Amagatpv/p = 0.02975“ 



11.001 

COMPRESSIBILITY FACTOR for HELIUM 

z = pv/rt 

Keesora, W. H., Heliiua, Elsevier, Amsterdam (19½) 

I 
Other References: 

Zelmenov, J. L., J. Phys. (U.S.S.R.) 8, 135-J>i (19W) 

Lounasmaa, 0. V., Dissertation for Degree of Doctor of Philosophy, 

Oxford Univ. (1958) 

Comments : 

The compressibility factors and pressure-volume-.temperature values 

listed in the accompanying table and graph were derived from the virial 

coefficients reported by Keesom. The range of the data presented here 

is from 20° to 300°K with pressures from 1 to 100 atmospheres. The 

P-V-T values reported here are for integral values of temperature and 

specific volume. 

The virial coefficients by Keesom and the form of the expansion given 

below, represent an extensive correlation of the P-V-T values for 

helium, available in the scientific literature prior to 19½. The 

values at 20“K are in good agreement with the more recent data reported 

by Ze I1TI6110V and Lounasmaa. At lover temperatures, however, these 

virial coefficients from Keesom are not sufficient for the calculation 

of acceptable P-V-T values. The following comparisons of data 

calculated with Keesom's virial coefficients with data from Zelmenov 

and Lounasmaa illustrate the deviations at lower temperatures. The 

P-V-T values reported here represent the values as calculated ydtn 

Keesom1s virial coefficients with a maximum deviation of ore percent 

for the entire range. 

The constant density lines indicated on the graph by the shortex 

■dashed lines are to be associated with the 20°, 25°, 30° and 40° iso¬ 
therms only. The constant density lines indicated by the longer 

dashed lines are not to be associated with any of the above isotherms 

in the area to the left of the point where the isotherm in question 

crosses any other isotherm. 

The dimensions of the P-V-T values are: pressures in atmospheres 

(g = 980.665), temperature in degrees Kelvin (0°C = 273.1-50K) and 
density in gm/cc. 

(Continued on following page) 
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11.001 

COMPRESSIBILITY FACTOR for HELIUM (Cont.) 

Comments: (Cont.) 

The virial expansion adopted by Keesom is of the form: 

Rr = At! + (B/V) + (C/V2)] 

where 

A * RT 

T is in °K 
■ • . r 

. 

. 

P is in atmospheres 

V is in Amagats (l Amagat = 56OI.9 cc/gm at 273*15°K 
and 1 atm. pressure) 

Ideal gas constant, R = ~ = 27^'" = O.OO366I 

Volume in cc/gm = Volume in Amagats x 56OI.9 
cc 1 
AmagatJ 

Hie second and third virial coefficients B and C for the above 

expansion are given in the following table. 

\ 

‘ 

É*-^-1 Iimmumi m mmmmmmmmm—m 

’ Table of Virial Coefficients for Helium by Keesom 

I Temp. 

1 °K 

B I C 

Amagats Amagats 

Temp. 

°K Amagats 

0 

Amagats 

8 
10 
] 2 
14 

16 
18 
20 
22 

30 
¡¡0 
50 

-I.47 x 10 
-1.04 
-0.755 
-O.549 

-0.395 
-0.276 
-O.I80 
-0.101 

O.IO8 
O.25I 
O.338 

-6 
1.02 x 10 
I.03 
1.01 
0.99 

0.97 
C.95 
0.93 
0.90 

0.83 
0.76 
0.70 

60 
70 
80 
90 

0.395 x 10'j 
0.435 
0.462 
0.480 

O.65 x 10"° 
O.61 
O.58 
0.55 

Temp. 

°C 

B 

Amagats 

C 

Amagats 

-150 
-100 
- 50 

0 

O.5O9 x 10"3 
O.52I 
O.517 
O.512 

0.48 x 10'6 
0.40 
0.35 
0.31 

. i 

(Continued on following page) 
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11.001 

CGM'REoSIBILITY FACTOR for HELIUM (Cont.) 

Percent Difference- Betveen Valuer, of Volumes Calculated by 

Keesom’s Virial Expansion and Values Observed by ne mov 

i Diff. = ((VKe Keesora “ el. ) A Keesom 
] X 100 

Pressure 

atm. 

0 CO 
1 

1 

i-'
 

' 
0
 

1 
O
 

1 
5 

10 

20 

30 

4o 
50 
60 

1 O O 0.04 

25.83 7-95 
10.94 

19-83 

Temperature, °K 

12 ‘ l4c 

- 0.16 

- 0.20 
' i.bT 
o 
V-/ • W J 

13.16 

15.97 

0.13 
0.53 
0.91 
•3 J %K/‘ J 

6.68 
• 9.05 
13.33 

l6‘ 

-0 .oo4 
-0.01 
-1.08 
0.69 

2.95 
4.12 
7.^2 \ • s1- 

18' 

-0.06 
O.13 

-0.62 
-O.79 

0.03 
0.80 
3.22 

20' 

-O.I7 
0.47 
o.to 

-0.63 

-0.73 
-1.35 
-1.34 

All differences above the heavy line are less than 1.4$ 

Percent Difference Between Values of Volumes 

Calculated by Keesom’s Virial Expansion 

and Values Observed by Lounasmaa 

$ Diff. = [(VKees0m “ VLouJ /VKeesorJ x 100 

Pressure 

atm. 

Percent 

Difference 

18 °K 

5 
9.93O 
14.95 
20.26 

26.20 
32.85 
49.7 

60.85 
74.8 
~ ^ Sr- 

O.932 
-0.41 
-I.69 
-2.39 

-1.99 
-1.25 
1.53 

3-35 
5.29 
»7 10 

IO3.O5 
1 
7-67 

1 9°K 

5-3 
43.55 

0.93 
-0.10 

Pressure 

atm. 

Percent 

Difference 

53.45 
98.8 

I.38 
6.18 

20 °K 

5.6 
11.21 
16.95O 

23.I 
29.95 
37.65 
liA A 

O.92 
-O.I6 
-1.46 

-I.03 
-1.78 
-I.18 
-1.18 

57.20 
69.75 
85.25 

1.12 
2.512 

3.91 
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11.002 

COMPKtiñoIBILlTY FACTOR fox' líOK-IAL HYDROGEN 
Z = PV/RT 

Sources of Data: 

Woolley, H. W., Scott, R. B., Brickwedde, F. G.; J. Research Nâtl. 
Eur. Standards 42., (Nov, 1948) RP 1932 

Stewart, R. B. and Johnson, V. J.; Advances in Cryogenic Engineering, 
5, Plénum Press, Inc., New York (1960) pp 557-565 

Other References: 

Friedman, A. S,; Oissertation for Degree of Doctor of Philosophy, Ohio 
State Univ. (1950) 

Johnston, H. L., Keller, W. ?.. and Friedman, A. S. ; J, Am. Chem. Soc. 
-»£ 1/. OO C /1 Ci C/.\ /U, 
Johnston, H. L., White, D., Wirth, H., Swanson, C.; Ohio State Univ. 
Cryogenic Lab. Tech. Kept. ÏK 264-25 (1953) 

Comments: 

The values of compressibility factor, pressure, density and temperature 
are from the correlation by Woolley, Scott and Brickwedde, and in the 
region of high density at low temperatures (V = 26 to 29 cc/mole, T « 
16° to 70° K) from the correlation by Stewart and Johnson. These values 
illustrated on the compressibility factor graph, are also Usted in the 
following tablee. 

The reliability of the values used for this data sheet may be best 
considered by reference to the data sources. The N.B.S. report 
specifies a possible variation in compressibility factor (PV/RT) of 
0.2 percent for densities as high as 100 Amagat near 33°K. In addition 
a graphical comparison was made of Friedman's P-V-T data and the values 
reported by Woolley, Scott and Brickwedde, for the vapor region below 
33°K. A maximum deviation of one percent was noted for this range. 
The values used for the saturation envelope are also from the N.B.S. 
report. The properties of saturated vapor were determined by Woolley, 
Scott and Brickwedde by extrapolation of the vapor data along isotherms 
to the vapor pressure for each isotherm. The values of the properties 
for saturated liquid, however, were correlated from, experimental values 
and are probably more reliable than the saturated vapor volumes. 

The correlation by Stewart and Johnson includes values from the two 
publications listed above by Johnston, et al. as well as those from the 
N.B.S. report. Stewart and Johnson indicated the variation between the 
data of Johnston et al. from 33° to 80° and that of Woolley, Scott and 
Brickwedde to be very small with a few exceptions where pressure variation 
with their smoothed values was as much as two percent. The P-V-T data 
for liquid (below 33°K) are perhaps more questionable since Stewart and 
Johnson report a lack of consistency between data for liquid and the values 
at higher temperatures as well as at saturation, with pressure variations 
of as much as seven percent between the pressures reported by Johnston 
and the smoothed values. They report further, however, an excellent 
agreement with their smoothed values and the saturated liquid properties 
from WoolUy, Scott and Brickwedde. The P-V-T values for the liquid 
region (below 33°K) included in the report by Stewart and Johnson were 
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COMPRESSIBILITY FACTOR for NORMAL HYDROGEN (Coni.) 

z = fv/rt 

Comments: (cont.) 

not included on this BraPh\ Th^e ^“^"‘^coo^inates’such as the 
liquid line and are better i a- r praphical comparison of the 
P-T coordinates used on data sheet 1.002 ^rapnic ^ stewart 

values from Wo<?!ley» except near the critical point 

"Sere0Ïhe0methodsaof correlation used by Stewart and Johnson were not 

sufficiently accurate. 

JDC/RS Issued: 3-10-61 
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11.003 

*> 

è 

COflPKl^uoIBIIilTY FACTOR for NEON 

z = iv/kp 

Sources of Data: 

Yendali, E. F.; Prtvate eoiimmication to Dr. K. D. 
University of Colorado (June 1; lyoO) 

Other References: 

Crommelin, C. A., Martinez, J. P. and Ormes, H. K.; Koninkl. AFad, 
Wetenschap. Amsterdam 2J_, 1316-26 (1919) 

Onnes. H. K. and Crommelin, C. A.; Communs. Phys. Lab. Univ. Leiden 
No. l4rfd (1915) 

Comments : 

The compressibility factors were calculated from a modified Benedict- 
Webb-Rubin equation of state as determined by Yendall. The co¬ 
efficients for this equation of state are primarily based on experi¬ 
mental data by Crommelin, et al. 

A comparison of calculated pressures by Yendall's equation with the 
pressures at the IO3 experimental points of Crommelin et al., was 
made by Yendall. On the basis of this comparisonYendalJ. reports a 1 
mean percentage deviation of O.y'i. j 

A graphical study was made of tr : ire rime ntal pressure) volume, I 
temperature data reported by Cromm-lin et al. This study employed the 
method of graphical residuals, i.e., a correction term expressing, in * 
this case, the departure of experimentally determined volumes from the 1 
ideal volume. The order of magnitude of these residuals was suffi- J 
ciently small to provide a graphical comparicon to five significant . 
figures over the entire range of values. This study indicated a 
random scatter of the fourth significant figure of this data, indi¬ 
cating the experimental accuracy of the original data is limited to 
three significant figures. 

A comparison was also made between the experimental P-7-T data re¬ 
ported by Crommelin et al., and the P-V-T values calculated from 
Yendall's equation of state. The results of this study (see graphs) 
indicate good agreement between the experimental data and the calcu¬ 
lated values, except at ^•57°K. This comparison and the study of the 
data as discussed above, both indicate a departure from the general 
pattern as compared to values at higher temperatures. In conclusion, 
there appears to be some doubt in the relative accuracy of the values 
al 55«57°K as reported by Crommelin et al. 

The P-V-T values at 55°K included on the graph were also calculated 
from Yendall's equation of state, but because of the uncertainty of 
bo tlx the cXpcx imeutai dala mid Lhe calculated values, these values 
were limited to 55 atmospheres at which point the deviation between 
the experimental data and the calculated values exceeded four oercent. 

The P-V-T graphical and tabular values are presented here with 
dimensions of pressure in atmospheres (g = 98O.665), temperatures in 
degrees Kelvin (0°C « 273*16°K), and density in gm/cc. 
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11.003 

COMPRESSIBILITY FACTOR Tor NEON (Cont.) 

Z - pv/rt 

The modified Benedict-Webh-Rubin equation of state as determined by 
Yendall for neon is: 

P/pRT - i = Y (¾ pVT’) 

where T is in 3K (0°C = 273.16°K) 

mol. wt. Ne = 2O.183 

Note: The 12 terms of this summation 

have coefficients apq listed 

below. In each term the sub¬ 

scripts of apq are the expon¬ 

ents of T and p respectively. 

p is in gm~mole/liter 

P is in atm. 
R = O.O82054I+ atm. liters/gm-mole°K 

The coefficients determined by Yendall are as follows: 

a01 = 0.014808884 

a.. = -1.7734560 
il 

a 
31 

-2773.7632 

s02 = O.OOO88955O35 

a12 •- -O.O50955574 

a3Q = IO3.288OI 

a33 = O.66305973 
ac, - 499549.^8 
pi 

52 

a^^ 

,73 

ä54 

120477-74 

-7305.4880 

204222.81 

68.509204 

COMPARISON of PRESSURES from YENDAIL'S 

% Deviation 

EQUATION WITH DATA by CROMMELIN, ET AL. 

F - P 
Ygnd. Crom. 

p 
Crom. 

# 

I 

4 

KDT/RDM/RS Issued: I2.-I6-60 20 
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11.004 

COMPRESSIBILITY FACTOR for NITROGEN 

Z = pv/rt 

Sources of Data: 
Benedict, M.; J. to. Chem. Sec. 59 , 22^3 (1937) 

Bloomer, 0. T„ Reo, K. met. Gas Tech. Res. Rull. 18, 1-.8 0953) 

^ , „t 6l . Batl. Bur. Standards Cir. 561, 297-368 (1955) 
Hilsenrath, J-, ^ al., Nati. oui. o 

compressibility factors are atm. 

Se «iti s. 

Sañt density Unes on of ûK- neater 
The compressibixit,y factors i developed by Benedict. The 
„ere calculated from an quation °f state^ ^ ^ iensity ^ reported 
coefficients foi this equation oi sta h # r^ese values 
by Benedict as well as ^es from olhe^rese ^ ^ co>er the 

are illustrated as the high pressur ig all of the values 
pressure range 1 - 500 atmosp eies ^ 30OO atmospheres. The 
on the graph covering the pressure range^OO ^ 1(! _ for ien£ltles 

compressibility factors for modified Benedict-Webb- 
less than 0.20 gm/cc were calculated with^ ^ ^ coefficients 

Rubin equation of state, experimental values from several sources, 
for this equation were a high density range, 
including those from Benedict fx the high dene IT ^ 

in estimate of the rellahlllty of »«se e^ation.^ ^ 

by the authors’ estimate of levisti alcuiatod pressures from 
experimental values. The f^°“6r and have an overall average 
observed pressures leport y , jntdon 0f 2.98¾ for the range of 
deviation of O.36* and a maximum deviation^ Mo tion .n t ange 
values suggested by Bloomer end Reo. hoi(ever) ls 0.2W 
where this equation was used for th deviation is 1-3Í- 
except for the value at 120 and 21 atm. *er^ aevlatltjn 

Comparisons made by Benedio values and the observed P-V-T 

Z ValUe3 rePOrted ^ 0th'r re' 

The preeeure-volume-tempe.eture vd.ues calculated by ^fr'|pectlv 

rtror::rLCrrrtL two Quations of state ^ 

« Atures from 130‘ to 1507. 

(Continued on following page.) 
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COKPRJ'SSIBILITY FACTOR for NITROGEN (cont.) 

Z = pv/rt 

Comrr.en ,s : ( cont. ) 

Although Bloomer and Rao used F-V-T data calculated by Benedict's ^ 

equation for the values at high densities, it is in „his range tha, 

the larger deviations occur between the calculated and the obser/e 

values of pressure according to the estimated errors repoi„e y 
Bloomer and Rao. Where a significant difference was observed in 

this "common range", the values determined from Benedict s equation 

of state were therefore used. A comparison was also made oi th- 

deviations between the P-V-T values listed by Hilsenrath, et al ., 

from those calculated by these equations oí state. This 
dicated these values to he In excellent agreement, i.e., the maximum 

percentage difference in densities in the range from 0.1 „0 100 
atmospheres pressure and 100° to 300°K with three exceptions, ^s 

q#035$. This comparison is illustrated in ïigure 2. 

The equations of state used in the preparation of this data sheet 

together with their coefficients as determined oy Bloomer and Rao 

and by Benedict, are given on the following page. 

FTCIfPF. ) a. COMPARISON OP COMPRESSIBILITY FACTOR 
K! JM BLOOMER AND RAO, AND M. 'ifTBDICT 

PRESSURE, atmo«pheret 

KIGl’PS 2. COMPARISON OF EISITY R«0M HLOttO-RTvO EQUATION 
,:,u W:i0 ClHCUbXR îfo 
(Variâtlout, of less 'han t 0.0¾^ not 
llluatrated.) 

rrOURE lb. CCMPARIDOtl CF CCMPFFSSIBILITT FAClOR 
FROM BUX.’TR AND RAO, AND M. BENEDICT 

TRS/RIM/RS ISSUED: 12-l^-o0 24 
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COMPRESSIBILITY FACTOR for NITROGEN (Cont.) 

Z = pv/rt 

The Benedict-Webb-Rubin equation of state 
for niti-ogen is: as. modified by Bloomer and Rao 

P = RTp + 
bRT - a + + yp 7P 

where T is in °K (0°C = 273.l6°K) 
mole vt. N2 = 28.014 

P is in gm-mole/liter 
P is in atm. 

R = 0.08206 atm. liter3/gm-rnoles°K 

The coefficients 

Bq = 0.0484824 
Aq = I.27389 
Co = 4273.00 
Co = 7.61781 X 10 

determined by Bloomer and Rao are as follows: 

b ^ O.OO232373 
a = 0.0178444 

6 c = 475.OOO 
0 = O.832 X 106 

7 = O.OO65 
a = 0.00015300 

Ihe equation of state determined by Benedict is: 

PV = A h ßp 

A ^ 1.00046 t/t0 

ß = P + qp + 7P4+(t/100)(s + tp + (ip2) + (100/t)v + (lOO/l)3p3W 10"XP 

where T is in °K (o°C = 273.20°K) 

P is in atmospheres 

P is in Amagat units (l Amagat = density of 

(density gas at 1 atm. 
normal gas at 1 atm.. 0°C) 
0°C = I.2506 gm/cc) 

The coefficients determined by Benedict are as follows: 

T0 = 273.20oK 
p = -1.66453 

q = -I.35938 
7 * II.32OO 
s = O.67617 

t = O.91512 

4 = 2.O6932 
V = -I.2I342 

w = 107.03 

X = 6.975 



Volume and Compressibility Factors for Saturated Liquid and Vapor 

Pressure 

atm. 

7-1 

°fC 

Saturated Liquid Saturated Vapor 

V 

cc/gm 

Z V 

cc/gm 

Z 

1.000 
1.414 
I.874 

2.451 
3.166 
4.OI6 

5.025 
6.204 
7.571 
9.141 

10.93 
12.96 

15.25 
17.82 
20.68 

23.88 
27.41 
31.33 
33.54 

77.38 
80.38 
83.16 

85.94 
88.72 
91.^9 

94.27 
97-05 
99.83 

102.61 
105.38 
108.16 

110.94 
II3.72 
II6.49 

119.27 
122.05 
124.83 
126.26 

I.239 
I.26O 
I.282 

I.305 
I.329 
I.355 

I.383 
1.413 
1.446 

1.483 • 
1.526 
1.573 

1.626 
1.686 
1.761 

i 1.871 
2.021 
2.2Ó2 
3.179 

.005468 

.007565 

.009861 

.01271 

.01620 

.02031 

.02517 

.03084 

.03744 

.04512 

.05404 

.06436 

.07631 

.09019 

.1067 

j .1279 
j .1550 

.1938 

.2883 

216.8 
157.0 
120.6 

93-77 
74.17 
58.8O 

47.20 
38.6O 
3I.7O 

26.09 
21.66 
18.03 

14.97 
12.49 
10.31 

8.416 
6.742 
5.207 
3.179 

.9567 

.9424 

.9275 

• 9133 
.9038 
.8812 

.8590 

.8425 

.8208 

.7936 

.7673 

.7376 

.7027 

.6681 

.6252 

•5752 
^ .5170 

.4462 

.2883 
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11.006 

COMPRESSIBILITY FACTOR for AIR 

/1 z = pv/rt 

Source of Data: 

Din, F.; Thennodynamic Functions of Gases, 

Scientific IMblicotionG, London (195'6) 

Other References: 

Vol. 2, Butterworths 

Hilsenrath, J., et al.; Natl. Bur. Standards Cir. 564, 14-74 (1955) 

Michels, A., Wasseuaar, T., and Wolkers, G. J.; Appl. Sel. Res. A¿, 

121-136 (1954) 

Michels, A., Wassenaar, T., Levelt, J. M., and De Graaff, W.; Appl, Sot. 

Res. A4, No. 5-6, 301-392 (1954) 

Comments : 

The compressibility facto is were calculated from the values of pressure, 

volume and temperature reported in the correlation of thermodynamic 

properties by F. Din. The data used in the correlation by Din were 

taken primarily from the data by Michels and his co-workers. These 

more recent data by Michels, et al., according to Din, ... ave 8 
quite different order of accuracy and precision... than tne °l^er 
data used in the correlation by Hilsenrath, et al., done prior to the 
availability of Michels' data. 

A graphical comparison of the values from Din and from Hilsenrath ie 
given in Figure 1. In addition, a comparison of Michels' values with 
the correlation by Din indicated that Din’s smoothed values are an 

excellent representation of Michels' data. (Din has also used -hese 

P-V-T values to calculate thermodynamic properties, reported in another 

part of the Compendium.) 

The P-V-T values are given in the diagrams as functions of the pressure 

In atmospheres (g - 98O.665) and temperature in decrees Kelvin 
(0°C - 273 15°k). The properties of air were measured by the expert* 

menters for a composition of air, excluding water vapor and carbon 

dioxide, but including argon and other inert gases. 

The molecular weight for this mixture is considered as 28.96 and the 
ideal gas constant, R = 2.8334 cc atro/gm K, (53-36 ft.-lbf/lbm R)• 

These values are not the same as used by Hilsenrath, et al., in their 

correlation of the properties of air in the range of propert es con¬ 

sidered. The composition of air for the values reported in NEo 

Circular 564 included .03$ carbon dioxide and a molecular weight of 

28.966. 

(Continued on Following Page.) 
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FIGURE I 
DIFFERENCE BETWEEN VALUES OF COMPRESSIBILITY FACTOR} l 

FROM F. DIN AND NBS CIR 564. 

Comments: (cont.) , 

It should be noted that the composition of air for these diagrams Is 

constant and thus the points of Intersections of the 
therms with the xines of saturated vapor and of saturated liquid, are 
StTJllbrtm states ■ in addition, a dlstlncUon^.tn.nad 

between two different critical points These are the plaU POlnt 

the^Uobars^between^th^polnts^f^aaturatad1 vapor and Hduld) and the 
"critical point of contact" (determined by rectilinear diameters 

bisecting the isotherms). The coordinates for these poiiu-s are as 

follows: 

Plait Point: 

Temperature 

Pressure (msx.) 
Compressibility Factor 

Point of Contact: 

Temperature (max.) 

Pressure 
Compressibility Factor 

132.42°K 
37.25 atm. 

Ò.3O26 

132.52°K 
37.17 atm. 

0.309*+ 

tphp possible errors in Din’s determination of the smootned P-\M 

^Les are considered by Din to be negligible in the low pressure 

. if i I ' accuracy of 1 part in 10,000 is claimed for Michel e 

^n^h; techniques employed by Din in interpolation ahouia 

•mirtain this accuracy at low pressures. In the region of high 

pressures^and denaltlL, and alac In the critical region at over 

prensares, the possible error of InterpoUtlnn le greater^and 
Din estimates an accuracy to only three significan 

(Continued on following page) 
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11.006 

COMPRESSIBILITY FACTOR FOR AIR 

u = RY/RT (Cont.) 

Coiiments: (coat.) The following tables were determined from Din's 
. estimate of the probable errors. 

* Percent Estimated Maximum Errors in Z of Gaseous Air 

Pressure 

atm. 

Temperature °K 

120 I30 l40 I6O 200 

1 
20 
30 

+ .02 ± .01 0.0 0.0 0.0 
+ .07 ± .Oh 0.0 0.0 

iO.9 +0.25 ±0.1 0.0 0.0 

50 
100 
200 
500 

±1.0 ±1.0 ± .65 0.0 0.0 
±1.0 ±0.9 ±0.6 ±0.15 0.0 
±1.0 ±0.75 ±0.5 ±0.4 ±0.15 

±0.5 

* Percent Estimated Maximum Errors in Z at the Saturation Boundary 

Pressure, Atmospheres 

1 5 10 20 30 

Liquid 

Vapor 

0.6 0.55 0.5 0.Ó5 0.7 

0.2 0.2 0.3 O.3 O.55 

* Determined from Din’s estimate of the probable errors. 

The compressibility factors are illustrated by graphical presentation 
of Z vs P and Z vs T diagrams and by the following tabular values. 

Volume and Compressibility Factors for Saturated Liquid and Vapor 

Pressure 

atm. 

Saturated Liquid Saturated Vapor 
Temp. V Z 

°K cc/gm 

Temp. V Z 

°K cc/gra 

1 
2 
3 
5 

78.80 1.144 .005 125 
85.55 I.I88 .009 79Õ 
90.94 1.222 .014 23 
96.38 1.276 .023 35 

8I.8O 223..O .9619 
38.31 II7.O .9354 
92.63 80.08 .9153 
98.71 49.30 .8813 

*7 
Í 

10 
15 
20 
25 

101.04 I.319 .032 26 
106.47 I.38I .045 78 
II3.35 1.492 .069 69 
118.77 I.610 .095 69 
123.30 I.739 -124 5 

IO3.I6 35.54 .8510 
IO8.35 24.81 .808C 
114.91 16.05 .7394 
120.07 11.41 .6707 
124.41 8.515 .6039 

30 
35 

37.17 
37.25 

127.26 1.923 .16c 0 
130.91 2.241 .211 5 
132.52 3-126 .309 4 
132.42 3.048 .302 6 

128.12 6.443 ,5325 
131.42 4.634 .4356 
132.52 3-126 .3P94 
132.42 3.048 ,3026 

32 
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COMPRESSIBILITY FACTOR for GASEOUS AIR 

[V Volume, (cc/gm); Z= Compressibility Factor] 
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11.010 

COMPRESSIBILITY FACTOR for METHANE 

Z = PV/RT 

Sources of Data: 

Matthews, C. S. and Hurd, C. 0.; Ti*ans. Am. Inst. Chem. Engrs. 42, 

55-78 (1946) 

Kvalnes, H. M. and Gaddy, V. L.; J. Am. Cliem. Soc. ¿3.» 394-399 (l93l) 

Rossini, F. D., et al.; Selected Values of Physical and Thermodynamic 

Properties of Hydrocarbons and Related Compounds, Published for the 

American Petroleum Institute by Carnegie Press, Pittsburgh, Penn. (1953) 

Comments: 

The compressibility factors were calculated from the values of pressure, 

volume and temperature reported In the correlation of thermodynamic 

properties by Matthews and Hurd, for saturated liquid and vapor and 

for gaseous methane from saturation temperatures to 0°F and for 

pressures to 15OO psia. The second source of data by Kvalnes and 

Gaddy provided experimental values of the product PV which war-* used 

for determining compressibility factors for temperatures from -70° 

to 0°C and for pressures to 60O atmospheres. The values from these 

two references are presented on the graph of compressibility factor 

(z), vs. pressures as isothermal lines (T = C), however, since the 
data are reported with temperatures in °F in one reference and °C in 
the other, there are no common isotherms. A graphical comparison was 

made, however, by cross-plotting the values in a range common to both 

references. This comparison indicated a satisfactory consistency for 

graphical presentation, i.e., an average difference of about 0.65t was 
observed, with a maximum difference of approximately 1.6$. In addition 

to these values, the P-V-T values at the critical point were taken from 

the more recent work reported by Rossini, et al. 

The molecular weight for methane is 16.042 and the gas constants (r)> 

used in the calculation of Z are: 

R = IO.7314 (lbs/sq in)(ft^/lb mole)(°R) 1 Matthews and Hurd values 

R = O.OO36695 (Amagat)(°K)~ Kvalnes and Gaddy values 

The Amagat dimension used here for the PV product is defined as the 

ratio of the observed PV product to the PV product at standard con¬ 

ditions of 0°C and 1 atmosphere. The density at standard conditions 

used in these calculations is O.7168 gm/liter. 

Selected tabular values from these references are given in the tablea 

on the following page. 

* 

(Continued on following page.) 
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SELECTED PV-T VALUES OF METHANE 

Matthews and tf-ird 

Sel»ct*d Values of Specific Volume <br Methane * 

Superheated Vapor Volumes, (cu.ft./lb.) 

Press. 

psla 

Temperature ( °?) 

-2to”y -200”F -ICO‘F -I6O”F -ito0F -120'F -100 “F -80 "F •60”F -to”p 0*F 

10 
20 

P 

¡10 
Ó0 
fio 

100 
150 
200 

250 
300 
too 
500 
600 
300 

1000 
1500 

14.39 
7.04 
4.É0 

17.15 
8.47 
5-57 

4.12 
2.678 
I.954 

1.510 

18.52 
9.I7 
6.06 

4.49 
2.934 
2.153 

1.684 
I.052 

_ 

19.87 
9.86 

6.53 

4.85 
3.184 
2.348 

1.847 
1.172 
0.830 

.621 

21.28 
10.56 

6.99 

5.21 
3-429 
2-539 

2.002 
1.283 
0. 3 

.702 
• 553 
.3614 

22.62 
11.25 
7.45 

5.56 
3.67O 
2.725 

2.155 
I.391 
1.010 

0.779 
.024 
.4267 

.3000 

.1958 

———— 

23.97 
11.94 
7.91 

5.91 
3.91 
2.903 

2.301 

1.495 
I.O92 

O.85O 
.687 
.482 

• 3566 
.2687 
.1441 

25-33 
12.61 
8.37 

6.25 
4.14 
3.080 

2.444 
I.597 
I.172 

0.918 
.747 
.532 

.402 
• 3145 
.1969 

.1262 

26,69 
13.29 
8.83 

6.60 
4.37 
3-255 

2.588 

1.É95 
1.247 

0.981 
.802 

.579 

.443 
• 3521 
.2359 

.1650 

.0870 

28.02 
13-97 
9.28 

6.94 
4.60 

3.432 
2.729 
1.793 
1.324 

I.043 
0.656 

.623 

.481 

.386 

.2674 

.1957 

.1069 

3O.72 
15.32 
10.19 

7.63 
5.O6 
3.7O 
3.014 
1.989 
1.475 
I.166 
O.96I 

.704 

• 551 
.448 
.3202 

.2438 

.1453 
-1 

Matthevs and Hurd 

Saturated Liquid and Vapor Volumes for Methane 

Press. Liquid Volume Vapor Volume 

°F psla cu.ft./lb. ru.ft./lb. 

-280 
-270 
-260 

-250 
-2to 
-230 

-220 
-200 
-I80 

■170 
-160 
-ISC 

-l40 

4.9O 
8.44 

13.80 

2I.7I 
32.4 
46.4 

64.5 
115.7 
191.5 

240.0 
297.0 
364 

4 to 

O.ojc 35 
.036 98 
.037 66 

.038 39 

.039 15 

.039 99 

.040 92 

.043 06 

.045 75 

.04? 45 

.049 44 

.051 97 

.055 24 

24.04 
14.61 

9.3I 

6.13 
4.24 
3-04 

2.23 
1.281 

.773 

.610 

.483 

.381 

.3008 
-130 
-120 

527 
627 

•059 99 
.069 61 

.2318 

.1613 

Kvslnes and Gaddy 

Selected Values of VI for Methane 

FV ( Ainagat) 

Press. Temperature 

atm. -70-0 -50 "0 -25-0 0*C 

to 
50 
60 

70 
80 
90 

100 
140 
16O 

200 
250 
3OO 

too 

0.5244 
.4425 
.3366 

.2633 

.2556 

.2808 

.3543 
• 3915 

.’;556 

.5567 

.6458 

.8185 

O.6547 
.6069 
• 5551 

.5059 

.4604 

.4266 

.4088 

.4304 

.4601 

.5269 

.6142 

.7025 

.8750 

0.7373 

.7243 

.6651 

.6167 

.5001 

.5891 

.6319 

.7066 

.7879 

.9561 

O.^WÓ) 
.8833 
.8611 

.8199 

.7853 

.7457 

.7425 

.7631 

.8184 

.8886 

1.0468 
toO 
600 

.9867 
1.1487 

1.0433 
1.2071 

1.1221 
I.2862 

1.2006 

I.3709 

FV » 1 Anagat, at 0°C and 1 atm. 

1 "FV Anagat" =.,0.7163 

MuamMe* ' 
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13.000 
. 

THERMAL COirûUCTXVXTY INTEGRALS of SOLIDS at LOW TEMPERATURES 

CONTENTS — 

* "'i. ■ . ■ 

Preface to the Thermal Conductivity Integrals of Solids at Low 

Temperatures . . . 13*000 

Thermal Conductivity Integrals for Lithium, Sodium, Potassium 

Rubidium and Cesium.13-111 

Thermal Conductivity integrals for Coppers . 13.112-1 

Thermal Conductivity Integrals for Silver and Gold * * * . 13-112-2 

Thermal Conductivity Integrals for Beryllium and Magnesium . I3.I2I 

Thermal Conductivity Integrals for Zinc and Cadmium . 13-122 

Thermal Conductivity Integrals for Lanthanum, Cerium, and Uranium. . 13*131 

Thermal Conductivity Integrals for Aluminum, Gallium, Indium and 

Thallium . . 13*132 

Thermal Conductivity Integrals for Titanium, Zirconium and Hafnium . 13-141 

Thermal Conductivity Integrals for Carbons . 13*142-1 

Thermal Conductivity Integrals for Silicon and Germanium . 13*142-2 

Thermal Conductivity Integrals for Tin and Lead. 13-142-3 

Thermal Conductivity Integrals for Vanadium, Niobium, -d Tantalum . 13-151 

Thermal Conductivity Integrals for Antimony and Bisrauth . 13*152 

Thermal Conductivity Integrals for Chromium, Molybdenum and 

Tungsten . . 13*l6l 

Thermal Conductivity Integrals for Manganese and Rhenium . 13*171 

Thermal Conductivity Integrals for Iron, Cobalt and Nickel . I3.I81 

Thermal Conductivity Integrals for Rhodium, Palladium, Iridium and 

Platinum . 13*102 

Thermal Conductivity Integrals for Copper Alloys . 13-212-1 

Thermal Conductivity Integrals for Copper-Nickel and Silver Alloys . 13-212-2 

f 

(Continued) 
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13.000 

PR1FÄCE to the TííERííM, COFACTIVITY INTWTHAT.S of SOLIDS at LOW TEMPERATURES 

1-he thermal conducts ity integrals for metallic solids are presented 
in this section as a function of temperature for the range from 4 to 300 K. 
The thermal conductivity integral is defined from the Fouriei equation for 

steady unidirectional conduction which is. 

., ’ ";*■ • 

Q 
, . dT 

X A dL 

where: 
Q = rate of heat conduction, negative in the direction of 

increasing length 

X = thermal conductivity 

A = cross sectional area of the heat conduction path, and 

normal to the direction of heat flow 

dT temperature gradient along the path at the section under 

dL ~ consideration 

T = temperature 

L = length 

For a constant cross section area this may be reduced to: 

Q -/ X dT 

Ti 

where Ti and T2 are the temperatures at any two points along the path of 

the heat flow. 

The thermal conductivity integrals tabulated in'this section are 

values of: 

fL, dT 
'T0 

where Tn and Ti are temperatures along a heat flow path communicating 

between heat reservoirs at T0 = ^°K and TL at length L from T0. The heat 

flow along a conductor of constant cross section area A, through length L, 

may then be determined from the difference of the thermal conductivity 

integrals, i.e., 
T rT2 rT2 pTi 

q I = J X dT = J X dT - \ ’dT 

'Ti 'T0 T0 

(Continued on following page) 
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Thermal Coehuctivlty Integrals for Aluminum Alloys 
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i;;.coo 

Ci' i o:, .-.T LOW TLWT^itAT'iaJtiS 

(in calculating the values of the 
in this section; a linear inters tatúen 
intervals tabulated on the data sheets. 

thermal conductivity 
»Cl3 U33LuTiCd bôtWôGn 

) 

integrals presented 
the temperatux'e 

The sources of data used are the data sheets from Chapter 3 of Phase I, 
Part II, of this Compendium. Reference should be made to these data sheets 
for information on documents used as sources of data and for comments on 
sample analysis, composition and treatment. The bibliography with the cross- 
reierences for this section will also be found in Phase I, Part III, 

Of the metals included, five become superconducting above 4°K. These 
metals and their transition temperatures are: 

Metals 

Lanthanum 
Lead 
Niobium 
Tantalum 
Vanadium 

Index 

I3.I3I 
13.142-3 
I3.I5I 
I3.I5I 
I3.I5I 

Transition Temperature * 

4.8, 5.8°K 
7.22°K 
8.7 - 8.9°K 
4.58°K 
4.89°K' 

The values of the thermal conductivity for these metals below the supercon¬ 
ducting transition temperatures are for the normal state rather than the 
superconducting state. 

Several of the data sheets include extrapolated values, and are so noted 
on the Individual data sheets. The extrapolations are based on the character¬ 
istics of the thermal conductivity curves of metais in the same series classi¬ 
fication. The estimated deviation of the thermal conductivity integrals over 
the extrapolated range is not more than 10# from the probable values. 

* Ameri£an lnGtitute of Physics Handbook. McGraw-ïïTïT~ü^w^~T^T 
(I957) sec. 4, p. 49 New York 

RS/VJJ/AG Issued: 6/21/61 42 



.... ■HHk* .t 

1.3.111 

thejmal conductivity integrals 

for LITÜIUM, SODIUM, POTASSIUM, RUBIDIUM auu CESIUM 

Source of Data: Data Sheet 3*1H: Thermal Conductivity of Lithium, Sodium, 

Potassium, Ribidium, and Cesium. 

Comments : The curves for Lithium, Sodium, Potassium, Rubidium, and Cesium 

vere extrapolated to 300°K. It is estimated that the extrapolated 

values do not deviate more than 10$ from the probable value. 

Where: 

Q = heat flow in watts 

A = cross sectional area in cm^ 

L = length in cm 

\ = thermal conductivity in vatts/cm-°K 

T = temperature in °K 

T0 = initial temperature (4°k) 

Temp. 

°K 

Thermal Conductivity 

watts/cm-^ 

/ \ dT 

• To 

watts/cm 

4 
6 

8 

10 

15 
20 

25 
30 
3b 

Na 
— . 

K Li Rb Cs Na K Li Rb Cs 

47- 
42.5 
30. 
22. 

10.0 

5.6 
3.6 
2.6 

2.2 

6.6 

7.0 

5.6 
4.6 
2.6 

1.63 

1.3 
1.2 

1.15 

2.9 
4.0 
5.0 

5.9 
7.5 
7.4 
6.4 
5.3 
4.3 

1.87 
I.70 

1.37 
I.08 

•75 
.67 

.to 

.62 

.62 

1.12 

.92 

.77 

.68 

.62 

.62* 

.62* 

.62* 

.62* 

89.5 
162 

2l4 
294 

333 
356 
372 
384 

13.6 

26.4 
36.8 

54.8 

65.4 
72.7 
79.O 
84.8 

6.9 
15.9 
26.8 

60.3 

97.6 
132 
l6l 

185 

3-57 
6.64 
9.09 

IS.? 
17.2 

20.5 
23.6 

26.7 

2.04 
3-73 
5.18 

8.43 

11.5 
14.6 
I?.? 
20.8 

4o 

50 
60 

70 
76 
80 

90 
100 

120 

l40 
160 

I80 
OAA 

1.85 
1.6 

1.47 
l.4o 
1.38 

1.37 
1.35 

1.35* 

1.35* 

1.35* 

1.35* 
1.35* 
1 Or* 

1.11 

1.10 

1.10 

1.10 

1.10 

1.10 

1.10 

1.10* 

1.10* 

1.10* 

1.10* 

1.10* 
i 1 n* 

3.5 

2.5 
1.8 

1.40 
1.28 

1.20 

I.07 

1.0 

.92 

.87* 

.85* 

.83* 
An* 

.61 

.61 

.61 

.61 

.61* 

.61* 

.61* 

.61* 

.61* 

.61* 

.61* 

.61* 
* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

.62* 

394 
4ll 
426 
44l 
449 
454 
468 
482 
508 

536 

562 

590 
£ 

90.5 

102 

112 

124 
130 

134 

146 
156 

173 

200 

222 

244 

205 

235 
256 
272 

280 

285 

297 
307 
32Ó 

344 
361 

37'8 
onli 

29.8 

35.9 
42.0 
48.1 
51.7 
54.2 

60.3 

66.4 
72.5 
84.7 
96.9 
109 

23.9 
30.1 

36.3 

42.5 
46.2 
48.7 

54.9 
61.1 

73.5 
85.9 
98.3 
101 

250 

300 

— ’ s 

1.35* 
1.35* 

1.10* 

1.10* 
- 

.78* 

.75* 
.61* 

.61* 

.62* 

.62* 

684 
752 

322 

377 

* 
434 
472 

I52 

I82 

154 

185 

* Extrapolated Values 

RLP/EGP/JRK/ALB Issued: I-II-60 
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13.him 

TIERtlAL CONDUCTIVITY INTEGRALS 

for COPPERS tVH 

Diits Sheet 3.112-1: Thema]. Conductivity of Coppei'S. 

Comments : The six curves were extrapolated to 300°K. Hie curve for 
O.F.H.C. was extrapolated to 4°K and the curve for (Pb)Cu was 
extrapolated to u°K. It is estimated that the extrapolated 
values do not deviate more than 1C$ from the probable values. 

j: \ dT; «1- r \ dT 

Where: 
Q - heat flow in watts 
A = cross sectional area in cm2 
L = length in cm 
A. = the mal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature (6°K for [Fd]Cu and [Te]Cu; 

4°K for all other Coppers) 

Thermal Conductivity Integrals are on following page. 

Temp. 

°K 

Thermal Conductivity 

watts/cm-°K 

4 
6 
Ô 

10 
15 
20 
25 
30 
35 
4o 

50 
60 
70 
76 
30 

90 
100 
120 
l40 
InO 

iGO 
200 
250 
300 

Hi-Purity 
Annealed 

70 
96 

120 
134 
120 

88 
60 
4o 
28 
20 

12 
8.0 
6.2 
5.7 
5.2 

4.7 
4.5 
4-3 
4.2 
4.1 

4.0 
4.0 
4.0 
4.0* 

Coalesced 

6.2 
10. 
14. 
17.5 

23 

24 
23 
22 
18.5 
15 
10 
7.8 
6.5 
6.0 
5.7 

5.1 
4.8 
4-5 
4.3 
4.2 

4.2 
4.2 
4.2* 
4.2* 

Elect. 
T.P. 

^ 3T2 "" 
4.8 
6.3 
7.6 

11 

13 
14 
14 
13 
11.5 

8.8 
*7 n I 
5.9 
5.5 
5.2 

4.7 
4.5 
4-3 
4.2 
4.1 

4.0 
4.0 
4.0 
4.0* 

O.F.H.C. 

2.4* 
3-7* 

4.7* 
6.0* 
8.5* 

11 * 

12 
12 
11 
10 

7.7 
6.2 
5.5 
5.2 
4.9 

4.7 
4.5 
4.3 
4.2 
I. 1 
n • X 

4.0 
4.0 
4.0 
4.0* 

(Pb) 
Cu 

2.7» 
3.6* 
4.5* 
6.3* 

8 * 

9.2 
9.6 
9-5 
9 

6.9 
5-5 
4.7 
4.5 
4.3 
4.0* 
3.8* 
3-7* 
3.6* 
.-. -"u j.u- 

3.0* 
3.6* 
3.0* 
3.6* 

(Te) 
Cu 

2.2 
2.8 
3.4 
5.0 

6.5 
7-3 
7-8 
7.9 
7-7 
6.8 
5.8 
5,2 
4.9 
4.6 

4.3 
4.2 
4.0 
3.8 
« n 
J.U 

3.8 
3.8 
3.8* 
3.8* 

* Extrapolated Values 
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I- 
Temp. 

°K 

13.112-1 

THERMAL CONDUCTIVITY 1NTKÜKALH 

for COPPERS (cent.) 

6 
Q u 

10 
15 
20 

25 
30 

35 
40 

50 

6o 
70 
76 
8o 
90 

100 
120 
l40 
l6o 
l8o 

200 
250 
300 

'Tt 

\ dT 

« 
;/cm 

Hi-Purity 

Annealed 

166 
382 
636 

I27O 
179O 

2160 
2410 

2580 
2700 
2860 

296O 
3030 
3070 
3090 
3140 

3180 
3270 
3360 
3440 
3520 

3600 
3800 
4000 

Coalesced 

16.2 
40.2 

7I.7 

173 
29O 

408 

520 
622 
705 
830 

919 
991 

1030 
1050 
1100 

1160 
1250 
13^ 
1420 

1510 

1590 
1800 
2000 

Elect. 

T.P. 

8.00 
19.1 
33-2 
80.2 

l40 

208 
278 
345 
4o6 
508 

537 
651 
686 
707 
756 

802 
891 
976 

IO6O 
1140 

1220 
1420 

1620 

O.F.H.C. 

6.1 
14.5 
25.2 
61.4 

110 

168 
228 
285 
338 
426 

496 
554 
586 
606 
654 

700 
788 
874 
956 

10 40 

1120 
I32O 
I52O 

(Pb) 

Cu 

6.3 
14.4 
41.4 

77-2 

120 
I67 
215 
261 
341 

403 

454 
481 
499 
540 

579 
654 
727 
799 
871 

943 
1120 
1300 

RLP/EGP/JRK/ALB Issued: 1-12-60 

(Te) 

Cu 

5 
11.2 
32.2 
6O.9 

95.4 

I33 
172 
211 
204 

347 
402 

432 
451 
496 

538 
620 
698 
774 
850 

926 
1120 
I3IO 

4(5 



! 

t Source of Data: 

Commentí 

13.112-2 

THERMAL CONDUCTIVITY INTEGRALS 

Tor SILVER and GOLD 

Data Sheet 3.112-2: Thermal Conductivity of S-n./er 
and Gold. ^ 01 

The curve for Silver 2 wac extrapolated to 300°K. It is 

^f<.that,,the ex‘rapolat-4 40 deviate more i-han lOi , rom the probable values. 

Q 

Where: 

\ dT; 

Q = heat flow in watts 
A = cross sectional area in cm^ 
L = length in cm 

>. = thermal conductivity in watts/cm-0K 
T = temperature in °K 
T0 = initial temperature (4°K) 

V 

/ 

Temp. 

°K 

Hiemal Conductivity 

watts/cm-°K 

fTL 
/ \ dT J rp 

watts/cm 

4 
6 
8 

10 
15 
20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
12( 
14( 
16( 

iQo 

Ag 1 Au 1 Au 2 Ag 2 Ag 1 Au 1 Au 2 Ag Ô 
l40 
l8o 
170 
150 
98 
52 
29 

-18 
13 
9-5 

6.3 
5.0 
4.5 
4.3 
4.2 

4.1 
4.1 
4.1 
4.1 
4.1 

4.1 

17 
24 
28 
28 
22 
14 
10 
7-3 
5-9 
5.0 

4.0 
3.8 
3-5 
3-4 
3-3 

3.3 
3.2 
3-2 
3.2 
3.1 

3.1 

1.2 
1.9 
2.6 
3.2 
4.2 
4.4 
M 
4.0 
3.8 
3-6 

3.2 
3.1 
3.1 
3.1 
3.1 

3.1 
3.1 
3.1 
3.1 
3.1 
3.1 

.42 

.68 
•95 

1.3 
1.8 

2.3 
2.5 
2.8 
2.9 
2.9 

2-9 
2- 9 
2.9 
3.0 
3.1 

3.1 
3- 2 
3-3 
3-5* 
3.7* 
3 .8* 

320 
670 
990 

1610 

1980 
2190 
2310 
2380 

* 2440 

2520 
2570 
2620 
2650 
2670 

2710 
2750 
2830 
29IO 
2990 
3n«n 

4l.O 
93.O 

149 
274 
364 
424 
467 
500 
528 

573 
612 
648 
669 
682 

715 
748 
812 
876 
939 

1 AAA 

3.1 
7.6 

13.4 
31.9 
53-4 
75.2 
95.9 

115 
13^ 

168 
199 
230 
249 
261 

292 
323 
385 
44? 
509 
rnr*» 

1.1 
2.73 
4.98 

I2.7 

23.O 
35.0 
48.2 
62.5 
77.0 

106 
135 
164 
182 
194 

224 
256 
321 
389 
461 
r- ^ Z' 

200 
250 
30( 

4.1 
4.1 
4.1 

3.1 
3.1 
3.1 

3.1 
3.1 
3.1 

3.8* 
3.8* 
3.8* 

3160 
336O 
3570 

-w ^ 

1060 
1220 
I37O 

633 
788 
943 

612 
802 
992 

* Extrapolated Values 

RLP/ dLP/jI-./aLB Issued: 1-12-¾ 
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Source of Data: 

Comments : 

thermal CONDUCTIVITY integrals 

for BERYLLIUM and MAGNESIUM 

Data Sheet No. 3-121-- Themal Conductivity of 

Beryl1 ium and Magnesium. 

The four curves vere to 300-K at 

ÄÄ* ? " ^ ->« *-* **from the 
probable values. 

- “i 

L \ dT; 
Q r 

\ dT 

*o 

Where: 

0, 

A 

L 

\ 

T 

= heat flow in vatts 

= cross sectional area in cm¿ 

I thermal conductivity in watts/cm-°K 

I inl^ial^temperature (^°K for Beryllium 1, 

îtognesium 1 and Magnesium 2; 20°K for Beryllium 2) 

49 
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Rodroe of Data: 

Comments : 

13.122 

thermal conductivity integrals 

for ZINC and CADMIUM 

Data Sheet No. 3-122: Thermal Condnctivity of ^nc 

and Cadmium. Mercuxy values were omitted due to lacK 

of sufficient data. 

“ - - 
10$ from the probable values. 

Q 

Where: 

Q 

A 

a n 
3 L JT 

\ dTj Q L r 
A Jm 

\ dT 

T0 To 

= heat flow in watts 0 
= cross sectional, area in cm 

RIP/EOF Issued: 10-23-59 51 





thermal conductivity integrals 

for ALUMINUM, GALLIUM, INDIUM and THALLIUM 

Source of Data: Data Sheet 3*132: Thermal Conductivity of Aluminum, 

Gallium, Indium and Thallium. 

Comments: The curves for Aluminum-1, Gallium, Indium and Thallium have 

been extrapolated to 300°K. It ia estimated that the 
extrapolated values deviate no more than from the probable 

values. 

Where: 
Q - heat flow in watts 

A = cross sectional area in cm^ 

L = length in cm 
\ = thermal conductivity in watts/cm-°K 

T = temperature in °K 

T0 = initial temperature (4°k) 

Thermal Conductivity Integrals are on following page. 

Temp. 

°K 

Thermal Conductivity 

watts/cip-°K 

Aluminum-1 Aluminum-2 Gallium Indium Thallium 

4 
6 
8 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
60 

90 
100 
120 
l40 
l6o 

180 
200 
250 
3OO 

31.5 
42 
52 
60 
68 

55 
39 
20.5 
21 
16 

9*5 
6.6 
4.95 
4*3 
3*9 

. 3*35 
3*0 
2.7 
2.5 
2.4 

2.35 
2.35 
2.35* 
2.35* 

*54 
.34 

1.2 
1.45 
2.2 

2.75 
3*2 
3*5 
3*75 
3*8 

3*75 
3*4 
3*1 
2.9 
2.8 

2.6 
2.4 
2.3 
2.2 
2.2 

2.2 
2.2 
2.2 
2.2 

24.0 
26.0 
28.O 
23 
12 

6.3 
4.2 
3*2 
2.6 
2.35 

2.1 * 
I.85* 
1.8 * 
1.75* 
1.7 * 

I.65* 
I.55* 
I.50* 
1.4 * 
1.4 * 

1.4 * 
1.4 * 
1.4 * 
1.4 * 

8.4 
8.2 
6.3 
4.4 
2.4 

1.8 
1*45 
1.2 
1.1 * 
1.0 » 

*9 * 
.84* 
.8 * 
.79* 
•77* 

.73* 

.72* 

.70* 

.69* 

.68* 

.67* 

.66* 

.66* 

.66* 

9*8 
4.4 
2.3 
1.5 
*92 

.72 

.62 
*57 
*52 
.505* 

.47 * 

.46 * 

.44 * 

.42 * 

.42 * 

.42 * 

.42 * 

.40 * 
*39 * 
*39 * 

.38 * 

.38 * 

.38 * 

.38 * 

* Extrapolated Values 
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13.141 

thermal conductivity integrals 
for TITANIUM, ZIRCONIUM and HAFNIUM 

Gource of Dala- 
Data Dheet 3-41: Thermal Conductivity of Titanium, 
Zirconium and Hafnium. 

Comments: 

Temp. 

°K 

4 
6 
8 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
120 
i4o 
160 

l8c 
200 
250 
BOO 

Tne curves for Titanium, Zirconium and Hafnium have been 
Strayed to 30,¾. It i= estimated ttat the ertrapolated 
values deviate no more tlian 10^ from the probable va ues. 

'Tt 
X. dTj Q 

To 

X dT 

Where: 
Q = heat flow in watts _ 
A = cross sectional area in cm1- 
L = length in cm 

• X = thermal conductivity in watts/cm- K 
T = temperature in °K 
T0 = initial temperature (4°K) 

Thermal Conductivity 

vatts/cm-°K 

Zirconium 

.120 

.180 

.24 

.29 

.38 

.44 

.47 

.46 

.44 

.40 

• 35* 
.32* 
.29* 
.27* 
.26* 

.2b* 

.23* 

.22* 

.22* 

.21* 

.21* 

.21* 

.21* 

.21* 

Titanium 

.046 

.069 

.093 

.118 

.172 

.225 

.28 

.32 
• Zb 
.35 

.36 

.36 

.36 

.35 
•35 

.35 
•35 
•35* 
•35* 
.35* 

• 35* 
• 35* 
.35* 
.35* 

Hafnium 

.036 

.058 

.079 

.10 

.147 

.18 

.20 

.22 

.23 

.24 

.25 

.25 

.26 

.26 

.27 

.27 

.27* 

.27* 

.27* 

.27* 

.27* 

.¿7* 

.27* 

.27* 

T X dT 

watts/cm 

Zirconium 

.3 

.72 
1.25 
2.93 

4.9Ö 
7.25 
9.5Ô 

11.8 
13.9 

17.7 
21.0 
24.1 
25.8 
26.8 

29.3 
31.7 
36.2 
40.7 
45.O 

49.2 
I. 

63-9 
74.4 

Titanium 

.115 

.277 

.488 
1.21 

2.20 
3.47 
4.97 
6.62 
8.34 

II.9 
15.5 
19.1 
21.2 
22.6 

26.1 
29.6 
36.6 
43.6 
50.6 

57-6 
61! .6 
82.1 
99.6 

* Extrañolated Values 

Hafnium 

.094 

.231 

.410 
1.03 
1.84 
2.80 
3.84 
4.97 
6.08 

8.53 
11.0 
13.6 
15.1 
16.2 

18.9 
21.6 
27.0 
32.4 
37.8 

43.2 
4fl.6 
62.1 
75.6 

RLP/EGP/jRK Issued: 1-12-60 
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13.142-1 

thermal conductivity integrals 
for CAERONS 

Source of Data: Data Sheet 3-1^2-1: Thermal Conductivity oí Caroons. 

Comments : The curve for Natural Graphite was extrapolated to 4CK; 
Pyrolyt.ic Graphite to 6°K; and the cur/ec for Pitch Bonded 
Graphite and Carbon Resistor to 10°K. The curve for Carbon 
Resistor was also extrapolated to 300°K on the upper end. It 
is estimated that the extrapolated values deviate no more than 
10$> from the probable values. 

A fTL 
L 0 rn 

k, r 
A Urn 

X dT Q = r / ^ dTJ Q 
L JT0 ” -±0 

Where: 
Q = heat flow in watts 
A = cross sectional area in cm¿ 
L = length in cm # 
\ = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature given for each Carbon 

Thermal Conductivity Integrals are on following page. 

Temp. 

°K 

4 
6 
8 

10 
15 

20 
25 
30 
35 

4o 
50 
60 
70 
76 

60 
90 

100 
120 
l40 

160 
l80 
200 
250 
3OO 

Tiiermal Conductivity 

watts/cm-°K 

Natural 
Graphite 

.055* 
• 13 * 
.25 
.40 
.90 

I.60 
2.5 
3.4 
4.0 

5.0 
5-9 
6.2 
6.2 
6.1 

6.0 
5.3 
5.5 
4.6 
4.0 

3.5 
3.0 
2.6 
1.8 
1.4 

Pitch Bonded 
Graphite 

.0012* 

.005 

.013 

.025 

.038 

.050 

.069 

.10 

.14 

.19 

.21 

.24 

.29 

.3^ 
I. ~ 

.50 

.54 

.53 

.59 
• 59 
.58 

Pyrolytic 
Graphite 

.0013* 

.0021 

.003 

.0073 

.011 

.016 

.022 

.030 

03o 
.05o 
.078 
.10 
.12 

.13 

.14 

.15 
1 Q 

• -A-U/ 

.19 

.21 

.23 

.24 

.27 

.29 

Carton 
Resistor 

.0009* 

.0018 

.0029 

.004 

.005 

.006 

.007 

.0085 

.010 

.011 

.012 

.0125 

.013 

.0135 

.014* 

.014* 

.015* 

.015* 

.015* 

.015* 

.015* 

* Extrapolated Values 
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13.1^2-1 

TKEFíMáL CONDUCTIVITY IfJTtíGKALS 

for CARBONS (cent.) 

RLF/eGP/JRK/AIjB is cued.: 1-12-60 

y 
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Source of Data: 

13.1)+2-2 

THERMAL CONDUCTIVITY im'EGRAÍaS 

for SILICON and GERMANIUM 

Data Sheet 3.142-2: Thermal Conductivity of Silicon 

and Germanium. 

Comments : The curves for Silicon and Germanium were extrapolated to 300°K, 
It is estimated that the extrapolated values do not deviate more 

than 10$ from the probable values . 

Q = 

Where: 
Q 
A 
L 
\ 
T 
To 

A 
L J To XdT: 

= heat flow in watts 
= cross sectional area in cm2 
= length in cm 
= thermal conductivity in watts/cm-°K 
= temperature in UK 
= initial temperature (4°K) 

KI.F/EGE/JRK Issued: 1-12-60 61 



Source of Data: 

CoLfiinents : 

13-1^2-3 

THERMAL COraUCTIVITY lï'ÎTEGRALS 

for TIN and LEAdI" 

Data Sheet 3-1^-3: Themal Conductivity of Tin and 

Lead. 
The curve for Tin was extrapolated to jOO K; the cuwe for 
me cu-zé estimated that the 
T.ead vas extrapola .ec - • ,, from the probable 
extrapolated values deviate no more than 10ft from the pro 

values. 

A P’L , o- = 
«“r. .L “a 

n 
! in 

\ dT 

Where: . 

Q = heat flow in watts 
A = cross sectional area in cm 
L = length in cm _ / ov 
\ = thermal conductivity in watts/cm- K 
T = temperature in °K . 
T0 = initial temperature (4 K) 

RLP/EOPTJRK ISSUED: 1-12^60 
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13.151 

THERMAL CONDUCTIVITY INTEGRALSt 

for VANADIUM, NIOBIUM and TANTALUM 

Source of Data: Data Sheet 3-151: Thennal Conductivity of Vanadium, 
-_ — Niobium and Tantalum. 

Comments : The curves for Vanadium, Niobium and Tantalum have been 
extrapolated to 300°K. It is estimated that the extrapolated 
values deviate no more than 10^> from the probable values. 

Where: 
Q = heat flow in watts o 
A = cross sectional area in enf- 
L = length in cm 
\ = thermal conductivity in watts/cm-°K 
T -- temperature in °K 
^ = initia] temperature (4“K) 

Temp. 

°K 

mu ^ -rw. ol •i "Î+v j ̂  X dT 

watts/cm-°K 

J 

V 
T° 
ratts/cm 

4 
I 6 
! 8 

10 
15 

20 
25 
30 
35 
)40 

50 
Ó0 
70 

Niobium I Tantalum Vanadium Niobium Tantalum Vanadium 

.26 

.36 

.46 
• 55 
.72 

.84 

.88 

.67 

.80 

.74 

.65 

.58 

.S4 

.15 

.23 

.30 

.38 

.55 

.63 

.68 

.67 

.65 

.63 

.60 

.60 

.60 

.021 

.034 

.048 

.062 

.093 

.120 

.143 

.164 

.180 

.196 

.215 

.225 

.23 

.620 
1.44 
2.45 
5.62 

9.52 
13.8 
18.2. 
22.4 
26.2 

33.2 
39.3 
44.9 • 

.38O 

.910 
1.59 
3.92 

6.86 
10.1 
13.5 
16.8 
20.0 

26.2 
32.2 
38.2 

.055 

.137 

.247 

.634 

1.17 
1.82 
2.59 
3.45 
4.39 

6.45 
8.65 

10.9 

76 
80 

90 
100 
120 
l40 
l60 

.53 

.52 

.51 

.51* 

.50* 

.50* 

.50* 

.60 

.60 

.61 

.61 

.61* 

.62* 

.63* 

.235 

.24 

.245 

.245* 

.245* 

.245* 

.25 * 

48.1 
50.2 

55.4 
60.5 
70.6 
80.6 
90.6 

41.8 
44.2 

50.2 
56.3 
6(3.5 
80.8 
93-3 

12.3 
13.3 

15.7 
18.I 
23.O 
27.9 
32.9 

180 
200 
250 
300 

.50* 

.50* 

.50* 

.>0* 

.65* 

.66* 
. .68* 

.69* 

.25 * 

.25 * 

.25 * 

.25 * 

101 
no 
136 
160 

106 
119 
153 
187 

37 9 
42.9 
55-4 
67.9 

X- Extrapolated Values t See second page of the preface. 

RLP/EGP/cIRK/alb Issued: 1-12-60 
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13.152 

THERMAL CûîiDUCTlVTTY INTEGHALS 

for AîiïTMGNY and BISMUTH 

and Bismuth. 

y-i* 

Data Sheet 3.152: Thermal Conductivity of Antimony 

The^Thermal Conductivity curve for Antimony was extrapolated-to 
300°K; the curve for Bismuth was extrapolated to 4°K. It is 

that the extrapolated values do not deviate more than 
10$ from the pxxobable values. 

* = z 
Q It 
^ A 

'Tt 

Where: 
'To 

\ dT 

Q = heat flow in watts 
A = cross sectional area in cm2 
L = length in cm 
\ - thermal conductivity in watts/cm-°K 
T = temperature in °K 
Tq = initial temperature (4°K) 

Temp. 

°K 

Tliermal Conductivity 

watts/cnr- °K 

Bismuth 

4 
6 
8 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
120 
l4o 
i £s\ 

180 
200 
25O 
3OO 

1.0* 
2.0* 
3.2* 
4.5* 
8.5* 

IO.3 
8.0 
6.7 
5.7 
5.0 

3-7 
3.0 
2.4 
2.2 
2.0 

1.8 
I.65 
1.47 
1.35 

I.23 
1.2 
1.14 
1.09 

Antimony 

.65 
1.55 
2.4 
3.0 
3.9 

3.8 
3-6 
3.5 
3.4 

3.3* 

rT 

\ dT 
'■'To 

watts/cm 

Bismuth 

2.9O 
8.00 

15.7 

48.2 

3.2* 
3.1* 
3.0* 
3.0* 
2.9* 

2.9* 
2.8* 
2.7* 
î.T* 

nid. 
• I 

2.6* 
2.6* 
2.6* 
2.0* 

95.2 
l4l 
178 
209 
235 

279 
312 
339 
353 
3Ó2 

381 
398 

429 
457 
).QI, 

509 
533 
592 
648 

Antimony 

2.20 
6.10 

11.5 
28.7 

48.0 
66.4 
84.2 

101 
118 

151 
182 
213 
231 
242 

271 
300 
355 
409 
I, ¿Ti 
-rvyj 

5I6 
568 
698 
828 

* Extrapolated Values 

RliP/EGP/JRK/ALB Issued: 1-12-60 
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13.161 

THERMAL COIffiUCTTVITY INTEGRALS 

for CHROMIUM, MOLYBDEIfUM and TUNGSTEN 

Source of Data: Da La Sheet 3-161: thermal Conductivity of Chromium, 
Molybdenum and Tungsten. ; 

Comments The curve for Chromium was extrapolated to 300°K: the curve 
for Tungsten was extrapolated to t'K. rt is Mt<n,.tcd *tat 

^eLtr*d values d° not devlate ‘lo" 1¾ frathe proDaoxe values# 

Q = i: \ dTj Q -= f A JT 

Where: 

\ dT 

Q = heat flow in watts 
A = cross sectional area in cm2 
L = length in cm 

X = thermal conductivity in watts/cm-°K 
T - temperature in °K 
T0 = initial temperature (4°K) 

Temp. 

°K 

Thermal Conductivity 

watts/cm-°K 

V. 

rTL 
/ X dT 

watts/cm 

4 
! 6 
! 8 

10 

15 

20 

25 
30 
35 
4o 

50 
60 
70 
76 
80 

90 
100 

Cr Mb 
_L Cr Mb W 

1.62 
2.5 
3-3 
4.0 
5.1 

5.6 
5-7 
5.4 
5.0 
4.2 

3-2 
2.4 
2.0 

1.9 
1.8 

3..65 
1.53 

.62 
• 90 

( 1.20 
I.50 
2.25 

2.9 
3-4 
3.7 
3.75 
3.6 

3-2 
2-7 
2.3 
2.2 
2.1 

1.86 
1.74 

46* 
67* 
83* 

100* 
86 

54 
28 

15 
9.0 
6.5 

4.2 
3.3 
2.8 
2.6 

2.5 

2.3 
2,2 

1 4.12 
9.92 

I7.2 
40.0 

66.7 
95.0 

123 
149 
172 

209 
238 
260 
272 
200 

297 
V— 

342 
370 
->ci£ 

I.52 
3.62 
6.32 

15.7 

28.6 
44.3 
62.1 
80.7 

99.1 

133 
I63 
188 
201 
210 

229 
0li7 
SÓI 

311 
Tlirv 

119 ; 
282 
472 
937 

1290 
1500 
1600 
1660 
1700 

1760 
1790 
1820 
l8iK) 
1850 

1880 
i onn 

120 
l4o 
l6o 

1.40 
1-35 

.1.32* 

l C*7 
■L * J 1 

1.47 
i .in 

1.93 
I.85 
1 ftn 

1940 
1900 
r\r\ i s\ 

l8o 
200 
250 
300 

1.30* 
1.30* 
I.25* 
I.25* 

1.40 
1.38 
I.37 
I.37 

I.78 
I.76 
1.70 
1.70 

JS'-' 

422 
448 
512 

575 

J ^ 

368 
396 
464 
533 

C-^JXSJ 

2050 
2080 
217O 
2260 

* Extrapolated Values 

RLP/EGP/JRK Issued: 1-12-60 
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-iíumvaAI, COIVDUCTIVITY INTEGRAL 

Source of Data: 

Comments : 

-or MANGANESE and RHENIUM 

Ind nem“1 '^“Uvity of Manganese 

uVsTsU^r^ •“"Vf** *0 300-K. 
-ore thon 10» frc!r, the p^bT^ueJ “ ^ ^ deVl<lt-! 

Q = 
Tr 

Where: 
'To \ dT; 

Qï“ fr \ dT 

Q - heat flow in vatts 
A = cross sectional area In on,2 
L = length in cm 

T = te:XtTrnTy ln ums/™-’k 
T0= initial temperature (4°K) 

Temp. 

k 
6 
8 

10 
15 

Thermal Conductivity 

wtts/cm-8K 

Rhenium Manganese 

!009¡r~ 
.0125 
.0150 
.0170 
.021 

20 
25 
30 
35 
bo 

50 
60 
70 
76 
8o 

90 
100 
120 
140 
l6o 

1Ö0 

.025 

.028 

.030 

.033 

.036 

.0^(0 

.044 

.049 

.051 

.052 

• O56 
.059 
.067* 
.073* 
.0¾^ 

7.0 
10.0 
12.5. 
14.0 
I3.O 

8.5 
5.0 
3.0 
2.0 
1.4 

Jr XdT T. 

watts/cm 

.0219 

.0494 

.0814 

.176 

î®ènTüm 

25O 
300 

.O85* 

.U90* 

.095* 
.100* 

• 90 
•75 
.68 
.67 
.66 

.291 

.424 

.569 
• 726 

.63 

.62* 

.62* 
. 61* 
.61* 

.61* 

. 6l* 

.61* 

.61* 

.899 

1.28 
I.70 
2.16 
2.46 
2.67 

17.O 
39.5 
66.0 

134 

187 
221 
24l 
254 
262 

274 
282 

* Extrapolated Values 

3.21 
3.78 
5.04 
6,44 
7.97 
Q 

ii.r 
16.0 
20.9 

289 
293 
296 

302 
308 
321 
333 
3^5 

357 
370 
400 
430 

rlp/egp/jrk" issued: 1-12-60 
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13.1öl 

THERMAL CONDUCTIVITY INTEGRALS 

for IRON, COBALT and NICKEL 

Source of Data: Data Sheet 3.I8I: Thermal Conductivity of Iron, 
Cobalt and Nickel. 

Comments: The curves for Cobalt and Nickel 1 were extrapolated to 300°K; 
the curve for Nickel 2 was extrapolated to 0°K. It is 
estimated tnet tire extrapolated values do not deviate more 
than 10$ from the probable values. 

0 

Where: 

A iTl 
L \ dT; Q - = 

y A k dT 

Q .= heat flew in watts 
A = cross sectional area in cm2 
L = length in cm 
X. = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature (ó°K for Nickel 2; 4°K for 

all others) 

Temp. 

#K 

Thermal Conductivity 

watts/cm-"K 

f 
J-n 

\ dT 

watts/cm 

4 
6 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
120 
ll+o 
1Ó0 

ISO 
rv\r\ 
c. w 

25O 
3Û0 

N1 1 

1.7 
3.*» 
5.0 
6.2 
7-9 
8.0 
7.8 
6.8 
5.7 
4.7 

3.3 
2.6 
2.2 
2.0 
I.87 
I.70 
I.60 
1.^5 
I.39 
1.33* 

1.31* 
■» 'triM. 
a. • •• 

I.30* 
I.30* 

Co 
1T2Õ 
1.8 
2.4 
3.0 
4.1 

4.6 
4.7 
4.5 
4.1 
3.7 
3.0 
2.5 
2.3 
2.1 

I.95 
I.81 
I.70 
1.60 
I.50 
1.1+7 

1.42* 
“t 1. * X • TV •* 
1.37* 
1.35* 

Fe 

~72 
1.1 
1.44 
1.8 
2.5 

3.0 
3.3 
3-5 
3.’+ 
3*3 
2.7 
2.3 
1.9 
1.8 
1.7 
1.5 
1.37 
I.19 
1.04 

•95 

•90 

Ni 2 

.1 * 

.14* 

.17* 

.27* 

• 35* 
.42* 
.48* 
.53 
.58 

.65 
•70 
•73 
.75 
•76 

•77 
.78 
.80 
.80 
.80 

.80 
on . w I • w 

.83 

.81 
.76 
.76 

Ni 1 

5.10 
I3.5 
24.7 
60.0 

99-7 
139 
176 
207 
233 

273 
302 
326 
339 
34? 

365 
381 
412 
440 
467 

494 
520 
585 
650 

Co 

3.00 
7.20 

12.6 
30.4 

82.1 
75.4 
98.4 

120 
139 

173 
200 
224 
238 
246 

¿64 
282 
315 
346 
376 

405 
4dd 
502 
570 

Fe 

1.82 
4.36 
7.60 

I8.4 

32.1 
47.9 
64.9 
82.1 
98.9 

12Q 
154 
175 
18A 
193 
209 
223 
249 
2/i 
29I 

310 
5¿l 
370 
4ll 

Ni 2 

.240 
• 550 

I.65 

3.2O 
5.13 
7.38 
9.9O 

12.7 
18.8 
25.6 
32.7 
37.2 
40.2 

47.8 
55.6 
71.4 
87.4 

IO3 

II9 
135 
175 
213 

RLP/LGP/jRK/ALB Issued: 
* Extrapolated Values 

1-12-60 
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13.102 

TLfiKMAL COIíDUCIIVITjT lîiTEGRALS 

for RHODIUM, PALLADIUM, IRIDIUM and PUTINUM 

Source of Data: Data Sheet 3-1^2: Thermal Conductivity of Rhodium, 
Palladium, Iridium and Platinum. 

Comments : Ttic tho^nal conductivity curve For Palladium has been 
extrapolated to 300"K. It is estimated that the extrapolated 
values deviate no more than 10$ from the probable values. 

Q 
A 
L 

'TL 
\ dT; != r \ dT 

Wlicre: 
Q = heat flov; in watts o 
A « cross sectional aroa in cm‘- 
L = length in cm 
k = thermal conductivity in watto/cm^K 
T = temperature in °K 
T0 - initial temperature (4°k) 

75 



13.212-1 

THERMAL CONDUCTIVITY INTEGRALS 

for COPPER ALLOYS 

r 

Source of Data: Dala Sheet 3.212-1: Thermal Conductivity of Conner 
Alloys. 

Por the data tabul.ated below, the curves have been extrapolated 
as follows: Fhos. Deux. Copper to 4°K; Silicon Bronze to 6°K 

andaço K; Manganin to 20°K; (Pb) Brass and Beryllium Copper to 
300 K. It is estimated that the extrapolated values deviate no 
more than 10a, from the probable values. 

Where: 
Q = heat flow in watts 
A = cross sectional area in cnf" 
L = length in cm 
\ = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature (U°K for German Silver, 

Beryllium Copper, [Pb] Brass and Phos. Deox. 
6°K for Silicon Bronze; 20°K for Manganin) 

Thermal Conductivity Integrals are on following page. 

Copper; 

Temp. 

*K 

Thermal Conductivity 

wattR/cm-#K 

6 

8 
10 
15 
20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
120 
l4o 
160 

PhoR. Deox 
Copper 

Silicon 
Bronze Manganin (Pb) 

Brass 
Beryllium 

Copper 
German 
Silver 

.067* 

.109 

.152 

.196 
• 32 

.53 

.63 
•72 
.81 

•96 
I.08 
1.18 
1.2 
I.27 

1-35 
1.4l 
1.52 
1.62 
1.72 

.006* 

.01 * 

.015* 

.025 

.034 

.043 

.052 

.001 

.0? 
.083 
.096 
.108 
.112 
.118 

.126 

.136* 

.15 » 

.16 * 

.17 * 

.046* 

.064* 

.08 * 
.09 * 
.10 * 

.11 * 

.12 * 

.13 * 

.13 * 

.13 * 

.135* 

.14 * 

.143 

.15 

.021 

.032 

.044 

.056 

.09 

.122 

.153 

.183 

.21 

.24 

.28 
•33 
.37 
.38 
.405 

.44 

.47 

.53* 

.6 * 

.019 

.028 

.038 

.048 

.076 

.106 

.133 

.162 

.186 

.21 

.26 

.3 

.34 
• 35 
• 37 

.4 * 

.42* 

.48* 

.54* 
cOjl 

.0068 

.0128 

.02 

.028 

.052 

•073 
.092 
.11 
.122 
.133 
.148 
.158 
.162 
.165 
.167 

.169 
• 17 
• 173 
.178 

r\ 

180 
200 
25O 
300 

1.83 
1.92 
2.1 
2.2 

.18 * 

.19 * 

.20 * 

.22 * 

.162 

.17 

.194 

.22 

.7 * 

.75* 

.85* 

.9 * 

• • 

.62* 

.65* 

.7 * 

.80* 

• xup 

.192 

.205 

.23 

.24 
* Extrapolated Values 
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THERMAL CONDUCTIVITY INTEGRALS 

for COPPER Aj'LOYS (cont.) 
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wBíTrai ,vM.osx--w*K*KmarTn >.w.ar 

Source of Patn- 

Comments : 

13.212-2 

TÍJEriMAL CONDUCTIVITY INTEGRALS 

for COPPER-NICKEL opd SILVER AttOïs 

Data Sheet 3.212-0. ■, ^ 
and Silver Alloys.' Conductivity of Copper-Nickel 

The curves for Cu-Ni _ 

were extrapolated to 3OO“K'^'The lrCOld^ and Ag-Solder 
extrapolated to h°K. It i3 Aß'Solfier vas also 
values do not deviate more thí S ? the e>:t™P°lated 

A otl te ^ f«« »he probaile value. 
Q = r / \ dT; o I; / L 

WTo Q Ã * 1. ^ «T 
Where: 

Q 
A 
L 
\ 
T 

= heat flow in watts 

= cross rectional area in cm2 
= length in cm 

: ttSctT*ln 



13.232 

THERMAL CONDUCTIVITY INTEGRALS 

for ALUMINUM ALLOYS 

Source ol Data: Data Sheet 3,232: Thermal Conductivity of Aluminum 
Alloys. 

Comments: The Thermal Conductivity curves for '¡ S, 75 0 and 202't-Tl have been 
extrapolated to 4°K. The cur/e for 5154-0 has been extrapolated 
to 300°K. Tt is estimated that the extrapolated values deviate 
no more than 10$ from the probable values. 

Where: 
Q = heat flow in watts 
A = cross sectional arca in crrr 
L = length in cm 
\ = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature (4°k) 

The Thermal Conductivity Integrals are on the following page. 

Temp. 

°K 

Thermal Conductivity 

watts/cm-°K 

4 
6 
8 

10 
15 

20 
25 
30 
35 
4o 

50 
60 
70 
76 
80 

90 
100 
120 

1100-F 6063-T5 3003-F 4 s 1 5052-O 5154-O 75 S 2024-t4 

.55 
•83 

1.12 
1.4 
2.2 

2.8 
3.3 
3-6 
3-8 
3-9 

3-7 
3-4 
3.1 
2.9 
2.8 

2.6 
2.5 
2.3 

.34 
• 51 
•69 
.86 

1.3 

1.7 
2.0 
2.3 
2.6 
2.7 
2.8 
2.7 
2.5 
2.4 
2.3 
2.2 
2.1 
2.05 

.11 

.165 

.23 

.27 

.42 

• 56 
•70 
.82 
•95 

1.05 

1.20 
I.30 
1.38 
1.40 
1.41 
1.45 
1.50 
1.51 

.053* 

.078* 

.105* 

.13 * 

.20 * 

.27 * 

.34 
,4l 
.48 
.54 

.62 

.70 

.77 

.80 

.81 

•87 
•90 
.98 

.049 

.07 

.093 

.12 

.19 

•25 
.32 
•38 
.44 
.50 

.59 

.68 

.73 

.77 
•79 
.84 
.89 
.96 

.04i 

.062 

.085 

.108 

.163 

.23 

.28 
• 33 
.38 
.43 

• 51 
• 59 
.66 
.68 
.70 

•75 
.80 
.88* 

.037* 

.057* 

.073* 

.10 * 

.15 * 

.20 * 
• 25 
• 31 
•36 
.4o 

.48 
• 55 
.61 
.64 
.66 
.70 
.75 
•83 

.03* 
•05 
.067 
.083 
.127 

.165 

.20 

.24 

.28 
• 32 

.38 

.45 

.51 

.54 

.56 

.61 

.65 

.73 
l40 
l60 

180 
200 
250 
300 

2.25 
2.20 

2.20 
2.10 
2.10 
2.10 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

1.54 
1.58 

1.60 
1.60 
1.60 
1.60 

1.06 
1.11 
I.18 
1.24 
1.37 
1.48 

1.04 
I.08 

I.16 
1.20 
I.33 
1.42 

.96* 
1.01* 
1.10* 
1.14* 
1.27* 
I.38* 

•90 
.96 

1.00 
1.05 
1.10 
1.10 

.80 

.87 
•93 
.98 

1.10 
1.20 

* Extrapolated Values 
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]3.232 

THErîMAL CONDUCTIVITY INTEGRAIS 

for ALUMINUM ALLOYS (cont.) 
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13.281 

THERMAL CONDUCTIVITY INTEGRALS 

for.NICKEL ALLOYS 

Source of Data: Data Sheet 3-281: Thermal Conductivity of Nickel 
Alloys. 

Comments: The curve for Inconel (annealed) has been extrapolated to 
3OO°K. It is estimated that the extrapolated values deviate 
no mere than iûfo I’rom the probable values. 

Where: 
Q = heat flow in rfatts 

V p 
A = cross sectional area in cm*- 
L - length in cm 
\ = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T'c = initial temperature (b0K for Contracid; U°K for 

all other Nickel Alloys) 

Thermal Conductivity Integrals are on following page. 

Temp. 

°K 

4 
6 
8 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
80 

90 
100 
120 
l4o 
160 

180 
200 
25O 
3OO 

Thermal Conductivity 

watts/cm-°K 

Monel 
(Annealed) 

.0085 

.0150 

.022 

.030 

.051 

.070 

.088 

.100 

.110 

.120 

.133 

.1^3 

.150 

.155 

.160 

.165 

.170 

.ISO 

.106 

.191 

.200 

.210 

.220 

.23O 

Monel 
( Drawn) 

.0043 

.OO8O 

.0126 

.0174 

.030 

.043 

.057 

.069 

.080 

.090 

.110 

.120 

.130 

.135 

.140 

.147 

.152 

.163 

.173 

.182 

.190 

.198 

.210 

.220 

Inconel 
(Annealed) 

.0048 

.OO85 

.OI3O 

.0175 

.029 

.04l 

.053 

.063 

.072 

.080 

.094 

.103 

.110 

.115 

.118 

.120 

.123 

.127 

.129 

.130 

.132 

.135 

.145 

.152 

Inconel 
(Drawn) 

.00252 

.0046 

.0068 
,0092 
.016 

.023 

.029 

.036 

.043 

.050 

.062 

.073 

.005 

.090 

.095 

.105* 

.113* 

.127* 

.137* 

.146* 

.152* 

.160* 

.170* 

.180* 

Contracid 

.OO36 

.0052 

.OO67 

.011 

.0185 

.031 

.04.1 

.049 

.055 

.062 

.067 

.070 

.072 

.073 

.075 

.078 

.081 

.084 

.089 

.092 

.096 

.108 

.118 

* Extrapolated Values 
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THERMAL CONDUCTIVITY INTEGRALS 

for NICKEL .ALLOYS (coat.) 
i 
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* 

A 

i ov MTSCELLMÍEOUS .VLLOYS 

Soui'c« of Data: Data Sheet 3-291: Thermal Conductivity of Miscellaneous 
Alloys. 

Comments : The curves for Miscellaneous Alloys have been extrapolated to 
300°K. The cuives for Lead - 44$ Tin and Roses's Metal have 
been extrapolated to 4°K, while the curve for Titanium has 
been extrapolated to 15“K, It is estimated that the extrapolated 
values deviate no more than 10$ from the probable values. 

Where: 
Q = heat flow in watts 
^ P A = cross sectional area in cm.^ 
L = length in cm 
\ = thermal conductivity in watts/cm-°K 
T = temperature in °K 
T0 = initial temperature (l5°K for Titanium, 4°K for 

»ii other Miscellaneous Alloys) 

Thermal Conductivity Integrals are on the following page. 

Temp. 

°K 

Thermal Conductivity 

w8tts/cm-°K 

4 
6 
8 

10 
15 

20 
25 
30 
35 
40 

50 
60 
70 
76 
60 

90 
100 
120 
l4o 
-\ f r\ 

Lead- 
44$ Tin 

Pose ' s 
Metal 

Titanium 
Lead- 

50$ Indium 
Wood's 
Metal 

Soft 
Solder 

.08 * 

.123* 

.16 * 

.19 * 

.255 

.29 

.32 

.3^ 
• 37 
.38 

.42 

.425 

.44 

.44 

.445* 

.46 * 

.465* 

.47 * 

.47 * 
1. rf V- 

.9092* 

.02 

.028 
• 0335 
.0435 

.0505 

.056 

.059 

.063 

.066 

.0715 

.077 

.081 

.083 

.085 

.088 

.091 

.097 

.104 
ni-i 

.0112* 

.0177 

.023 

.027 

.0295 

.032 

' .037 
.04 
.043 
.045 
.046 

.048 

.051 

.054 

.057 
r\C 

.0088 

.0116 

.0146 

.0175 

.0245 

.032 

.037 

.043 

.049 

.054 

,064 
.073 
.082 
.089 
.093 

.104 

.118 

.152 

.195 
oc 

.04 

.072 

.10 

.118 

.15 

.17 

.18 

.188 

.196 

.20 

.21 

.22 

.22 

.225 

.225 

.23 

.235 

.235* 

.235* 
0-3 í;* 

.16 

.265 

.36 

.42 

.52 

• 55 
.57 
• 57 
.56 
.54 

• 52 
.51 
.51 
• 52 
.525 

• 53 
.54* 
.55* 
.56* 

180 
200 
250 
3OO 

.47 * 

.48 * 

.48 * 

.48 * 

• -J—1_u 

.12 

.128 

.15 

.17* 

• vy V-/ 

.O63 

.065 

.074 

.088* 

• —X 

<32 
.38 
.62 
.9* 

• 

.24* 

.24* 

.24* 

.24* 

• ✓ - 

.56* 

.56* 

.57* 
• 57* 

* Extrapolated Values 
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13.301 

THERMAL CONDUCTIVITY INTEGRALS 

for FERROUS ALLOYS 

Source of Data.: Data Sheet 3*301: Thermal Conductivity of Ferrouu Alloys. 

Comments : In the table of values below, all the thermal conductivity curves 
for Ferrous Alloys, with the exception of Stainless, have been extrapo¬ 
lated. Of the extrapolated curves, all have been extrapolated to 4°K, and 
all except SAE 1020 and SAE hljO have been extrapolated to 300°K. It is 
estimated ‘chat the extrapolated values deviate no more than 10$ from the 
probable values. 

Q"Ê irILxdT 
Where: 

Q = heat of flow in watts 
A = cross sectional area in cm^ 
L = length in cm 
\ = thermal conductivity in watts/cn-°K 
T = temperature in °K 
T0 = initial temperature (4°K) 

Thermal Conductivity Integrals are on the following page. 

Temp. 

K 

Thermal Conductivity 

watts/cm-*K 

4 
6 
8 

10 
15 
20 
25 
30 
35 
40 
50 
60 
70 
76 
80 

90 
100 
120 
l40 
l60 
i Q/% 

SAE 
1020 

MILD 
0.1$ C 

SAE 
1095 

SAE 
4130 

4l0 4$ A1 13$ Cr 
Quenched 

Stain¬ 
less 

24$ Ni 

.030* 

.058* 

.O85* 

.115* 

.180* 

.24 * 

.28 
• 32 
• 37 
.40 
.48 
• 53 
• 57 
• 59 
.60 

.61 
• 63 
.65 
.65 
.65 
ZV 

.025* 

.050* 

•073* 
.100* 
.157 
.22 
• 27 
.31 
• 34 
• 37 
.42 
.48 
.51 
• 53 
.54 
• 57 
• 59* 
.Co* 
.60* 
.00* 

1 .011* 
.019* 
.027* 
.035* 
.060* 

.080* 

.108 

.130 
• 157 
.I80 

.22 

.26 

.29 
• 30 
• 31 
• 33 
•34 
.37 
• 38 
.40 
I., 

.0075* 

.013 * 

.018 * 

.023 * 

.040 * 

.060 * 

.078 

.100 

.120 

.137 

.170 

.195 

.22 

.23 

.24 

• 27 
.27 
• 30 
•32 
•33 

-*». 

.0045* 

.0070* 

.010 * 

.013 * 

.020 * 

• 035 * 
.050 
.070 
.090 
.108 

.135 

.157 

.177 

.183 
•19 
.20 
.21 
• 23 
.24 
.25 

.0045* 

.0070* 

.010 * 

.013 * 

.020 

•033 
.045 
.054 
.060 
.066 

.080 

.092 

.108 
• 115 
.120 

.135 

.150 

.I60* 

.180* 

.190* 

.OO32* 

.0055* 

.0080* 

.010 * 

.OI65 

.024 

.032 

.040 

.048 

.056 

.070 

.082 

.095 

.100 

.105 

.113 

.120 

.140* 

.150* 

.I6O* 
_ >*- 

.0024 

.0039 

.0057 

.0077 

.0132 

.0195 

.026 
•033 
.o4o 
.04? 

.058 

.068 

.Vf 6 

.080 

.083 

.090 

.095 

.103 

.110 

.120 

.0018* 

.0033* 

.0050* 

.0067* 

.0115 

.0165 

.021 

.025 

.029 

.032 

•039 
.045 
.051 
.054 
.057 
.062 
.068 
.077* 
.085* 
.090* 

xwvy 
200 
250 
300 

.u, 

.65 

.65 

.65 

.60* 

.60* 

.60* 

.43 

.45 

.45* 

o** 
• 35 
• 35 
•35 

•O? 
.26 
.27 
.28* 

.¿0 » 

.21 * 

.22 * 

.23 * 

. 1 op-* 
• 17 * 
.18 * 
.19 * 

.10 

.13 

.14 

.15 

.lUU*- 

.107* 

.120* 

.I30* 

* Extrapolated Values 
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THERMAL CONDUCT.rVIl1Y INTEGRALS 

for Ferrous Alloys (cont.) 
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for GLASSES and PLASTICS 

Source of Data: Data Sheet 3.501: 

Plastics. 
Thermal Conductivity of Glasses and 

Comments : sue curves 
\ O 

i taxon 
^00°K T+ ~ . ; ^ i'eiüPex were extrapolated 

, u ° estimated that the extrapolated values do not 
deviate more than J.O^ from the probable value. 

a m 

Q 
A 
L 

XfiT; Q i=r XdT 

Where: 

Q - heat flow in milliwatts 

A = cross sectional area in cm^ 

L = length in cm 

k = thermal conductivity in mi. 11 i watt s/cm-°K 
T = temperature in °K 

T0 = initial temperature (4°K) 

Temp. 

"K 

I”-“ 

Thermal Conductivity 

milliwatts/cm-°K 

r, - 

/ AdT 
JTo 

milliwatts/cm 

1 

« 8 

10 

15 
20 
25 
30 

35 
40 
50 
60 

70 
76 
80 
90 

100 
120 
l4o 
1 Cr\ 

1 glass 1 teflon 1 perspex nylon glass teflon perspex nylon 
•97 

1.14 

1.19 
1.20 

1.3 
1.46 
1.68 
1.9 

2.2 
2.4 
2.9 
3.4 

3-9 
4.2 
4.4 
5.0 

5-5 
6.4 
7.3 

.46 

.67 

.82 

.96 

1.22 
1.4l 
I.60 
I.74 

1.86 
I.95 
2.1 
2.2 

2.3 
2.3 
2-35 
2.4 * 

2.4s* 
2.45* 
2.5 * 

.58 

.60 

.60 

.61 

.63 
•75 

•9Z 1 1.18* 

1.35* 
I.50* 
1.80* 
1-95* 

2.10* 
2.15* 
2.20* 
2.25* 

2.25* 
2.30* 
2.35* 

• 125 
.196 
• 29 
•38 

.67 

.93 
I.28* 
I.5 * 

I.78* 

I.99* 
2.4 * 
2.7 * 

2.8 * 
2.9 * 
3.0 * 
3.1 * 

3-2 * 
3-3 * 
3.4 * 

2.11 
4.43 
6.81 

13.1 
20.0 

27.9 
36.8 

47.1 
58.6 
84.6 

115 

151 
175 
194 
240 

292 
408 
542 

1.13 
2.62 
4.4 

9.85 
16.4 

23.9 
32.3 

41.3 
50.8 
71.6 
93.6 

116 
130 
139 
163 

187 

237 
287 

1.18 
2.38 

3-59 

6,69 
10.1 
14.4 
19.6 

25.9 
33.O 
49.5 
68.3 

88.5 
101. 
no. 
132. 

155. 
200. 
?47. 

.32]| 

.807^ 
1.48 

4.10 
8.23 
13.9 
20.8 

29.O 
38.5 
60.4 

85.9 

113 
131 
142 
173 

204 
269 

j-v^vy 

l8o 
200 
250 
300 

i 

8.5 
9.0 
9.8 
10.2 

¿O}* 

2.60* 
2.60* 
2.60* 
2.60* 

2.4Ü* 

2.40* 
2.4o* 
2.4o* 
2.40* 

3.5 * 

3.5 * 

3-5 * 

3.5 * 
3-5 * 

694 

858 
IO30 
1500 
1990 

338 

390 
442 
572 
702 

294. 

342. 
390. 
510. 
630. 

405 

475 
545 
720 
895 

* Extrapolated Values 
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1)+.003 

ENTROPY of NEON 

Sources of Data: _ 

^ T, mini 1 F ° , too^nlc .+ , ^ ' 
New York (i960) pp.TT-04 
Yendall, E. F„ Private co-u.dcation to Dr. K. D. Tl^erhaua, 

University of Colorado (June 1, 19«)) 

Rossini, F. D., selected Values of Thermodynamic Properties, ber. Ir , 

Natl. Bur. Standards (Mar. 1, -W '/ 

Other References: 
P nn 0 A Martinez, J. P- and Omaes, H. K., Komnkl. Akad. Crommelin, C. A., Martinez., (iq\q) 
Wetenschap. Amsterdam Proc. gl, 1310-26 (1919J 

_ 11rs p A romiTuns. Phys. Lab. Univ. Leinen Cunes, H. K. and Crommelin, C. A., tonu.iuns. w 

No. l47d (1915) 

Comments: _ , 
—^ calculated valueSnOfhentSPÄthpalpy ' 

c"n, mrSnes and Oures as -P-j"/,"" — • 

SSaSiSlSiSfeSr- 
private communication, niese rev se . . . calculating values 

state were then used for^the.^V:^m"^tu^e ran-e from 55° to 300#K with 
of entropy and enthalpy for the temperature ran^c iron. ^ 

pressures from 0.5 to 90 atmospheres. 

To ascertain the 

Se Crommelin, et “-^Merence 
method of graphical residua ., .- ; . ^roin an ideal volume, 
between the experimentally determine _ suffiCiently small to 

The order of r‘igf ^ ! • ¿incan^fi^ures over the entire range 
urovide a comparison to live signixu-au & fourth 

of state. Ibe resui-ts ux ^ calculated values, 
agreement between the expert le ■ . . n nressures by this 
except at 55.97 *. A compe, xa --nnints of Crommelin, 

ríí^r^nr^r^rhe-róports a 
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14.00-, 

ENTROPY of NEON (Cent.) 

Comments : (cent.) 

percentage deviation of 0.57$. These comparisons and the study of 

the data as discussed above, both indicated a departure in the 

oxiginal data et 55 tC from the general pattern as compared to values 

of 60 h and higher. It therefore, seems valid to assume that there 

is basis for doubt in the relative accuracy of the values at 55.57°K 
as reported by Crommelin, et al. 

Tlie calculation of the entropy and enthalpy with the equations listed 

below makes use of the zero pressure specific heat and the analogy 

between the real and ideal gas in the limit as the pressure approaches 

zero. The experimental data by Crommelin, et al., the basis for the 

equation o^ state, does not. contain data below approximately 20 

atmospheres pressure; therefore this calculation of the entropy and 

enthalpy represents an extrapolation of the equation of state from 20 

atmospheres to zero pressure. The nature of the equation of state, 

i.e., it reduces to the ideal gas equation in the limit as the 

pressure approaches zero, and a study of the behavior of the P-V-T 

data predicted by the equation at low pressures indicate that this 
extrapolation is reasonable and prudent. 

8 
►- 
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> 
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* 

COMPARISON of PRESSURES from YCNOAll'S EQUATION WITH DATA by CROMMELIN. ET AL. 

P - p 
% Deviation -í*251- 

crom. 
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±5.001 

VELOCITY of SOUND In LIQUID HELIUM 

Sources of Dflta: 

Atkins., K. R. and Stasior, R. A.; Can. J. Phys. ¿1, 115^ (1953) 

Chase, C. E.; Rhys. Fluids 1, 193 (1958) 

Findlay, J, C., Pitt, A., Smith, H. G. and Wilhelm, J. 0.; Phys. Itey. 

2k, 506 (1938) 

Findlay, J, C., Pitt, A., Smith, H. G. and Wilhelm, J. 0,; Phys. Rev. 

56, 122 (1939) 

Van Itterteek, A., Forrea, G. and Teirlinck, M.; Fhysiea 23, 63 (195?) 

Van Itterbeek, A., Forrea, G. and Teirlinck, M.; Physica 23, 905 (1957) 

Other References: 

Atkins, K. R. and Osborne, D. V.; Phil. Mag. 4l, IO78 (1950) 

Atkins, K. R. and Chase, C. E.; Proc. Phys. Soc. (London) a64, 026 (l95l) 

Burton, E. F.j Nature, l4l, 970 (193Ö) 

Chase, C. E.; Pixdc. Roy. Soc. (London) A220, lió (1953) 

Pellam, J. R. and Squire, C. F.; Phys. Rev. 72, 1245 (19^7) 

Pippard, A. B.; Phil. Mag. 42, 1209 (1951) 

Van Itterbeek, A. and Forrea, G.; Physica 20, 133 0-95^) 

Van den Berg, G. J., Van Itterbeek, A., Van Aarùtnne, G. M. V. and 
Herfkens, J. H. j.J Physica 21, 86O (.1955) 

Comments : 

The values of velocity of sound reported here are for ordinary sound in 

He^ and do not include the velocities of second sound also associated 

with liquid helium. The data for the velocity of sound tabulated below 

and illustrated on i » graph are from the references listed above as 

sources of data. The data for the Saturated Liquid (liquid at the boiling 

point) listed in Table I, are from the paper by Findlay, et al. with 

additional data for Helium II listed in Table II from the paper by Chase. 

Tire values for pressures from 2.5 to 70 atm. tabulated in Table III are 
from the paper by Atkins and Stasior. Additional data in Tables IV, V, VI, 

VII illustrate the variation of the velocity of sound as a function of 

frequency. These data are from the two papers by Van Itterbeek, Forrez 

and Teirlinck. 

It will be noted that the graph indicates a discontinuity at the K point 
(phase boundary between Helium I and Helium II). The work of Findlay, 

Pi t, Smith and Wilhelm showed a drop in the velocity of sound in liquid 

Helium I as the X point (2.19°K) was approached, and below the \ point 
-hhp vpIriH+.y rrmp acral n. as 11 1 ust.T-at.arl nn t.hp crranh. however, no dis¬ 

continuous decrease in velocity was noted. However, Ehrenfest*s thermo¬ 

dynamic relations for a phase change of the second order (one involving 

no latent heat) require that there be a discontinuity in the velocity 

of sound at this point. The authors concluded that this failure to show 

(Continued on following page) 
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15.001 

VETfOCITY OF GOUríD in LIQUID HELIUM (Cent.) 

Ccmnients: (cent.) 

a decrease was due to the formation of bubbles. In order to check this 
theory they repeated the experiment using pressures up to five atmosphere 
in order to prevent the formation of bubbles. Under these conditions 
the predicted discontinuity was observed, as illustrated below. 

The Velocity of Sound in Liquid 

Helium under Various Pressures 

I - Vapor Pressure 

II - 1 Atmosphere 

III - 2.1*7 Atmospheres 

TV - 5-5 Atmospheres 

> "1.6 2 4 3.2 40 4.« 

TEMPERATURE, °K 

Pellam and Squire, working at normal evaporat' n pressures found no dis¬ 
continuity, and concluded that their results were due to the lack of 
higher pressures as used in the experiments of Findlay et al. On 
strictly theoretical grounds, using numerous assumptions, Pippard con¬ 
cluded that the anomalous behavior at the \ point was due to inclusions 
of He II in He I immediately above the X point, and inclusions of He I 
in He II immediately below the \ point. Pippard also stated that these 
inclusions should have a mean radius of 2.1 x 10-7 cm, each consisting 
of about 850 atoms, in order to explain the curves. In this way the 
absence of the discontinuity required by Ehrenfest could be accounted 
for. Atkins and Osborne determined the velocities below the \ point. 
Atkins and Chase determined the velocity cur/e both ab^ve and below the 
\ point and found no discontinuity. Their velocities were slightly 
lower than those of Findlay et al. near the \ point. Atkins and Stasior 
observed no discontinuities for the series of velocity-temperature 
curves at constant pressure reported here. The work of Chase published 
in 1953 and in lypo is in close agreement wiun tnac or Findlay et alf 

Van Itterbeek, Forrez and Teirlinck made measurements on the velocity of 
sound in liquid helium in the neighborhood of 1°K with frequencies of 
200, 5OO, 6OO, 8OO, and 15OO kilocycles per second. A small minimum 
was observed at 8OO kilocycles per second for the velocity as a function 

f mi orí r\-r\ 1 r4 -»-.q \ 
\ ^^ .- -a. ^ j. W » ». w n u-ii^ / 
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VELOCITY of SOUND in LIQUID HELIUM (Cont.) 

Commenta: (cont.) 

of frequency which does not appear at the boiling point. These values 
are tabulated in Tables IV and V. Van Itterbesk, Forrea and Tçirlinck 
in a second article made the observations listed in Table VI and 

inT ™ î - » Action of frequent Is oL^o vlth 
ne part in ^400, and that the velocity seems to be constant as a 

function of temperature. At the boiling ÿolBt they found ní difference 
*n the velocity using two frequencies, as shown in Table VII. 

Table I. The Velocity of Sound for Saturated Liquid* 

Temperature 
°K 

Velocity 
m/sec 

He I 
4.22 
4.0 
3.6 
2.5 
2.20 

He II 
2.18 

, 2.0 

179.8 
189.2 
206.5 
223.3 
221.2 

¿C-L • 1 

j * iindlay, Pitt, Smith and Wilhelm j 

Table II. Velocity of Sound in Helium IX* 

Temp. 
°K 

Veloci ;-,y 
(m/sec) 

Temp. 
°K 

- 
Velocity 

(m/sec) 
>s - 

1.3 
1.4 
1.5 

1.6 
I.? 
1.8 

236.73 
236.35 
235.66 

234.61 
233.28 
23I.7O 

1.9 
2.0 
2.05 

2.10 
2.I5 
2.I79 

229.47 
226.68' 
224.90 

222:72 
220.20 
218.Û0 

* Chase 
-—-—--1 

(Continued ou following page) 



VELOCITY- of SOUND in LIQUID HELIUM (Coat.)' 

Comments: (cont.) 

Table III. The Velocity of First Sound in Liquid Helium* 

Values above the line in the table are for Helium II. and below the 
line for Helium I. 

* Atkins and Stasior 

Table IV. Variation of Velocity of Sound with Frequency* 

¡ Temp. 

°K 

Press. 

mm Hg 

Vel. 

m/sec 

Frequency 

Kc/sec 

— 

Temp. 

°K 

Press. 

mm Hg 

Vel. 

m/sec 

Frequency 

Kc/sec 

I.O76 
I.IO8 
I.O81 
I.O8I 

I.O8I 
i non 

.241 

.315 

.250 

.250 

.2;o 
OIO 

238.05 
23Ö.O5 
237.75 
237.75 

237.57 
OOT liA 

218.59 
218.56 
513.I2 
512.76 

624.01 
Qr\r\ -i -i 

I.II6 
1.123 
I.II6 
1.146 

1.123 
T 1 

.336 

.357 

.336 

.420 

•357 

237.75 
238.05 
237.40 
237.22 

237.78 

218.63 
238.56 
813.76 
813.44 

1449.28 

I.O76 
i non 

J 

.241 
r*rvl. 

• c.y+ 

237.81 
r\~\rj /'Ci 
dJ(.uu 

wsxvy • jj 

1484.92 
1476.05 

O. . JLC.J 

I.II6 
• 357 
• 336 

0f.o9 
237.64 

1476.05 
I476.O5 

* Van Itterbeek, A., Forrez, G. and Teirlinck, M.; Ehysica 23. $3 (1957) 

(Continued on following page) 
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VELOCITY of SOUND lu LIQUID HELIUM (Gout.) 

Comments : (cont.) 

Table V. Variation of Velocity of Sound with Frequency, 

for Saturated Liquid* 

Temp. 

°K 

Pressure 

mm Hg 

Velocity 

m/sec 

Velocity** 

m/sec 

Frequency 

Kc/sec 

4.221 
4.216 
4.222 
4.223 

4.222 
4.218 
4.214 
4.226 

763.3 
761.2 
764.3 
765.I 

764.3 
76I.5 
75O.5O 
767.41 

180.38 
180.39 
180.C8 
179.91 

18O.68 
I8O.37 
18O.5I 
I8O.OI 

180.32 
180.18 
I8O.O5 
179.91 

I8O.65 
18O.22 
180.24 
I8O.IO 

1469-92 
1484.78 
814.45 
799.83 

623.60 
512.70 
218.33 
218.21 

* Van Ittefbeek, A., Forrez, G. and Teirlinck, M.j Riysica i 

2¿, 63 (1957) 

** Corrected to 1+.223°K 

Table VI. Variation of Velocity of Sound with Frequency** 

Temp. 
°K 

Press, 
ram Hg 

Velocity 
m/sec 

Frequency 
Kc/sec 

Temp. 
°K 

Press, 
mm Hg 

Velocity 
m/sec 

Frequency 
Kc/sec 

O.985 
O.985 
O.985 

O.985 
O.985 

.105 

.105 

.105 

.105 

.105 

238.51 
23O.35 
238.27 

237.81 
237.65 

218.24 
218.012 
2II.257 

226.385 
226.241 

O.985 
O.985 
O.985 

0.997 

.105 

.105 

.105 

.146 

237.63 
237.63 
237.53 

237.73 

226.212 
523.O3 
8OO.374 

1455.76 

Table '/II. Velocity of Sound at 4.223°K** 

Frequency 
Kc/scc 

Velocity 
m/sec 

217.97 
226.706 
226.485 
226.706 

I8O.69 
180.49 
I8O.75 
iSO.59 

** Van Ittefbeek, A., Forrez, G. and Teirlinck, M.J Fhysica 23_, 905 (1957) 
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.001 

TELOCIIT of SOUND in GASEOUS HELIUM 

Sources of Data: 

Van Itterbeek, A. and Kcesom, W. H., Communs. Fnyc. Lab. Uni.v. Leiden 

Commun. No. 209c (l930)? Wis-en Natuurk. Ti.jdschr. 5., 69 (1930) 
Keesom, W. H. and Van Ittefbeek, A., Koninkl. Ned. Akad 204 (l93l)> 

Conmms. Phys. Lab. Univ. Leiden Coianrun. No. 213b (l93i) 

Van Itterbeek, A. and Thys, L., Physica 5> <309 (1938) 

Van Itterbeek, A. and Van Doninck, W., Proc. Phys. Soc. (London) 58, 
615 (19½) 

Van Itterbeek, A. and Van Doninck, W., Proc. Phys. Soc. (London) 62D, 

-62 (1949) 

Schneider, Ví. G. and Thiessen, G. J., Can. J. Research 28a, 509 (1950) 

Van Itterbeek, A. and Forrez, G., Physica 20, 767 (195*0 

Van Itterbeek, A. and De Laet, W., Riysica 24, 59 (1958) 

Other References: 

Keesom, W. H. and Van Itterbeek, A., Koninkl. Ned Akad. Wetenschapen, 

Proc. 440 (1930); Comrauiis. Phys. Lab. Univ. Leiden Commun. No. 

209a (I93O) 

Comments: 

The values of the velocity of sound in gaseous helium are presented here 

as functions of temperature and pressure, from temperatures of 2.07o K 

to 290°K, and pressures from 0 to 1 atmosphere. The velocity of sound 

at the vapor pressure at various temperatures is also given. The data 

tabulated below and illustrated on the graphs are from the references 

listed above under "Sources of Data". 

The data illustrated in the graph of velocity of sound versus 

tempersture and tabulated below are from Keesom and Van Itterbeek; Van 

Itterbeek and Keesom; Van Itterbeek and Van Doninck; Van Itterbeek and 

Thys; and Schneider and Thiessen. All of the above investigaters report 

that all values were obtained at nearly atmospheric pressurec. No 

mention is made by any of the above authors of the purity of the 

experimental samples used. The data reported by Keesom and Van 

Itterbeek are estimated by the authors to have a maximum error of 0.1$, 

The frequency of the sound used is not given. Van Itterbeek and Keesom 

report a maximum error in their observations of 0.15$, ana again no 

mention is made of the frequency of the sound used. Van Itterbeek and 

Van Doninck report a frequency of 523*78 kilocycles per second used In 

their determinations of velocity of sound, hut they make no specific 

claims on the accuracy of their date. Schneider and Thiessen; and Van 
T -L +- /-. rpu r ri i ^ r-r\r^ ill 4-«« . wi-t >-« -f* 11V-. -»« -VI +- /-> /4 -+*-vi «-»/■•! i r-* «a r + wi +- V* + -v% 

experiments and did not estimate the accuracy of their observations. 

Van Itterbeek and Forrez; and Van Itterbeek and De Laet report velocities 

of sound at vai’ious constant temperatures below as a function of 

(Continued on following page) 
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VELOCITY of SOUND in GASEOUS HELIUM (Cont.) 

Comnents: (cent.) 

pressure. These data are tablulated below and illustrated in the graph 

of velocity of sound versus pressure, together with the velocity of 

sound at the vapor pressure as reported by Van Itterbeek and De Laet. 

Van Itterbeek and Forre?, report using a quartz crystal with a 

frequency of 5-10 kilocycles per second to propagate the sound waves 
through their experimental sample. Using audible sound, Van Itterbeek 

and De Laet measured the velocity of sound in helium gas at very low 

temperatures and pressures. Using these data they extrapolated the 

velocity of sound to the vapor pressure at various temperatures. A 

graph!cal comparison was made between Keesom and Van Itterbeek's 

observations at 4.247°K and Van Itterbeek's values at 4.228°K. The 

agreement between these two sets of data is very good. No information 

is given by any of the investigators mentioned above as to the purity 

of their experimental samples. 

Thp units of fhe velocity of sound in helium gas used in the tabulations 

below an 1 on the graphs are: temperature in degrees Kelvin (0°C = 

273‘16°K), pressure in atmospheres (g = 98O.665) and the velocity of 
sound in meters per second. 

Velocity of Sound in Gaseous Helium 

as a Function of Temperature 

One Atmosphere Pr 3 sure 
1- 

Temperature 

j °K 

Velocity 

m/sec ; 1 

Van Itterbeek & Keesom 

I5.I8I 
17.186 
18.424 

20.429 

2O.519 
_ 

220.1 

244.2 

253.1 
266.2 
266.2 

Van Itterbeek & Thys 

290.6 997.0 

Keesom & Van Itterbeek 

4.247 IO3.94 

Temperature Velocr 

°K 
__I_ 

m/sec 

Van Itterbeek & 

Van Doninck 

2O.3 
75 
80 

85 

90 

90.2 

265.9 
509.9 

526.9 

542.9 

559.5 

559-5 

Schneider & Thiessen 

194.99 

273.I 
822.5 

973-9 

(Continued on following page) 
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15.001 

VELOCITY of SOUND In GASEOUS HELIUM (Cont.) 

Comments: (cont.) 

Velocity of Sound in Gaseous Helium as a Function of ?ressare_ 

Van Itterbeek and De Laet 

Press'ire 

atm. 

Velocity 

m/sec 

.228°K 

0 

.0195 

.0346 

.0528 

.0837 

.1285 

.1804 

.2305 

.2991 

.3700 

• 4459 

►5513 

.6330 

.7538 

.8828 

121.00 

120.87 
I2O.69 

120.47 

120.01 

II9.34 
118.54 
117-75 

116.63 

115-46 

113.94 
112.16 

110.55 

107.95 
104.78 

Pressure 

atm. 

.3944 

.4291 

.5048 

.5563 

Velocity 

m/sec 

106.25 

105.41 

IO3.34 
101.86 

3.l84°K 

0 

.0350 

.0708 

.1098 

.1514 

.1913 

.2487 

105.01 

104.28 

103.33 

102.29 

101.10 

99.88 

98.04 

Pressure 

atm. 

.O5O8 

.0669 

.O813 

.0923 

.1156 

Velocity 

m/sec 

94.27 

93.63 

93.15 

92.66 

91.72 

2.259°K 

824° K 

3.76 

0 

.0153 

• 0255 

.0378 

.0873 

.1227 

.1724 

.2923 

• 3534 

0 

.10226 

.0269 

• 0335 

.0391 

• 0455 

.0506 

88.44 

87.92 

87.80 

87.56 

87.28 

87.OO 

86.76 

2.2l8°K 

0 

.0256 

.0314 

.0382 

.0446 

2.078°K 

0 

.0182 

.0245 

.0298 

Van Itterbeek and Forrez - 

Pressure 

atm. 

Velocity 

m/sec 

Pressure 

atm. 

Velocity 

m/ sec 

3.582°K 1 3-58 2s K 

0 III.3 1 j .2517 IO6.5 
i /Nr 

.1275 

.1653 

.2143 

109.1 

IO8.8 

108.2 

• j¿06 

.3876 

.4318 

.5204 

XV; • ^ 

104.1 

102.5 

100.0 

(Continued on following page) 
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Velocity of Sound in Helium Gas 

at the Vapour Fressure 

Van Itterbeek /And De Lact 

Temperature 

°K 

Fressure 

atm. 

Velocity 

m/sec 

4.228 
3.76O 
3.184 

2.824 
2.642 
2.259 

2.218 
2.078 

I.OII6 
O.6288 
O.3118 

O.I823 
O.I336 
O.O615 

O.0558 
O.O392 

-!_ 

IOI.96 
99.62 
95-37 

92.62 
90.08 
86.12 

84.83 
82.71 

RDM/FEEG/RS Issued: ï/rf /6l 

112 



V
£l

-O
C

! 
I 

iO
U

N
D

, 
m

e
te

rs
 /

 s
ec

o
n

d
 



V
E

L
O

C
IT

Y
 

0
e
 

3
0
L
N

D
, 

m
e
te

rs
 /

 s
e
co

n
d

 
¡5.001 

TEMPERATURE,°R 
200 300 400 500 

900 

800 

700 

600 

500 P 

400 

300 

200 

100 
0 5C 100 150 200 

TEMPERATURE, °K 

114 

250 

—r n—m-1—r~r~T— —i—i—¡—^ i i—r“r" —r i i i i n r 

VELOCITY OF SOUND 

IN 
GASEOUS HELIUM 

(near one atmosphere pressure) 

— __ 

• 

_ r 

/ / / 

y 

i 

3200 

3000 

2800 

2600 

2400 

2200 

1800 

1600 

1400 

200 

!000 

800 

600 

400 

300 

\ 

A. 

V
E

L
O

C
IT

Y
 

\J
D

, 
fe

e
t/

s
e

c
o

n
d

 



15.002 

VELOCITY of SOUND in LIQUID HYDROGEN 

Sources of Data: 

Galt, J. K.; J. Chem. Fhys. l6, 505 (19½) 

Pitt, A. and Jackson, W. J.; Can. J. Research 12, 686 (1935) 

Van Itterbeek, A. and Verhaegen, L.; Nature 163, 399 (19I9) 

Other References: 

Van Itterbeek, A., Var den Berg, G. J. and Limburg, W.; Phyoica 20, 

SO? (195*0 

Verhaegen, L.; Verhandel. Koninkl. Vlaam. Altad. Wetenschap. Belge. K. 

Wetenschap. 38, (1952) 65 pp. 

Comments : 

The values of velocity of sound presented here on the graph are for 

both equilibrium and normal liquid hydrogen. Isolated values of 

velocity of sound in liquid parahydrogen and various ortho-para 

concentrations arc given. The data for the velocity of sound tabulated 

below and illustrated on the graph are from the references listed above 

as "Sources of Data". The temperature range of the data is II.8 to 
21.0°K. 

Pitt and Jackson found the velocity of sound in liouid hydrogen at 

20.4°K to be II27 m/sec. Galt working at 17°K ±1° found a sonic 

series of values between ll and 21°K as shown in the following table. 

Pitt and Jackson used frequencies of I27 kc/sec, Galt used '+4.4 mc/sec, 
and Van Itterbeek and Verhaegen used 5^3 kc/sec. Pitt and Jackson and 

Galt's values are compared to the values of Van Itterbeek and Verhaegen 
on the accompanying graph. 

Van Itterbeek and Verhaegen 

Saturation Pressure 

Temp. 

°K 

Velocity 

m/sec 

Temp. 

°K 

Velocity 

m/sec 

Temp. 

°K 

Velocity 

m/sec 

21.0 

20.8 

20.4 

20.4 

II50 
1173 

1229 

II90 

18.2 
I8.O 
17.4 
16.7 

1251 

I26O 
1278 
1271 

16.5 
16.3 
14.8 

1265 
1274 
1340 

The ortho-para concentration of the liquid is not reported for the 

above values, and no statement is made regarding the age of the liquid 

hydrogen at the time the measurements were made. Van Itterbeek and 

Verhaegen, without stating the age of the hydrogen at the beginning of 

their measurements, observed a change of velocity at the normal boiling 

point for about 53 minutes, and during that time recorded an increase 

(Continued on following page) 
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Comments : 

VELOCITY of SOUND in LIQUID HYDROGEN (Cent.) 

(cont.) 

from about 11½ m/sec to 12½ m/sec. They state that this increase 
with time is not due to a temperature drift, but probably to a trans¬ 

formation of the normal to parahydrogen in the Mbuid phase They 

aiso assiune that a value of 13½ m/sec at 1¡I.80K corresponds to a 

more complete transformation into parahydrogen, and that Galt's value 

of Ho? m/sec at 17°K ±1° \vas for normal hydrogen. 

Vtjrhaegen reported II30 m/sec for normal hydrogen and 1237 m/sec for 
parahydrogen at 20.h K. '■'bn Ittcrbeek, Van den Berg and Limburg 

noted the catalytic effect of ultrasonic waves speeding up the trans¬ 

formation from normal to parahydrogen. With a frequency of 1 mc/sec 

they iound a velocity of 1129 m/sec and with 3 mc/sec parahydrogen 

gave a value of I23O m/sec, both at 20.4°K. 

FEEG/RDM/RS Issued: I1/19/6I 
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Sources of Data : 

Brown, E. H.; J. Research Nati. Bur. Standards 25-36 (jan.- Mar. 1^0) 

Cornish, H. E. and Eastman, h. D.; J. An. Chem. Soc. 50, 1, 627 (1928) 

Van Itterbeek, A. and Van Doninck, W.; Ann. phys- 88 (19M) 

Van Itterbeek, A. and Vermaelen, R.; Physica 9, 345 (1942) 

Van Itterbeek, A. and Keesom, W. H.; Koninkl. Ned. Akad. Wetenschap 
¿4; 988 (1931); Communs. Phys. Lab. Univ. Leiden No. 2l6c (1931) 

Wooley, H. W., Scott, R. B., and Brickwedde, F. G.; J. ReseareVi UTEg 
U, 379 (1948) RP 1932 

Other References : 

Clark, A. L. and Katz, L.; Can. J. Research 21. L (1943) 

Darrov, K. K.; Phys. Rev. J, 413 (1916) 

Dulong, P. L.; Ann. Chim. et Phys. 4l, II3 (1829) 

Grüneisen, E. and Merkel, E.; Ann. Physik. 66, j44 (1921) 

Hilsenrath, J., et al.; Natl. Bur. Standards Cire. ¿64, (1955) 488 pp. 

Low, J. W.; Ann. Physik. 5?, 64l (1894) ï 

Michels, A., Wassenaar, T. and Workers, G. J.; Appl. Sei. Research AS, s 
121 (1955) 1 

Pitt, A., and Jackson, W. J.; Can. J. Research 12, 686 (l935) 1 

Régnault, V.; Compt. rend. 66, 209 (1868) 

Sturm, J.; Ann. Physik. l4, 822 (l904) 

Thiesen, M.; Ann. Physik. 24, 401 (1907) 

Van Itterbeek, A.; Communs. Kamerlingh Onnes Lab. Univ. Leiden Suppl. 
No. 70b (1932) 

Van Itterbeek, A. and Mariens, P.; Physica 4, 207 (1937) 

Van Itterbeek, A. and Mariens, P.; Physica 4, 609 (1937) 

Van Itterbeek, A. and Van Paemel, 0.; Physica 3, 845 (1938) 

Zoch, I. B.; Ann. Physik. 128, 497 (1866) 

Comments: 

The values of the velocity of sound in hydrogen are presented here as 
functions of pressure, density and temperature. The data illustrated 
in the three graphs and tabulated below are from the references listed 
above under "Sources of Data". The first graph is from E.H. Brown's 
payer and illustrates the velocity of sound as a function of temperature 
■P/-. V» /■» .-1 w* -Î 4- ■? -P L A A A _ ~ j- _ a. a- _ ». ■« ■ r- Q , —. Ä — n 

WU.V. sy U.O ociuyciaoui Cö uc ow«rcn _L j Ö.I1U 3VU 1\ . 

% These data were calculated by Brown using the relation Mc?/rt = (ÒPZ/ÒP)T 
# -1- l/Cv (6TZ/cT)p; where R is the gas constant; M the molecular weight; 

T the temperature; P the density; Cv the specific heat at constant 
volume; Z the compressibility factor; and c the velocity of sound for 
the real gas. The data used by Brown in these calculations are the 

^ (Continued on following page) 
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15.0C2 

'/ELüCITí üf SOUííD in GASEOUS HYDROGEN (Cent.) 

Comments : (cotit.) 

P-V-T and specific heat values from Woolley, Scott and Brickwedde and 

are for the normal hydrogen (75$ ortho, 25$ parahydrogen). The results 

are presented nere on the graph in the form of c/c°, where c° is the 

velocity of sound in the ideal gas and is given by: c° - . 

selected values of cG are given in the accompanying table. 

The second graph illustrates the variation of velocity of sound as a 

function of temperature, at near atmosphere pressure, from the normal 

boiling point (T = 20.39°K) to tOO°K. These data are tabulated below 

from the several references. The third graph illustrates the variation 

of velocity of sound as a function of pressure, for a pressure range 

of 0 to 1.0 atmospheres with temperatures from 17° to 20°K. The data 

from the paper by Van Itterbeek and Keesom are illustrated on this 

plot. The isotherms of velocity of sound versus pressure were extrap¬ 

olated to the vapor pressures as derived from data reported by Woolley, 

Scott and Brickwedde. These smoothed isotherms represent the experi¬ 

mental points with a maximum deviation of 0.5 m/sec except on the 

l8.60°K isotherm where a maximum deviation of 2 rn/sec occurred. The 

values of the velocity of sound at zero pressure have been calculated 

for the ideal gas, i.e., c = s/rT7, where c is the velocity of sound, 

R is the gas constant, T is the temperature and 7 is the ratio of 
specific heats. 

The measurements from the several sources illustrated in these two 

graphs employed a variety of experimental methods using widely differ¬ 

ing frequencies. The hydrogen was cf uncertain ortho-para composition, 

and of uncertain purity, but the results produced by the several exper- 

linenocrs nro ßenemiiv consistent» • 

Tlie units of the velocity of sound in gaseous hydrogen used in the 

tabulations below and on the graphs are: temperature in degrees Kelvin 

(0°C = 273-l6°K), pressure in atmospheres (g = 98O.665), density in 
Amagats (density, gm/cm'3 = density, Amagat x 8.9880 x lO-'5) and the 

velocity of sound in meters per second. 

Velocity of Sound in Gaseous Hydrogen 

as a Function of Temperature 

Cornish and Eastman 

Temp. 

°K 

Velocity 

m/ sec 

Temp. 

°K 

Velocity 

m/sec 

372.52 
369.40 

RRR.R1 

1466.30 
1461.10 
1R8Q.R0 

203.63 

I82.4.I 

iôr.sB 

IO99.OO 

1046..30 
IOOI.60 

308.96 

294.27 
269.02 

238,23 

1337.70 
I307.IO 

I25I.5O 
1181.70 

145.64 

I35.7I 
81.12 

9^7.15 
920.00 

738.00 

(Continued on following page) 
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15.002 

VELOCITY of SOUND in GASEOUS HYDROGEN (Cont.) 

Comments : (cont.) 

Velocity ol Sound, in Caseous Hydrogen 

Van Itterbeek and Vermaelen 

Temp. 

°K 

Velocity 

m/ sec 

Temp. Velocity 

m/sec 

293-0 

283 
273 

253 
233 
213 

1307.6 
1285.6 
1262.5 

1215.4 
II66.3 
III5.2 

J 

100 807.6 
90 768.6 
80 73O.O 

75 711.5 
60 641.0 

50 585.7 

/elocity of Sound in Gaseous Hydrogen- 

as a Function of Pressure 

Press. 

1 atm. 

Velocity 

/ m/sec 

20.42 °K 
1- ¡1 

-9295 

.7981 

.7614 

.6463 

.6078 

.4013 

.2847 

.2567 

.1723 
■1533 

358.9* 
361.4 
361.6 
364.6 

365.5 

369.O 
371.0 

371.5 
372.8 

373-2 

I9.9I°K 

.8028 

.6686 
• 5275 

356.I ‘ 

358.3 

361.3 

Press. 

atm. 

• 3951 
.2738 

.1527 

Velocity 

ni/ sec 

363.9 
365.7 
368.3 

19.38°k 

.6395 

.5852 

.5323 

.**006 

.3011 

.1993 

.1109 

352.4 

354.O 
354.8 

357.5 

359.4 

361.4 
363.O 

i8.6o°k 

.4021 

• 3540 
350.9 

351.1 

Press. 

II atm* 
— 
Velocity 

ra/sec I 
. ¿0O0 

[I .1116 
353.2 

355.9 . 

17.85°K 

- .3621 
.3126 
-2539 
.1978 

• 1403 

342.1 

342.9 
344.3 

345.7 

347.3 

17-170K 

.2690 

.2113 

.1726 

.1311 

.1042 

338.0 

339.1 

339.7 
340.5 

341.2 

(Continued on following page) 
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15.002 

VELOCITY of SOUND in GASEOUS HYDROGEN (Cont.) 

Comments : (cont.) 

Bie various experimental methods employed and the results obtained by 

researchers over the last century or more are of interest. 

Æie work of P. L. Dulong on the velocity of sound, published in l8?9> was 

based on the experimental determination of the frequency of vibration 

produced in the same tube when filled successively with various gases. 

He assumed that these frequencies were directly proportional to the 

velocities of sound in the different gases. Letting V and n be the 

velocity and frequency when the tube was filled with air, and Vi and ni 

the values when filled with the gas being studied, we have V/Vi = n/ni. 

Adopting the value of 333 m/sec for air at 0°C and 1 atm. he arrived at 

a value of 1269.5 m/scc for hydrogen. 

P.egnault published a critical review of all possible sources of error in 

the case of sound traveling in tubes up to 100 mm length and of varying 
diameters. From his experiments he concluded that both the velocity and 

the intensity of sound decrease as the tube diameter decreases. Assuming 

tha velocity in dry air at 0°C to be 331-37 m/sec, he gives the velocity 

in hydrogen to be 3.801 times as large, namely 1259.5 m/sec. Zoch's 

value^of 1286 m/sec is obviously too ¿arge. Low's value of 1236 m/sec 

at 15 C, he himself questions. Sturm used a tube having a 21 mm diameter, 

and arrived at a value of 1257.8 m/sec at l8°C. 

One cause of the variation of the velocity of sound when measured with 

different frequencies may be found in the relaxation time. A. L. Clark 

and L. Katz state in a footnote: 

degrees of freedom is known as the relaxation time. Dispersion of 

sound with frequency is the phenomenon which occurs when the 

frequency is so great as to be comparable to the relaxation time. 

This phenomenon appears as a change of velocity of sound, change of 

the ratio of specific heats of the gas, and of some related 
quantitiee." 

Darrow, using frequencies from itOO to 2000 cycles/sec concluded that the 

velocity in hydrogen was 3-79^ times as great as in air. By interpolation 

of the data published in 1955 by Michels, Wassenaar and Wolkers, we find 

the velocity in air at 0°C and 1 atm. to be 331-5^ m/sec. Using this 

value, Darrow's value for hydrogen becomes 1257.19 m/sec. Grimeisen and 

Merkel give as the most probable value 1260.6 at 0° and 357.0 at -252.9°C 

using 427 kc/sec frequency. Van Itterbeek and Mariens used a piezo-quartz 

crystal having a frequency of 304.4 kc/sec and arrived at a value of 0°C 
of 1256 m/sec. 

Cornish and Eastman used resonance tubes and audible frequencies up to 

10,000 cycles per second using an adaptation of Thiesen's method. After 

applying certain corrections to Grilneisen and Merkel's data, they aiicrgeat 

as a best value at 0°C, 1260.9 m/sec. 

In view of all this it is remarkable that Dulong in I829 arrived at a 
figure of 1269 lying in the range of present day values, which in the 
case of Pitt and Jackson are as high as 1286 m/sec. 

REEG/pÏm/rS Issued: 4/l9/6l 
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Calculated from the data of H= W. Wnolley, R. B. 
Scott, F. G. Brickwedde, "Compilation of Thermal 
Properties of Hydrogen in its Various Isotopic and 
Ortho-para Modifications," J. Research NBS 41, 
379 (1958) RP 1932, by means of the formula 

Mc^ _ 9pz r_ arz 2 
RT ' ' 9p T 1 c 3T V 

o,— . ÍR 
Sonic Velocity c (T) = 
Normal Hydrogen in the Pe 

Ty°(T) of 
rfect Gas State 

T°K c m/ sec. T*K c m/ sec. 

20 
22 
24 
26 
28 

30 
32 
34 
36 
38 

40 
42 
44 
46 
48 

50 
52 
54 
1_ 

370.8 
388.8 
406. 1 
422. 7 
438. 7 

454. 1 
469.0 
483.4 
497.4 
511.0 

524. 3 
537. 2 
549.8 
562. 1 
574. 1 

585.8 
597. 3 
608. 5 

1-— 

56 
58 
60 
65 
70 

75 
80 
85 
90 
95 

100 
150 
200 
250 
300 

400 
500 
600 

619.4 
630. 1 
640.6 
665.7 
689.4 

711.8 
733.0 
753. 1 
772. 3 
790.6 

808. 1 
959.2 

1089 
1208 
1318 

1519 
1697 
1858 

y,f_ttahV»¿4 u Rrown . F.vnansion Eneines for 

hydrogen liqucfiers, J. R.esearch NBS > 25 

(January-March 19i>0), 

r 
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15.002 
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15-003 

VELOCITY of SOUND in GASEOUS NEON 

H. and Van Lammeren, J. A.; Physica 1, ll6l (193*0 

j Other References: 

Grennspan. M. Acoust. Soc. An. 28; 644 (1956) 

Keescra, W. H. and Van Itterbeek, A.; Proc. Acad. Sei. Amsterdam 2¿, 
440 (1930); Communs. Phys. Lab. Univ. Leiden No. 209a (l930) 

Skudrzyk, E.; Acta Fhys. Austriaca 2, l46 (1949) 

Van Itterbeek, A. and Mariens, P.; Physica 125 (l94o) 

Van Itterbeek, A. and Thys, L.; Physica 5, 8Ö9 (1938) 

Comments : 

The values of the velocity of sound in gaseous neon are given here as 
functions of pressure and temperature for temperatures from 26.25°K 

to 273.I°K at various pressures between 0 and O.9825 atmospheres. The 

26.25°K isotherm on the plot of the velocity of sound versus pressure 

has been terminated 8t the j)oint of saturation. All the data tabulated 

below are from Keesom and Van Lammeren listed above under "Sources of 

Data". 

The values 

average val 

sound range Th< 

>city of sound by Keesom a: 

Dm measurements at several 

error caused by the resoi 

Van ren 

m+.i (hea 

are the 

the audible 

iction and 

viscosity) in the experimental apparatus was corrected by means of the 

Kirchhoff-Helmholtz formula as reported by Keesom and Van Itterbeek. 

No estimate is made of the accuracy of the measurements or the purity 

of the neon gas used. 

The values of the velocity.of sound at 0 pressure were calculated for 

the ideal gas, i.e., c = n/RT/ where c is the velocity of sound, R is 

the gas constant, T is the temperature and 7 is the specific heat ratio. 
The 26.25°K isotherm has been terminated at the saturated vapor pressure. 

The units of the velocity of sound in neon gas used in the tabulations 

below and on the graphs are: temperature in degrees Kelvin fxC°C = 

273.16°K), pressure in atmospheres (g = 89O.665) and the velocity of 
sound in meters per second. 

(Continued on following page) 
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15.00.3 

r 

VELOCITY of SOUND in GASEOUS NEOK (Cont.) 

Comments : (cont.) 

■ 

Velocity of Sound in Gaseous Neon 

as a Function of Temperature 

Keesom and Van Lammeren 

Temp. 

°K 

Pressure 

atm.' 

Velocity 

m/sec 

273-1 

170.0 
90.24 

74.11 

62.54 

O.8626 
O.9822 
O.9581 
O.8152 
0.9784 

433.4 

342.2 

249.3 

225.7 

207.I 

Velocity of Sound in Gaseous Neon 

as a Function of Pressure 

Keesom and Van Lammeren 

Pressure 

atm. 

Velocity 

m/sec 

Pressure 

atm. 

Velocity 

m/sec 

27.8o°K 26.25°K 

O.9825 
i O.8053 

0.6024 

, 0.4514 

O.2859 
O.I376 

134.9 
135.6 

136.3 
136.8 
137.3 
138.1 

O.676O 
O.5063 
0.4113 

O.2763 

13I.9 
132.6 j 

133.O I 

133.5 

J 
Van Itterbeek and Thys made measurements of the velocity of sound in 

neon gas using a sound wave with a frequency of 304.4 kilocycles per 

second; whereas Keesom and Van Lammeren had used audible sound. From 

these measurements they calculated the value of the velocity of sound 

at 0°C and 1 atmosphere pressure in neon gas as 434-9 m/sec, differing 

slightly from the value of 433-4 m/sec reported by Keesom and Van 

Lammeren. Van Itterbeek and Thys conclude that their own neon contained 

a small amount of hydrogen. 

Van Itterbeek and Mariens made measurements on carbon dioxide to which 

small amounts (0.28$) of neon had been added to study the effect of 
this impurity. 

Skudrzyk derived relations of absorption and velocity of sound and com- 
nared f-hem ui l.h t.Vip c«! hvnnt.hpsi r nf ilt.nVpR . Wip KnoM-Ppp be¬ 

havior of helium and neon was also explained. 

Greenspan measured the speed and attenuation of sound at 11 megacycles 

in helium, neon, argon, krypton, and xenon at various pressures between 

atmospheric and a few mm Hg, and compared the results with existing 

theories. 
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Sources of Data: 

Vc-n Itterbeek, A., de 3ock^ A. and Verhaegeii, L.j Physlca 1¿, 62b (19^9) . 

Van Itterbeek, A., and Van Dael, Vf.; Bull. inst. Intern, froid. Annexe 

I938-I, 295 (1958) 

Other References : 

Ilirschlaff, E.; Proc- Cambridge Phil. Sue. 34, 296 (1938) 

Liepmann, H. W.; Helv. Phi^s. Acta. 12, 421 (1939) 

Galt, J. K; J. Chem. Phys. l6, 305 (1948) 

Van Itterbeek, A., Van den Berg, G. J. and Limburg, W.; Physlca 20, 

SOT (1954) 

Venkatasubramanian, F. S.j J. Indian Inst. Sei. ¿7, 227 (1955) 

Comments: 

The velocity of sound in liquid nitrogen is presented here as a 

function of pressure and temperature between the temperatures of 

64.5°K and 90.25°K at various pressures from 1 to 67 atmospheres. 
The data tabulated below and illustrated on the graphs are from the 

references listed above under "Sources of Data". f 

rhe data by Van Itterbeek, de Bock and Verhaegen tabulated below are : 

illustrated in the graph of the velocity of sound versus temperature. 

The authors report these values as being observed at the pressures of 

the saturated liquid with sound having a frequency of 535 kilocycles 

per second. No mention is made of the purity of the sample used or , 

the estimated accuracy of the measurements taken. . 

The data illustrated in the graph of the velocity of sound in liquid 

nitrogen versus pressure at constant temperature are from Van Itter¬ 

beek and Van Dael. These isotherms terminate on the low pressure end 

at saturation as indicated on the graph, and therefore should not be 

extrapolated to lower pressures. The authors report sound frequency 

of 528.58 kc/sec used to take the measurements at 77-40°K and sound 
of 519.OO kc/sec used to take the measurements at 90.25°K. No men¬ 

tion is made by the investigators as to the purity of the sample or 

the estimated accuracy of the measurements. 

The units of the velocity of sound in liquid nitrogen used in the tabu¬ 

lations below and on the graphs are: temperature in degrees Kelvin 

(0°C = 273.16°K), pressure in atmospheres (g = 98O.665) and the velocity 
of sound in meters per second. 

(Continued on following page) 
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L5.00J) 

VFLOnm of SOL® in LIQUID NITROGEN (Cent.) 

Conments: (c ont.) 

Velocity of Sound in Liquid Nitrogen 

at Saturation Pressures as a Function of Temperature 

/an Itterbeek, de Bock and Verhaegan 

Temp. 

°K 

Velocity 

m/sec 

64.5 
05.4 
66.4 
67-5 

IOO9.6 
IOO2.5 
998.2 
9^4.7 

Temp. 

°K 

Velocity 

m/sec 

70.2 
7I.9 
74.7 
77.5 

945.8 
92I.3 
907.2 
857.I 

Velocity of Sound in Liquid Nitrogen 

as a Function of Pressure 

Van Itterbeek 

Pressure 

£i oin • 

Velocity 

m/sec 

1 77.40’K 

I k-2 
9.2 

13.9 
31.8 

42.0 
42.1 
49.6 

51-9 
54.1 
60.9 
66.7 

861.6 
863.2 
868.0 
881.2 

885.4 
889.1 
894.7 

896.5 
898.1 
902.0 
907.1 

90.25°K 

4.6* 
8.1 

731-2 
732.3 

and Van Dael 
-1 
Pressure 

atm. 

Velocity 

m/sec 

8.3 
10.2 

I5.5 
15-9 

19-2 
24.8 
28.8 
32.3 

38.6 
39-3 
39-3 
43.7 

44.2 
47.4 
49.3 
55-7 

735.7 
737-3 
745.3 
743-0 

743.4 
753-2 
756.2 
759-7 

769.2 
767.4 
768.7 
775-4 

773-9 
777-7 
780.7 
787.5 

Value appears on both graphs 
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15.004 

VELOCITY of SOUND in OtóEíXJS NITROGEN 

Durce^ of Data: 

Keesom, W. H. and 

3¿, 727 (1932) 

Hilsenrath, J., et 

Lammeren; J 

Bur. Standards Clrc. 564 (1955) 488 pp. 

Lunbeck, R. J., Michels, A. and Wolkers, G. J.; Appl. Sei. Research AR, 
197 (1992) 

Other References: 

Foley, A. L., International Critical Tables of Numerical Data, Physics, 
Chemistry and Technology VI, 1st Edition Published for the National 
Research Council by the McGraw-Hill Book Co., Inc. (1929) p. 46 

Van Itterbeek, A. and Mariens, P.; Physica 4, 207 (1937) 

Shilling, W. G. and Partington, J. R.; Phil. Mag. 6, 920 (1928) 

Hodge, A. II.; J. Chem. Phys. 5, 974 (1937) 

Colwell, R. C. and Gibson, L. H.; J. Acoust. Soc. Am. 12, 436 (l94l) 

Van Itterbeek, A. and Van Doninck, W.; Ann. phys. I9, 88 (1944) 

Michels, A., Lunbeck, R. J. and Wolkers, G. J.; Physica 17, 8OI (1951) 

Dixon, H. B., Campbell, Ç. and Parker, A.; Pjroc. Roy. Soc. (London) 
A100, 1 (1921) 

as functions of temperature and pressure. Three graphs are given with 
accompanying tabular data. The first graph illustrates the velocity 
of sound in nitrogen near one atmosphere pressure, versus temperature 
between 77-395^ (the normal boiling peint) and 280°K. The final two 
graphs present the velocity of sound in nitrogen versus pressure, with 
pressures of 0 to 1 atmosphere and 0 to 3OOÛ atmospheres, respectively. 
The data illustrated in the graphs and tabulated below are from the 
references listed above under "Sources of Data". The data illustrated 
in the plot of velocity of sound as a function of temperature and in 
the graph of the velocity of sound as a function of pressure between 
0 and 1 atmosphere are from Keesom and Van Lammeren; and Hilsemath, 
et al. The values of the velocity of sound at 0 pressure were calcu¬ 
lated for the ideal gas, i.e., c = n/rT7, where c is the velocity of 
sound, R is the gas constant, T is the temperature, and 7 is the specific 
heat ratio. The data by Hilsenrath, et al., are reported by the authors 
as the velocity of sound at low frequency. A comparison of these data 
with experimental values appears in National Bureau of Standards Cir¬ 
cular 564, and indicates an agreement with the experimental vainas n-P 
less than 1$ maximum deviation. Hilsenrath, et al., present their data 
as ratios in the form of a/a0, where a is the value of the velocity of 

(Continued on following page) 
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•Comments: 

15.004 

VELOCITY of SOUND in GASEOUS NITROGEN (Cont.) 

(Cont.) 

low freouency sound at a given temperature and pressure, and a0 (a0 = 

336.96 m/sec) is the velocity of sound at 0°C and 1 atmosphere of pres¬ 
sure. All values from Hilsenrath, et al., tabulated here have been 

converted to specific values of velocity of sound. fCees.om and Van 

Lammeren make no mention of the frequency of the sound used in their 

determinations but do claim 0.15$ accuracy in their measurements. All 

of the above data are for a pressure of approximately 1 atm. 

The data by Lunbeck, Michels and V/olkers tabulated below and illustrated 

in the plot of the velocity of sound in nitrogen gas as a function of 

pressure between 0 and 3OOO atmospheres were calculated by the authors 

from a correlation of their own experimental data. The authors esti¬ 

mate a maximum error in these calculations of 10$. However, in the 

temperature range reported here, the maximum error should be substan¬ 

tially smaller. 

The units of the velocity of sound in nitrogen gas used in the tabula¬ 

tions below and on the graphs are: temperature in degrees Kelvin (0°C = 
273.16° K), pressure in atmospheres (g = 98O.665) and the velocity of 

sound in meters per second. 

Velocity of Sound in Gaseous Nitrogen as a Function of Pressure* 

Press. Velocity, my ̂sec 

a4.m -1258C -100°c -75°C -50°C o0cj 

t-
* 
0
 
0
 

248.1 
241 

268.2 

264 
286.9 
285 

304.6 
304 

321.1 
322 

337.0 

338 
30 
50 

100 
200 
3OO 

400 

6OO 
8OO 
1000 
1200 
1500 

2000 
25OO 
3OOO 

229 
230 

362 
5ÒÓ 

689 

776 

904 
1007 
IO92 

II67 

1265 

l4o8 
1531 
1636 

260 

261 

298 

462 
588 

681 

822 

930 
1020 
1100 
1202 

13^7 
1473 
1587 

284 
286 

310 

415 

527 
620 

76c 

870 

961 

1040 
13 46 

1293 
1423 
1535 

306 

310 

326 
4o4 
496 

580 

719 

827 

917 

996 
1101 

1250 

1381 

1495 

324 

329 

3^5 
405 

483 
559 

688 
796 
886 
963 

1068 

1218 

1348 
1462 

342 
346 

362 

414 
48l 
549 

670 

774 
863 
941 

1044 

1197 
1329 
1448 

* Values are from Lunbeck, Michels and Wolkers i 
(Continued on following page) 
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15.004 

VELOCITY of SOUND in GASEOUS NI'CROGEN (Coat.) 

Comments: (oont ) 

Velocity of Sound in Gaseous Nitrogen as a Function of Pressure 

Temp. 

°K 

Press. 

atm. 

Velocity 

m/ sec 

Keesom and Van Lammeren 

90.3T 

82.95 

O.9299* 
O.7293 
0.55^1 
O.438O 

O.3207 

O.I973 
0.1176 

1.0146* 
0.7957 
0*5953 
0.4179 

0.2923 
0.1921 
0.1022 

191.0 

191.7 
192.2 
192.6 

192.9 

193.3 
193.3 
181.8 

182.8 

183.4 
184.0 
184.6 
185.0 

185.5 

Temp. Press. Velocity 

°K atra. m/sec 

77.95 

7I.92 

O.9026* 

O.7122 

O.5789 
0.4380 

O.3029 

0.2025 
O.II83 

O.3879 
O.3382 

O.2627 
O.I93I 

O.II88 

I76.O 

176.9 
177.5 
I78.O 

178.7 
I79.2 

179.7 

170.9 
I7I.I 
171.6 

I72.O 

172.6 

Hilsenrath, et al. 

100.0 0.01 ¡ 203.86 

0.1 203.52 

1.0 1 201.50 1 

* These values also appear on the velocity of sound 

as a function of temperature plot. 

Velocity of Sound in Gaseous Nitrogen as a Function of Temperature* 

Temp. 

°K 

Velocity 

m/sec 

Temp. 

°K 

Velocity 

m/sec 

Pressure = 1 atm. Pressure = 1 atm. 

100 

110 

120 
130 

i4o 

150 
160 

I7O 

I80 

190 

2OI.5O 

212.28 

222.06 

231.15 
240.25 

249-01 
257.IO 

265.19 

273-27 
280.69 

200 

210 

220 

23O 

240 

25O 

26O 

270 
28O 

288.10 

295.18 

302.25 
308.99 

315.73 

322.13 
328.54 
334.94 
341.34 

* Values are from Hilsenrath, et ad . 

(Continued on following page) 
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VELOCITY of SOUND in GASEOUS NITROGEN (Cont.) 

15 oo4 

umments: (cont.) 

Work done by other investigators is also of interest. Foley made a 

critical review of all work on the velocity of sound in nitrogen prior 

to 1928 for inclusion in the section on sound in the International 
Critical Tables and reported. 337-7 m/sec at 0°K and 1 atm. pressure. 
Dixon and co-workers gave a value 337.6 at G°C and 720.6 m/sec at 
1000°C. Shilling and Partington worked with nitrogen from which the 

rare gases had not been removed but which had been freed from moisture 

by passage over sodium hydroxide and phosphorus pentoxide. Measure¬ 

ments were ^carried out from 16.7 to 1000°C yielding values from 347.6 

to 720.6 m/sec at these limiting temperatures. 

Hodge made measurements on impure nitrogen at 27°C at pressures from 
1 to 100 atmospheres. Since water vapor and other impurities of un¬ 

known amounts had not been removed, no importance can be attached to 

his results. Colwell and Gibson used a rapid succession of sound 

pulses and an oscilloscope and found no variation in velocity at 0°C 

for pressures from 26 to I76 cm Hg. The average of 2100 measurements 

gave a value of 337-12 m/sec at 0°C. 

The above authors also give values for the velocity as a function of 

pressure ranging from I83.I m/sec at zero pressure and 80°K to about 
180 m/sec at 0.8 atmospheres. 

1 
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15.005 

VELOCITY of SOUND in LIQUID OXYGEN 

Sources of Data : 

Liepmann, II. W.; Helv. Thys. Acta 11, 38I (1938) 

Galt, J. K.; J. Chern. Phye. lo, 505 (19^8) 

Vail Itterbeek, A. and de Bock, A.; Physica Í4, 5^2 (1948) 

de Bock, A.; Verhandel. Konlnl;!. Akad. Wetenschap. 11, No. 31 (1949) 
48 pp. 

Van Itterbeek, A. and Van Dael, W.; Bull. inst. intern, froid. Annexe 

I958-I, 295 (1958) 

Hilsenrath, J., et al.; Natl. Bur. Standards Circ. 584, (1955) 488 pp. 

Other References: 

Pitt, A. and Jackson, W. J.; Can. J. Research 12, 686 (1935) 

Bär, R.; Nature- 1^5, 153 (1935) 

Liepmann, H. W.; Helv. Phys. Acta 2> 507 (1936) 

Comments: 

Values of the velocity of sound in liquid oxygen are presented here as 

functions of temperature and pressure between the temperatures of 60°K 

and 9O0K at pressures ranging from the pressures of the saturated liquid 

to 70 atmospheres. The data illustrated on the graphs and tabulated 

below are from the references listed above under "Sources of Data". 

The data by Galt; Van Itterbeek and de Bock; Van Itterbeek, de Bock and 

Verhaegen; Liepmann (1938); and de Bock are tabulated below and illus¬ 
trated in the graph showing the velocity of sound in liquid oxygen 

versus temperature. Galt reports sound of frequency 44.4 megacycles 

per second- used in his determinations, and estimated his experimental 

sample as being 99-5/( oxygen. ■ Van Itterbeek and de Bock used an acoust¬ 
ical interferometer with an x-cut quartz crystal of frequency 539-6 kilo 
cycles per second in making measurements in which they estimate a maxi¬ 

mum error of 0.2$. Van Itterbeek, de Bock and Verhaegen used a fre¬ 

quency of 535 kc/sec to propagate the sound in their observations. 
Liepmann (1938) reports velocities of sound in liquid oxygen as a func¬ 
tion of the boiling temperature at various pressures, using frequencies 

of 7,500 and 1,500 kc/sec. de Bock reports data obtained with the same 

apparatus used by Van Itterbeek and de Bock. No further information on 

the purity of the samples or the accuracy of the measurements is given 

by any of the authors from any of the sources of data. 

The data by Van Itterbeek and Van Dael are tabulated below and'illus¬ 

trated on the graph of the velocity of sound in liquid oxygen at con¬ 

stant temperature as a function of pressure. The authors report a 

nf 539 ^ Vo/rcpi' nfipd in the observations made at 77..1ir/0K and 

two frequencies of 527 and 534 kc/sec used in the observations made at 
90.31°K. No mention is made as to the accuracy of the measurements or 

(Continued on following page) 
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VELOCITY ox'' ttOü.NJJ in IJ.QUID OXYGEN’ ) 

Ccinmei its: ( con t. ) 

pux -L ly uf the sample used. These two isotherms were extrapolated 
:o saturati°n Pressures as derived from data reported by Hilsenrath 
et al. j , 

'^.ing the vibrations of a piezoelectric quartz plate driven at a high 
.requency .f ki kc/sec, Pitt and Jackson found the velocity of sound 
n liquid oxygen at -l82.9°C to be 912 m/sec. By means of the scatter- 

Ultr^S0nlc vaves in Squids, Bar found the velocity at 
-103.0 C to be 903 m/sec. He used a frequency of 7,500 kc/sec. 

The units of the velocity of sound in liquid oxygen used in the tabu- 
iations beiowand on the graphs are: temperature in degrees Kelvin 
(.0 = 273.l6“Ky, pressure in atmosphere (g = 98O.665) and the velo¬ 
city of sound in meters per second. 

Velocity of Sound in Liquid Oxygen 

! Temperature 

°K 

Velocity 

m/sec 

Temperature 

°K 

Velocity 

m/sec. 
Galt 

— . " —■ ■ 1 
Van Itterbeek & de Bock 

60 ±5 
70 ±1 
87.O ± 0.2 

1094 
952 

73.0 
75.0 
77.5 
ÍV» n 

IO34 

IOO7 
991 

974 
956 
935 
909 

de Bock 
CXJ *\J 

82.5 
85.0 
87.5 
90.0 

73.00 
76.55 
76.75 

80.45 
80.65 
83.45 

1036.3 
1014.4 
1011.2 

987.1 
938.0 
967.0 

Van Itterbeek, de Bock 
& Verhaegen 

83.^5 
85.30 

85.30 

87.50 
87.50 
90.30 

968.6 
955.6 
955.1 

935.1 
936.2 
904.9 

60.5 
62.O 
64.5 
67.9 

78.6 
82.5 
86.1 
90.5 

1128.9 
1137.4 
llll.l 
1083.0 

1007.3 
966.8 
933.5 
902.3 

(Continued on following page) 
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VELOCm of SOUND in LIQUID OXYGEN (Cent.) 

Comments: (cont.) 

Velocity oí Sound in Saturated Liquid Oxygen 

as a Function of Temperature 

Liepmann (1938) 

Temp. 0C 
• s\ a 
X u.x 

Velocity, m/sec* Temp. 0 C 

± 0.1 

Velocity, m/sec* 

75OO kc/sec 1537 kc/sec 75OO kc/sec 1537 kc/sec 

-183.6 
-183.7 
-185.8 
-187.2 

-187.7 
-189.2 
-189.4 
-190.5 

-191.7 
-193.5 
-195.6 

911 

932 
945 

954 

975. 

982 
1000 
1021 

915 
928 

948 

962 

-I97.3 
-198.4 
-198.5 
-199-2 

-200.7 
-201.4 
-203.3 
-203.6 

-204.8 
-204.9 
-209.9* 

1028 

1043 

IO61 

1079 

1090 

1121 

1042 
1044 

1072 

1091 

1100 

* Values have a maximum error of about 1^. 

Velocity of Sound in Liquid Oxyger 

Í 

? 

i 
ï 

« 

' 

! 

; 

« 

a Function of Pressure 

Van Itterbeek and Van Dael 

Pressure Velocity 

m/sec atm. 

Velocity 

m/sec atm. 

77.35°K 90.31°K 

6.3 
12.5 
15.8 
19-7 

23.9 
27.9 
31.5 
34.7 

45.4 
53-2 
55.1 

1009.9 
1012.6 
1014.0 
1017.7 

IOI9.3 
1021.7 
1021.9 
IO23.2 

1027.9 
1031.8 
1032.0 

3.8 
10.2 
16.6 
I8.8 

23.6 
29.4 
36.5 
38.3 

45.5 
49.5 
55.2 

905.1 
908.4 
912.1 
913-3 

917.O 
920.2 
922.7 
925-6 

928.6 
930.3 
934.8 

59-8 

62.2 
64.0 
70.1 
71.I 

IO34.8 

1036.2 
IO36.5 
1039.2 
IO39.7 

58.3 

61.8 
66.2 
68.3 
7I.2 

937-6 

959.4 
939-5 
942.3 
944.5 
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15-005 

VELOCITY of SOUND in GASEOUS OXYGEN 

Sources of Data: 
——- 4 

Van IVterbeek, A. and Van Paemel, 0.; Physica 5, 593 (1938) 

ftLlsenrath, J.; et al,; Natl. Pur. Standards Circ. 564, (1955) pp. 

Other References: ^ 

Dulong, P. L.; Ann. de chimie et de phys. 4l, II3 (1829) 

Dulong, P. L.; Pogg, Ann. 16, 438 (J829) 

Cook, S. R.; Phys. Rev. 23, 212 (1906) 

Schweikert, G.; Ann. Riysik. 48, 593 (I913) 

Keesom, W. K., Van Itterbeek. A. and Van Lammeren, J. A.; Proc. Acad. 

Sei. Amsterdam j4, 998 (193O); Conamms. Fnys. Lab. Univ. Leiden No. 
2l6d (1931) 

Pitt, A. and Jackson, W. J,; Can. J. Research 12, 686 (1935) 

Van Itterbeek, A. and Mariens, P.; Physica 4, 207 (1937) 

Van Itterbeek, A. and Mariens, P.; Physica 4, 609 (1937) 

Van Itterbeek, A, and Van Doninck, W.; Proc. Phys. Soc. (London) 
Ó2B, 62 (1949) 

Bancroft., D.; Am. J. Phys. 24, 355 (1956) 

Van Itterbeek, A. and Zink, J.; Appl. Sei. Research KJ, 375 (1958) 

Pielemeier, W. H., Phys. Rev. 36, IOO5 (l930) 

The velocity of sound in gaseous oxygen is presented here as a function 

of temperature and pressure. Data for temperatures from 74,12°K to 
280°K are given at various pressures from 0.01139 atmospheres fo loo 

atmospheres. The data tabulated below and illustrated on tí phs 

are from the references listed above under "Sources of Data". 

The data illustrated in the graph of the velocity of sound as a 

function of pressure at pressures below 1 atmosphere are from Van 

Itterbeek and Van Paemel. The isotherms of velocity of sound versus 

pressure were extrapolated to the vapor pressures as derived from data 

reported by Hilsenrath, et al. Van Itterbeek and Van Paemel report an 

average error of OJ# in their measurements made with ultrasonic sound. 

No mention is made of purity of the sample used. 

The data illustrated in the graph of the velocity of sound as a function 

)f pressure for pressures from 1 to 100 atmospheres are from Hilsenrath, 
et al. Ihe values of the velocity of sound for 0 pressure have been 

calculated for the ideal g&s^ i#e*j c = n/RT7j ‘where c is the velocity 
uf sound, R is the gas constant, T Is the temperature and y is the 
iatic of specific heats. Hilsenrath, et al», calculated the velocity 

of low frequency sound in gaseous oxygen with an equation of state for 

oxygen. At temperatures below 0°C they claim a maximum error of .5$ 
in their values. Hilsenrath, et al., present.their data as ratios 

(Continued on following page) 
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VELOCITY of SOUND iu GASEOUS OXYGEN (Cont.) 

Comments : (cont.) 

in the form of a/a^ where a is the value of the velocity of sound at 

low frequency at a given temperature and pressure, and a0 is a datum 
value (a0 = 31H.82 ra/sec) at 0°0 and 1 atmosphere of pressure. All 

values from Hilsenrath, ct al., tabulated here have been converted to 

specific values of velocity of sound. 

The plot of the velocity of sound versus temperature for pressures 

near 1 atmosphere is an illustration of data from both Van Itterbeek 

and Van Paernel and Hilsenrath, et al. 

The units of the velocity of sound in gaseous oxygen in the tabulations 

below and on the graphs are: temperature in degrees Kelvin (0°C = 

273.16°K), pressure in atmospheres (g = 98O.665) and the velocity of 
sound in meters per second. 

Velocity of Sound in Gaseous Oxygen as a Function of Pressure 

Van Itterbeek and Van Paernel 

Press. 

atm. 

Vel. 

m/sac 

Press. 

- atm. 

Vel. 

m/sec 

Press. 

atm. 

Vel. 

m/sec 

Press. 

atm. 

Vel. 

m/sec 

[ 92.03°K 88.72°K 83.05°K 
! 

78.15°K 
0.9815* 
O.8355 
O.677O 

0.5145 
O.35OO 
O.2606 

I79.6 
179.9 
180.5 Í 

180.9 
181.5 
181.9 

0.7242 
O.5974 
0•472 3 

0.3408 
0.2o¿4 

176.6 
I77.3 
177.6 

178.O 
178.6 

0.4226 
O.3III 
O.1889 
0.0842 

171.3 
172.0 
173.3 I 
173.3 

O.2061 
•0.1470 
0.0968 
0.0451 

I07.2 
I67.7 
167.9 
168.5 

8o.6o°k 76.00°K 
84.95°K 0.2624 

0.2526 
0.1803 

0.1091 
0.0566 

169.5 
169.8 
169.9 

170.4 
170.9 

O.I329 
O.O892 
O.O517 
O.OU39 

165.3 
165.8 
166.I 
165.3 

86.92°K 
O.4776 
O.3454 

O.2276 
O.I203 

173.5 
173.9 

174.5 
I75.I 

0.6250 
0.3007 
0.1108 

0,5164 
0.4115 
0.2007 

174.9 
176.2 
I77.I 

175.5 
175.9 
176.6 

74.12°K 

O.IO32 
O.O7O3 
O.O358 

163.3 
163 • 6 
164.¾ " -f 

* Values also appear on the graph of the velocity of sound as a 

function of temperature. 

(Continued on following page) 
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VELOCITY of SOUND in GASEOUS OXYGEN (Cent.) 

Comments : (cont.) 

Hilsenrath, et al. 

Velocity of Sound, m/sec 

Temp. 

°K 

Pressure, atmospheres 

1* 10 40 70 100 

120 

l4o 
I60 

180 

200 

220 

240 
260 

280 

207.47 

224.47 
240.52 

255.32 
269.49 
282.71 

295.3O 

30''. 26 

318.60 

233.91 

250.91 

266.34 
280.82 

294.04 
306.63 

318.91 

235.80 

257.84 
275.7Ö 

291.84 
306.32 

319.54 

255.63 
275.78 

293.IO 

308.52 

322.69 

286.80 

' 300.97 

314.82 
328.04 

* Values in this column also appear on the velocity of 

sound as a function of temperature graph. 

As early as I829, P. L. Dulong arrived at a value of 317.17 m/sec fpr 
the velocity of sound in oxygen gas at G°C and one atmosphere pressure 

with reference to air under the same conditions assumed to be 333 m/sec. 
Cook made measurements between liquid air and room temperatures, which 

are in good agreement with the data presented here. 

Schweikert's article contains an excellent list of 47 original 
references with titles of papers dating back to 1829* His own final 

value obtained with Kundt’s dust figures in tubes was 315«7 m/sec 
at 0°C and one atmosphere. His value for air under like conditions 

was 331.9 m/sec. 

Piáleme1er employed ultrasonic frequencies ranging from 316 to 1219 

kc/sec and found the velocity of sound relatively independent of 

frequency within this frequency range. 

Keesom, Van Itterbeek and Van Lammeren obtained a value of 315.4 m/sec 
at 0°C. Measurements were also made by these authors at lower temper¬ 

atures and various pressures below 1 atmosphere. These values are in 
rrrvr^ n r m o >0 4- T.ri+h ■)'V»o + Tnvoc orvf a A Viot'ví 
-— —o-- --— —--X--—--- 

Pitt and -Jackson found a velocity of 315*^ m/sec at 0°C and 177-6 
m/sec at -l82.9°C> at one atmosphere pressure. Van Itterbeek and 

Mariens give 315.5 m/sec at 0°C and 1 atmosphere and also at 90.19°K, 
which agree quite well with those of Keesom, Van Itterbeek and Van 

Lammeren. 

(Continued on following page) 
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Comments: (cont.) 

Tbe article by Van Itterbeek and Van Donlnck deala principally with 
ml V.,, 4- ^ T__j * * 

VELOCITY of SOUND in GASEOUS OXYGEN (Cor.t.) 

m xtures of gases, but also contains a few measurements on pure oxygen. 

Bancroft described a method of determining the velocity of sound by 

observing the frequencies of radial oscillation of a gas confined in 

a spherical cavity, by which method he found a velocity of 315-12 m/s^c 
for oxygen at one atmosphere and.0°C. “ ' 

'W1 " r'f r^ee^ äad Zink studied the effect of pressures of up to 69 at¬ 

mospheres on the velocity of sound in oxygen over a limited temperature 

range. The measurements of Van Itterbeek and Zink are in agreement 
T.rI 4-Vi f*V»Ä 4- « ,«4 i_ with the data given here. 

« 
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15-006 

VELOCTlY of SOUND in GASEOUS AIB 

of Data: 

a »■(fe;—• ’■ » ..,.,,. ,7. i, ’,.1':, 

Other Referenr-P-g : 

F0ley’ A> L-i proc. Indiana Acad sm o7 / 
Partington, j. R. and Sh ’ ^ 205 (W) 

^strand Company, New iork, (¾ D. Vsa 

Co.Tixsn, R. E. and Eastman, E. d • j a ^ 

,¾¾ *• - -— 

Van Itterbeek A ^ 

Amsterdam, Pros ^ aRíW?â' ?' H'; —i-Akl. Ned Akad m , 

-idea No. a6e'(4r il93l)i C°™^ 

TZu'n'c Mn' PVSlk- & 665 (193^ 11, R. c. and Gibson T w . * 

Itterbeek, A. and ^ ^ ^ ^ (19kl) 
H. 0., Ann. Phy8lk. ^ ^ iS- «» (T^ 

«dlgley, T. H.; Phye. Bev. frf, 298 (1¾) 
Comments: 

at •>«» as a function 
data müslrnr1"’3 betUee" 0.01 and ITOatl ^ W* to a60“K 

- Äv^r^ToitÄÄ ÄefS! 
The compilation of fKrw__ 

Sources of Data". om the refei 

^rti0itf0sri^ « «a., 
a function 3‘a. illustrated below itt th- !ranh of wund in 

ion of temperature anH +v,Q ëraph 0f velocity of arm^a 
function of pressure *> , aad the eraPh of the va■’Ar,^^- 7 S0Uad as 
'The authors report th'°r l0W pre3surea, are from tht ' ^ °f S0Und as a 

ou eir composeTof ¡ °f the relool7oÍ „»rf ^11°^ 
0.0003 carbon dioxide n‘tro8en- 0.2095 oxygen Ò OOQi °e“8 
ular weigilt of ÒÃ 0¾ “d11-’3 f« »ole of air vfe?é- “93 ars°n A"«1 

ï t-srseST-— 
a aatum value (a; - Tc'* TVK“ temperature and pressn^^'T Ui 

f 1 values fromHilsenràth Ztll ^°°° ^ 1 otTr ^ U 
to specific values of / Í ' - ' a1^ tabulated here hívl Î Pressure, 

the velocities of soínd f S0Und’ A TOln“ erro^of T?^ 
ie reported. - Usures for temperatures belot 2?J-K 

(Continued on foUowlng page) 
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15.006 

VELOCITY of SOUND In GASEOUS AIR (Cont.) 

Comments : (cont.) 

Data from Michels, Wasscnaar and Wolkers are tabulated below and 

illustrated In part, on the graph of the velocity of sound as a 

function of pressure for pressures from 0 to 1000 atmospheres. These 

values of velocity of sound were calculated by Michels, et al., from 

an equation of state based on a correlation of their own P-V-T 

experimental data. A maximum error of 10$ is possible in the values 
of the velocity of sound; however, at temperatures given here the 

accuracy is probably much better. Michels, et al., report the air used 

in their experimental determinations as beir^free of water vapor and 

carbpn dioxide. 

The units of the velocity of sound in gaseous air in the tabulations 

below and on the graphs are: temperature in degrees Kelvin (0°C = 
27.5.16¾), pressure in atmospheres (g = 980*665) and the velocity of 

sound In meters per second. 

Velocity of Sound in Gaseous Air as a Function of Pressure* 

Velocity, m/sec 
— 

Temp.' Pressure, atm. 

°K .01 .1 .4 1 • ^ 1** I 4 7 10 !< 

50 
60 
70 
80 

90 
100 
110 
120 

ISO 

i4o 

111.69 

155-28 

167.75 

179.38 

I9O.25 

2OO.56 

2IO.34 

219.72 

228.70 

237.32 

179-05 

I89.95 
2OO.36 

210.17 
219.59 

228.57 
237.22 

189.16 

199.73 

209.71 

219.19 

228.27 
236.99 

188.33 

199-07 
209.21 

218.79 

227-9^ 
236.72 

198.44 

208.68 

218.39 

227-64 
236.46 

203.38 

214.25 

224.39 
233-87 

197.5^ 
209.91 

221.01 

23I.25 

190.98 

205.20 

217.53 
228.60 

* Values are from Hilsenrath, et al. 

** Values also appear on the graph of the velocity of sound 

as a function of temperature. 

/ 
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VELOCITY of SOUND in GASEOUS AIR (cont.) 
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Comments : (cont.) 

VELOCITY of SOUND in GASEOUS AIR (Cont.) 

Velocity of Sound in Gaseous Air 

as a Function of Temperature* 

Velocity, m/sec 

Temp. 

°K 

Press. 

1 atm. 

Temp. 

’K 

Press. 

1 atm. 

150 
I6O 
IVO 

ISO 

190 
200 
210 

2½.97 
253.16 
261.02 
268.7^ 

276.16 
283.39 
290.48 

220 
23O 
240 
25O 

26O 
270 
28O 

297.36 
304.11 
3IO.6O 
31T-10 

323.40 
329.56 
335.56 

m¡ 4 % 

* Values are from Hilsenrath, et al. 
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15-007 H ^ 

VüLüCITï of SOUND in GASEOUS CARBON MONOXIDE 

Sources of Data: 

'Iilsenrath, J., et al.; Natl. Bur. Standards Cire. ¿SJt {1954) 488 pp. 

Van Itterbeek, A. and Van Donxnck, W.; Physioa 10, 48l (l9i»3) 

Other References ; 

Dulong, P. 1.; Arm. de chimie et de phya. 41, II3 (1Ô29) 

Wullner, A.; Ann. Physik. 4, 321 (1878) 

Schweikert, G.; Ann. Physik. 48, 593 (1915) 

Van Itterbeek, A. and Mariens, P.; Physica 4, 609 (1937) 

62n(l949)beek; A' 9X1(1 Van Boninc*> W-J Proc' Soc. (London) 62B, 

Comments : 

unetions°und in gaseous carbon monoxide is presented here as 
and ^80°K mperature presBUre, for temperatures between 70°K 
an c80 K at various pressures between 0 and 1 atmosphere, 

tïredatd tabulated"6)! ^ °f veloci^ of s0^nd versus temoera- 
"ZurZt b!^W are from the references given above under ' 
Sources of Data ; while the data illustrated in the irra-iv -e 

of sound versus pressure are from Van lUerWk «nd «f ^ ? velocity 

na 

t 

r\°n j , ^ w (aO ajVSCc) IS V6J,OCÍÍiY of sound Ai* 

senrath « ^ ™lue ot “o ™s computed by HU- 
tential' The v«i°n tí\bfSíS,°f tbe ^«naard-Jones iptermolecular po- 

' Vdu-ues tabulaoõd are for 1 atmosphere of pressure at 
various temperatures and have been converted to specific values q** vei 

reported bHhe ^ et al > âbuîÆ« ar” 
4 th aut^ors as accurate to 1#. Van Itterbeek and Van 

emnek, using sound with a frequency of 522.4 kc/sec in a samóle of 

ä“dCaar110" "°n0Xide’ rei>0Xt ^ ^ vS w sound at low temperatures and pressures. 

ïhÜ IS«?8 °f the sound at 0 pressure were calculât«! for 
the ideal gas, u.e., c . vBIl, where c is the velocity of sound R is 

The So^'^ls^hé 'f iS temperature and 7 Is the specific heat ratio. 
Th Ö0.9 K isotherm on tne plot of velocity of sound versus p-es'ur- 
nas oeen extrapolated to the saturated vapor pressure as d^Redlrom 

ítterb!etr?T¿ed ny HllEenrath> et al- experimental data by lían Itterbeek and Van Domnck nt 7<; n®»- '/n now_. . tl . 
„„J 4. „X, - " - ** I'WUX .V s.txitvçai.uo ycu.ues OX me 

" ï rs- r^rs.“ - » “ “-w - “ ~~ 
(Continued on following page) 
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15.007 

VELOCI'iT of SOUND in GASEOUS CARBON MONOXIDE (Cent.) 

Comments: (cont.) 

The units of the velooity of sound in carbon monoxide gas used in the 
tabulations belov and on the graphs are: temperature in degrees Kelvin 
(0°C = 273-16°K); pressure in atmospheres (g = 98O.665) and the 
velocity of sound in meters per second. 

Velocity of Sound in Gaseous Carbon Monoxide 

as a Function of Temperature (at One Atmosphere Pressure) 

Hilsenrath, et al. 

Temp. 

°K 

Velocity 

m/sec 

Temp. 

°K 

Velocity 

m/sec 

200 
210 
220 
23O 
240 

288.08 
295.15 
302.23 
308.96 
315.70 

25O 
26O 
270 
28O 

322.44 
328.84 
334.91 
341.31 

Velocity of Sound in Gaseous Carbon Monoxide 

tien of Pressure 

Van Itterbeek and Van Doninck 

Ptpqk A «L D 0 • 

1_atm. 

Velocity 

m/sec 

Press. I Velocity 

atm. 1 m/sec 
70.8°K tVk 

0.100 
0.120 
O.16O 

0.200 
0.220 
O.225 

I7O.8 
171-0 
I7O.5 

I7O.4 
I7O.2 
I7O.2 

0.100 
0.170 
0.210 

0.300 
0.427 

176.1 
1^5.6 
175.5 

175.0 
174.5 

90.3°K 
80.9°K 

0.175 
O.236 
O.375 
0.400 

0.500 
0.595 
0.697 

193.2 
192.9 
192.7 
192.5 

192.2 
192.0 
191.6 

0.147 
O.225 
O.358 
0.425 

0.526 
0.600 
~ ri-, ~ 

182.6 
182.3 
181.8 
I8I.5 

I8I.I 
180.8 

W .<JXU XO'J. 0 u.9u¿ JL^J. . 

* Data included in graph of velocity of 
sound versus temperature. 

(Continued on following page) 
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600 
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— 560 
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I5.OO7 

VELOCITY of SOCIO in GASEOUS CARBON MONOXIDE (Con 

Comments : (cont.) 

In 1829 Dulong arrived at a value of 337-4 m/sec as the velocity of 
sound in carhon monoxide at one atmosphere pressure and 0°C. In this 

work he made use of resonance in tubes of known length. Vullner, work¬ 

ing on the specific heats of gases, arrived at a value of 337-129 m/sec 
at 1 atm. and 0°C. Schweikert, using Kundt's dust figures arrived at 

the somewhat higher value of 337-7 m/sec. 

Van Itterbeek and Mariens employed a frequency of 304.4 kc/sec and 

found 337-6 m/sec at 0°C and 1 atmosphere. Hilsenrath, et al., report 

a value of 336.93 m/sec at 0°C and 1 atmosphere for the velocity of 

low frequency sour id in gaseous carbon monoxide. 

FEEG/RDM/RS Issued: 4/20/61 * 
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15-009 

VELOCITY of SOUND in LIQUID ARGON 
. s. 

• -f 

“ÎSK-... - —■ -. -- --- «—1 «• 
8oc (19^9) 

ot.hpr References: 

Galt, J- K.; J- Chem. Pliys- l6, 505 (191^) 

T- n H W • Helv. Phys. Acta 22, ^21 (19.59) iiiepmonn, H. W., nei.. ^ 
Venkatasutramanlan, V. S.¡ J. MUn last. bei. M> 

of sound In liquid argon is given here as a function of ten*- 

erature under saturation pressures. 

The data illustrated in the ^ 
Itterbeek and Verhaegen, c^-ed a c^ q , lmpuritieg of unreported 
sample used in these obser fccuracv of their data vas made but 

the^authors'do^report^the “fíe^nc/of tie sour, used as 523.0O Ke/eec 

nr/eTf’the velocity of sound 1” ^ SlvÄ 
tions below and on the graphs are. ^e) ^ the velocity of 
2T3.i6#K), pressure in atmospheres ^ 
sound in meters per second. 

r—-- 
Van Itterbeek and Verhaegen 

Temp. 

°K 

Press• 

atm. 

Velocity 

m/ sec 

87-35 
85.80 
83-95 

87.15. 
85.85 
85.30 

— 

1.01 
.849 
.691 

.992 
-859 
.803 

849 
857 
875 

845 
860 

• 868 

+Vip velocity of sound in liquid argon ap- The earliest reference to the ^loc Y ^ of diffraction 

pears to bo that of ts. obtained by reference to mea- 

purities^(2^^nitrogen) present in the Liepmann experimental sample. 

(Continued on following page) 
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15.009 

VELOCITY of OXTffi in LIQUID ARCCii (Cont.) 

Comments: (cont.) 

Galt used ultrasonic waves and found a velocity of 853 m/sec at Sj.2°K. 
Venkatasubramanian derived a formula based on a Lennard-Jones liquid 

mode] for calculations of the sonic velocity in liquid argon. His cal¬ 

culations give a value of 83O m/sec which he compares with observed 
values of Liepmann and Galt; however, no statement is made as to the 

temperature used in his calculation. 

FEEG/rDM/RS Issued: 4/20/61 
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15.009 
.U-, 
iít ‘ 

VELOCITY of SOUND la GASEOUS ARGON 
•I ;$i' 

Sourceg of Data: 

Hilsenrath, J.; et al.; Natl. Bur. Standards Circ. 5^4 (1955) PP- 

Van Itterbeek, A. and Van Paemel, 0.; Physica 5, 8^5 (1938) 
•* 

Other References: 

StfUeder, P.; Verhandl. cent, physik. Ges. 615 (191^+) 

Dixon, H. B., Campbell, C. and Parker, A.; Proc. Roy. Soc. (London) 

A100, 1 (1921) 

Greenspan, M.; J. Acoust. Soc. Am. 28, 844 (1958) 

Bancroft, D.; Am. J. Phys. 24, 355 (1956) 

G’onmcnts: 

The velocity of sound in argon gas 
erature and pressure for pressures 
tures between 78.93°^ and 280°K. 

fcv 
Is given here as a function of ^emp- 
from 0 to 1 atmosphere, and tempera- 

Velocity of sound in gaseous argon as a function of temperature is il¬ 
lustrated by the first graph. The data for this graph are from both of 
the citations listed above under "Sources of Data". Hilsenrath, et al., 
calculated values of velocity of sound with an equation of state whj.ch 
was based on a correlation of experimental data. The authors reported 
on extensive comparisons of their calculated values with experimental 
data and report an average deviation for their entire tables on argon 
of 1$. These values from Hilsenrath, et al., are reported as ratios 
of velocity of sound (a/ao), where a is the value of the velocity of 
sound at a given pressure and temperature, and a0 is the velocity of 
sound at 0°C and 1 atmosphere pressure. The datum value (uq = 307-88 
m/sec) was calculated by Hilsenrath, et al., on the basis of the Len- 
nard-Jones intermolecular potential. The values from Hilsenrath, et 
al., tabulated here have been converted to specific values of velocity 
of sound. 

The graph of the velocity of sound as a function of pressure illustrates 
part of the data from Van Itterbeek and Van Paemel. A cross plot of 
this data indicates that part of the data is not consistent with the 
remainder. The values of the velocity of sound at zero pressure which 
have been calculated for the ideal gas, i.e., c - s/RTY, where c is the 
velocity of sound, R is the gas constant, T is the temperature and 7 is 
the ratio of specific heats, are again not consistent with part of this 
data, but are in excellent agreement with the rest of the data. The 
data by Van Itterbeek and Van Paemel which does not agree v1th the cal¬ 
culated zero pressure data have been omitted on the grai • / in Itter- 
beel. and Van Paemel used supersonics in their measurer.- r velocity 

« -I rm _ i_*__1  V», *-, 4* 4-V» o a/■»/’mvQ rM; Pi Y mPH.« 
UJL »UUUU . -LUC au OiiOl o Ubcuvw liw ^ ‘w %/a -- 0 

surements, but do report a very small amount of oxygen ieir experi¬ 
mental sample. 

(Continued on following page) 
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VELOCITY of SOUND in GASEOUS ARGON (Cent.) 

Comments : (cont.) 

The units of the velocity of sound in gaseous agron in the tabulations 

below and on the graphs are: temperature in degrees Kelvin (0°C = 
273-160K), pressure in atmospheres (g = 98O.665) and the velocity of 
sound in meters per second. 

Velocity of Sound in Gaseous Argon 

as a Function of Pressure 

Van Itterbeek and Van Paemel 

Temp. 

°K 

Press. 

atm. 

Vel. 

m/ sec 

Temp. 

°K 

Press . 

atm. 

Vel. 

m/sec 

Temp. 

°K 

Press. 

atm. 

Vel. 

m/sec 

9O.29* 

9O.I8 

9O.2O 

O.69I 

O.574 

0.453 
O.338 
0.214 
0.110 

O.O574 

O.698 

O.568 

O.334 

O.205 
0.428 
0.282 

176.1 

176.3 

176.7 

177.1 

177.3 

177.9 
178.3 

175.9 
176.2 

176.9 

177.3 
176.5 
I77.I 

8O.88 

90.25 

85.73 

O.439 

O.326 

0.242 
0.143 
O.67I 

O.567 

0.455 
O.337 
0.228 

0.143 
0.0842 
O.592 

0.493 
O.386 

166.7 
166.9 

167.3 

167.9 
174.6 
174.9 

175.3 
175.6 
I76.O 

176.3 

176.4 

I70.I 

I7O.3 

170.7 

85.73 

8O.85 

78.93 

_ 

O.262 
O.I8O 
0.124 
O.O73O 

O.389 
O.32O 
0.244 
0.173 
0.107 
0.314 
0.245 
0.170 
0.115 

0.0545 

171.1 

171.3 
171.6 

172.1 

165.6 

165.8 

166.1 
166.4 

166.8 

IÓ3.8 

164.0 
164.3 
164.5 
164.8 J 

* Values also appear on graph of velocity of sound versus temperature. 

(Continued on following page) 



Comments: (cont.) 

ib.009 

VELOCITY of SOUND in GASEOUS ARGON (Cent.) 

Velocity of Sound in Gaseous Argon 

as a Function of Temperature 

Hxlsenrath, et al. 

Pressure, 1 atm. 

Temp. 

°K 

Velocity 

m/sec 

100 

120 

i4o 
160 

180 

200 

220 

240 
26O 

280 

184.42 
202.89 

219.52 
235-22 
249.69 

263.24 
276.17 

288.48 
300.49 

3II.57 

Strieder determined the velocity of sound in argon by means of dust 

figures in Kundt's tubes to be 316.5o ¡.i/sec 1^.3 ihia value 

was based on the assumption that the velocity in air was 3UI.9I1 m/sec. 
No effect was observed from x-rays acting on argon. Dixon, Campbell 

and Parker found a value of 3^*5 m/sec at 0 C for tne velocity oí 

sound. 

Greenspan determined the attenuation of sound at 11 me in helium, neon, 
argon, krypton and xenon at various pressures between atmospheric and 

a few mm Hg, and compared the results with existing theories. 

Using the method of observing the frequencies in a radial oscillating 

gas confined in a spherical cavity, Bancroft found a value of 307-83 
m/sec for the velocity of sound in argon gas at 0 C and approximately 
atmospheric pressure. 

FEEG/RDM/RS Issued: 4/20/ÓI 174 
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VELOCITY of SOUND in LIQUID METHANE 

4 Source of Data. . . _ 

Van Itterbeek, A. and Verhaegen, L.; Proc. Phys. Soc. ,London) 

800 (19^9) 

Other Reference: 

Van Itterheek, A., de 

Comments: 

Bock, A. and Verhaegen, L.; Phyeica V¿, 624 (1949) 

moclV of sound in liquid «ethane Is given here as a function of ten*- 

erature under satui'ation pressures. 

The data illustrated in the graph and tabulated tele* are from^an 
Itterbeek and Verhaegen, cited above under Source of Data 
r. p iispd Lv Van Itterbeek and Verhaegen was 523 Kc/S 

rSfonls“0^ örÄty of the sample used but a aaxlBUB 

error of in their data is claimed. 

The units of the velocity of sound in liquid «ethane used in the tabu¬ 
lations below and on the graph are: temperaturelndagreea 

(O'C - aïs-lé0!!), pressure in atmospheres (g » 080.665) and the 

velocity of sound in meters per second. 

Velocity of Sound in Saturated Liquid Methane 

Van Itterbeek and Verhaegen 

Temp. 

*K 

Press. 

atm. 

Velocity 

m/ sec 

94.9 
102.6 
105.6 
108.8 
111.4 

111.? 

.195 

.437 

.603 

.792 

.982 
1.01 

1545 
1485 

1462 

l46l 

l4l8 

l4l4 

FEEG/RDM/RS Issued: 4/20/61 





VELOCITY of SOUND in GASEOUS METHANE 

Source of Data: 

Quigley, T. II.; Phys. Rev. 67, 298 (19^5^ 

Other References: 

Masson, A.; Compt. rend. 464 (1857) 

Masson, A.; Ann. chimie, et phys. ¿1, 257 (1858) 

Lacam, A.; J. phys. radium 14, 426 (.1953) 

Lacam, A.; J. phys. radium 15, 38I (1954) 

Noury, J. and Lacam, A.; J. phys. radium 1¿, 3OI (1954) 

Comments: 

Velocity of sound in gaseous methane is presented here as a function 

of temperature between the normal boiling point and 252°K. The experi¬ 

mental data has been extrapolated from 115°K to the normal boiling 
temperature of 111.67oK. 

The data illustrated on the graph and tabulated below are from Quigley, 

cited above under "Source of Daca". Quigley used frequencies of approx¬ 

imately 588 kc/sec at one atmosphere pressure in his observations of 
the velocity of sound. He gives a detailed discussion of the errors 

resulting from the experimental apparatus, but makes no estimate of 

the purity of the sample or the accuracy of the data reported. 

The units of the velocity of sound in gaseous methane are: temperature 

in degrees Kelvin (0#C = 273.16°K), pressure in atmospheres (g » 98O.665), 
and the velocity of sound in meters per second. 

Velocity of Sound in Gaseous Methane 

as a Function of Temperature 

Quigley 

(P = 1 atmosphere) 

Temp. 

°K 

Velocity 

m/sec 

Temp. 

°K 

Velocity 

m/ sec 

Temp. 

°K 

Velocity 

m/ sec 

II5.58 
124.21 

I33.55 

144.26 

144.18 

274.40 

284.91 

296.29 

308.56 
308.61 

168.62 
I7O.34 
184.80 

186.30 
186.62 

336.55 

336.59 

352.49 

352.55 

352-53 

226.47 

225.74 

226.09 

253-10 

252.85 

389.35 

389-35 

389.45 

410.76 
410.83 
1 _ _ /•> 

I54.77 321.97 203.53 
226.05 

370.02 

389.37 
25204 4iU.Oj 

(Continued on following page) 



VELOCITY of SOUND in GASEOUS METHANE (Cont.) 

Comments: (cont.) 

In the course of his work on the correlation of the physical properties 

of materials; Masson determined the velocity of sound in many solids 

and fluids. For the work on gases he followed the lead of Dulong, 

using copper and tin organ pipes filled with gases which he caused to 

resonate. For methane he arrived at the value of 1+31.82 m/sec at 0°C, 

which is in good agreement with later determinations. 

Lacam worked at temperatures of 25 and 50°C, and at pressures between 

lOO and 90O atmospheres and observed that below 220 atmospheres the 
velocity increases as the temperature increases; at a given pressure. 

Above 220 atmospheres the velocity decreases as the temperature in¬ 

creases at a fixed pressure. These measurements were made at about 

9OO kc/sec. Noury and Lacam found a minimum sonic velocity occurs at 

about 70 atmospheres in observations ranging from 1 to I50 atmospheres; 
using frequencies of 720, 89O, and IO3O kc/sec- In general, he reports 

that the velocities were greater at higher frequencies. 

In the pressure range from 100 to 1000 atmospheres, at high temperatures, 

Lacam showed that above 200 atmospheres the velocity decreases, at 

given values of the pressure, with both an increase in temperature and 
an increase in frequency. 

FEEG/RDM/rs Issued: 4/20/61 
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15.010 
TEMPERATURE, °R 

TEMPERATURE, 0K 181 

V
E

L
O

C
IT

Y
 

O
F
 

S
O
 

N
D

, 
fe

e
t 
/ 

se
co

n
d

 



16.000 

EQUILIBRIUM CONCENTRATIONS of BINARY MIXTURES of CRYOGENIC FLUIDS 

CONTENTS 

Equilibrium Concentrations of Helium-Hydrogen Mixtures. I6.OOI/2 

Equilibrium Concentrations of Helium-Nitrogen Mixtures.. 16.001/4 

Solubiiiby of Helium in Liquid Methane ..... ló.OOl/jO 

Equilibrium Concentration of Hydrogen-Nitrogen Mixtures . 16.002/4 

Equilibrium Concentrations of Hydrogen-Carbon Monoxide Mixtures .. I6.OO2/7 

Equilibrium Concentrations of Hydrogen-Methane Mixtures . I6.OO2/IO 

Equilibrium Concentrations of Nitrogen-Oxygen Mixtures . 16.004/5 

Equilibrium Concentrations of Nitrogen-Carbon Monoxide Mixtures .. 16.004/7 

Equilibrium Concentrations of Nitrogen-Argon Mixtures . 16.004/9 

Equilibrium Concentrations of Nitrogen-Methane Mixtures .. l6.004/l0 
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16.001/2 

EQUILIERIliM CONCENTRATIONS of HELIlM-tfYDROGEN MIXTURES 

Source of Datai 

Smith, S. R., Dissertation for Degree of Doctor of Philosophy. 
Ohio State University (1952) 

Comments : 

The following tabular data from the dissertation b'- C. R. Smith, 

describe the liquid-vapor equilibrium for hydrogen-helium mixtures. 

These measurements were made at 17.1*0°, 20.3; 0 uua 21.80°K for 
pressures to about 500 psia where an inversion In the densities 

phssGs prevented an extension of the data to higher pressures 

with the experimental apparatus employed. Smith reported the 

absolute accuracy of the analysis of the samples as approximately 

two percent of the ratio of the mole fractions of the components. 

These data are illustrated on two graphs. The first presents the 

data for both the liquid and the vapor phases, with the exception of 

the 21. j>0 K isotherm for the liquid phase which was emitted since 

it nearly coincides with the 20.39°K isotherm. The liquid phase 

data are then presented on the second graph on an expanded scale. 
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PRESSÜRt, ps .'a 



' 

«fe#,».. .. I.■ . ■ • - < -■ - ,■•■:. :,>;V I'- ^.. ^ . 
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196 
207 

267 
316 
316 
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358 
*<73 
I473 
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525 
579 
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16.OOI/2 

EQUILIBRIUM CONCENTRATIONS of HELIUM-HÏDROGEN MIXTURES 

(Liquid and Vapor Phases) 

" ■ f .4 '• J ' I 

Press. 

psia 

mole 'i Ke 

Liquid Vapor 

17.4o°K 

48 
48 

83 
83 
98 

98 
l4l 
l4l 
157 
157 

O.I9 
0.20 
0.22 
0.28 
0.27 

O.3I 
0.45 
O.5I 

83.4 
83.5 
90.I 
90.8 
91.8 

91.8 
93-5 
93.4 
95-5 
95-3 

O.67 

1.05 
i.o3 

1.11 
1.15 

96.1 
96*2 
94.3 

yo-! 

96.3 
95-0 
95.O 

95-2 
95-2 
93-6 
93-6 
94. 

94.3 
94.2 
94.2 

r ?0.39°K 

28 
28 
63 
63 O.59 

ól.O 
61.0 

72.9 

• 

Press. 

psia 

09 
69 

102 
102 
177 

177 
I97 
197 
222 
222 

256 
256 
25b 

257 
257 

30b 
311 

317 
SIT 
344 
350 
350 

130 
351 
358 
358 
365 

365 
375 
375 
376 
395 

395 
396 

irjole j He 

Liquid 

O.87 
I.53 

I.63 
I.7O 
2.04 
i.98 

2.16 
2.17 
2.25 
2.16 
2.18 

2.48 
2.55 

2.66 
2.56 
2.82 
2.78 
2.77 

2.58 

2.77 
2.64 
2-95 

2.97 
2.94 
2.89 

3.01 

Vapor 

74.4 
74.0 
82.5 
82.6 
87.2 

87.3 

89.O 
89.3 

89-5 

'90.2 

90.2 

90.0 
89.7 
O^N O 

• o 

7b 
7ó 
82 
82 

157 

157 
189 
189 
189 
227 

227 
306 
306 
386 
386 

447 
447 
447 

O.29 
0.21 
1.21 

I.36 

I.49 

1.46 
2.44 
2.44 
8.06 
3.I3 

71.8 
71-9 

83.6 

83.7 
82.2 
82.1 
82.2 

87-4 
87.2 

88.9 
88.7 
ÖÖ.9 
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16.001/4 

EQUILIBRIUM CONCMTRjYHO.N3 of HELIUM-NITROGEN MIXTURES 

Soxu-ce of Data; 

Kharakhorin, F. F,; Zhur. Tekh. Fiz, 10, 1533.1^ (19]^) 

Other References: 

and *>**»**, W. a., Acta Physlcochi». U.B.S.S. 

Ruhemann, M. and Fedorltenko, A., Zhur. Tekh. Fiz. 7, 335J<2 (1937) 

Comments : 

Ths f :I lowing tabular data from the reference by Kharakhorln, describe 
the liquid-vapor equilibrium for helium-nitrogen mixtures. 

Additional values for this mixture are also reported by Gonikberg 

and rasoowsky for temperatures of 78o, 90.I0 and 109°K and are in 

fair agreement with the data presented here. 

These data by Kharakhorin are illustrated an three graphs. The 

» rw;eSent?.rtheM8ta f°r b°th the h1»"111 “d the Phases 
as isotherms (T = 0), on coordihates of pressure and mole concen- 
tratioh. The liquid data are then presented vith the same coordinates 

QA tüÄ «econd graph with an expanded scale. The third graph is a 

cross-plot from the first two graphs and represents the data as 

isobars (P = C) on coordinates of temperature and mole concentration. 
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îSQUILIbiiIIJM CONCENTRAITONS of KELÏUM-NITROGEN MIXTURES 

Table of Select i Values 

(Liquid and Vapor Phases) 

Press. 

atm. 

Mole $ He 

liquid vapor 

T = 68.0°K 

O.326 
4.480 

11.620 
22.300 
48.500 

92.750 
95.700 

108.000 
144.500 J 

0 
O.IO7 
0.195 
O.37O 
O.885 

1.145 
I.I60 
1.240 
1.480 

0 
83.25 
96.48 
97.45 
98.22 

98.60 
98.65 
98.80 
98.96 

__T = 77.3 0K 

4.85 
II.60 
22.30 

33.9O 
48.50 
58.60 
71.25 

78.00 
97.30 

111.40 
121.00 

O.O98 
O.3OO 
0.4Ô0 

145.00 
146.50 
158.20 
158. 50 

0.730 
0.960 
1.125 
1.520 

1.585 
2.030 
2.100 
2.325 

2.545 
2.550 
2.715 
2.740 

80.69II 
91.90 

ri'títítí, 

atrru 

Mole $ He 

liquid vapor 

T = 90.1°K 

3.6O 
4.84 

11.65 
18.50 
19.IO 

22.30 
29.OO 
30.00 
34.00 
41.00 

96.59 
97.75 
98.00 
98.15 

48.50 
58.00 I 
67.75 
74.00 
83.50 

0 
0.03 
O.38 
O.52 
O.54 

0.84 
1.10 
1.12 
1.30 
1.35 

1.62 
2.08 
2.27 
2.34 
2.83 

80.70 

81.70 
85.00 
85.40 
86.95 
88.45 

90.45 
91.65 
92.80 

Press. Mole % He 

atm. liquid vapor 

23.IOO 
35.000 
49.800 
73.800 

97.000 
114.000 
151.000 

O.85 
2.:20 
3.30 
5.35 

6.82 
7.96 

10.12 

52.25 
61.65 
71.60 

76.65 
79-00 
82.35 

T = 111.5°K 

I5.37 
19.40 
20.20 
22.20 
24.30 

0 
O.33 
O.37 
O.65 
O.8O 

0 
I3.9O 
I5.IO 
19.25 

l.4o 

98.20 
98.22 

98.30 

98.47 
98.53 
98.60 
98.74 

87.50 
101.50 
106.50 
136.00 
165.50 

178.70 
192.70 
204.50 
214.50 

3.72 
3.82 
4.37 
5.00 

5.05 
5.63 
6.00 
6.18 

93.80 

94.15 
94.45 
95.70 
95.85 
95-95 

96.10 
96.27 
96.21 
96.53 

m = IO7°K 

IO.205 0 

44.80 
56.25 
69.OO 

O 'TC <=* i5 

72.50 
91.00 

116.50 
120.50 
125.50 

I34.OO 
140.50 
174.70 
195.00 

3.29 
4.49 
5.75 

6.12 
7.65 
9.45 
9.98 

10.40 

10.80 
11.45 
13.10 
13.95 

50.70 
56.55 
61.20 

61.55 
68.00 
71.95 
73.15 
73.95 

73.75 
76.40 
78.05 
79.00 
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of Data: 

I6.OOI/10 

Sv^UBXLITl of HELIUM in LIQUID METHAIiE 

(w«0)erE' M' ani Fa’itowsky' W-' **» Hiyslcochl«. 

Matthew. C* S* mid. Hirrd f n • rpv*ar%r. a *r . 
(1945) ' * 0'> T"ano- Am* Inst. Chem. Ertgrs. 42, ^-JQ 

Comments : 

fxmSí oí" fe 

»as ?íor™iu!s ns?Í\/„Í«hft ^ h°W!'rer' 

It should be noted that the curve for on imr. 4. 
zero, mole percent helium ,'A K 1 extraPolated to 
in this vicinUy " PhaSe lts aPP^rance 

r< 

V 

Table of Selected Values 

Press mre Mole yo He Pressure Mole $ He 
atm. kg/cm2 in liq. CH, 

-- 

» - 
atra. kg/cm2 in liq. CH. 

T = 90.3°K 
—- 

T = 106.0°K 

29.O • 
75.5 
94.8 

112 
135 
157 

30 
78 
98 

lié 
139 
162 

O.I3 
O.27 
O.32 

O.37 
0.46 
O.52 

25.2 
59.0 
96.8 

144 
155 

26 
6l 

100 

149 
I60 

O.I9 
O.39 
O.63 

O.9O 
O.97 

RS Issued: j-i0-6l 
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16.002/4 

EQUILIBRIUM CONCENTRATION of HYDROGEN-NITROGEN MIXTURES 

Source of Dsfa* 

Cnnikberfí. M. 0., Fastovsky, W. G. and GmV.täch, J. 0., Acta 
ayalcochím. U.R.3.S. U, 865-92 (1939) 

rn-.hfir References: 

Eubanks, L. S., Dissertation for Degree of Doctor of Philosop 3, 

Rice Institute (19^7) 

Maimoni-Biblarz, A., Dissertation for Degree of Doctor of Philosophy, 

Univ. California (195d) 

Verschoyle, T. T. H., Trans. Roy. Soc. (London) A2¿0, 139 (1932) 

Ruhemann, M. and Zinn., N., Physik. Z. Sowjetunion 12, 389 (1937) 

Bokoupil, Z., Van Soest, G. and Svenker, M. D. P., Appl. Sei. 

Research A5, 1Ô2-241 (1959/ 

Gonikberg, M. G., Acta Physicochim. U.R.S.S. 12, 921-30 

Shtekkel, F. A. and Tsin, N. M., Zhur. Khim. Prom. l6, 24-0 (1939) 

Comments : 

The following tables of data from the paper by Gonikberg, Fastovsky 

and'Gurwitsch, describe the liquid-vapor equilibrium for hydrogen- 

nitrogen mixtures.' The following graphs have been constructed from 

ïhU date” the first presents the date for the liquid and vapor phases 

as^ iso therms (T - 0 on coordinates of pressure and mole concentration. 

The second graph is a cross-plot from the first and presents th 

as isobars (P = C) on coordinates of temperature and mole concentration. 

The two dissertations by Maimoni-Biblarz and Eubanks present additional 

data for this binary system. Maimoni-Biblarz reports values at 9^ 

and 95"K with pressures to 66O psia and Eubanks reports values at. 
01O“ -280° and a few points at -240°F with pressures to 23OO p.xa. 

These data were compared with the data reported by Gonikberg, et al., 

on the X-T cross-plot and are in fair agreement as indicated below. 

FEEG/rS Issued^ 4-]0-ol 



Comparison of Equilibrium Concentrations 

as reported by Gonikberg and Eubanks 

(X = mole percent hydrogen) 

Press. 

atm. 

XGon." ^ub. 
Press. 

atm. 

^Gon. ^ub. 

liquid vapor liquid vapor 

T = 82.04°K T = 99.82°K 

15 

25 

50 

75 

100 

H5 

125 

0 

0 

+0.4 

-0.3 

-0.7 

-0.8 

-0.2 

+2.4 

+0.8 

+2.3 
+1.0 

+2.2 

+1.3 

+1.7 

15 

25 

50 

75 
100 

-0.7 
0 

+0.1 

+2.0 

+1.8 

+6.0 

+2.0 

-7.0 

-6.8 

-1.4 

Comparison of Equilibrium Concentrations 

as reported by Gonikberg and Maimoni-Biblarz 

(X = mole percent hydrogen) 

Press. 

atm. 

XGon." ^1.-B. 
Press. 

atm. 

KGon." 

liquid vapor liquid vapor 

T = 90°K T = 95°K 

15 

25 — ■ 
i 

O
 
!-
• 

-l
a 
-I
j 

10.95 
25.87 

44.74 

0 

-1.0 

-0.8 

+0.5 
-0.8 

-4.0 
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16.002/4 

EQUILIBRIUM CONCENTRATION of HYDROGEN-NITROGEN MIXTURES 

Table of Selected Values 

*maximum mole concentration 
f- maximum pressure 

200 



EQUILIBRIUM CONCENTRATIONS of HYDROGEN CARBON MONOXIDE MIXTURES 

Sources of Data: 

Verschoyle, T. T. H.j Trans. Roy. Soc. (London) A230, 189 (1932) 

Eubanks, L. S.j Dissertation fur Degree of Doctor of Philosophy, 

Rice Institute (l95T) 

Other References: 

Fischer, V.j Ann. Physik. ¿1, 531 (1938) 

Ruhemann, M. and Zinn, N., Physik. 7.. Sowjetunion 12, 389 (l937) 

Steckel, F.; Physik. Z. Sowjetunion 8, 337 (l935) 

Yushkevich, N. F. and Torocheshnikov, N. A.; Zhur. Khim. Prom 

13, 1273 (1936) 

Comments : 

The data for the equilibrium concentrations of the hydrogen-carbon 

monoxide system for the folloving tables and graphs, are from the 

references listed above by Verschoyle and by Eubanks. The data 

reported by Verschoyle are for solid-vapor equilibrium at temperatures 

of 580 and 63°K, and for liquid-vapor equilibrium at 68“, 73*> 83* 
88“K, to pressures of over 200 atmospheres. In addition, Verschoyle 

lists the points of maximum pressure and of maximum mole concentration, 

Ha, for each of these isotherms. The data from Eubanks is for liquid- 

vapor equilibrium at temperatures of 830; 100“, 122*K and with a com¬ 
parable pressure range. 

The lack of agreement of the data from these two references is indi¬ 

cated by the values reported by both sources for 83.150K which was the 
only temperature consnon to both. These data may be compared on the 

following P - X graph. It should also be noted that Verschoyle's data 

for the liquid and the vapor at 68® and 73°K have been extrapolated on 
this graph, to the point of maximum pressure, at which point properties 

of the liquid and vapor are identical. 

The curves in the graph below are taken from Verachoyle's paper, and 

give Ha-CO isobars (P = C) at 3O; 120 and 200 atmospheres. These curves 

are from a cross-plot of the P-X graph together with the three-phase 

data tabulated below. 

Selected Values of the Ha-CO, Three-Phase Curve 

Pressure 

a 4-n* 

Temperature 

°r 
*"* w*** ' 

55-2 
10¾. 1 

1147.4 

205.5 

-206.12 

-206.59 

-206.67 

-206.39 

FEEG/vjJ Issued: 9-30-60 
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EQUILIBRIUM CONCENTRAT! OxN S of HYDROGEN - CARBON MONOXIDE Î4IXTURES 
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EQUILIBRIUM CONCENTRATIONS of HYDROGEN-CARBON MONOXIDE MIXTURES 

' . -,r, 

Tables of Selected Values 

Verschoyle (oont.) 

v '•’v 

J 

; * 
Press. 

• atm. 

Mole $ Ho 

in Vapor 

-215^0 (58.15¾ ±.06°* 

(0.018) 
5I.37 
89.52 

128.05 
I57.O3 
176.37 

(0.0) 
99.47 
98.90 

9Ö.5O 
98.08 
98.18 

-210°C (63.15¾ ±.03° 

Verschoyle (cont.) 

(0.052) 
I6.81 
21.85 

32.03 
65.7^ 
79.80 

104.01 
137.76 

147.39 

176.41 
195.75 

(0.0) 
99.22 
99.12 

99.18 
98.76 
97-42 

97.80 
97.03 
96.88 

96.53 
96.31 

Press. 

atm. 

Mole j, H2 

in Liq. jTn Vapor 

-205°C (68.15°k) +.04‘ 

(0.15) 
17.02 
21.69 
26.61 

31.67 
41.45 
79.89 

118.38 
152.33 

(0.0) 
3.0 
3.3 
4.2 

190.97 

215.16 

380» 

4.9 
6.3 

10.2 
13.8 
16.3 

18.8 
20.2 

66 

(0.0) 
97.9 
98.2 
97.6 

98-.6 
97.5 
97.7 
96.5 
94.6 

93-9 
93.4 

! 66 

-2008C (73.15#K) ±.04' 

O.33 
I7.3 
22.2 
3I.5 
31.8 

*34. 
5O.9 
5I.O 
79.7 
80.2 

0.0 
3-3 

5.6 

II3.9 
128.0 
142.5 
152.4 
176.4 

186.2 
205.6 
224.9 

325» 

8.4 

12.7 

16.6 

20.6 
23.O 

2^.6 
25.O 
27.5 
64 

0.0 
96.7 
95..4 
96.4 
97.5 

+97.5 
97.0 
96.7 
96.3 
95.9 

95.1 
94.2 
93-5 
93.O 
92.0 

Qi .4 
91.2 
89.O 
64 

* Maximum mole $ H2 

* Maximum pressure 

Press. 

atm. 

Mole j, Fq 

In Liq. in Vapor 

-190°c (83.15¾ ±.04' 

I.I8 
17.2 

*48. 
51.2 
89.3 

109.8 
128.1 
166.8 
176.4 
186.1 

0.00 
2.7 

12.5 
17.0 

190.9 
195.8 
200.6 
205.4 
210.4 

2I5.I 
22O.9 
224.6 

21.0 
25.4 
32.9 
34.4 
36.8 

38.I 
><0.1 
41.5 
43.5 
44.8 

0.0 
89.9 

*93. 
93-2 
92.O 

90.7 
88.8 
84.3 
83.1 
80.8 

80.5 
79.5 
77.7 

228* 

47.O 
48.6 
54.1 

60 

73.7 
69.4 
66.3 

60 

-185°C (88.15¾ ±.03’ 

2.18 
17.2 
22.1 
11.4 

*54. 

55.9 
89.6 

128.2 
166.7 
irti 1 

187 

0.0 
3.6 
5.2 
7.1 

13.4 
21.7 
30.3 
41.0 
hç )t 

5Ö 

0.0 
84.0 
86.6 
88.8 

*90. 

90.2 
88.7 
84.8 
77.1 
-71-1 )i 

I v* • r 

58 

I 

LI 
Í 

204 
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[DE MIXTURES 

ferschoyle (cont.) 

18 

Mole î % 
in Lia. in Vapor 

°C (83.150¾) ±.OlT 

12.5 
I7.O 

21.0 
25.4 
32-9 
34.4 
36.8 

0.0 
89.9 

*93. 
93-2 
92.0 

90.7 
88.8 
84.3 
83.1 
80.8 

38.1 
40.1 
41.5 

44.8 

80.5 
79.5 
77.7 
76.6 
75.9 

47.0 
48.6 
54.1 

60 

73-7 
69.4 
66.3 
60 

’G (88.15°k) ±.03‘ 

0.0 
3-6 
5.2 
7.1 

13.4 
21.7 
3O.3 
4l.0 
liC h 

53 

0.0 
84.0 
86.6 
88.8 

*90. 

90.2 
88.7 
84.8 
77.I 

). 'VA 

58 

Eubanks 

Pressure Mole j> Hg 

psia atm. in Liq. in Vapor 

-3IO°F (83.150¾) 

(17.3) 
315 
500 

800 
1100 
1400 

I7OO 
2000 
23OO 

26OO 
29OO 
32OO 
3500 

1.18 
21.4 
34.O 

54.4 
74.9 
95.3 

115.7 
136.1 
156.5 

176.9 
I97.3 
217.7 
238.2 

0.0 
4.08 
6.09 

9.95 
13.55 
I6.OI 

21.09 
24.42 
27.74 

3I.8I 
3O.25 
41.54 
66.39 

0.0 
90.84 
93.26 

93-57 
93.07 
91.43 

89.98 
88.25 
85.89 

83.13 
84.81 
80.48 
75.76 

-28O°F (99.82°¾) 

(SJ) 
315 
5OO 
800 

1100 
l400 
I7OO 
2000 

5.4 
21.4 
34.0 
54.4 

74.9 
95.3 

115.7 
136.1 

0.0 
3.89 
6.74 

II.63 

16.33 
23.99 
32.57 
41.53 

0.0 
68.03 
76.19 
77.92 

78.48 
77.39 
73.37 
60.94 

-240°F (122.04°¾) 

(3OO) 
500 
8OO 
960 

20.4 
34.O 
54.4 
65.3 

0.0 
4.49 

13.82 
31.45 

0.0 
22.60 
33.49 

ï 
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16.00¿/10 

ûQUILIJPj.IW CO.'iCEiTj'RATIONS of HYD3002.7-ySTHA2f2 

Sources of Data: 

Benhara, A. L. and Katz, D L • A r rv, v r -, - / ' • u-> A.i.ui.e,. Journal (l?57) 
ireeth, F. A. and '/orschoyle, T. T F • ?>-^ -, /r , ' 
A1J0, 453-163 (1931) ' ' ?r C* °'c- (^nion; 

Bloomer, 0. T. and Parent, J D - ph^-r d 
No. 6, 11-21, (1953) ’ J- D-' Ch«- p”í-- Séroste ¿2 

Other Roferonces : 

Fastovskli, V. G. and Conikberg, M. 0.; Zhur. Fiz. Xhia. 1^, ^7-0 (i^O; 

Mich^A(l95^)DiSSertatiCn d'ïr*e °f D0°Vjr Phl1^^, Univ. 

Levitskaya, S. ?.; Zhur. Tekh. Fiz. 11, 197-20*i (19-1^ 
Benh 
No. 

Comments: 

■■■■, \ y ^ t 

Benham, A. L., Katz, D. L. and Williams, R 3 • A T ov, ? r,. 
No. 2, 236-241 (1957) ' A’1tourna. 

The following tabular data from th.- ref^r^n^s ov,-,» - 
of data, ara for tha Uquld-vator aqltl-.i: -PIhÍ !' 5 “ 3;“;ï3 

¡"Tff : 4ata reSc-;51 »7 Banhar, and Xatz sraa-'S^A^-^«- 
da^a for te„:iperatui-es of il6õ3 -14-33 i^°r ^ w " —n-.a..^a 

ml frc" W" V Kraath and Varaíhcyla. Addill'cna 41 l-' 
103.1 ,110.0-, 122-, and 12”K ara alao avallahla ’ 

Fastcvsitii and Gonikberg and aje in, faîr a.tree—n' -•< -u t-~ 
seated here. The va-or a. w "*“a -a&.,a v.re- 
1 a * IJ rvT. r ?res3ure 8nl temper&t'ire values 'or —-han» 

• for the hydrogen concentration ve-e d«»r<Y=" --»-o-i -•-s'i’- ’ ^ 
ported by Bloomer and Parent. 7ne vac or ani 

if:3 ' ^ 1T2°K isotherms have been* extraocl¡*:¡ ' 
maximum pressure, (at this point the liquid* and vac cr 
ticai). idus extrapolation was raoresente^ t, ^ '"'ï 
Katz and was reproduced on the followin'; y t 

Equilibrium Concentration of Hydrogen-Methane Mixtures 

Benham and Katz 

F2EG/RS 

Press. 

atm. 

Mole /È H2 

liquid vac or 

T = 172'-K 

'4.0 
6S.0 
87.1 

1.70 
► -7-7 - • ■ 1 

10 :c 

1 : Í - 
40.60 

102.1 
--y y 
16.22 46~!H 

T = I44.3°K 

31.0 
68.0 

3 • 
1 .Cl 

63.92 
76.18 

P-a- - Sa a 

a ,m 

101.- 

' 204.1 

Mole ^ Ha 

liquid varsr 

I3.IO 
• 2 p\ - * -. w/; 
:--99 

“9-31 
-3.23 
’j-87 

101.- 

't'vr- r* 2“,, . r 
I C .C 

9-:0 
1:-9- 
31-70 

92.-9 
9-.66 
93-6: 
92.ty 

206 
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Equilibrium Concentration of Hydrogen-Methane Mixtures 

Freeth and Verschoyle 

Temperature 

°C 

Pressure 

atm. ■ 

Mole $ lij 

liquid vapor 

-182.49 
-182.47 
-182.51 

-182.1(8 
-182.52 
-I82.5O 

-182.52 
-I82.5O 
-I82.52 

-182.49 
-182.49 
-182.47 

-I82.52 
-182.½ 
-182.53 

-182.54 
-I82.5O 
-I82.5I 

-182.48 
-182.52 
-182.53 

16.89 
16.96 
21.61 

26.62 
29.74 
36.41 

43.89 
46.10 
46.20 

55.61 
55-82 
79.56 

99.32 
128.19 
128.22 

166.76 
166.78 
186.08 

195.75 
205.42 
205.43 

O.38 

O.7O 

O.56 

0.64 

I.70 
I.07 
3.83 

5-59 
8.19 
7.6O 

7.84 
8.90 

IO.16 

10.20 
_ 

9.58 

98.35 
97.9O 
98.54 

98.73 
98.57 
97.99 

98.95 
98.63 
98.95 

98.75 
98.85 
99.O5 

98.82 
98.46 
96.83 

97.89 
97.83 

97.89 
97.69 
97.87 
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16.004/5 

EQUILIBRIUM COKCMTRaTIONB of NITROGEN - 0XÏGEN MIXTURES 

Scui-ces of Data: 

Armstrong, G. T.; Goldstein, J. M. and Roberts, D. E., J. Research 

Natl. Bur. Standards 265-277 (1955) 

Cockett, A. ÏÏ., Proc. Roy. Soc. (London) A239, 76 (1957) 

Dodge, B. F. and Dunbar, A. K., J. Am. Chem. Soc. 49, 591-610 (1927) 

Hilsenrath, J., et al., Natl. Bur. Standards Circ. ¿64 (1955) 

Sagenkahn, M. L. and Fink, H. L., Penssylvania State College, O.S.R.D. 

Report 44-93 (1944) 

Other References: 

Inglis, J. K. H., Phil. Mag. 11, 640-658 (1906) 

Komarov. P., Likhter, A. and Ruhemann, M., Zhur. Tekh. Fiz. 5, 
I723-Ô (1935) 

Kritschevsky, I. R. and Torotscheschnikov, N. 8., Z. physik. Chem. 
(Leipzig) AI76, 338-46 (1936) 

Kuenen, J. P., Yerschoyle, T. and Van Urk, A. Th., Koninkl. Ned. 
Akad. Wetenschap. Proc. 26, 49-64 (1923) 

Prikhot'ko, A., Zhur. Eksptl. i Ifeöret. Fît. &, 67I-68Î (1938); 
Acta Physicochim. U.R.S.S. 10, 913-934 (1939) ■ 

Ruhemarm, M., Physik. Z. Sowjetunion l6, 67-82 (1936) 

Ruhemann, M., Likhter, A. and Komarov, P., Physik. Z. Sowjetunion 8, ? 

326-336 (1935) ~ ï 

Weishaupt, J., Angew. Chem. B20, 321-326 (1948) 

ß 

1 

Comments: 

The values for the liquid-vapor equilibrium of the nitrogen-oxygen 

system for the following tables and graphs, are from the references 

listed above as sources of data. The concentration versus pressure 

values tabulated below for the 65o, 7O0 and 77.5°K isotherms were 
derived from data given by Armstrong, Goldstein and Roberts. These 

values are presented graphically on the P-X graph for a pressure 

range of 0 to 1.02 atmospheres. The concentration versus pressure 

values for the 90.5% 99-94% 110.05% 119-92° and 125°K isotherms 

were taken from the paper by Dodge and Dunbar and aré presented 

graphically on the P-X graph for a pressure range of 0 to 32 atmos¬ 

pheres, together with values for the 85°K isotherm reported by 
Sagenkahn and Fink. The concentration versus temperature values for 
Dressures of1 1.0 ñnd P .0 P.l.mnR oVíPTPPI fl r'É» alen ■Pr^nm P Vio -no-nor* V\tr 

Sagenkahn and Fink and the data for the isobar at I.3158 atmospheres 
is from Cockctt's paper. The vapor pressure and temperature values 

for the single components, i.e., for the 0$ and 100$ nitrogen 
concentration, were from NBS Circular 564 by Hilsentrath, et al. 

VJj/rs Issued: 3-I7-61 
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T'ubL'i of Selected Values 

Temp. 

°K 

Mole I» Np 

liquid vapor 

1 atm. 

77-40 
79.86 
81.91 
81.88 

82.74 
84.75 
88.92 
90.19 

100 
67.56 
46.75 
46.01 

38.37 
25.40 

4.61 
0 

100 
89.92 
78.78 
78.33 

73.04 
59-64 
17-53 
0 

1 .3158 atm. 

79-82 
81.076 
81.314 

82.589 
82.826 
82.956 
83.056 

83.749 
84.398 
84.952 

100 
81.09 
78.46 

-71.51' 

63.07 
61.13 
59.80 
58.40 

52-99 
45.93 
)40.49 

100 
94.00 
92.81 
90.01 

86.33 
85.55 
84.75 
83.62 

80.81 
76.82 
72.27 

Temp. 

"K 

85.922 
85.938 
86.85O 
86.886 
88.033 

88.064 
88.067 
89.022 
89.734 

89.806 
89.816 
90.662 
90.979 
92.89 

83.85 
86.73 
88.28 

92.49 
96.12 
97.38 

Mole °¡o Mr 

liquid 

33.81 
33.96 
27-48 
27-44 
20.22 

19.O5 
2O.7I 
15.75 
11.24 

12.54 
II.96 
7-24 
7.17 
0 

vapor 

66.65 
66.70 
59-97 
59-46 
50.11 

48.68 
50.89 
42.10 
33-73 

35.83 
35.14 
23.96 
21.91 

0 

2 atm. 
-1- 
100 100 
66.01 87.19 
51.16 78.15 

22.67 
5.32 
0 

53.61 
18.57 

0 
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EQUILIBRIUM CONCENTRATION of NITROGEN-CARBON MONOXIDE MIXTURES 

Sour-ces of Data: 

Yushkevich, N. F. and Toroohealmikov M q . 7v,,, ^ , 
1^13-83 (1936) ’ s-- nm:- 'f1'1"- p>-™- a, 

Verschojio, .- T. II; Trans. Roy. Soc. (London) AGIO. 189-020 (1931) 

Other References: 

®er‘ is. No. 7, Applied Thermodynamics 67-72 (1953) 

Steckel, F.; Phys. Z. Sowjetunion C, 337 (1935) 

Komarov, P., Likhter, A. and Ruhemann, M.; Zhur. Tekh. Fiz. I723-8 

Comments: 

IinnvTiUeS r°J the li(luid-vaPor equilibrium of the ni trogen-carbon 

references^listed0above tableS are fr0rn the two 
Yushk^vinh ! ? u S0urces 0f data- 7110 data reported by 
fofÍin-MH ! a Tûrocheshnikov delude pressures and mole concentrations 

q an vapor at saturation for isotherms from 70 to 121.8°K. 

Md vere Sed !arschcfe's paPer were for liquid concentrations only 
and id 2°K suPPle™ent the data for the three isotherms at 70, 75 
and 79.2 K also reported by Yushkcvich and Torocheshnikov These two 
sources of data were found to be in excellent a-m-nt 

— - ij-Lquia rnase 

(Verschoyle) 

Temp. 

°C 

Press. 

cm. 

Temp. 

°C 

Press. 

cm. 

Temp. 

°C 

Press. 

cm. 

Temp. 

°C 

Press. 

cm. 
Mole io N, 3 = 80.I Mole $ No = 59.95 Mole ^ N0 = 40.0 Mole ^ N, 3 = 20.05 

-193.88 
-193.88 
-198.13 

-198.13 
-2O3.O7 

88.1+1 
88.38 
53.30 

53.20 
27.01 

-193.90 
-I93.9O 
-198.13 

-198.12 
-?m .r>7 

81.87 
81.89 
49.OO 

48.80 
oí, ¿>\ 

-I93.9O 
-I93.9O 
-198.13 

-i98.il 
/~-.r\ ^ f\rv 

74.20 
74.29 
44.10 

43.80 

-I93.9O 
-I93.9O 
-I98.I3 

-198.14 

65.82 
65.94 
38.8I 

38.8I 
-203.O8 27.04 -203.07 

t- T • V-, 

24.63 
-C-V> J . 'J 1 

-203.06 
trx. 99 
22.17 

-203.07 
-203.09 

18.94 
I9.O2 

Pi 

; 

0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 
0.1 



Equilibrium Concentrations - Liquid and Vapor Phases 

(Yushlevich and Torocheshnikov) 

Press. 

Atm. 

Mole $ N0 

Liq. Vap. 

70.0°K 

0.393 
0.355 
0.323 

0.290 
o.2l*9 
0.223 

1.000 
O.8IO 
O.6OO 

0.400 
0.201 
0.000 

1.000 
0.910 
0.728 

0.600 
0.310 
0.000 

75.0°K 

0.751^ 
0.700 
0.6^3 

0.578 
0.51° 
0.1+63 

1.000 
0.801 
O.6OO 

0.400 
Q 2Q1 
0.000 

] .000 
0.875 
0.700 

0.520 
0.290 
0.000 1 

79.2°k 

i.236 
1.163 
1.077 

0.976 
0.866 
0.798 

1.000 
0.860 
0.600 

0.1+00 
0.201 
0.000 

1.000 
0.860 
0.690 

0.500 
0.270 
0.000 

90.1 8k 

3.566 
3.31+1 
3.323 

3.22 
2.914 

1.000 
0.792 
0.759 

0.650 
0.375 

1.000 
0.831 
0.803 

0.710 
0.452 

L . .J. .1— -  J 

Press. 

Atm. 

Mo] e $ N2 

Liq. Vap. 

2.762 
2.68 
2.59I 

0.224 
O.I35 
0.000 

0.288 
O.162 
0.000 

96.7°K 

6.04 
5.57 
5.34 
5.30 

4.62 
4.53 
4.45 
4.39 

1.000 
0.822 
O.693 
0.666 

0.328 
0.206 
0.107 
0.000 

1.000 
O.856 
O.745 
O.72I 

0.384 
0.260 
0.135 
0.000 

100.0°K 

’J • 68 
6.97 
6.87 

6.24 
6.15 
6.06 

5.88 
5.82 
5.61 

0.718 
0.660 

0.348- 
O.302 
0.260 

0.170 
0.136 
0.000 

1.000 
0.755 
0.700 

0.395 
0.355 
0.300 

0.198 
0.160 
0.000 

105.1°K 

IO.8O 
9.7O 
9.66 

9.44 
8.73 

1.000 
0.600 
0.584 

0.475 
0.228 

1.000 
0.640 
0.627 

0.520 
0.256 

Press. 

Atm. 

Mole 1* Ng 

Liq. Vap. 

8.60 
88.06 

0.190 
0.000 

0.216 
0.000 

ho.o°k 

14.5 
13.14 
13.07 
12.68 

12.49 
12.34 
12.20 
12.00 

11.62 
11.52 
LI *26 

1 IO.99 

1.000 
0.680 
O.66O 
O.534 

0.485 
0.440 
O.397 
O.350 

0.246 
O.215 
0.149 
0.000 

1.000 
0.718 
0.700 
0.580 

0.530 
0.487 
0.443 
0.393 

O.28O 
0.245 
O.17O 
0.000 

116.6°K 

21.03 
18.54 
18.4o 
17.81 

17.76 
17.52 
16.94 
16.13 

1.000 
0.587 
0.565 
0.4i6 

0.410 
0.360 
0.244 
0.000 

1.000 
0.620 
0.600 
0.457 

0.445 
0.392 
0.278 
0.000 

121.8°K 

27.42 
23.96 
22.33 
22.07 
21.19 

1.000 
0.542 
0.280 
0.245 
0.000 

1.000 
0.570 
0.300 
0.256 
0.000 
J_I 
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EQUILIBRIUM CONCENTRATIONS or NITROOI-lN-ARíJON MÍXTUKfcB 

s of Data; 

Z- ¡’hysik- at- 513 (19.-); I'roc. AM. 

Fastovskii, V. 0. «d Potro„Mi, Tu. V.; k.lmr. FI,. Hu,;. ¿ ;6 (195b) 

Other References; * 

Ti rocheshnikov, N. S. and Ershova, V A * ,7hni* io.3 i> 
... > ■ A'} ^.nui. Khim. Prom. 1,7. ^,0 (lO-'iO) 
Weishaupt, J.; Angcw. Chem. B20, 32I (19)(8) 

r' ^ Pml1’ "' L'; Pen"' Sliae College, ftSRD Kept. 9o. 

by the McGraw-Hill Book Co., Inc. (l*8) pp. 309^) llM'-'arcl, Council 

Comments; 

listed above as sources of data The*,* . , _ ° refer«-neeB 
■h m - ' also 1J following graph. '1 
the solid lines whi 
and Petrovskd 1 

Ho 
d 
ited 

i-1 should also be noted that fhn t1 y r. 

atm.)háve been dotted on the argon Bid< olld^e^its * 
anee here. 1 mflKc !j its appear- 

In addition, Weishaupt has report 1 on ihn iv.nn 

nitrogen-oxygen from which values for the co'rre^nd!nHw yyí'!hCm UI'e°n' 
systems may be derived. re sending two component 
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EQUILIBRIUM CONCENTRATIONS of NITROGEN-ARGON MIXTURES 

Tables of Selected. Values 

Holst and Hamburger ___ 

Mole $ N2 

/ 

Temp. Mole i> 

°X Liquid j" Vapor 

p * 50 cm 1½ (O.656 atm.) 

73.8? 
73.94 
74.82 

75.86 
77.2I 
78.65 
79.41 

81.42 
81.79 
83.45 

100.0 
99.3 
82.6 

65.3 j 

31.5 

10.0 

0.0 

100,0 

74.05 

52.8 

24.3 1 
0.0 i 

_ _ ——1 f- 

1 p a 76 cm Hg (1.0 atmO_ 

78.3O 

79-41 
80.66 
82.1(0 
82.97 

85.25 
85.46 
87.26 

I 82‘.6 

65.3 

31.5 

10.0 

0.0 

74.O 

52.8 

24.3 
0.0 

1 

Liouid Vapor 

p u ]00 cm Hg (1-32 atm.) 
1 

100.0 
99. 
32.6 

83.O8 
35.05 

85.40 

8T.98 
38.04 
89.93 

65.3 

31.5 

100.0 

74.0 

52.8 

10.0 

0.0 
24.3 
0.0 

p s 150 cm Hg (I.97 atm.) 

3-57 

1 

r\. 

70 

Ò5.97 
86.93 
89.29 
89.33 

92.15 
92-32 

.94.18 

65.3 

3I.5 

10.0 
0.0 

74.0 

52.8 

24.3 

0.0 

press. 
atm. 

Press. ! 
cm Hg 

Mole 
—nq. T 

i 
Vap. 

T - 85.11°K 

2.29 
0 r>6 

174.3 
156.2 

100 1 100 
82.6 j 

1.81 

1.63 
I.32 
1.27 

.984 

.963 

.793 

137.9 

124.2 
100.5 
96.78 

74.75 
73.16 
60.28 

_—- 

050 

31.5 

10.10 

0 

74.O j 

52.8 

24.3 
0 

>- 

m 'K- ' nWr* .Si 1 
: y»' 

Teuff 

5K 
w 

1 f 

78.9 
79.5 
80.2 § 
80.9 
31.6 
82.5' 

83.5' 
84.4 
85.6 

87.0< 
87.9'. 
89.0( 

P : 

83.8( 
84.M 
85.21 

86.0( 

87.7^ 

88.7^ 
89.88 
91.08 

92.61( 
93.58 
94.43 

Í 

■¿«as. 



Table of ot-loet.ed Values 

F'istayskll and Petrovskli 

Temp. 

°K 

Mo.i.e j) N0 

Liquid Vapor 

P = 9-12 mm Hg (1.2 atm.) 

7Ö.90 
79.5Ö 
80.26 

80.96 
8.1.66 
82.50 

83.50 
84.46 
85.64 

87.00 
87.92 
89.00 

100 
90 
80 

70 
60 
50 

4o 
30 
20 

10 
5 
0 

100 
96.52 
92.46 

87,74 
82.24 
75.60 

67.15 
56.96 
43.47 

25.80 
14.10 
0 

P = I52O mm Hg (2.0 atm.) 

83.80 
84.44 
85.24 

86.00 

100 
90 
80 

100 
90,16 
91.73 

Tcitp. 

°K 

Mole S. 

Liquid 
L 
Vapor 

P = 2280 mm Hg (3.0 atm.) 

88.11 
88.84 
89.66 

90.42 
91.2Ó 
92.24 

93.34 
94.56 
95.96 

97.45 
98.32 
99-22 

100 
90 
80 

70 
60 
50 

40 
30 
20 

10 
5 
0 

100 
95.90 
91.08 

85.95 
79.71 
72.34 

63.58 
52.78 
39.43 

22.32 
12.00 
0 

_|_ 
P = 5040 mm Hg (4.0 atm.) 

91.'’40 
92.16 
92.98 

100 
90 
80 

100 
95.33 
91.06 

HJ' 

87.72 

88.76 
89.88 
9I.O8 

92.64 
93.56 
94.43 

50 

to 
30 
20 

10 
5 
0 

64.91 
54.34 
to. 87 

23.36 
12.53 
0 

97.05 
98.21 
99.68 

101.13 
102.00 
102.88 

50 
to 
to 
20 

10 
5 
0 

62.41 
5i.6y 
37.97 

21.22 
1^.30 
0 
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SQCJILIBRIUr! CONCENTRATIONS of NITROGEN-AEGON MIXTURES 

Tables of Selected Values 

Holst and Hamburger 

Mole £ N, 
2 

Liquid I Vapor 

î s 50 cm Hg (O.658 atm.) 

73 »8? 
73.9^ 
74.82 

75. B6 

77.21 
i 78.65 

79.41 

81.4? 
81.79 
83.45 

100.0 
99.0 
82.6 

65.3 

31.5 

10.0 

0.0 

100.0 

74.05 

52.8 

24.3 
0.0 

Temp. 

°K 

Mole j, Nr 

Liquid Vaoor 

P = 100 cm Hg (I.32 atm.) 

79.71 

79.78 
80.76 

81.95 
83.O8 

85.05 
35.40 

87.96 
88.04 
39.93 

100.0 
99. 
82.6 

65.3 

31.5 

10.0 

0.0 

100.0 

74.0 

52.8 

24.3 
0.0 

79.41 
80.66 
82.40 
82.97 

85.25 
85.46 
87.26 

/ 
/ 

65.3 

31.5 

10.0 

0.0 

74.0 

52.8 

24.3 
0.0 

85.97 
86.93 
89.29 

89.33 

92.15 
92.32 

.94.18 

65.3 

31.5 

10.0 
0.0 

74.0 

52.8 

24.3 

0.0 

Press. 
atm. 

Prese. Mole # N? 
cm Hg Liq. Vep. 

T = 35.HK 

2.29 
2.O6 

174.3 
156.2 

100 
82.6 

100 

1.81 

I.63 
I.32 
1.27 

.984 

.963 

.193 

I37.9 

124.2 
100.5 
96.78 

74.75 
73.18 
60.28 

65.3 

3I.5 

10.10 

_ "i 

74.,0 

52.8 

24.3 
0 

86.8( 
87.7¿ 

88.7( 
89.8f 
91.0£ 

92.64 
93.56 
94.43 

* 

1 



Tail's ji’ Selected Values 

"asbOYskil and Petrovskii 

Temp. 

Or/* 

Mole i t 

Liquid Vapor 

P = 9i2 nun Hg (l.2 atm.) 

78.90 
79.98 
80.26 

OO.96 
81.66 
82.50 

83.50 
64.46 
85.64 

87.00 
87.92 
89.OO 

100 
90 
80 

70 
60 
50 

¡40 
30 
20 

10 
5 
0 

100 
96.52 
92.46 

87.74 
82.24 
75.60 

67.15 
56.96 
43.47 

25.80 
14.10 

0 

p = I52O mm Hg (2.O atm.) 
-1 i 

LOO 
,44 
.94 

100 
16 
73 

30.( 

Mola cjo 

Liquid Vapor 

P = 228O mm Hg (3*0 atm,) 

88.11 
88.84 
89.66 

90.42 
91.26 
92.24 

93.3^ 
94.56 
95.96 

97.45 
98.32 
99.22 

100 
90 
80 

70 
60 
50 

4o 
30 
20 

10 
5 
0 

100 
95.90 
91.08 

85.95 
79.71 
72.34 

63.58 
52.78 
39.43 

22.32 
12.00 
0 

P = 3040 mm Hg (4.C atm.) 

100 91.40 
92.16 

95.86 

97.05 
9O.21 
99-68 

IOI.13 
102.00 
102.88 

¡40 
30 
20 

10 

5 
0 

100 
95.83 
91.06 

79.07 
71.50 

62.41 
51.69 
37.97 

21.22 
I9.3O 

0 

219 
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EQÜIL: 8KIUM C0MCMTRATI0N of NITROGEN-METíIANE MIXTURES 

Source o oi‘ Data: 

Bloomer, 0. T. and Parent, J. D., Chem. Eng. Progr. Symposium 42, 

No. 6, 11-24 (1953) 

Cines, K. R., Roach, J. T., Hogan, R. J. and Roland, C. H., Chem. Eng. 

Progr. Symposium 4^, No. 6, 1-10 (1953) 

Bloomer, 0. T. and Rao, K. N., Inst. Gas Technol. Research Bull. 18, 

1-2 (1952) 

Other References: 

Fastovskii, V. G. and Krestinskii, Yu., Zhur. Fiz. Khim- 1¿, 525*31 (l94l) 
Fastovskii, V. G. and Petrovskii, Yu. V., Zhur. Fiz. Khim. ¿1, 2317*20 

(1957) 

Shtekkel, F. A. and Tsin, N. M., Zhur. Khim. Prom. l6, No. 8, 24-38 (1939) 

Stoiler, H. H• and Benedict, M., Chem. Eng. Progr. Symposium 49- No. 6, 

25-36 (1953) 
Totocheshnikov, N. S. and Levius, u. A., Zhur. Khim. From. l6, No. 1, 19 

22 (1939) 

Comments: 

The values for the liquid-vapor equilibria for the following table and 

«rranh are from the experimental measurements- reported by Bloomer 
»-1 ^ - i tt__j ffho irolupx; used 1 
Pai Cines, Roach, Hogan and Ro 

yf, and 100¾ are the 

The value 

pressu: ïth 

RS 

are for essentially one i>aiuc 0 , 0 .,, 

and for Parent are for temperatures from -2,5 to -llb.f * ./7..,,- 

from 14.7 to 700 psia and the data from Cines, et al. are lor „empera- 

tures from -280° to -1503F for pressures from 20 to fyO psia. 

A comparison of these data sources was made by Bloomer and Parent and 

the'two sets of values reported in excellent agreement except near the 

critical point. Bloomer and Parent attribute these larger differences 

in data to difficulties experienced in sampling in the critical region 

with the recirculation method used by Cines, et al. A further indica¬ 

tion of reliability of these data is the estimated accuracy repor i d ->Y 

Bloomer and Parent. In their paper they report the following - pri¬ 

men tal accuracies: 

composition measurements, +0.05^ 
high-pressure de» points, i 2 psi or i 0.1’F, whicnever is larger 

high-pressured bubble points, - 1 P^i 

low-pressure dew and bubble points, 0.1 psi 

Tn construction of the following graph, the two sets of data appear ^ 

consistent in all but a few isolate! cases, me paper ---.or — 

Benedict, contributes further to the use of this data by reporting an 

equation of the Benedict-Webb-Rubin form for the vapor-liquid equ.lxbxm, 

do.tci of CiacS; ct ov .• 

Issued: 3*27-6l 

222 



’• WAT* 
• -•«-lî-'Tr.îisr' 

' 
'•-.V • ’ V Rjf f ••. .,¾^ 

« 
■ 

■ 

r* 

V) 
ÜJ 
<r 
Z) 
H 
X 

Lü 
2 
< 
X 
J— 
UJ 
5 

O 

* 

CO 

«I 
« 
3 

Lü 
CO 
O 
CE -o 
h- * 
_ «- 

2 ° 

. « 
11* V) 

O 

in 
2 
o •> 

H* o 
< H 

CE 
(- 
2 
Ui 
o 
2 
O 
O 

2 
D 

CE 
CD 

D 
O 
LÜ 

*> 
c u 
ä 
n. ü 

o I p 
I >■ * I i> 

V I -H 
b * 

> m 

vß - i (*- --Í Jv ü: CO üO CO o> o 
H r-< 

Q CA O 
¿TS 7> r-< H 

r-i UA »r\ 

ro oO 

.°j a 

C\j 
t- O CO OJ T 

ipv ^ m O irv <J\ 
On O t ^ OJ C\| CM 

»• i H r 1 »H H 

On CO H 
rO CM rH 

CO lA H 
f- CO On 

t- CM H O^v 

8 a O NO 

21 2i 

PO Q 
ON O 

ON t- 

CM CM 
H CM 

CO m VO 
cm m «a 

NO ON ó 

On ' 0 m 
CO On 

O no vo CO 

m o 'O 
(M PO co 

0\ vO CM H H (O 
On O H CM 00 P”^ 

H r-1 H H 

H NO H ro CO O 

fO NO OS 

Ico 
• I CM 

NO NO 
O la On nO CMcOCO H la 

*Ä. I -H I H ON IA l£N ÜN CA NO 
I »41 oo 'jo on o h cm en 

(Ö II H »~i H H 

no O t*- 
7 lA lA 
-I rH H 

00 

11 m o 3 a 
m 

w §* 
> 

ON 
iA 00 

P-» PO CM N 
ON O .H CM 

*H ri fH 

PO CM 

0 

NO O 

(A -7 (A 
-t m o 
H H rH 

H C-- -í- 
N- K CO 

IA lA PO PA h-- -7 .H CM H lA 

H h- CU A 
no co oo 
ri ri ri H r-* 

H CQ CN Í-- 
rA -7 lA NO 

CO ON CU 

rH 
co 

H ON t 7 00 ON 

0-7-7 CM 00 PA 
-7 A NO f— h- O) 
f H ri ri- rH ri ri 

h- ON N- PO PA f£) OU A CM 

O co 

a a 
ve -7 H r 
N-0 P- co CO 
ri rH ri ri 

O O -7 ro NO -7 CM O 00 no 

ri CU NO PA O h- 7 O 
H CM CM PA -7 .7 

.^R8888888 

ri 
O re 

8 
re 

1 

2 i 

O 
•J 

> 

223 

« 

H 

CM 
>- 
•H 

ä4 
> 

0\ 'O co 
• 1 1 « 1 • * * 
1 1 » t » f- CM ri 

lNJ pA 

o4 
vi 
»4 

CO CM H 
lili» » ' 
* í 1 f » r-í CO VO 

ri 

* 
0 
7T 

A 
A 
«H 

i 

C -7 ON UN O 
III 4 * * * ‘ 
1 1 I -7 f»A f— VÛ Oi 

fO -7 A C 

•H 
r4 

X) CA A A A 
1 1 • • « * * 
1 1 1 O CC CC On ri 

H CM -7 

y 
0 
PA 

-7 

7i 

i 

A CM CM CM <n 
III. 
i i * ON On i^N A fO 

PA 'A vi» h- P- 

Ó4 
•H 
i4 

On VO CM ON 00 
lit ..... 
1 i 1 00 O a O vn 

CM m a vß 

y 
0 
OJ 

PA 

r? 

S4 
> 

O co ON 0 CM 
it ...... 
1 1 PA VA 00 VÇ rH 1 

lA 'A N- cu ON 

vi 

( O irv VO H cvi 

¡ : ^ 8 .9 ¿ ¿ : 

i 

y 
> 

1 

PA VO PA 00 CM 
1 •••••» 1 1 
1 VO Ni) ON «5 UN 1 1 1 

H A t- CO On 

1 *••••• 1 J 

U4 I 1 * • • • • • 1 i 
tO i 1 CM n0 -7 PA ON 1 1 I 

CM 
OJ 
H O1 

vi 

VA -7 CM pa On 
1.1 
i m -7 pa vo co 1 1 

ri -7 h- CK 

y 
0 
ON 

O 
ri 
ri 

& 
> 

-7 ri O b— 
• • * • lili 

lni cm fr tr « » > » 
a r~ ce Ov 

O' 
•r< 

C- A CO OJ 
• • * * lili 

-7 H ro Q • 1 i 1 . 
H Pi Ov 

y 
0 
PA 

CO 

ã4 
> 

oí a> i/v 

S ¿ ! 1 ! ! : 

c4 
-7 CM H 

• •• 1 1 1 1 1 
-7 ri O 1 1 1 1 1 
H PA CN 

a
tm

. 
i 

-7 
0 7COVO-7 cu 00 vo 

PM PA VO PA O f-Oí— 
ri CM CM -7 -7 

(fl 
OOOOOOOO 

M 
CM 

(* 1 UA O Vw» O <~J KJ 
t~\ CM AN -7 • IA NO 



17.000 

Ÿ 

mti 
EI^Clï^OAL ÆSISTim’Y of METALLIC SLjîùÆNTG at .f.OW •¿’J^MTKRATORfö 

CONTESTS 

>4Í I 

m 

Profece to the Electrical Resistivity of Metallic Elements 

Electrical Resistivity of Lithium... 

Electrical Resistivity of Sodium. 

Electrical Resistivity of Potassium. 

Electrica], Resistivity of Rubidium... 

Electrical Resistivity of Cesium....... 

Electrical Resistivity of Copper. 

Electrical Resistivity of Silver... 

Electrical Resistivity of Gold... 

Electrical Resistivity of Beryllium. 

Electrical Resistivity of Magnesium. 

Electrical Resistivity of Calcium. 

Electrical Resistivity of Strontium... 

ectrical Resistivity of Baiium........ 

Electrical Resistivity of Zinc.. 

Electrical Resistivity of Cadmium. . 

17.000 

17.111a 

17.111b 

17.IIIC 

17. nid 

17.111e 

17.112- la 

17.112- lb 

17.112- 2 

17.121a 

17.121b 

17.121c 

17.121e 

17.122a 

17.122b 

Electrical Resistivity of Mercury. 

Electrical Resistivity of Lanthanum... 

Electrical Resistivity of Cerium. 

Electrical Resistivity of Praseodymium 

Electrical Resistivity of Neodymium... 

17.122c 

17.131a 

17.131b 

I7.I3IC 

17.131a 

Electrical Resistivity of Gadolinium 

TPT - ~ 4 ^-J-1 n-i J-t J- _ « 
xj-nviv. oí. Xnenxo ox y J. ojr ui- iyy rsjji Uíj imfi 

Electrical Resistivity of Erbium.. . 

I7.131f 

17.1316 

lf.l3li 

(continued) 
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17.000 

’'iïCE 'ica mumm oí ktallic ombob at loti temtïüa^jkes 

CONTENTA (continued) 

Electrical Re&istivit}- of Tliorlm.. 

.. 17.I3II. 
electrical Resistivity of ITraniian 

. 17.13131 

Electrical Resistivity of Aluminum. 
.    17.132b 

electrical Resistivity of Gallium 

. I? .132(1 
Electrical Resistivity of Indium... 

. 17•132f 
Electrical Resistivity of Thallium... 

. i7.132g 

Electrical Resistivity of Titanium. 
. 17'l^la 

Electrical Resistivity of Zirconium. 
.. 17.l4.lb 

Electrical Resistivity of Hafnium. 

. 17.141c 

Electrical Resistivity of Tin 

. 17.142-3a 
Electrical Resistivity of Lead... 

. 17-l42-3b 

Electrical Resistivity of Niobium 
•••••• -L ( » JLO.J.CI 

Electrical Resistivity of Tantalum 

. 17.151b 

EJectrical Resistivity of Vanadium 

. I7.I5IC 
Electrical Resistivity of Arsenic 

. 17.152a 
Electrical Resistivity of Antimony.. 

' .. 17.152b 
Electrical Resistivity of Bismuth.. 

... 17.152c 
Electrical Resistivity of Chromium.. 

. 17.l6la 

Electrical Resistivity of Molybdenum. 

. 17.l6lb 

Electrical Resistivity of Tungsten. 

..   17.161c 
Electrical Resistivity of Manganese 

. 17.171a 
Electrical Resistivity of Rhenium.... 

**••••••*... i y I'm* 

Electrical Resistivity of Iron 

.. 17.181a 
Electrical Resistivity of Nickel 

. 17.l8lb 

(continued) 
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17.000 

ELECTRICAL lŒSICTiVÏÏY of METALLIC ELEMEI^TS at. T,OW T^IPERAÏURES 
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PREFACE to the ELECTRICAL RESISTIVITY of METALLIC ELEMENTS 

The electrical res Utilities of 53 pure, or nearly pure, metallic elements 
are presented here as a function of temperature for the range from 1 to 
300°K. These metallic elements include only those that exhibit an increase 

in resistivity with increasing temperature. These values of resistivity are 

presented as ratios, p/p¿>73> that is, the resistivity divided by the value 

of the resistivity at 273*15°K. The resistivity may then b.e determined as 

a product of the ratio and the value of p273 listed on the graph sheet for ^ 

each metal. Each graph is for a separate metal and generally includes the 

vailles reported by several investigators. 'The several sources of data are 

listed on the data sheet and the individual curves on the graph are refer¬ 

enced by the author's name. 

! 

* 

The sever al clamei sources used in this compilation reported the values of 

electrical resistivity in several forms, such as specific resistivity p, 

or values of resistivity ratio, p/p^, where the datum temperature T, 

is not consistent from one reference to another. Often the value of 

resistivity for the datum temperature used in the resistivity ratio is not 

available. In this compilation, where the original data are values of 

resistivity, a common value of p273 is used in the calculation of the ratio. 

Where the original data are values of resistivity ratios, the value of p273 

indicated on the graph sheet for calculation of resistivity is either the 

value of p273 from the original data in those instances where it was given, 

or the most probable value of p273 from another source when it is not 

available from the original experimenters. Where the original data are 

resistivity ratios, p/pT, and T is not 273°K, a suitable correction has 
been used to convert the ratio to p/p^. 

I 

1 

Comments on sample purity, accuracy of the tabulated data and other 

pertinent information reported in the source of data are included in the 

comments for each data sheet. Some of the references list interpolated 

values between experimental data points. Where these interpolated values 

have been used in the constx’uction of the graphs, trie interpolated values 

are also listed in the tables of values and so indicated in a footnote. 

The graphs of the electrical resistivity ratios are presented on linear, 

semi-log or logarithmic coordinates as necessary for satisfactory representa¬ 

tion of the data. The use of logarithmic coordinates serves to emphasize 

the differences in the values reported by the several experimenters at low 

temperatures. This variation may be attributed primarily to differences in 

the purity of the sample measured or in some cases to the use of a sample 

with residual mechanical strains that were not relieved by annealing. 

The graphs also serve to illustrate Matthiessen's rule that the Increase 

of resistance in pure metals due to imperfections in the crystal lattice 

structure is independent of temperature. The resistivity of these nearly 
W»T ,. 4-1«. V---4-J — J-J- -1---3-3 -- __ _ a_ 

¿/ui-- V. **»<-* jr Cfc UCU -LULA-/ OWU J-iiU.CJJCitU.CilO JJtU OÖ j 

P = Pi + Po 

where pi is the intrinsic resistivity (the electron-lattice interaction) and 

228 

i 



17.000 

PREFACE to the ELECTRICAL RESISTIVITY of METALLIC ELEMENTS (Coat.) 

is a function of temperature, and p0 is the imperfection resistivity (the 
electron-imperfection interaction) and is dependent on the type and con¬ 
centration of the imperfections and is almost independent of temperature. 
The imperfections are either chemical imparities, isotopes, or mechanical 

imperfections such as vacancies, dislocations, etc., in the lattice 

structure. The effect of impurities is then to shift the curve uniformly 

upward. At very lovr tempe'"'.tures p0 is much greater than so that 

temperature change has little effect on the resistivity, while at high 
temperatures p£ is much greater than p0, so that the differencer. in 
resistivity for various samples becomes relatively insignificant. The 

graphs on linear coordinates illustrates the above for those metals where 
alternate data sources are represented in a temperature range where Pq is 
much less than p¿ and is evidenced by a constant vertical displacement of 
the data. Several theoretical and empirical equations have been proposed 
for the ideal resistivity as a iunction cf temperature, but no general law, 

valid for all conductors, has come forward. The intrinsic electrical 

resistivity of most simple metals at intermediate temperatures however, may 

be adequately represented by an empirical equation of the form p^ = aTb, 

where b varies from 4 to 5- This is further indicated on these data sheets, 

where a straight line may be used on the logarithmic coordinates to represent 

the data for large intervals of temperature. 

When considering the resistivity of the metallic elements at low temperatures, 

the phenomenon of superconductivity should also he noted. Supercc ductivity 

is attributed to the complete absence of resistance to an electric current. 

rT\/entv-three inctfiilXi.c GlGinGirts âr*ô presently known to exhibit fixiperconcLuo*“ 

This graphical presentation of the electrical resistivity of the supercon¬ 

ducting elements does not include data in the superconducting temperature 

range. An exception is the data sheet for lead, where electrical resistivity 

data extending into the superconducting region appeared in the reference and 

were included in this compilation. These data below the transition tempera¬ 

ture were based on actual observations of electrical resistance in lead in a 

super critical magnetic field at temperatures which would normally make lead 

a superconductor . 

As in the case of lead, elements in the superconducting state when subjected 

to an external magnetic field of a given strength, will regain normal 

resistance to an electric current. The strength of this critical magnetic 

field depends on the element concerned and temperature. This relationship 

may be approximated by: f -. 

Hc = Ho 1 - (t/tc) 

T„ 

+V.Ö tro 1 nr» r»f* nrH+'fpial mo emo+.i r 
w W*w .—-- - ----—-- 

ic the transition temperature (in °K) and H( 

, J-IT A 

field at a temperature T. Values for Tc 
c 

and Hq 

f-’iplrí fin r,f>rfí+.pñfi) at. 0°K. 

is the value of the critical 

are given in Table 2. 

RDM/RS/VJJ Issued: 4/18/61 
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Table 1 

Conversion Factors for Electrical Resistivity 

p ohm-cm 
— 

ohm-in ohm-cir mil/ft. 

1 ohm-cm - 

1 ohm-in = 

1 ohm-cir mi.l/ft = 

1.000 

2.540 

1,662 X 10"7 

0.3937 

1.000 

6.545 X 10"8 

6.OI5 X 10 

1.528 X 10? 

1.000 

Table 2 

Transition Temperatures for Superconducting Elements * 

Element 

Aluminum 

Cadmium 

Gallium 

Hafnium 

Mercury 

Niobium 

Osmium 

Lead 

Rhenium 

Rhodium 

Ruthenium 

Tin 

Tantalum 

Technetium 

Thorium 

Titanium 

Thallium 

Uranium 

Vanadium 

Zinc 

Zirconium 

Transit on Temt-., °K 

1.175 

O.56 - O.65 

I.IO3 

u. 37 
4.160 

3.374 - 3.432 

4.8, 5.8 

8.7 - 8.9 

O.71 

7-22 

I. 70 

0.9 

0.47 

3-74 

4.38 

II. 2 

1.388 - i.4o 

0.39 

2.392 

l.l 

4.89 

O.93 

0.55 

Critical Magnetic 

Field Ho, Oersteds 

IO6 

27 - 28.8 

47 - 5O.3 

4oo - 419 

269 - 275 

i960 

65 
800 

188 

46 

304 - 310 

860 

131 

100 

171 

1340 

42 - 52.5 

46.6 

* American Institute of Physics Handuook, McGraw-Hill Book Co. Inc., New York 

(19577 SecTTTF rjõ 
230 



17 >Illa 

i 

?I£CTWICAL töS!V:T Í PY of LITSTM, U 

(Atomic 'umber 3) 

Sources of Data: 

Landolt-BÖmctein Zahlenvurte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik, und Technik, sechste Auflage, II Band, ëTeil, 
Springer-Verlag, Berlin (19139) PP- 1-46 

International Critical Tables of Numerical Data, Physics, Chemist.ty, 
and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co., Inc. (.1929) PP» 124-135 

MacDonald, D. K. C.; White, G. K. and Woods, S. B.j Proc. Roy. Soc. 
(London) A235, 358 (1956) 

Other References: 

Guntz, A. and Bronievski, W.; Compt. rend. 148, 204 (1909) 

Meissner, W.; Z. Physik. 2, 373 (1920) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) J, 76l, 892 (l930) 

MacDonald, D. K. C. and Mendelssohn, K. ; Proc. Roy. Soc. (London) 
A202, IO3 (1950) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (ppv?) for lithium to be 
used in calculating values of electrical resistivity is 8.55 x 10"^ 
ohm-cm. 

The data for this giaph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-BÖmstein 
tables are those reported by Guntz and Broniewski; Meissner and Voigt; 
and MacDonald and Mendelssohn; while those values listed by the 
International Critical Tables are from Meissner. These primary sources 
are listed above under "Other References". The original authors are 
used in labeling the several curves on the graph. 

The data in the Landolt-BÖmstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resistivity 
with respect to the resistivity at a datum temperature. (For the ratios 
listed with a datum value other than 2730K, ratios were calculated for 
p/P273‘ ) The actual values of are not available for the samples 
used by the several investigators ,so a datum value reported by Guntz 
and Bronievski (ppv^ = 8,55 x 10“^ ohm-cm) is suggested for calculating . 
values of electrical resistivity from these ratios. 

The va3.ues of resistivity ratio attributed to MacDonald, white and 
Woods were calculated by using P2'[j fr'ora Guntz and Broniewski. The 
resistivity was deterrained as the sum of the residual and ideal 
resistivities, p = p0 + p^ using the values reported in this paper for 
a specimen of high purity as follows with p in ohm-cm. p0 = 0.0372 x 
10-P, Pi = 4.9 x lO"1^ 'P for T < 16°K. 

(Continued on following page.) 
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ELECTRICAL RESISTIVITY 01' LÏ : HIUM 

Conimont^ : ( coni. ) 

^eLandolt^Boraste^WeSilist 

tTt^Je ised by MacBcnal^d Me^lsso^ Hj 
; information was given lor any of the oampie^ usca uy y 

authors. ' . 

THhlps of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

D = Resistivity at 273°Kj (ohm-cm) 

p = Resistivity at 290°K> (ohm-cm; 
R29O 

Meissner and Voigt 
[ MacDoni 

Mende 
ild and 
Lssohn 

Temp. 

°K 
p/p273 

Temp. 

°K 
p/p2Q0 

1.2 
4.2 

1 20.4 

77.7 

86.3 

0.0059 
0.0060 
0.0071 1 
0.1220 

0.1514 

2 
8 

12 
; 16 

0..^032 

O.OO32 

O.OO33 
O.OO36 1 
0.0043 

Meissner 

Temp. 

°c 

__ -T 

ioop/p2^3 
•le-iiiL». 1 

°c 
iwp/ p2T3 

- 80 
- 100 
- 120 
- l40 

.. 1Ó0 
- 18O 

62.3 

53.O 
44.0 

35.2 

26.6 
18.3 

- 182.20* 
- 192.95* 
- 200 
- 220 
- 240 

- 252.67* 

17.37* 
I3.O6* 
10.4 
4.4 

1.2 

O.73* 

^Actual ey 

Meissner 

observed 

rperimental results. ‘The rest of the 

data have been interpolated from the 

val ues. 

RLm/R3 Issued: 1/27/0! 
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ÜILECTBICAÎ, RESISTIVITY oí R5DIUM (Na) 
(Atomic Number ll) 

4 

Sources of 

Lande.U-Särnstein Zahlenverte und Funktionen aas Physik, Chemie, 

Astronomie,"Geophysik und Technik, sechste Auflage", I¡£ Baä, 

Springer-Verlag, Berlin (1959)^. 1-46 

International Critical Tables of Numerical Data, Paysíes, Chemistry, 

and Technology, VI, 1st Edition, Published for the Notional Research 
Council by the McGraw-Hill Book Co., Inc. (1929) pp. 124-135 

MacDonald, D. K. C., White, G. K. and Woods, S. B.; Prcc. Rov. Soc. 
(London) A22¿, 358-374 (1956) 

Other References: 

Justi, E.j Ann. Physik (6) 183 (1946) 

MacDonald, D. K. C. and Mendelssohn, K.j Proc. Soc. (London) 

A202, IO3-27 (1950) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 76I, 892 (1930) 

Woltjer, H. R. and Onnes, H. K.; Communs. Kamerlingh Omies Lab. 

Univ. Leiden No. 173a (1924) 

Hackspill, L.; Compt. rend. I5I, 305 (19IO) 

inning of the 
of the graph. The 

The data for this graph were taken from the references cited above under 

sources of Data . The values listed in the Landolt-Börnstein tables 

are those reported by 3. Justi; D. K. C. MacDonald and K. Mendelssohn; 

and ,7. Meissner and B. Voigt; while those values listed by the Inter¬ 
national Critical Tables are from H. R. Woltjer and H. K. Onnes. These 

primary sources are listed above under "Other References". The original 

authors are used in labeling the several curves on the graph. 

lhe claõa reported in the Landolt-BÖrnstein tables and in the Inter¬ 

national Critical Tables are listed as ratios of electrical resistivity 

with respect to the resistivity at a datum temperature, as listed in 

the following tabular data. (For the ratios listed with a datura value 

other than at 273°K ratios were calculated for 0/^73.) The actual 

values of P273 are not available for the samples used by the several 

investigators so that a datum value reported by L. Hackspill (P273 = 

4.28 X 10"M)is suggested for calculating values of resistivity from 
these ratios. 

The values of resistivity ratio attributed to D. K. C. MacDonald, G. 

K. White and S. B. Woods were calculated by using p27^ from L. Hackspill, 

The resistivity was determined as the sum of the residual and ideal 
resistivities, p = p0 + pi; using the values reported in this paper for 

4 

(Continued on following page.) 
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ELECTRICAL KEfc-ISii/ITT of SOLIUM (cor.t.) 

Conmen.cs: (cont.) 

a speçíÊiea. of high purl ta' ae ioliovs with p in oha-cm, p0 = .001 Vf 2 
X lG~b, pi » 8.6 X IO“10 T6 (VK < T 9°K), pi » 8.V x lO"1? t5 
(8®K < T < 15°K), 

lhe Landolt-BÖrnstein tables list the samples of all three authors as 
polycrystalline with 0.0% impurities in the sample used by Mac Donald 
and Mendelssohn and a very small amount of impurity in that used by 
Juati. No reference is made to the amount of impurity for the 
samples used by the other experimenters, and no information is avail¬ 
able on mechanical strain or boat treatment for any of the samples 
fpom any of the sources of data. 

Tables of Values of Electrical Resistivity 

273 

= Resistivity, (ohm-cm) 

= Resistivity at 273°K, (ohm-cm) 

^290 = ^ 29O°K, (ohm-cm) 

Jus Li 

Temp. p/p 

K 

.4.0 
>0.4 

273 

O.OOII7 
0.00435 

MRË/DRM/RS Issued: 9/30/60 

Woltjer & Onnes 

Temp. 

°C 

-100 

100p/p, 
273 

* 

f 
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001 
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0001 
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4v\*V 
ELECTRICAL RESIùîXVin of POÎ/ISSIÎJM, K 

(Atomic Number I9) 

apUYeas of Data? 

Landolt-Bärpsteiu Zahlenwerte und P\mkUopen au« Phyalk. Chami*» 
Agtronomie, ,.Ggo£h^slk und Technik, sechste Auf lag», II Band, ¿ Ttell, 
Springer-Ver lag, Berlin (ït^Tpp. 1-46 7 ' 

i?^iLÇrjLtlgal Tablea of Numerical Data, Physics, Chemistry. 
«niTecteolosr, VI, lit Bdiûon, Published for ttefel’^al Rese^h 
Council by the McGraw-Hill Book Co. Inc. (1929) pp. 124-135 

Mac Donald, D. K. C., White, G. K. and Woods, S. B.; Proc. Roy. Soc. 
(LondonJ, A2¿¿, 358-374 (1956) ' 7 

Other References! 

Hackspiil, L.; Compt. rend. I5I, 305 (1910) 

Justi, E.; Ann. Physik (6) 183 (1948) 

^02^10^(1950)’ C’ ^ Menàfilssohn> K*i Proc- Ko/- Soc. (London), 

Van den Berg, G. J.j Physica ]A, 111 (1948) 

Woltjer, H. R. and Onnes, H. K.; Communs. Kamerlingh Onnes Lab. 
Univ. Leiden No. 173a (1924) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. Tfe 
value of electrical resistivity at 273*X (p27,) for potassium to 
used in calculating values of electrical resistivity (pT) i8 Pc37 = 
o.l X 10"0 ohm-cm. ' 27j 

The data for this graph were taken from the references cited above 
under Sources of Data". The values listed in the Tandolt-Börnstein 
tables are those reported by Van den Berg; Hackspiil; Justi; and 
Mac ..onald and Mendelssohn. Values reported by Woltjer and Onnes 
appear in both the Landolt-Börnstein tables and the International 
Critical Tables. These primary sources are listed under "Other 
tt=ierences". The original authors are used in labeling the several 
curveo on the graph. 

i-c ¿ata in the Landolt-Bornstein tables, the International Critical 
TanJes and tabulated here are listed as ratios of electrical resis* 
tivlty with respect to the resistivity at a datum temperature, (For 
the ratios listed with a datum value other than 273% ratios were 
calculated for P/Pg-jj.) The actual values of p97^ are not available for 
ouc useü °y tne several investigators so a datum value 

(Continued on following page) 

239 



•7' i: le 

ELE'"■■’Tr,\L RESISTIVITY of 1 ÛÏA8STUM í lout.' 

Comment t:. f cont. ) 

reported by Hackspilx ~ chm-cra) io suggested for 

calculating values of electrical re istivity from these ratios. 

'fhc valuer, of elcethical resistivi :y ratio attributed to MacDonald, White 

and Woods were calculated by using from Hackspiil. 'fhe electrical 

resistivity vas determined as the sum of the residual and ideal resis¬ 

tivities , p = P0 + Pi, using the values reported in this paper for a 

specimen of high purity as follows with p in ohm-cm, p0 = 0.0133r x IO"0. 

= 2,8 .Í lO-iS t5 (t < 8°K). 

All of the investigators appearing in Landolt-B&rnstein are reported to 

have used polycrystalline samples. No mention is made of the impurities 

present in any of the samples with the exception of Justi who reports a 

very small amount of impurities present. The data reported by Van den 

Berg are in two groups. Both sets of data were obtained from the same 

sample. The data in Group I were taken eight days before Group II 

during which time the sample was stored in liquid air. No other 

pertinent information was given about any of the samples from any of the 
investigators. 

.,¾.½ 

4 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P2?3 = Resistivity at 273% (ohm-cm) 

PpoQ = Resistivity at 290% (ohm-cm) 

Justi 
MacDonald and 

Mendelssohn 

Temp. 

JK 
p/p273* 

Temp. 

°K 

0.77 

4.22 

14.0 

20.4 

0.0010 

0.0014 

0.0074 

0.0200 

2 
S 
y 

10 

15 
20 

O.OO75 
O.OO77 
O.OO99 
0.0145 

0.0240 

*The forth decimal place of the electrical 

resistivity ratio values is somewhat in 

doubt. 

r 
(Continued on following page) 
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IT-,1c 

ELECTRICAL RESISTIVITY of POTASSIUM (Cent.) 

Tables of Values of E3.ectrlcal Resistivity 

p = Resistivity, (chm-era) 

p^rj^ Resistivity at 2T3.°K, (orim-cm) 
^73 

Van den Berg 

(Group l) (Group II) 

Temp. 

°K 
p/p273 

Teirp. 

°K p/p2T3 

2.05 
. k.66 
' 9-35 
15.14 

20.33 

0.0031 
0.0032 
0.0049 
0.0112 
0.0222 

__—- 

4.00 
5.60 
T.03 
9.3O 

0.0021 
O.OO23 
0.0027 
O.OO37 

Woltjer and Onnes ] 
(international Critical Tables) (Landolt-BÖ mstein) J 

■ — I 

Temp. 

°c 
ioop/p2T3 

”C 

ioop/p273 

_ 

Temp. 

°K J p/p273 I 
■ —1 --"H 

- 80* 
-100* 
-102.22 

-164.37 
-182.6 
-200.2 

-2OO.96 
-216.32 
-216.75 

65.8* 
57.7* 
56.88 

33.87 
27.47 
21.11 

2O.7O 
15.14 
15.14 

-252.54 
-252.74 
-254.69 

-255.97 
-256.77 
-258.89 

-258.96 
-268.9 
-270.9 

2.708 
2.703 
2.213 

I.943 
I.787 
I.434 

1.429 
0.702 
0.695 

1.2 
4.2 

20.4 

77.6 
87.8 

0.0069 
0.0070 
0.0270 

0.2267 
0.2635 

* Values from interpolation 

RDmTRS I s sued: ïfco/6l 
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i 
ETi^OTRICAL l^ñlSTIVn1' 01 RUBIDIUM. Kb 

'tonic Humber jj) 

Sources of Data: 

j Lr.ndolt-Borgst eta Zf.hierj.verte und Funktlonea aus Physik, Chente, 
Astronomie, Gecphysík und Technik; sechste Auflage, II Band, 5 -.(’eil 
Springer-Verlag, Berlin"(1959) PP• 1-^6 
International Critical Tables of numerical Data, Physics, Chemistry, 

and TechnoJ.ogy, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) PP> 12^-135 

Other References: 

Hackspill, L.; Compt. rend. 151, 305 (1910) 

Justi, E.; Ann. Physik. (6) 3, 1Ö3 (191^) 

Kurnakow, N. and Nikitinski, A. J.; Z. anorg. allgem. Chera. 88, 151 
(1914) 

MacDonald, D. K. C. and Mendelssohn, K.; Proc. Roy. Soc. (London) A202, 

103 (1950) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) 7, 7^1, 892 (l930) 

Coiranents: 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) ^or rubidium to be 
used in calculating values of electrical resistivity (p„) is listed 
below the authors’ names labeling each individual curve on the graph 

The data for this graph were taken from the references cited above 

under "Sources of Data". The values listed in the Landolt-BÖmstein 

tables are those reported by Justi; Kurnakow and Nikitinski; MacDonald 

and Mendelssohn; and Meissner and Voigt; while those values listed by 

the International Critical Tables are from Hackspill. These primary 

sources are listed above under "Other References". The original 

authors are used in labeling the several curves on the graph. 

The data in the Landolt-Eomstein tables, the International Critical 

Tables and tabulated here are listed as ratios of electrical resistivity 

with respect to the resistivity at a datum temperature. (For ratios 

listed with a datum value other than at 273°K, ratios were calculated 
for 0/0273.) value ^ P273 reported by Hackspill and suggested 
here for calculating values or electrical resistivity from the Hackspill 

data is P273 = 11.6 x 10-6 ohm-cm. The actual values of 0273 are not 
available for the samples used by the other Investigators so a datum 

value reported by Kurnakow and Nikitinski (P273 = 11*29 x 10‘C ohm-cm) 
is suggested for calculating values of electrical resistivity from the 

remaining ratios. 

The Landolt-BÖmstein tables report the samples of all the investi¬ 

gators are considered as polycrystalline with a small amount of 

impurities uf unknown compositon. No other pertinent information is 

reported for any of the samples from any of the sources of data. 

(Continued on following page.) 
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ELüCTF.iCAL RESISTI'M'Y of RühlDIíM (Coût.) 

Tabi»"s of Values of Electrical Resistivity 

p = Resistivity, (chm-cm) 

pr. ^ = Resistivity at 273°K, (ohm-cm) 

p = Resistivity at 290',K, (ohm-cm) 

...— ' ' rr" 
Meissner and Voigt Justi 

MacDorn 
Mende] 

ild and 
Lssohn 

Temp.x 

flK 
p/p273 

Temp. 

°K p/p273 
Temp. 

°K 
‘/ f 29C 

1.25 
4.20 

20.4 
77.6 
07.3 

0.0380 
O.0391 
0.0817 
O.2701 
0.3043 

0.88 
4.22 

l4.o 
20.4 

0.0124 
O.OI33 
0.0339 
O.0554 

2 
5 

10 
15 
20 

O.O3II 
O.O325 
O.O387 
0.0487 
0.0628 

j * The second decimal place of the temperature values is somewhat ■ 
in dqubt. 

Ix-jf 'pjiG fourth decimal place of the /alues of the electrical 
resistivity 

Hackspill 

Temp. 

°C 
100p/p273 

Temp. 

°C 
ioop/p273 

- 78* 
- 80 
-100 
-120 

54.3* 
53.5 
46.3 
39.9 

-140 
-I60 
-I8O 
-190* 

34.2 
28.8 
23.8 
21.6* 

^Observed values. Other values have been 
interpolated. 
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>\ 

244 



TEMPERATURE, °r 

20 JO 40 60 80 100 
T 

200 300^00 

3 4 6 8 10 20 30 40 60 80 100 

TEMPERATURE, °K 
200 300 

245 



17,111e 

IT ir 

À 

ELECTRICAL RESISTIVITY oí' CESIUM, Cti 

(Atomic Number 55) 

Sources of Dqta: 

Landalt-BÔnistein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik; sechste Auflage", IÏ"BaHd^T Teil, 
Springer-Verlag, Berlin (Í959) pp. 1-46 

International Critical Tables of Numerical Data, Physics, Chemistry, 
and Technology, VI, 1st Edition, Published for'the National' Research 
Council by the McGraw-Hill Book Co. Inc. (1929) pp. 124-135 

Other References: 

Hacksnill, L.; Compt. rend. 151, 305 (1910) 

Justi, E.j Ann. Physik (.6) 3, 183 (1948) 

MacDonald, D. K. C. and Mendelssohn, K.; Proc. Roy. Soc. (London) 
A202, 523 (1950) 

McLennan, J. C., Niven, C. D. and Wilhelm, J. 0.; Phil. Mag. 6. 
672 (1928) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) 7, 761, 892 (I930) . 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (P273) cesium to be used 
in calculating values of electrical resistivity (pfp) is listed below 
the authors' names labeling each individual curve on the graph. 

The data for this graph were taken from the references cited above 
under oouices of Data . The valued listed in the Landclt-BÖmstein 
tables are those reported by Justi; MacDonald and Mendelssohn; 
McLennan, Niven and Wilhelm; and Meissner and Voigt; while those 
values listed by the International Critical Tables are from Hackspill. 
These primary sources are listed under "Other References". The original 
authors are used in labeling the several curves on the graph. 

The data reported in the Inndolt-BÖmstein tables, the International 
Critical Tables and tabulated here are listed as ratios of electrical 
resistivity with respect to the resistivity at a datum temperature. 
vFor the ratios listed with a datum value other than at 273°K, ratios 
were calculated for p/pgyj.) The actual values of pp^o are not avail¬ 
able for Meissner and Voigt; Justi; MacDonald and Mendelssohn, so a 
datura value reported by Hackspill (p273 = 18.I x 1CT° ohm-cm) is 
suggested for calculating values of electrical resistivity from these 

1 OH - nrObO a r» "f 11 a 1 -rol TT-T_Jit 1 n . 

Niven and Wilhelm are available (p2y- = 18.I x 10-6 ohm-cm and = 
I9.O x 10-° ohm-cm) respectively. These values are suggested for 
calculating values of electrical resistivity from the ratios attributed 
to the respective authors. 

1 (Continued on following page.) 
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ELECTRICAL RESISTIVITY of CESIUM (Cunt.) 

Comments : (cont.) 

The Landolt-BÖmstein tables list the samples used in 
citations as nolycrystalline. The samples usea by Haekspill im¬ 
ported to have a small amount of Impurities present and the j>amp 
used by MacDonald and Mendelssohn is reported to have less ' ^ ^ 
0.001^ impurities present. No information was given on f ' 
pp heat treatment for any of the samples from any of tue sources • 

data • 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-era} 

o = Resistivity at 273% (ohm-cm) 

o J = Resistivity at 290°K, (ohm-cm) 
^290 

—.... 
McLennan, Niven 

and Wilhelm 

Meissner and 
Voigt 

Justi 
MacDon; 

Monde] 
ild and 
Lssohn 

Temp. 

°K 
p/p273* 

Tempt* 

°K 
p/ 

Temp. 

°K 
p/p273 

Temp. 

°K 
p/p290 

— 

2.2 
4,2 

20.6 
82.0 

0.017 
O.OI89 
0.0674 
O.265 

"11" 

4.21 
20.4 
77-6 
87.8 

0.0395 
0.0399 
0.0427 
O.1318 
0.2982 
O.33IO 

4 ?? 
; 14.0 

20.4 

O.OI96 
0.0504 
0.0746 .10 

14 

0.017 
0.027 
O.O65 
0.103 

* The f 
somev 

** r)i6 s 
i_I- 

ourth decimal place 
rhat in doubt, 
econd decimal place 

of the electrical resistivity ratio values is 

of the temperature values is somewhat in doubt. 

Hackspill J 

Tump. 

°C 
ioop/p273 

Temp. 

°C 
ioop/p273 

- 75* . 65.9* 
n 

-140 
.1 hO 

41.9 
is.6 

I 
1 

1 
h
- 

M
 

0
 8

 <
■ • y 

56.0 
48.6 

-ISO 
-190* 

29.5 
26.4* 

■^Observe 
have be 

d values. Values without asterisks 
en interpolated. 

RDM/RS Issued: 2/13/^1 
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ELECTRICAL RESISTIVITY of COPPER, Cu 

(Atomic Number 29) 

Sources of Data: 

International Crí- Pablçs of Numerical Data, Physics, Chenistry, 
and Technology, VI. t Edition, Published for the National Research 
Council by the McGraw-Hill look Co. Inc. (1929) pp 124-135 

Landolt-Mrnste in Zahlen verte und Funktionen aus Physik, Chemie, 
AstronomierGeophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Perlin (1959) PP 1*46 

Other References; 

de Haas, W. J. de Boer, J. H. and Van den Berg, G. J.: Physica II, 
1115 (1934) 

Henning, P.j Z. Physik. 2# 264 (1921) 

Holborn, L.; Ann. Physik 59, 145 (I919) 

Meissner, W.; Ann. Physik (4) 47, 1001 (I915) 

Meissner, W.; Physik. Z. 29, 897 (1928) 

Comments; 

Inference should be nade to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273*K (p pyo) for copper to be used 
in calculating values of electrical resistivity (p T) is I.55 x 10”® 
ohm-cm. 

The data for this graph were taken from the references cited above 
under ’’Sources of Data". The values listed in the Landolt-Bömstein 
tables are those reported by de Haas, de Boer and Van den Berg; 
Holborn; and Meissner; while those values appearing in the Inter¬ 

national Critical Tables are from Henning. These primary sources are 

listed above under "Other References". The original authors are used 
in labeling the curves on the graph. 

The data in the Landolt-Börnstein tables, the International Critical 

Tables and tabulated here are listed as ratios of electrical resis¬ 

tivity with respect to the resistivity at a datum temperature of 

273 °K. The actual values of pgy^ for the samples used by the original 

investigators are not available ¿0 a datum value determined by 

Meissner in 1915 (p 273 = ^*55 x 10"6 ohm-cm) is suggested for calcula¬ 
ting values of electrical resistivity from these ratios. 

The Landolt-Börnstein tables report the samples used by the authors 
A »r* { y\ Cf *f ri •KVioiv' rv'vwri'} T o4* HI r\v\ aa «-»**»« n 1 ârl 1 1 4 v\ä s« v\«h m 4 «m 

with a small amount of impurities present. No other pertinent infor¬ 

mation is given about any of the samples in any of the sources of data. 

(Continued on following page.) 



17 • .112-la 

ELECTKLC/iL RESISTIVITY of COPPER (Cent.) 

Tables oi' Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

^273 = 273°^> (ohm-cm) 

de Haas, de Boer 

and Van den Berg 
Henning 

Temp. 

°K 
p/p273 

Temp. 

°C 

100p/p273 

1.55 

4.23 
14.26 

20.47 

O.OOII7 
O.OOII9 
0.00128 
O.OOI76 

- 76 

-183 
-252.8 

65.739 
18.868 
0.6291 

I 

Holborn Meissner ! 

► "11 11 1.1.-- 

Temp. 

I °K 
p/p273 

Temp.* 

"K 
p/p273** 

81 
195 

0.1502 
0.6602 

I.32 
1.97 
4.20 

20.42 

81.6 

0.00029 

0.00)028 
0.00029 

O.OOO78 
0.144 

* The second decimal place of the temperature 

values is somewhat in doubt. 

**The fifth decimal place of the electrical 

resistivity ratio values is somewhat in 

doubt. 

ï 

i 
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17.112-lb 

ELECTRICAL RESISTIVITY of SILVER, Ag 

(Atomic Number Vf) 

Sources of Bata: 

Internationa,! Critical Tables of Niuaerical Data, Physics, Ctemlstry, 
anTreciirioiosy, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) PP 12¾-135 

Landolt-Bftrnstein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie T Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
^rTnger^/erlag, Berlin (1959) PP l”1^ 

Other References: 

Dewar, J. and Fleming, J. A.; Phil, Mag. J. Sei. (f.¡) ¿t, 271 (l893) 

Holborn, L,; Ann. Physik 5£, 1^5 (1919) 

de Haas, W, J. and Van den Berg, G. J.; Physica bbO (1936) 

Meissner, W.j Physik. Z. 27, 725 (1926) 

Onnes, K. H. and Clay, J. Proc. Acad. Sei. Amsterdam 10 , 207 (190Ô) 

Comments 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (P273) for silver to,be used 
in calculating values of electrical resistivity is l.Vf x 10-6 ohm-cm. 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Bernstein 
tables are those reported by Dewar and Fleming; Holborn; de Haas and 
Van den Berg; and Meissner; while those values appearing in the Inter¬ 
national Critical Tables are from Onnes and Clay. These primary 
sources are listed above under 'Other References". The original 
authors are used in labeling the curves on the graph. 

The data in the Landolt-Börnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resis¬ 
tivity with respect to the resistivity at a datum temperature of 273°K. 
The actual values of P273 are not available for the samples used by the 
several investigators so a datum value reported by Dewar and Fleming 
(P273 = 1.47 x 10-6 ohm-cm) is suggested for calculating values of 
electrical resistivity from these ratios. 

The sample? used by the investigators appearing in Landolt-Börnstein 
are all reported as polycrystalline with a small amount of impurities 
present. The samples used by Holborn; and de Haas and Van den Berg 
were annealed. The sample used by Meissner was aged. No other 
pertinent information was listed for any of the samples in any of the 

sources of data. 

1 
(Continued on following page) 
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17.112-10 

ELECTRICAL RESISTIVITY oC SILVER (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

= Resistivity at 273°K, (ohm-cm) 

Ormes and Clay 

Temp. 

°C 

ioop/p273 
Temp. 

°C 
ioop/p2T3 . 

Temp. 

°C 

ioop/p273 

- 80 + 
rlOO + 

-103.81 

-120 + 
-I39.87 

67.8 
59-6 
58.O87 

51.4 
43.282 

-i4o + 
-160 + 
-180 + 

-183.57 
-195.17 
-200 + 

43.2 
34.8 
26.3 

24.679 
I9.7O3 
17.6 

-204.67 
-220 + 
-240 + 

-252.9? 
-259-22 

15.528 
9-2 
2.6 

0.8913 
O.6942 

Holborn Meissner 
A*, IJoQc onri 
VÍ.C. i LCi Cl O CiliVA. 

j vr\n aeii berg 

Temp. 

°K 
p/p273 

Temp. * 

°K 
0/0 ** P/p273 

j Temp. 

°K 
p/p273 

20 
81 

195 

O.OO54 
O.2071 
0.6841 

I.34 
4.21 

20.4 

78.8 
37.4 

O.OO679 
O.OO682 
0.01000 

O.1974 
0.2349 

). O -T . C. 
6.0 
8.4 

10.8 
20.4 

0.00266 
O.OO268 
O.OO274 

0.00288 
O.OO543 

* The second decimal place of the temperature values is somevhat 

in doubt. 

•** Tire fifth decimal place of the electrical resistivity ratio values 
A «“« /-» »-V W» .-V T tV» •-« 4- -t -VN íQ ■» V» 4- 
J-*w« U\^LU' t'tl.X'-* V -Ju AX • 

+ Values from interpolation. 
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ELECTRICAL RESISTIVITY of GOLD, Au 

(Atomic Number 79) 

Sources of Data; 

International Critical Tables of Numerical Data, Physics, Chemistry, 
and Technology",' VÏ,Tst Edition, Published for^the National Research 
Councillor the McGraw-Hill Book Co. Inc. (1929) PP 124-135 

Tunrtnit-Bflrastein Zahlenwerte und Funktionen aus Physik^, Chemie, 
ARtronömle. Geoohysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (1959) PP 1-46 

Other References: 

Cath, P. G., Ormes, H. K. and Burgers, W. G.; Proc. Acad. Sei. 
Amsterdan 2C, II63 (1918) 

Holborn, L.j Arm. Physik ¿2, 145 (1919) 

Justi, E.; Physik. Z. 4l, 486 (1940) 

Meissner, W.j Ann. Physik (4) j£7, 1001 (1915) 

Meissner, W«; Phj'cik. Z. 2?, 725 (1926) 

Comment ti: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (p27l) {or E01* t0 be 9sed ln 
calculating values of electrical resistivity (PT) is 2.06 x 10-° ota¬ 

ca* 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Börnstein 
tables are those reported by Holborn; Justi; and Meissner; while the 
values appearing in the International Critical iabj.es axe ‘-hose frua 
Cath, Ormes and Burgers. These primary sources are listed above under 
"Other References". The original authors are used in labeling the 

curves on the graph. 
The data in the Landolt-Börnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical reels- ^ 
tivity with respect to the resistivity at a datum temperature of 273 K. 
The actual values of P273 co“ available for the samples used by the 
several investigators so a datum value reported by Meissner in 1915 
(p27_ = 2.06 x 10"° ohm-cm) is suggested for calculating values of 
electrical resistivity from these ratios. 

The Landolt-Börnstein tables report the samples used by Meissner are 
_x._n*_..44.V, i „o., +vion nnmd immirities nresent. The sample 

used by Meissner in the 1915 reference was a cast sample; while the 
sample’ he used in the I926 reference was aged. The samples used by 
Holborn and Justi are reported aa annealed polycrystalllne with a 
smell amount of impurities present. No other pertinent information 
is given about any of the samples in any cf the sources of data. 

(Continued on following I'? - e) 



ELECTRICAL RESISTIVITY of GOLD (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cra) 

p0^ = Resistivity at 273°^, (ohra-cm) 

-. - -_—- 
Cath, Ormes and Burgers 

. 

Temp. 

°C 
ioop/p273 

Temp. 

°C 
ioop/p273 

Temp. 

°C 
ioop/p273 

r 64.97 
-102.22 
-I3O.28 
-145.86 

-164.37 
-I83.95 
-195.88 
-205.31 

66.443 
59.628 
48.507 
42.273 

34.764 
26.660 
21.622 
17.596 

-208.18 
-216.26 
-222,78 
-228.73 

-233.62 
-236.62 
-240.25 

16.365 
12.906 
IO.I3O 
7.68O 

5.804 
4.667 
3.538 

-243.68 
-245.80 
-252.57 
-255.OI 

-258.35 
-268.88 
-269.57 
-27I.6I 

_ 

2.553 
2.039 
0.845 
0.594 

O.379 
0.223 
0.223 
0.223 

_i 

Holborn Meissner Justi 
_ _ 

Temp. 

°K 
p/p273 

Temp. 

°K 
p/p273 

Temp. 

°K p/p273 ¡ 

81 
195 

0.2375 
0.6995 

1.6 
4.2 

20.4 

81.7 
84.9 

0.00109 
0.00109 
0.00707 

0.2341 
0.2480 

4.2 
14.0 
20.4 

79 

O.OOO85 
0.00227 
O.OO709 

0.219 

RlM/tis Issued: 2/9/61 
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17 * 121a 

ELECTKTCAL RESIÖITIVT ' of PEITYILIUM, . Be 

(Atomic Number 4) 

Source of Data: 

Landolt-BÖmstein Zahlenwerte und Funktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil; 

Springer-Verlag, Berlin (1959) PP- 4-46 

Other References: 

Lewis, E. J.; Fhys. Rev. 34, 1575 (1929) 

Mac Donald, D. K. C. and Mendelssohn, K.; Proc. Roy. Soc. (London) A202, 

523 (1950) 
Meissner, W. and Voigt, B.j Ann. Physik (5) 7, 7Ó1, 692 (1930). 

Powell, R. W.j Phil. Mag. 44, 645 (1953) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation oí the graph, file 

value of electrical resistivity at 273°K (P273^.for b;^liuin t0 be 
used in calculating values of electrical resistivity (pip) is 

3.2 X 10“b ohm-cm. 

Tne data for this graph were taken from the reference cited above 
, . 1_ _ 

The data reported in Lanuolt-BÖmstein and tabulated here are listed 

as ratios of electrical resistivity with respect to the resistivity 

at a datum temperature of 273°K. The actual value of p273 is not 

available for the several authors' data appearing on the graph so a 

datum value reported by R. W. Powell (P070 = 3-2 x 10 - ohm-cm) ls 

suggested for calculating values of resistivity from these ratios. 

Powell reports 0.4^ impurities of unknown composition in the poly¬ 

crystalline sample used in determining 0273* 

The Landolt-Bernstein taDles list the samples used by all of the 
authors as being of the polycrystalline type. No mention of impurities 

is made for the samples used by MacDonald and Mendelssohn; and Lewis. 

The sample used by Meissner and Voigt is reported to have had 2«. Fe 

and 0.5$ Bi impurities present. No mention is made of the mechanical 

or heat treatment of any of the samples. 

(Continued on following page.) 
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17.121a 

ükcthcm rasisnvnr uf bkk.íii* (cent.) 

^oleS'OfJfaluee of Electrical neslstlvity 

P = Resistivity, (ohm-cm) 

p273 " Resistivity at 273°K, (ohm-cm) 

Lewis 

Temp. 

°K 
p/p273 

84.2 
196.2 
294.2 

0.273 
0.586 

MacDonald and 
Mendelssohn 

Temp. 

°K 
p/p *• 

290 

4.2 
20.4 
90.0 

O.276 
O.276 
O.322 

Meissner and Voigt 

Temp.** 

1 °K 
p/°273 I 

2.38 
4.22 

20.44 
81.7 

O.3O77 
O.3O75 
O.3O75 

O.3O75 
O.3229 

* decimal place of the resistív-i+ir i i 
somewhat in doubt. " ty /alues is 

second decimal dIspp op +. 
somewhat in doub?. P the temperature values is 
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17.121b 

ELECTRICAL RESISTIVITY of MAGRESIUM, Mg 

(Atomic Humber 12) 

Soiirces of Data; 

Landolt-Eärnstein Zahlenverte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (I959; pp. l-k6 

Mgrnatlonal Critica; Tablea_^_Numerical Data. Physics. Chemistry. 
§iii_^LÇ]ïïi?loSi, J£f» 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) pp. 12U-I35 

Other References: 

Dewar, J. and Fleming, J. A.; Phil. Mag. (5) ¿6, 271 (I893) 

Meissner, W. and Voigt, B.j Ann. Physik (5) J, 76I, 892 (I930) 

Niccolai, 0.,• Physik. Z. 2» 367 (1908) 

Rosenberg, H. M.; Phil. Mag. 4¿, 73 (1954) 

Ynteoa, G. B.; Phys. Rev. 1388 (1953) 

Comments ; 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273#K (p27J for magnesium to be 
used in calculating values of electrical resistivity (pm) i8 4.31 x 
10" uhm-cm. 1 

- uaca for this graph were taken from the references cited above 
ur 1er Sources of Lata'. The values listed in the Landolt-Börnstein 
tables are those reported by Meissner and Voigt; Niccolai; Rosenberg- 
and Yntetiia; while those values listed by the International Critical * 
Tables ore from Dewar and Fleming. Those primary sources are listed 
above under "Other References". The original authors are used in 
labeling the curves on the graph. 

The data reported in the Landolt-Börnstein tables, the International 
Critical rubles, and tabulated here are listed as ratios of electrical 
resistivity with respect to the resistivity at a datura temperature of 
273 K. The actual values of p27j are not available for the samples 
used by the several investigators so a datum value reported by 
Niccolai (P273 = 4.31 x 10"5 ohm-cm) is suggested for calculating 
values of electrical resistivity from these ratios. 

The sample used by Meissner and Voigt is reported by Landolt- 
Börnstein as polycrystalline and annealed in a vacuum at 250°C. The 
sample used by Yntema was of a polycrystalline nature with less than 
—«-,v yxcoem.. rne inceina sample was also annealed but no 
mention is made of conditions. Tne samples used by Rosenberg and 
Niccolai are reported as polycrystalline with very few impurities 
present. No other pertinent information was given about any of the 
samples used by any of the authors. 

(Continued on following page.) 
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17.121b 

ELECTRICAL RESISTIVITY of MACEESICM (Co«t.) 

Tables of Values of Electrical + 

P = Resistivity, (ohm-cin) 

P273 = Resistivity at 273°K (ohm-em) 

Meissner and Voigt Rosenberg 

Temp.* 

°K p/p273 
Temp 

°K 
p/p ** 
h/m273 

I.27 
3.I6 
4.20 

20.46 
77.6 
88.2 

0.0329 
0.0326 
0.0323 

O.O344 
0.1376 
0.2006 

r5 
10 

15 
25 

0.00630 
0.00623 
0.00632 

0.0068 
0.0096 

x The second decimal place is in doubt. 

** The fifth decimal place is in doubt. 

Yr itema Dewar and Fleming 

Temp. 

°K p/p273 
Temp. 

°C 
100p/p 

273 

I.30 
4.21 

O.OO537 
c.00516 

- 78.3* 
- 80 
-100 
-120 

-i4o 
-160 
-180 
-182.9* 

68.2* 
67.4 
59.O 
50.5 

41.9 
33-2 
24.4 
23.0* 

A Results of actual observations. 
All other values from interpolations. 

RDM/RS Issued; I/26/61 
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17.121c 

4¾ 

V 

ELECTRICAL HriCISTIVITl of CALCIllvl, Ca 

(Atomic Number 20) 

Source of Data: 

Landolt-Bbmstein Z&lilenwerte uni Funlctionen. aus Physik, Chemie, 

ÁGtroQomie, Geophysik und Technik, sechste Auflage, II Band, o Teil; 

Springer-Verlag, Berlin ( 1959) PP* 1-½ 

Other References: 

MacDonald, D. K. C. and Mendelssohn, K.; Proc. Roy. Soc. (London) 

A202, 5'¿3. (1950) 

Meissner, W. end Voigt, B.; Ann. Physik (5) 7, ?6l, 892 (1930) 

Rinck, E.; Compt. rend. 192, 421 (1931) 

Comments: 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) i’01’ calcium to be used 
in calculating values of electrical resistivity (pT) is 4.06 x 10"b 

ohm-cm. 

The data for this graph were taken from the reference cited above under 

"Source of Data". The values taken from Landolt-BÖmstein are those 

reported by the authors listed above under "Other References". The 

original authors are used in labeling the two curves on the graph. 

The data reported in Landolt-BÖmstein are ratios of electrical 

resistivity at a datum temperature, as shown in the following tabular 

data. (For the ratios listed with a datum value other than 273°K 

ratios were calculated for p/pg^-) The actual values of p2y. are not 

available for the samples used by the investigators whose data appear 

on the graph so a datum value reported by Rinck (pgv^ = 4.06 x 10 

ohm-cm) is suggested for calculating values of elecirical resistivity 

from these ratios. Rinck reports a small amount of impurity present 

in the polycrystalline sample used in determining P273* 

The Landolt-BÖmstein tables reports the sample used by MacDonald and 

Mendelssohn as polycrystalline with no mention of impurities made. The 

sample used by Meissner and Voigt is reported as polycrystalline with 

a small amount of impurities of unknown composition present. No 

mention is made of the mechanical or heat treatment of any of the 

samples. 

(Continued on following page.) 
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ELECTRICAL RESISTIVITY of CALCIUM (Cent.) 

Tables of Values of Electrical RealsUvity 

p = Resistivity, (ohm-cm) 

pp,^ -= Resistivity at 273% (ohm-era) 

Po^ = Resistivity at 290% (ohm-cm) 

*• 

MacDonald and Mehdelssohn 

Temp. 

°K 

5 
10 
20 

ho 
60 
80 

0.143 
0.144 
0.155 

0.205 
O.275 
0.355 

Meissner and Voigt 

Temp. 

°K p/p273 

I.3 
4.2 

20.4 

77.7 
83.6 

0.2792 
0.2807 
0.3536 

0.4398 
0.4582 

RDM/R3 Issued: II/8/6O 
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17.121(1 

■ ELECTRICAL RESISTIVITY of STRONTIUM, Sr 

(Atomic Number 33) 

Source of Data: 

LandclL-Bbrnotein Zahlenverte und FunKtionen jus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag^ Berlin (1959) PP- 1-^ 

Other References: 

Bridgman, P. W.; Proc. .½. Acad. Arts Sei. 56, 6l (1921) 

MacDonald, D. K. C. and Mendelssohn, K.; Píete. Roy. Soc. (London) 
A202, 923 (1950) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 76I, 892 (1930) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°k (P273) f°r strontium to be 
used in calculating values of electrical resistivity (pT) is 3O.7 x 
10"° ohm-cm. 

The data for this graph were taken from the reference cited above 
under "Source of Data" . The values taken from Landolt-BÖmstein 
tables arc those reported by the author listed above under "Other 
References". The original authors are used in labeling the two curves 
on the graph. 

The data reported in Landolt-BÖmstein are ratios of electrical re¬ 
sistivity with respect to the resistivity at a datum temperature, as 
shown in the following tabular data. (For the ratios listed with a 
datum value other than at 273°K ratios were calculated for 0/0273*) 
The actual values of P273 are not available for the samples used by 
the investigators whose data appear on the graph so a datum value 
reported by Bridgman (P273 = 30*7 x 1G~° ohm-cm) is suggested for 
calculating values of electrical resistivity from these ratios. 
Bridgman reports a very small amount of impurity present in the sample 
used in determining 0273* 

The Landolt-BÖmstein tables report the sample used by MacDonald and 
Mendelssohn as polycrystalline with no mention of impurities made. 
The sample used by Meissner and Voigt is reported as polycrystallins 
with less than O.lfo Fe impurities present. No mention of mechanical 
or heat treatment is made for any of the samples. 

(Continued on following page.) 



MacDonald and Mendelssohn 

Temp. 

°K 
P/p290^ 

r~ 
5 

10 
20 

iiO 

70 

0.243 

0.246 

0.2Ö0 

O.32O 
0.420 

* The third decimal place of the 

resistivity values is somewhat 

in doubt. 

RDM/RS Issued: 11/8/60 
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ELECTRICAL RESISTIVITY of BARIUM, Ba 

(Atomic Number 56) 

Source of Data: 

Landolt-Bömstetn Zohlenwerte und. Funktionen aus Fhyaik, Chemie, 
Astro'noinie , Georhysik und Technik, sechste Auflage, II Band, ¿ Teil 
Springer-Verlag',' Berlin (1959) PP- 1-^6 

Other References: 

Justi, E. and Kramer, J.J Physik. Z. 4l, 197 (191^) 

Meissner, W., Franz, H. and Westerhoff, H.j Ann. Physik. (5) 13; 

555 (1932) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) 7; 7^1, 892 (1930) 

Rinck, E.; Compt. rend. 193, 1328 (l93l) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (p^-ro) for barium to be used 

in calculating electrical resistivity (pT) is given for each individual 

curve on the graph. , . . .,. 

The data for this graph were taken from the reference cited above under 

"Source of Data". The values taken from the Landolt-BÖmstein tables ^ 

are those reported by the authors cited above under "Other References". 

The original authors are used in labeling the several curves shown on 

the graph. 

The data as reported in the Landolt-BÖmstein tables are listed as 

ratios of electrical resistivity with respect to the resistivity at 

a datum temperature of 273°K. The actual values of P273 are no^ avail¬ 
able for the samples used by two of the investigators so a datum value 

reported by Rinck (P273 = 3^.0 x 10 : ohm-cm) is suggested for cal¬ 

culating these ratios. A polycrystalline sample of small impurities 

was used by Rinck to determine 0273* 

The Landolt-BÖmstein tables list the samples of the three authors as 

polycrystalline with a small amount of impurities present in the 

samples used by Meissner, Franz and Westerhoff; and Justi and Kramer. 

No mention is made of the impurities present in the sample used by 

Meissner and Voigt. No information is available on mechanical strain 

or heat treatment for any of the samples from any of the authors. 

(Continued on following page.) 



17.131e 

ELECTRICAL RESISTIVITY of BARIUM, Ba (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

= Resistivity at 273°K, (ohm-cm) 

Justi and Kramer 
Meissner, Franz 

and Westerhoff 

Temp. 

°K 
p/P273 

Temp. 

°K p/p273 

1.85 
4.22 

14.0 
20.4 
78.0 

0.0070 
0.0073 
0.015 
0.027 
0.215 

I.30 
b.26 

20.47 
78.18 

0.0079 
O.OO83 

O.0279 
O.2137 

— 

Meissner and Voigt 

Temp. 

°K 
p/P273 

1.26 
4.21 

20.4 
78.O 
35.7 

0.0446 
0.0450 
0.0670 
0.2843 
0.3149 

SDM/RS Issued: l/23/Ö 
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IT*122ft 

ELECTRICAL RESISTIVITT ûf ZIKC, Za 

(Atomic Number 3^) 

Sources of Estai 

Internst tonal Critical Tables of Numerical Data, Physic«, Chemistry, 
and Technology, VT, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) PP 124-135 

Landolt-Börnsteln Zahlenwerte und Funktionen ans Physik^ Chemie, 
aströnomie, Geophysik und Technik, sechste Auflage, II Band,~o Teil, 
Springer-Verlag, Berlin (1959) PP 1-46 

Other References: 

Holborn, L.; Ann. Physik 5g, 145 (1919) 

Jaeger, W. and Diesselhorst, H.j Wiss. Abliandl. physik tech. 
Reichsanstalt 269 (1900) 

Tuyn, W. and Onnes, K. H.; Proc. Acad. Sei. Amsterdam 26, 504 (1923) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273“-* (P273) for zinc to ^ 
in calculating values of electrical resistivity (ftj) Is 5.6p x 10“6 
ohm-ca. The curves on this graph should not be extrapolated to lower 
temperatures as zinc becomes a superconductor at 0.93°*. 

1¾½ data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Börnstein 
table 3 are those reported by Holborn; and Jaeger and Diesselhorst; 
while those values listed in the International Critical Tables are 
from Tuyn and Onnes. These primary sources are listed above under 
"Other References". The original authors are used 1? ing the 
two curves on the graph. 

The data in the Lanlolt-Börnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resis¬ 
tivity with respect to the resistivity at a datum temperature of 
273°K. The actual values of for the samples used by the two 
references are not available so a datum value reported by Jaeger and 
Diesselhorst (P273 = 5.65 x 10-6 ohm-cm) is suggested for calculating 
values of electrical resistivity from these ratios. 

The samples used by the investigators appearing in Landolt-Börnstein 
are reported ac polycrystalline with a small amount of impurities 
present. The sample used by Holborn is reported as being cast. No 
information as to the nature of the sample used by Tuyn and Onnes is 
avaiiaoie, and no information is available uu the mculiaulcai or heat 
treatment of any of the samples from any of the sources of data. 

(Continued on following page) 
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17.122a 

ELECTRICAL- RESISTIVITY cf ZINC (Cont.) 
' J i 

4. 

Tables of Values of Electri.cal Resistivity 

p = Resistivity, (ohra-cm) 

= Resistivity at 2'¡73° K, (ohm-cm) 

Tuyn and Onnes 

Temp. 

8C 

ioop/p27-. 
Temp. 

°C 

ioop/p27^ 

- 78.2 
-164.37 
-192.05 

-200.38 
-206.99 
-215.26 

68.62 
25067 
22.136 

18.643 
15.901 
12.552 
1.383 

-255.IO 
-256.64 
-258.85 

-268.87 
-269.71 
-271.69 

1.119 
0.984 
O.838 

O.378 
O.378 
O.378 

Holbom 

Temp. 

°K 
p/p2?3 

20 
81 

195 

0.0104 
0.2200 
O.6862 

ïpi/RS Issued: 2/2/6Ï 
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Sources of Data: 

ELECTRICAL RESISTIVITY of CADMIUM, Cd 

1Atomic Number M3) 

International Critical Tableg_0f Numerical Data, Phveica nhrmiai™ 
1st Bait Ion, Published for 

Council by the McG-aw-Hill Hook Co. Inc. (l9S9) pp 124-135 

Landolt-Bernstein Zahlenverte und Punktionen aus Phvsik. Hi^a 
Agtronomte^ Geophysik undTechnik, sechJCTufiagetSlBalri^Tell 
Springer-Verlag, Berlin^l959) pp ^ ' i» d, ö Teil, 

Other References; 

Holborn, L.; Ann. Physik 5£, l45 (1919) 

Jaeger, W. and Diesselhorst, H.; Wies. Abhandl. piysik tech 
Reichsanstalt ¿, 209 (1900) ^ * 

Meissner, W.; Physik Z. 27, 725 (1926) 

CcDiaents : 

Reference should be made to the preface at the beginning of the 

: ^tlVÍty SeCti0n ror an ^lanation of tif The value of electrical resistivity at P7i°ic /n \ ^ ^ s^apn. me 
used in calculating electrical resistivity is^.o?™ 10-6 
®c curves on this graph should not be extrapolated to love ,™Lra- 
ures since cadmium becomes a superconductor betveen O.56 and Ôüs”. 

^u^ oT^".Srfte ^esMstS'Tn'äe^f »'L01*'4 -8461 
are ttesc reported by Jaeger and Weisest^d Vi^.^'! 
those values listed in the International Critical toiles 

¿rí-“' n'‘e3lprl',Bry 30urces are listed above under "Other* 

or^the'graph. ^ Sath°rS ^ ^ deling thVLo curves 

^ laodolt-Mrnsteln tables, the International Critical 
tohles and tabulated here are listed as ratios of electrical resisSvlt 

■>73°K Thfarf ‘í* e,lectrlt:al resistivity at a datum temperature of 1 
uled L ™7„w:t?f1273 are not arallaMe fer tie .samples 

and OiLselhorst” ‘i» 7 0?TiO-6 ‘hf^ r1"" "TT“* by Jaeger 
tir« values of elLgL^IutivitytrLle'S?4 ^ 

ïïefLTle,U7S!à^ Meissner; and Jaeger and Diesselhorst are reported 
-f nnV ^dolt"B(Jrnstein tables as polycrystalline with 0.0% 

m ientZ rL tl0n.rSent ln the Ja56er “d diesselhorst saiple! 
^ i? ^ 0n the ^ture of the sample used by Holbora and no 

n format ion is given on the meetio n*! _j_a. .a* . . 
samples in any of the sources of dat^ .- *ny oi tne 

^Continued on following pege) 



Temp. 

°C 
1C0p/p273 

Temp. 

°C 
100p/p273 

- 78.3 
-182.68 
-192.08 

-200.03 
-207.IO 
^216.32 

-252.58 
-255.O3 

69.08 
28.820 
25.125 

21.967 
19.158 
15.VT5 

2.267 
1.666 

-256.56 
-258.87 
-268.87 

-269.63 
-269.70 
-271.22 

-271.69 

1.331 
0.907 
0.143 

o.i4i 
o.i4i 
0.1Í10 . 

o.i4o 

Holborn 

= Resistivity, (ohm-cra) 

- Resistivity at 273°K, (ohm-cm) 

Tables of Values of Electrical Resistivity 

17.122b 

ELECTRICAL RESISTIVITY of CADMIUM (Cont.) 

Meissner 

Temp* 

°K p/p273 

1.68 
4.2 

20.4 

82.5 

O.OOO594 
O.OOO614 
O.O209 

0.2579 

RDM/RS Issued: 2/3/bl 
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ri.issc 

ELECTKCCAl HESISmm of HEKSmy, B« (solid) 

(Atomic Jîumber Go) 

Sources of Data: 

Council^ tS McGraw-Hill Book'c^ Inc (19¾^ Iteo“r<!h 

La nao J. t - Bo ms t e i n Zs^lpnupr^vi nr»^ t», j 
Astronomie, Geonhvsik und Tpchnïv-—--SSÊLJBg. Physik, fhenj». 

-^luBer-.karSillä (19¾)¾ 1-46 e A“iKST™.û7r ftU, 

Other References: 

Dewar, J. and Fle*^, d. A.; PrM. Boy; Soc. (Lgrío¡¡) ^ ^ 

c ssnwr, ¥. and Voigt, B.; Ann. Hiyalk (5) 7, 761, 892 (1530) 
Onnen. TT. Y rr^n ^ ~ ' 

Sden ». G-î ^118, Lab. (Mw. 

Comments: 

lf LLe Electrical ÜMistirsiy 
tivity at 273 °k (p ) for Pí* value of electrical rr ,d 
electrical resisti?ñy (p ) is 2^6 x ^ Calcillatin'; velues of 
graph should not be expiated to íoter tZlnl ^ ^ °n ^ 
comes a superconductor at 4.l60°K. -mperatures as mercury be- 

The dat 
Dourc 

nés while 

uam . xne values lister j 
. G , reported by Meissner and Voisf Anri 
those values listed in +v,a ,, 0 ’ uu 
Dewar and Fleming, These nrimar^rni00^ Tables ere from 
"Other References". The original author 1Í3tcid ab°Ye under 
curves on the graph. g ‘ uthors are used in labeling the 

nsnt:fleS' ^^maticnal Mtioal 
tivity With respect to n d^«1^ '1 -sis- 
phase change at 234°K which result^ in ¿i " 3 K* Mercur;T has a 
trlcal resistivity cum! »e f , " s f300041"“!^ It -.he elec- 
extrapolation from the valu« .o?7J0“trf j!Cr'‘ “ these ra:1"S U an 
234 K, rather than the resi»tivitv nf'es^f86 8t t“mperauire!; below 
specific resistivity of soUd lera,,™ Î ^14 at 273“K- ''alues of 
original investigators are not avail^1°' the saraí):Les u&en by the 
and Fleming (p = 21.3O x 10-6 ohm-cÍ ?d ^ 
resistivity ratio curve from 100 to ^00°/^ a !nd the Sl°:e of the 
Holst was used to determine p nJ. p n\dete™lned by Or,neo and 
2o.6 x 10-0 ohm-cm) i- oUe_P273* ^suiting datum value (pn 

.. . oU8êfc3l-éd here for calei1Tn+-»www -,.i. 
xcaxsuivity xrom these ratios ^ 

Les 

^27? 
■ o UX 

(Continued on following page) 
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17 

rWTRICAL RESISTIVITY of MERCURY ( 

Börnstein tables report the «ample used by Meissner and 

polycrystalline with no mention made of impurities. No 

pertinent information is available for any of the samples from 

any of the sources of data. 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P273 = Resistivity at 273% (ohm-cm) 

Meissner and Voigt 

Temp.* 

°K 
p/p273 

4.20 
20.46 
77.8 
88.9 

0.0020 
0.0642 
0.2820 

O.3259 

Ormes and Holst 

Temp.* 

°K 
p/p273 

4.15 
H.33 

14.6 
20.4 

90.1 
122.8 

165.8 

O.OOI7 

0.0020 

0.0295 
0.0490 

0.2851 
0.3982 
0.5586 

* Thr» .qprnnri place of temperature values is 
somewhat in doubt. 
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17.131« 

ELECTRICAL RCSICTIVITY of lAirmim, La 
(Atomic Number 5ï) 

Source of Data: 

Landolt-BÖmstein Zahlenwerte und Funktionen aus Physik, Chemie. 

Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6Teil, 

Springer-Verlag, Berlin (19597 PP- 1-^6 

Other Reference: 

James, N. R., Legvcld, S. and Spedding, F. H.j Fhys. Rev. 88, 1092 

(1952) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273*K (P273) for lanthanum to be 
used in calculating electrical resistivity is 63.0 x 10 ohm-cm. 

The curve should not be extrapolated to lower temperatines since 

lanthanum becomes a superconductor between U.8°K and 5.8°K. 

Ihe data reported in the Landolt-BÖmstein tables are listed as ratios 

of electrical resistivity at a datum temperature of 273°K. The value 

of P271 determined by James, et al., and suggested as a datum value 

here is P273 = 63.0 x 10-;°_ghm-cro. 

The samples used by James, et al., were of the cast polyerystalline 

type with less than 1.1$ impurities. The impurities are further 

listed as being < 1$ Mg; < 0.025$ Ca: < 0.01$ other rare earths, and 

0.0085$ Fe. No information was listed in Landolt-Bomstein on 

mechanical strain or heat treatment for any of the samples. 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P273 = Resistivity at 273°K (ohm-cm) 

James, et al. 

Temp. 

°K 

6 
HO 
80 

160 

p/p, 273* 

O.133 

O.267 
O.U50 
O.729 

*Tha third decimal place of the electrical 

resistivity values is somewhat in doubt. 
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17.131b 

ELECTRICA!, RESISTIVITY of CERIUM, Ce 

(Atórale Number 53') 

Source of Data: 

Landolt-Bumstcin. Ze^ilouverte und Funktionen sus Physik, Chemie, 

Astronomie^ Geophysik und Technik, sechste Auflage^ II Band,%“Teil, 

Springer-Verlag, Berlin (1959j pp. 1-4Ô 

Other Reference: 

James, N. R., Legvold, 3. and Spedding, F. H.; Phys. Rev. 88, 30^2 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

/olue of electrical resistivity at 273°K for cerium to be used 

in calculating electrical resistivity is ñl.Ó x 10-6 ohm-cm. 

The data for this graph were taken from references cited above under 

Source oi Data . The values listed in the Landolt-BÖmsteln tables 

are those reported by James, et al., cited under "Other Reference". 

The data reported in the Landolt-Bftmstein tables are listed as ratios 

of electrical resistivity at a datum temperature of 273°K. The value 

of P2J3 determined by James, et al., and suggested as a datum value 
here is P273 = 8I.O x 10-o ohm-cm. 

we The samples used by James, et aJ 

type with less than 1.1$ impurities. 
listed as being < 1$ Mg; < 0.025$ Ca. f_J_ _, 

0.029$ Fe. No information was listed in Landolt-BÖmstein on mechan¬ 

ical strain or heat treatment for any of the samples. 

re of the cast polycrystalline 

The impurities are further 

0.01$ other rare earths, and 

1 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

= Resistivity at 273°K (ohm-cm) 

James , et al. 

Temp. 

°K P/P273* 

4 

8 
O.O79 
O.O92 

24 

40 

O.I32 
O.I83 

* The third decimal place of the electrical 

resistivity values is somewhat in doubt. 
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ELECTRICAL RESISTIVITY of PRASEODYMIUM, Pi 

(Atomic Number 59) 

*'■ 

Source of Puta: 
T ’ I-Börnstein Zahleuverte und Funktionen aus Physik; Cheg^.» ^ 
T ríñíií'ie. GeophysiiTünd Technik, sechste Auflage, II Band, b feit, 

Spi'inger-Verlag, Berlin’ (1959VPP- 1^6 

Other Reference: 
James. N. R-, Legvold, S. and Spedding, F. H.J Fhys. Rev. 88, 1092, 

(1952) 

Comments : 
Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. Tbe 

o? el^trtcal -IstlvUy at 273^(^ for praae^to 
be used in calculating electrical resistivity (pT) is fb.O x 

ohm-cm. 
vh* ¿At* for this vraph were taken from references cited above under 
"Source of Data". Ihe values listed lû the Undölt-Bömsteltt tables 
are those reported by James, et al., cited under Other Relerence . 

The data reported In the Landolt-flSmsteln tabies are ltsted as ratlos 

of electrical resistivity at e dstum temperature ol 273 
of p27, determined by James, et al., and suggested as a datum /alue 

here is P273 ^ 7^-9 ^ 1^ ohm-cm. > 

The samples used by James, et al., were of the cast P°^c^^lne 
type with less than 1.1^ impurities. The Impurities are further 
listed as being < 1* Mg; < 0.025«* Ca; < 0.0!* other r^e earths, and 
0.0315* Fe. No information was listed in Landoic-J n ^ c u 
mechanical strain or heat treatment for any of the samples. ^ 

Table of Values of Electrical Resistivity 

P 

p273 

= Resistivity, (ohm-cm) 

= Resistivity at 273% (ohm-cm) 

James, et al. 

Temp. 

°K 
p/p273* 

4 
20 

0.112 
O.209 

Ö0 
I60 

u.55w 
0,768 

* The third decimal place of the electrical 
resistivitv is somewhat in doubt. 

RDM/RS Issued: 12/23/50 
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ELECTJilCAL RESISTIVITY of NEODYMIUM, M 

(Atomic Number 6o) 

Source of Data: 

.I'onen aus Physik, Chemie. 

s5?^-viüssH:Ær®irf: ns e H^rr-ieu, 
Other Reference: 

(1952! N' R" leíV0M' S- and Síeddi^' F- H.; Phys. Rev. 88, ,092 

Comments : 

Reference chculá be made to the nreffl^p n+ +v v 
Electrical Resistivity section for !n Í the beelnnlQg of the 
value of electrical resistivity at 271¾^°^ °f Smph- W,e 
used in calculating electrlcal^slstln'lP^r^O0^“ ^ ^ 

^ureetaoff°^: ^SZuZÍTn tfT""3 ^ under 
are those reported hy James, et al., clted^oSlerên^" 

°^eel®°*^|u^rreslst1vityIat^e1dãtumntemper8tWfSonS77*Kve^'lía 
herfß S-^óh^-c^'' an4 SU«sested 38 8 «»turn vaS’* 

°'02^ Ca; < O-Olí Pther rare eartl 

mechanical strain cr heat^Lnft^^^rpi:»? °" 

an 

Table of Values pf Eiectrical Res;Lstlmy 

P = Resistivity, (ohm-cm) 

P273 = Resistivity at 273°K (ohm-cm) 

James, et al. • 

Temp. 

°K 

2 
ö 

24 
40 

P/ P273* 

O.I70 
O.213 
O.283 
n -îc^T 
' • js'*' 

■ The third dc-cinal place place of the elec- 

Ãmu. reSiSUvlt’'' ''U1“88 le somewhat ln 

•^Lim/rs Issued: ly/pî/ôO 
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ELECTRICAL RESISTIVITY of GADOLINIUM; Gd 

(Atomic Number 64) 

Source of Data: 

T.andolt-BBmstein Zahlenverte und Funktionen aus Physik; Chemie^ 
Ästronomie7~Ge^Phyüik und' Technik, sechste Auflage, II Band, 0 Tei 

Springer-Verlag, Berlin (1959) PP* 1-^6 

Other Reference: 

Legvold, S., Spedding. F. H., Börsen, F. and Elliott, J. F.; Revs. 

Modem Fhys. 25, 129 (1953) 

Comments : 

Reference should be made to the preface at the beginning ^ the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) for to be 
used in calculating electrical resistivity (pT) is 1'tO x 10' ohm-cm. 

The data for this graph were taken from the reference cited above 

under "Source of Data". The values listed in the Landolt-BÖmstein 

tables are those reported by Legvold, et al., cited under Other 

Reference". 

The data reported in Landolt-B&mstein tables are listed as ratios of 

electrical resistivity with respect to the resistivity at a datum 

temperature of 273°K. The value of the datum (pg-^) determined by 

Legvold, et al., is l40 x 10-6 ohm-cm. This valué is suggested for 

calculating the resistivity from the ratios given here. 

The Landolt-BÖmstein tables list the samples used by the authors 

as being of a polycrystalline nature cast in a vacuum and annealed 

at 55O°C with impurities of 0.25$ consisting of Mg, Ca, Fe, and Sm. 

Table of Values of Electrical Resistivity 

= Resistivity, (ohm-cm) 

= Resistivity at 273°K, (ohm-cm) 

Legvold, Spedding, Borson and Elliott 

Temp 

°K 

20 
40 

120 

0.021 
O.OÎ43 
U.1UÔ 

0.443 

* The third decimal place of the electrical 

resistivity values is somewhat in doubt. 

RDmTrS Issued: 3/ 3/¿I 
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Source of Data: 

-7.131g 

ELECTRICAL EffitSTIVm cf WSPW6MM, 

(/ tomic irumber 66) 

Landolt-ßörnstein Zahlenwerho imr? 
Astronomie, Geoph^lk nn^ a.^v,nn-~Mr^-gHg-^gik^ Cheml;. 
Springer-víriagf Berlin ( 1959)'pp' l-kT^ Auflage^ 11 Band,V"Ml, 

Other Reference: 

“^s.' Bors-- ^ -d Eliott,,. p., Revs. 

Comments : 

Reference should be made to the preface »+ t>,0 , 
Electrical Resistivity section for „! Í th beSinning of the 
value of electrical resistivity at OTîTf^W °f ^ Sraph* 

ZZTV "'“'yigi »áTwrs. 
ore those reported hy Legvold et al. cited unÄtt^e™^ 

electrical resistivity^th'rfsjc^ío Ihl^ w 1ÍSted 38 ratÍOs of 
temperature of 273°K. The value of the d tum8? 3t 8 datum 
negvold, et al. is I35 x 10~° ohm m, P273^ ^termined by 
calculating the reslîl^ ^ 

The Landolt-Bömstein tables list the srtmni00 j v 
aa polycrystalline. The samples ver- cart ^ ^ antàora 
*0 lmp„rttle£ ln the 6Mîles are app^tS/o 5 "c.0a^”C- 

Table of Jaluce of Electrical Reslstivlt7 

Resistivity, (ohra-cm) 

P273 = Resistivity at 273% (ohm-cm) 

Legvold, Speddlng, Borson and Elliott 

Temp. 

°K 

h 
20 
lo 

LUU 

p/p, 
273 

0.14 
0.19 
0.29 
O.67 

RDM/RS Issued: 12/23/60 
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rXECTRIC/iL RESISTIVITY of ERBItW^ Er 

(Atomic Number 68) 

Source of Data: 

Lar.dolt-Bbrnstein Zahienwprt^ v ,.. 
Astronomie, Geophysik und —~—~n&ri ü^s > Chemie, 

rte Aufî®ee> II BâHdTTreii, 

Other Reference: 

Modern Phys^ £5^129”(1953F* ^ iï]liott^ J- ?•; Revs. 

Comments : 

SfcSte^sUvltTsc^oíV”'806 at the °f t»e 
vüue of electrical resistivity at “v^’îd°f °f !ïf graph- 
in calculât,nB electrical reslstivlty^fttò 

™l?%clZeZSãlT. "Z !!íen fr the refere“e CItoá above 
tables are those reported by Legíold itiln Jandolt”Bömstein. 

electrical6res^stivity3^!^^!'^^^6^ ^ ^ ^ 

Legvold, et al., is 17^0 x in-6 Stl ^„(p27¿ fetennined by 
I suggested for value is 

?n here 

ui cfjj A. Tne value of the 

iS 176,0 X 10'6 ohm-cm. Thi 
calculating the resistivity from the rat 

The Landolt-Bömstein tables list the samples used «« h í 
a vacuum and of the polycrystalline r fbeln« cast in 
are reported as being of less than 0 S in ln the sample 

Fe. No information is listei on íhe'mL < ? COrapOSed 0f Ca and 
of the samples. the mechanical and heat treatment 

Table of values of Electrical Resistivity 

P - Resistivity, (ohm-cm) 

Legvold, Spedding, Boi-son and Elliott 

Temp. 

°K p/p273* • 

k 0.071 
20 

'fO 

120 

0.142 
0.292 

0.637 

vor-, ^ , * ai:c UI tne etectrica: 
__coistlvity values is somewhat in doubt. 
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■'.«i,«» (:1.31 

î 

I 

KI, IUI'1 nur HIB Tili 

I7.I3IL 

ELECTHICAL RESISTIVITY of THORIUM, Th 

(Atomic Number 90) 

Sciuee of Data: 

Landolt-BÖms bein Eahlenwprl p 
Astronomie, e.noei.~-L.¡ T ..-¡¿L-Sgjjtlonen aus Hiysllc, fliemto 

Sg?ü^^feri¿: Srllñ (i9gj^: Í!S ti ¿«4. «ríen. 

Other References: 

Meissner, w. and ,olgt, r.; Ann. FhyslA. (5) 7, 1&1> 

Comments: 

^^^ö^oncc should be niflrip "tr» +v»^ 
Electrical Resistivity section th^beislmlln« ot the 

value of electrical'resistivity at STvÄ^W 0l' the gra5t1' 
In calculating values of electrical éê=ÎJ?273 ;or.thori™ to be used 

ohm-cm. The curve should not be St^nolaíld y ÍÍ>t) '8 13 X 10'§ 

aince thorl» becomes a superconducto/tetwen Í.Â?“8 

Sdertou^e^^tT ^ above 
cables are those reported bv Mp-i " ^ T ^^olt-Bßrnstein 
Reference". P * by MeÍSSner and cited under "Other 

The data reported in Landolt-BÖ 
as ratios of electrica1 tpr 

ornj 
ivi I 

mperatu] 
Meissnf 

of electrica] resistid 

■teln and tabulated here are listed 
■y with respect to the resistivity 
The value of the datum (pp7 ) ^ 

.or calculating values and Voigt and suggest«._c^tUJLa 

1here is P273 = 13 X 10-6 ohm-cm. 

vol^rfsl^r:“ LTsleSeT ^ rmPle USei and 
0.1¾ Fo impurity pSenf No i“" f,<» “ "elt «th less than 
treatment of the sample is ¡¡Z ^ °n the °r heat 

—16 Resistivity 

P = Resistivity, (ohm-cm)’ 

_ P273 = Resistivity at 273% (ohm-cm) 

_Meissner and Voigt 

Temp., °K* 

1.49 
4.21 

20.4 
77.9 
86.1 

p/p273** 

0.0136 
0.0171 
0.0308 
A A), cl. s •<- *» y -r 
0.2785 

fCOr? 4ecllr,al ïlaM is in doubt. 
The fourth decimal place is in doubt. 

KEM/RG Issued! 3/14/61 
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i (. .1 m 

ELEC'PRICAL RESISTI'/ITY of URANIUM, U 

(Atomic Number 92) 
Source of Data: 

Lkinv-Icv 1 ~fc - Piprns tei n 1 privor^ imA 
Astronomie, Geophysik nií.Tíw^Tv—-~nen aus ^Q-^ik. Ghemie» 
^pPuger-Vsrlag\ Llln l^~: , 

Other References: 

a^rd ^ ftl6en' "• S-; J' R—h »OU. to. Stands Ms 

Meissner, V. and Votgt, B.; .nn. (5) 76 

Comments: ' 

EllcScailesIstivi^eHlon'for?06 1 be8lmln« of ^ 
value of electrical resistivity at it O'^(““Tfof the,8r*ph- ffie 
used in calculating electrical If ?73( for uranium to be 

The curve should not be extrapolad to loJrt ^ ^1° * 10"° ohm“cm* 
uranium becomes a superconductor at i!l°K temi)eratures since 

"S! 'T" "i0" the.-f— cited above 
tables are those reported by /T n ibteu In the ^udolt-BÖrnstein 

Meissner and B. VoS ^ese ^ M< S‘ Van ^ W. 
"Other References". S°UrCeS 3rP !i^ed above under 

The data reported 
of electrical rosi 

in the Landolt-BÖi istein 

O °V 
thf 

)les are list« 

Voj 

i 

calcuiatilTvataes“ from ^ 

Voigt as polycrystalline^vith ' approvimately6^11^^ Di'tMel6sner and 
composition. No information is^vailabie °f unlcaown 
treatment of the Meissner and Vn-icr+ ^ \ 1 th mechauical or heat 

and Van Dusen are listed in Landolt-Bcl^^’ein saraples used hy 
with 0.06^ impurities of unknown composition Í FoI>crystamr 

samples were annealed in a helium atmosphere’at'Soí ^ ^ ^Sen 

Table of Values of Electrical Resistivity 

P = Resistivity, (ohm-cm) 

P273 = Resistivity at 273% (ohm-cm) 

_Meissner andToIgt -- 

Temp. °K* p/p, 

1.4l 
4.20 

20.4 
77-8 
86.8 

070 — « ^ 

0.5))00 
0.5445 
0.5867 
0.6844 
0.7001 

-%î_îecond decimal placets in doubt. 

i^M/RS ïTsu'idTI/TôTbl 311 





Sources of Data: 

ELECTRICAL RESISTIVITY of ALUMINUM, AI 

(Atomic Number I3) 

—-rnational Crít:L:ai of Numerical Data. Physics. Chemistry 
and Technology. VT . l ot ^ -tr-—-1 

Other References : 

Albert, P., Bull. inst, intarn, froid, Annexe 1956-2, 4l-¥) (1956) 

Alley, P. and Serin, B.; Phys. Rev. 13,6, No. 2, 334-338 (1959) 

463-475 (1936.' 

Caron, M., Bull. inst. intern froid, Annexe I956-2, 5I-62 (1956) 

Caron, M., Compt. rend. 236, II69 (1953) 

Caron, M., Albert, P. and Chaudron, G., Compt. rend. 2^6, 686-688 (1954) 

Chaudron, G., Nature Ijk, 923 CWW 

Holborn, L.; Z. Instrumentenk. 22, 114 (1902) 

Holbom, L., Ann. Physik. 5£, 145 (1919) 

Justi, F. and Scheffers, H.; Physik. Z. ¿2., 105 (193Ö) 

Meissner, W. and Voigt, 3.; Ann. Physik. (5) J, 761, 892 (193O) 

Thomas, J. G. and Mendoza, E.j Phil. Mag. (7) 4¿, 9OO (1952) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) for aluminum to be use 
in calcinating values of electrical resistivity (pT) is listed below 

the authors names labeling each Individual curve on the graph. These 

curves should not be extrapolated to lower temperatures since 

aluminum becomes superconducting at 1.175°K. 

The data for this graph were taken from the references cited above 

under Sources of Data". The values listed in the Landolt-BÖrnstein 

maures are tnose reported by Grüneisen and Goens; Holboru (1919); 

Justi and Scheffers; Meissner and Voigt; and Thomas and Mendoza/while 

those values listed hy the International Critical Tables are from 

Hoiborn (1902 and I919). These primary sources are listed above under 

Other References . The original authors are used in labeling the 
severa], curves on the graph. 

(Continued on following page) 



17.132b 

ELECTRICAL RESISTIVITY of ALÜÍ4IKUM, (Cont.) 

Cojmnents: (cont.) 

[Die data reported in. the Landolt-BÖrnstein tables, the International 
Critical Tables and thKilated here are listed as ratios of electrical 
resistivity vith respect to the resistivity at a datum temperature of 
273°K. The value of P273 to be used with the Holbom data in calcu¬ 
lating values of electrical resistivity is P273 = 2.53 * 10“6 ohm-cm. 
iBie actual values of 0273 are not available for the samples used by 
the other investigators so a datum value reported by Grlineisen and 
Coens (0073 = 2.50 X 10"° ohm-cm) is suggested for calculating values 
of electrical resistivity from the remaining ratios. 

The samples used by Holborn are reported in Landolt-BÖrnstein as poly- 
crystalline with O.kjo impurities of unknown composition. The Holborn 
sample i/as annealed at 250°C. Grüneisen and Coens are reported to have 
used a polycrystalline sample with a small amount of impurities present. 
The sample used by Meissner and Voigt is reported as an annealed 
polycrystalline sample with undetermined impurities. 

A single crystal with a small amount of impurities present is reported 
as the sample used by .Tusti and Scheffers. The sample used by Thomas 
and Mendoza was an annealed polycrystalline sample with 0,Q05(/b im¬ 
purities of unknown composition. No other pertinenc information was 
presented about any of the samples from any of the sources of data. 

>les of Values of Electrical Resistivity 

p = Rc aistivity, (ohm-cm) 

P273 = at 273°K, (ohm-cm) 

Holborn 

Temp. 
0 /1 

ioop/p2T3 'nemp. 

°C 
100p/p273 Temp. 

°C 
ioop/p2T3 

- 73.3* 
- 80 
-100 
-120 

64.80* 
64.1 
55.2 
46.4 

-l40 
-160 
-180 
-191.9* 
-192.9* 

.37.7 
28.9 
20.2 
14.85* 
14.49* 

-200 
-220 
-240 
-253* 

12.0 
7.1 
4.9 
4.27* 

* Observed values. All other values have been interpolated. 

Justi and Scheffers Meissner and Voigt Thomas and Mendoza 
Temp. o/o-__ Temp.* o/n . Temp. 

n / n 

°K • ¿ Í 0 °K 
. • 

°K '' r273 

14 
20 

0.0014 
0.0018 

I.35 
4.21 

20.44 
77.7 

O.OO67 
O.OO65 
O.OO75 
O.IOO8 

4 0.0026 

* The second decimal place of the temperature values is 
somewhat in doubt. 
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ELECTRICAL RESISTIVITY of CAT.TTVM, Ga 

(Atomic Kmnber 3^-) 

Source of Data: 

Landolt-Bernstein Zairlenverte und Funktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (±959) PP 1-46 

Other References; 

Bridgman, P. W.; P~oc. Am. Acad. Arts Sei 56, 6.1 (1921) 

de Haas, W. J. and Voogd, J.; Communs. Kamerlingh Ormes Lab. Univ. 
Leiden No. 193b (1928) 

Comments: 

Reference should be made to the beginning of the Electrical Resistivity 

section for an explanation of the data. The value of the electrical 

resistivity at 273°K (Poyo) for Gallium to be used in calculating 
values of electrical resistivity (pT) is 40 x 10-° ohm-cm. 

The data presented here were taken from the reference cited above 

under "Source of Data". The values listed in the Landolt-ESmstein 
tables are those reported by de Haas and Voogd, cited above under 
"Other References". 

The data reported in the Landolt-Börnstein tables and tabulated here 

are listed as ratios of electrical resistivity with respect to the 

insistivity at a datum temperature of 273°K. The actual value of 

is not available for the sample used by de Haas and Voogd so a 07 
QSLT 

- -- UOGftf aiXVJL v 

•’ttim value reported by Bridgman (p = 40 x 10-6 ohm-cm) is 
suggested for calculating values of ¿ësiotivity from these ratios, 

The Landolt-Bömstein tables list the samples used by both investi¬ 

gators as polycrystalline with 0.3$ impurities present in the de Haas 
and Voogd sample. No other pertinent information is given for either 
of the two samples. 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P273 = Resistivity at 273% (ohm-cm) 

de Haas and Voogd 

Temp. 

°K 
p/p273* 

1.1 
3.OO 
4.20 

293.2 

0.00102 
O.OO254 
O.OO255 

I.O693 

* The fifth decimal place 

is in doubt. 

RDM/RS Is sued: 2/28/^1 317 
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L 
.a-. ,\-V. *• 

ELECTRICAL RESISTIVITY of INDIUM, In 

(Atomic Humber 49) 

Sources of Data: 

Internatlonal Critical Tables of Humericel Data, Physics, Chemistry, 
and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) pp. 124-135 

Landolt-Bärnstein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6~*Teil, 
Springer-Verlag, Berlin"(Í959) PP» 1-46 

Other References: 

Meissner, W.j Franz, H. and Westerhoff, H.; Ann. Physik (5) 1¿, 555 

(1932) 

Meissner, W.j Franz, H. and Westerhoff, H.; Ann. Physik (5) 13, 505 

(1932) 

Meissner, W. and Voigt, B,; Ann. Physik (5) 7, 7^1, 892 (1930) 

Tuyn, W. and Onnes, K. H.; Proc. Acad. Sei. Amsterdam 26, 504 (1923) 

Connaents: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (P273) for indium to be used 
in calculating values of electrical resistivity (p<p) is 8.19 x 10-6 
ohm-cm. The curves should not be extrapolated to lever temperatures 
since indium becomes a superconductor between 3«374 and 3.432"K- 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Börnstein 
tables are those reported by Meissner, Franz and Weeterhoff; and 
Meissner and Voigt; while those values appearing in the International 
Critical Tables are from Tuyn and Onnes. These primary sources are 
listed above under "Other References". The original authors are used 
in labeling the three curves on the graph. 

The data in the landolt-Börnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resis¬ 
tivity with respect to the resistivity at a datum temperature of 
273°K. The actual values of P070 were not available for the samples 
used by Meissner and Voigt; and xuyn and Onnes so a datum value 
reported by Meissner, Franz and Westerhoff (027-3 = 8.19 x 10"° ohm-cm) 
is suggested for calculating values of electrical resistivity from 
these ratios. 

(Continued on following page) 
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ELECTRICAL RESISTIVITY of INDIUM, (Coat.) 

Comments: (cont.) 

°?oth rh™ “ 

rJi^rV“r1“ «Hft\riÄer 
of westerhoff. No mention is made of the amount 

Tableo of Values of Electrical Resistivity 

P - Resistivity, (ohm-cm) 

P273 = Resi8tivity at 273% (ohm-cm) 

Meissner and Voigt Meissner, Franz 

and Westerhoff 

Temp. 

°K p/p273 
Temp. 

°K p/p273 

Í+.21 

20.5 
; 77.8 
88.9 

O.0038 

0.0256 

0.2177 

0.2567 

4.23 
20.4 
77.8 

L__1 

0.0015 

0.0216 

0.212 

---1 

Tuyn and Onnes 

Temp. 

°C 
10°p/p273 

Temp. 

°C 
iaVi>S73 

-182.7e) 

-194.06 

-202.07 

-209.98 

-218.30 

-252.65 

28.75 
24.92 
22.20 

19.52 

I6.71 

5.739 

-254.95 
-256.61 

-258.89 

-268.87 

-269.49 
-269.61 

5.I73 

4.796 
^.317 

3.394 
3.392 
3.387 

RDM/RS Issued: 2/8/61 
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ELECTRICAI. RESISTIVITY of THAELIUM^ Ti 

(Atomic Number 8l) 

Sources of Data: 

International Critical Tables of Numerical Data, Physics, cnemistry, 
and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) PP 124-135 

Landolt-BÖmstein Zahienverte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, ¿Teil, 
Springer-Verlag, Berlin (1959) PP 1-46 

Other References: 

de Haas, W. J.; de Boer, J. H. and Van den Berg, G. J.j Physica 2, 
453 (1935) 

Meissner, W., Franz, H. and Westerhoff, H.j Ann. Physik (5) 1¿, 555 
(1932) 

Meissner, W., Franz, H. and Westerhoff, H.; Arm. Physik (5) 1¿, 505 
(1932) 

Ormes, K. H. and Tuyn, W.; Proc. Acad. Sei. Amsterdam 25, 443 (1923) 

Rosehbohm, E.j Physica 6, 337 (1939) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical resistivity section for an explanation of the graph. The 
value of the electrical resistivity at 273°K (Pp70 f°r thallium to 
be used in calculating values of electrical resistivity (p ) is listed 
below the authors' names labeling each individual curve on1the graph. 
These curves should not be extrapolated to lower temperatures as 
thallium becomes a superconductor at 2.392°K. 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-BÖrnstein 
tables are those reported by de Haas, de Boer and Van den Berg; 
Meissner, Franz and Westerhoff; Ormes and Tuyn; and Rosenbohm. The 
values appearing in the International Critical Tables are also from 
Ormes and Tuyn. These primary sources are listed above under "Other 
References". 

The data in the Landolt-BÖrnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resistivity 
with respect to the resistivity at a datum temperature of 273°K. The 
value of p for the sample used by Meissner, Franz and Westerhoff and 
suggested rór calculating values of electrical resistivity from the 
Meissner. Franz and Upst.prhnff data Ian = 17-5 v 10-O Ww» 

actual values of p for the samples usiti^by the remaining authors are 
not available, so a'datum value (po7-. = 16.2 x 1C-6 ohm-cm) reported by 
Rosenbohm is suggested for calculating values of electrical resis¬ 
tivity from the remaining ratios. Rosehbohm reports a small amount of 

(Continued on following page) 
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17.132g 

ELECTRICAL RESISTIVITY of THALLIUM, (Cent.) 

Comments: (cent.) 

impurifico present in the polycrystalline sample used in the determin¬ 

ation Of P^y 
The Landolt-LÖrnstein tables list the samples of all four authors as 

polycrystalline with 0.005?- impurities in the sample used by de Haas, 

de Boer and Van den Berg and a small amount of impurities in the 

^amples used by the other authors. No other pertinent information was 

given for any of the samples used by any of the authors. 

Tables of Values of EJectrical Resistivity 

p = Resistivity, (ohm-cm) 

P2^ = Resistivity at 273°K, (ohm-cm) 

de Haas, de Boer 

and Van den Berg 

Meissner. Franz 

and Westerhoff 

Temp. * 

°K 2/^273* 
Temp. 

°K p,/p273 

4.22 
! 5-54 

9-24 

14.21 
20.47 

O.OOO53 
0.00086 
O.OO356 • 

O.OI297 
O.O317 

.4.2 
20.4 

. 77.9 

0.0014 
O.O314 
O.235O 

---; 

Onnes and Tuyn 

International Critical Tables Landolt-BÖrnstein 

Temp. 

°C 

ioop/p273 
Temp. 

°C 

ioop/p273 Temp. 
p/p273 

- 7Ô.3 
-184.52 
-192.04 

-2OO.O3 

-207.II 

67.IO 

27.2O 

24.52 

21.69 

19.18 

-252.62 

-255.O5 
-256.62 

-258.93 
-268.86 

3.O23 

2.286 
1.841 

1.259 
o.nitk 

4.2 
14.2 
2O.5 

31.1 
in). A 

0.0008 

0.0126 

0.0302 

0.2453 
r\ C.n-\ r\ 

-216.33 15.92 -269.83 0.072 
^ • w J xvy 

fhe second decimal place of the temperature values is somewhat 
in doubt. 

+ 'he iiith decimal place of values of electrical resistivity is 
somewhat in doubt. 

KDM/rS Issued 2/l4/bl 
324 



E
L

E
C

T
R

IC
A

L
 
R

E
S

IS
T

! 
R

A
T

IO
, 
p
/p

Z
7
i 

17.132 g 

TEMPERATURE, aR 
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Source of Data: 

IT.lUa 

ELECTRICAL RESISTIVITY or TITANIUM, Ti 

(Atomic Number 22) 

Laadolt-Bflinsteln Zahlenverte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage,'II Barul. 6 Teil, 
Springer-Verlag, Berlin (1959) pp. 1-46 

Other References: 
K :-L 

Clausing, P. and Moubis, G.; Fhysica 7, 245 (192?) 

Fast, J. D.; Z. anorg. u aligera. Chem. g4l, 42 (1939) 

Meissner, W., Franz, H. and Westerhoff, H.; Ann. Physik (5) 13, 555 
(1932) ‘ "" 

Meissner, W. and Voigt, B.j Ann. Physik (5) 7, 76I, 892 (1930) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K (P273) for titanium to be 
used in calculating electrical resistivity is listed below the 
authors’ names labeling each individué.], curve on the graph. These 
curves should not be extrapolated to lower temperatures since titanium 
becomes a superconductor at 0.39°K. 

raph were taken from th The ita for this 
!!/>»__ _ « , reference cited above 

- --— —— . . —*j.om the Landolt-Börnste in 
tables are those reported by the authors listed above under "Other 
References". The original authors are used in labeling the three 
curves on the graph. 

The data reported in the Landolt-BÖmstein tables are listed as ratios 
of electrical resistivity with respect to the resistivity at a datum 
temperature, as listed in the following tabular data. Tue actual 
value of P273 is not available for the Meissner, Franz and Westerhoff 
data so a datum value reported by Fast (pgy-a = 42.0 x 10"6 ohm-cm) 
is suggested for calculating values of resistivity from these ratios. 
Fast reports very small impurities in the single crystal sample used 
in determining 0273« 

The Landolt-BÖmstein tables list the sample used by Clausing and 
Maubis as polycrystalline with 0.16$ tungsten impurity. The sample 
used by Meissner and Voigt is also reported as of a polycrystalline 
nature drawn from a melt with 0.25$ impurities of unknown type. Kie 
sample used by Meissner, Franz and Westerhoff is reported as being 
drawn from a melt with very small impurities. No comments were madp 
on the mechanical working or heat treatment of the samples. 

(Continued on following*page.) 
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F.I£vJTIíICAL RESISTIVITY OF TITANIUM (cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-era) 

273 
= Resistivity at 273% (ohm-cm) 

Clausing & Moubis 
Meissner, Franz 
& Westerhoff 

Temp. 

°K 
p/p273 

Temp. 

°K 
p/P273 . 

78.5 
9O.2 

O.2150 
0.2547 
0.5178 

L_ _1 

3-24 
20.4 

79.I 

0.102 
0.1015 
0.211 

<
 

0
 

Temp. 

°K 

c—
 

1 
^

 

1.26 
4.21 

2O.5 
88.2 

0.203 
0.215 
0.2180 
0.3505 

rdm/rs Issued: l/lB/^1 
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ELECTRICAL RESISTIVITY of ZIRCONIUM, 7.r 

(Atomic Number ItO) 

Sources of Data: 

LandC'lt-Bftmstein Zahlcnverte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (1959) PP 1-½ 

International Critical Tables of Numerical Data, Physics, Chemistry, 
and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1923) PP 124-135 

Other References: 

de Boer, J. H. and Fast, J. D.j Z. anorg. allgem. Chem. IST, 193 (1930) 

Clausing, P.; Phycica 4, 372 (1924) 

de Haas, W. J. and Voogd, J.; Communs. Kamerlingh Onnes Lab. Univ. 
Leiden No. 194c (1928) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 7^1, 892 (l9oö) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at 273°K ^373) for zirconium to be 
used in calculating values of electrical, resistivity (p^,) is listed 
below the authors’ names labeling each individual curveAon the graph. 

:urvi ild not be extra 
\ s snpercon 

KJ 1 

at. 
to lowei 

.55®K. 

The data for this graph were taken from the references cited above 
under "sources of Data". The values listed in the Landolt-Bömstein 
tables are those reported by de Boer und Fast; de Haas and Voogd; and 
Meissner and Voigt; while those listed by the International Critical 
Tables are from Clausing. These primary sources are listed under 
"Other References". The original authors are used in labeling the 
several cur/es on the graph. 

The data in the Landolt-Bömstein tables, the International Critical 
Tables, and tabulated here are listed as ratios of. electrical resis¬ 
tivity with respect to the resistivity et a datum temperature of 273°K. 
The value of pp? reported by Meissner and Voigt and suggested for cal¬ 
culating values'of electrical resistivity from the Meissner and Voigt 
data is p = 49 x 10½ ohm-cm. The actual values of p are not 
available i0r the samples used by the other authors so a uatum value 
reported by de Boer and Fast (pp^o = 4l x 10½ ohm-cm) is suggested for 
calculating values of el.ïctricarresistivity from the remaining ratios, 
de Boer and Fast report a very small amount of impurities in the sample 
used in determining P273* 

Thp Rftnrnlp hrpR by Meissner and Volet is reported in Landult-BÖmstein 
as polycrystalline in nature having been pulled from a melt with less 
than 0.35^ impurities of unknown composition. The sample used by de 
Haas and Voogd is reported as polycrystalline with a very small amount 
of impurities present. No other pertinent información was given for 
any of the samples in any of the sources of data. 

(Continued on following page) 



ELECTRICAL RESISTIVITY of ZIRCONIUM (Cont.) 

Tables of Values of Eloclrioal Resistivity 

p = Resistivity,, (ohm-cm) 

= Resistivity at 273°^, (ohm-cm) 

Meissner and Voigt de Haas and Voogd 

Temp.* 

°K 
p/p273 

Temp. * 

°K 
p/°273 

1.13 
I.36 
1.22 

2O.5 
77.7 
88.2 

0.0388 
0.0I03 
O.OI21 

0.0411 
O.197I 
0.23-30 

1.35 
1.21 

11.2 

I8.O 
20.3 
78.2 
9O.O 

0.0383 
0.0383 
0.0393 

o.olol 
0.0117 
0.1926 
0.2379 

* The second decimal place of the temperature 

j values is somewhat in doubt. 

Clausing 

°C 

p/p273 

- 80 
"100 
-120 
- llO 

-160 
-I80 
- I82.87* 
- I9I.93* 

66.1 
58.1 
50.5 
12.7 

35.0 
27.1 
26.26* 
21.85* 

* Results of actual observa¬ 

tions. All other values 

from interpolations. 

HDM/rs Issued: 2/10/61 
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17.141c 

ELECTRICAL RESISTIVITY of HAFNIUM, Hf 

(Atomic Number 72) 

Source of Data: 

LenSni t-BÖmstein Zahlenwerte und Funktionen auc Physik Chemie 
Astronomie, Geophysik und Technik, sechste Auflage, II Band 5~Teil 
Springer-Verlag, Berlin (1959) pp. 1-46 ' T il> 

Other References: 

?1930)V; J* H* 8nd FaSt, J* D,J Z’ an0rS* U allgen1, !93 

No.H194c W(¿8)rid V0°ed' J'J COni:nUnS‘ Lab* Univ' Leiden Coi 

Hein, R. A.j Phys. Rev. 102, I511 (1956) 

mraun. 

Comments: 

Reference should be made to the preface at the beginning of the 
E ec r: cal Resistivity section for an explanation of the graph. The 
1^7, electrical resistivity at 273”K (p27,) for hafniíL ?o be 

1 c^c:Jlc lns value£ of electrical reflltivlty (p-,) is 30 >• 10-5 
"i":“- ^ °“Tes 8houJ-d “! be extrapolated to lowr temperatures 
since hafnixim becomes a supere iductor at 0.37°K. 

Tht data for this graph were taken from the reference cited above 
under Source of Data". The values taken from the Tanf)^i+ nHme 
tables are(those reported by the authors listed above under "Other 

on thTgra h 0rißinal authors are 1106(1 in labeling the two curves 

The data reported in the Landolt-Börnstein and tabulated here are 
listed as ratios of electrical resistivity with respect to the 
resistivity at a datum temperature of 273°K. The actual value of p0^ 
is not available for the several authors' data so a datum value re¬ 
ported by de Boer and Fast = 30 x 10"° ohm-cm) is suggested for 
calculating values of resistivity from these ratios, de Boer and 
Fast report a veiy small amount of impurities in the polycrystalline 
sample used in determining 

The samples used by de Haas and Voogd as reported in Landolt-BÖrnstein 
were drawn from a melt and of the polyciystalline type. No mention 
was made uf the impurities present in the samples. The samples used 
by Hein were also of the polycrystalline type. Hein reports im¬ 
purities of 1.08$ of which O.9# was Zr. No mention is made of the 
composition of the remainder of the impurities. The Hein samples were 
annealed several times, but no other mention is made of meehnni/>q1 
neat treatment of any of the samples. 

(Continued on following page.) 
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ly.i^ic 

ELECT Ft! CAL RESISTIV'BT of HAFNIUM (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

= Resistivity at 273°K, (ohm-cm) 

de Haas arid Voogd 

Temp. 

°K p/p273 

1.3 
4,2 

14.2 

18.0 
20.3 
78.2 
90.0 

0.0947 
0.0947 
0.0963 

0.0982 
0.1000 
0.2626 
0.3045 

L -J 
Temp. 

°K 
p/p273 

4.2 
20.0 
40.0 

50.0 
150.0 

0.15 
O.15 
O.16 

O.19 
O.55 

\ 
RöM/RS Issued: H/lo/60 
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17.i42-3a 

ELECTRICAL IffiSISfIVITY of Tl H, Sn 

(Atomic NuaLer 50) 

' 4 y .-. • . J ■■ ■ - 

.• i • 

Í-'-’ 

. , 

Sources of Peta: 

cSï^ni by "tfe McGraw-Hill Book Co. Inc. (1929) PP 124 135 

Landolt-Bdrnstein Zahlenwerte und Wm^Uonen aus > C*¡^£* u 
Astronomie. Cïeophysïic und Technik, eech.te Auf lege, II Bu d, 

^FîSiiî-virlug, Bern» (WW) ïi 146 

Other References: 
Jaeger, ¥. and Dleuselnoret, H.; Wlss. Abhandl. phyelk. tech. 
Reichsanstalt, 2.» 269 (1900) 

Meissner, W.; Physik. Z. 26, 689 (1925) 

Onnes, K. H. and Tuyn, W.; Proc. Roy. Arad. Cci. Ai'lerdae. 2¿, ' 3 

(1923) 

Comments : 

ÄÄtsriÄffi “.s:. ?fi~ 
_  .1 gl Kin4- Vu» pvV.TflT>Ol£itCCl tO lower wCIIiJnîa öww-i ^Vim-mi The curves snoulci noi> oe e 

as tin becomes a superconductor at 3.f . 

fOT th4 “'S. »tCe^a^ 

en ate l^e re^^ 

Än« aTd^^s^Prl^y noÚrcee are Usted above under 

"Other References". 

The data In the landolt-Bdrnsteln tables, 
tables and tabulated here are lldted « ratlos^of electrical res^_ 

tlvity with respect to the electrical res -ampies used by both 

ture of P73-K. ^ ^ 
the investigators are not avalla h) is suggested for calcula- 
and Diesselhorst ( PP73 “ U.15 r 10 ote ^ Jaeger aad 

Í^U°U^ ^Z1S0%, i Impurity la tl* polycrystalline 

sample used in the determination of P273- 
„ , . . „uo__ -1, of- the samples of Meissner as poly- 

!Ü,-^;r^Sno :entlon8of iapurlties present . The sample used by 

Onnes~and ^yn Is reported - g^n õ^he 

Ääl °oí ÂS^y Of the samples from any of the 

sources of data. 

(Continued on following page) 
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17.U2-3a 

IT Tr 

ELECTRE CAL RESISTIVITY of TIN (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P273 = at 273°K, (ohm-cra) 

Ormes and Tuyn 

Temp. 

°C 
ioop/p273 

Temp. 

°C 
iocp/p2T3 

-IO2.I3 
-115.14 
-I27.5O 

-141.0Ó 
-158.74 
-182.80 

-194.07 
-202.07 

57.36 
52.16 
47.25 

41.90 
34.91 
25.44 

20.98 
Am [ 9 [J/ 

-209.98 
-218.30 
-252.65 

-254.95 
-256.61 
-258.89 

-269.33 

14.67 
11.45 
1.162 

0.836 
0.637 
0.409 

0.099 

Meissner 

Temp. 

°K 
P/P273 

4.2 
20.4 
88.2 

O.OOO78 
0.0120 
0.2))57 

RDM/RS Issued: 2/2/6I 
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17.1^2-3¾ 

m 
■m-i 

WG** 
r—• 

•.V ^ 

4 

ELECTEICAL RESISTIVITY of LEAD, Pb 

(Atüiniü Number 82) 

Source of Data: 

Landolt-Börnsteln Zahlenwerte und Funktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik, sechste Auflage, II Band, è Teil, 

Springer-Berlag, Berlin (1959) PP* 1-46 

Other References: 

Jaeger, W. and Diesselhorst, H.; Wiss. Abhandl. physik. tech. 

Reichsanstalt 269 (l900) 

Meissner, W. and Franz, H.; Z. Physik. 6^, 3O (l930) 

Meissner, W,; Ann. Physik. (5) JJ, 64l (i93'¿) 

Onnes, H. K. and Tuyn, W.; Communs. Karnerlingh Onnes Lab. Univ. 

Leiden Suppl. No. 58 (1926) 

Van den Berg, G. J.; Physica 14, 111 (1948) 

Comments: 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) ^or 4®°^ to be used 
in calculating values of electrical resistivity (pj) is 19*2 x 10“6 
ohm-cm. The curves on the graph should not be extrapolated to lower 

temperatures as 2'■•ad becomes a superconductor at 7*22°K. 

It will be noted, however, that the data of Van den Berg extend into 

the superconducting region. These data below the transition tempera¬ 

ture were based on observations of the electrical resistance with the 

lead subjected to a super critical magnetic field to maintain 

electrical resistance. 

The data for this graph were taken -from the reference cited above under 

"Source of Data’’. The data listed in the Landolt-BÖrnstein tables are 

those reported by the authors listed above under "Other References". 

The original authors are used in labeling the curves on the graph. 

The data reported in Landolt-BÖrnstein and tabulated here are listed 

as ratios of electrical resistivity with respect to the resistivity 

at a datum temperature of 273°K. The actual values of Po'n are n°4 

available for the samples used by the original investigators so a 

datum value reported by Jaeger and Diesselhorst (P27V = 19*2 x 10“° 
ohm-cm) is suggested for calculating values of electrical resistivity 

from these ratios. Jaeger and Diesselhorst report the sample used in 

determining P273 as polycrystalline with less than 0.05^ impurities. 

The Landolt-Börnstein tables report the samples used Dy an or tne 
investigators as polycrystalline with a very small amount of impurities 

present. No other pertinent information is given about any of the 

samples used by any of the investigators. 

(Continued on the following page) 
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17.ll+2-3b 

ELECTRICAL RESISTIVITY of LEAD (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P2^ = Resistivity at 273 "K, (ohm-cm) 

Meissner and Franz Meissner 

Temp.* 

°K 
p/p273 

Temp. 

°K 
p/p273 

7-26 
14.02 

2O.32 

0.0007 

0.0104 

0.0292 

1.3 
4.2 

I.55 X 10'¡4 
I.75 X IO“V 

Ormes and Tuyn Van den Berg 

Temp. * 

°K 
p/p273 ©K 

p/p_7,*** 

• ¿l5 i 

! ^-26 
14.32 
20.92 

73.II 
88.56 

0.0010 
O.OII3 
O.O3OÍ 

O.232I 
O.2895 

2.3O 
3-22. 
4.24 

7-22 
9.38 

2O.32 

O.OOOI3+ : 
O.OOOI5+ 
O.OOOI9+ 

O.OOO83 
O.OO25 
O.O3OI 

* The second decimal place of the temperature values 

is somewhat in doubt. 

** The fifth decimal place of the electrical resistivity 

ratio values is somewhat in doubt. 

' 

+ These measuremeats were made with the aid of a super¬ 

critical magnetic field at temperatures at which lead is 

normally a superconductor. (For a more detailed 

explanation see the preface of the electrical re¬ 

sistivity section.) 
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17.151a 

ELECTRICAL RESISTIVITY of NIOBIUM 

(Atomic Number ill) 

Landolt-Bttmstein Zahlenwerte und Fuik. : >”e 

Astronomie, Geophysik und Technik, sechr: 

Springer-Verlag, Berlin (1959) PP l-^o 

Uther References: 

Meissner, W., Franz, H. and Wesoerhoff, H.; Ann ITiysik (5) 1J, 593 

(1933) 

Reimann, A. L. and Grant, K.; Phil. Mag. (7; Zk (1936) 

Comments : 

Reference should be made to the beginning of the Electrical Resistivity- 

section for an explanation of the data. The value of the electrical 

resistivity at 273°K (Pp70 for Niobium to be used in calculating 

values of electrical resistivity (p^) is 16.1 x IQ-6 ohm-cm. This data 

should not be extrapolated to lower‘temperatures as Niobium becomes a 

supere .'Eductor between 8.7 and 8.9°K. 

The data presented here were taken from the reference cited above 

under "Source of Date". The values listed in the Landolt-Börnstein 

tables are those reported by Meissner, Franz and Westerhoff; and 

Reimann and Grant, cited above under "Other References". 

The data reported in the iiandolt-Börnstein tables, and tabulated here 

are listed as ratios of electrical resistivity with respect to the 

resistivity at a datum temperature of 273CK* The actual value of pr 

is not available for the sample used by Meissner, et al. so a datum ^ 

value reported by Reimann and Grant (Pp7^ = 16.1 x 10-6 ohm-cm) is 

suggested for calculating values of resistivity from these ratios. 

Tne Landolt-Bömstein tables list the samples used by Meissner, et al. 

as pciycrystalline with 0.06$ and 0.02$ Ta impurities present. No 

other pertinent information is given about either of the samples. 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

p273 = Re‘sistl-vi'ty at 273°K, (ohm-cm) 

Meissner, Franz and Westerhoff 

xemp. 

°K 

9-33 
20.4 
YÖ 

C
O
 

cvT 

C
L
 

0.035 

0.0617 
0.2410 

347 RDM/RS Is sued: 2, 28/61 . 



Sources of Data; 

ELECTRICAL RESISTIVITY of TANTALUM, Ta 

(Atomic Number 73) 

International Critical Tables of Numerical Data, rhysics. Chemistry, 

and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Hook Ce. Inc. (1929) pp I2U-135 

Landolt-Bämstcln Zahlenwerte und Punktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik, sechste' Auflage, II Band, ¿ Teil, 

Springer-Verlag, Berlin (1959) pp 1-46 

Other References: 

Burgers, W. G. and Basart, J. C. M.; Z. Anorg. Allgem. Chem. 216, 223 
(193^) - 
Hoiborn, L.; Ann. I-’hysik 59, 145 (1919) 

McLennan, J. C., Howlett, L. E. and Wilhelm, J. 0.; Trans. Roy. 3oc. 
Can. 23, III, 287 (1930) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 7Ó1, 892 (193O) 

Comments: 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation nf the graph. The 

value of electrical resistivity at 273’K ÍP273) for tantalum to be 

used in calculating values of electrical resistivity (pwp) is 12.4 x 

10“ ohm-cm. The curves on this graph should not be extrapolated to 

lower temperatures as tantalum becomes a superconductor at 4.30 
degrees. 

The data for this graph were taken from the references cited above 

under "Sources of Data". The values listed in the LandoIt-Börnstein 

tables are those reported by Burgers and Basart; McLennan, Howlett 

and Wilhelm; and Meissner and Voigt; while those values appearing in 

the International Critical Tables are from Hoiborn. These primary 

sources are cited above under "Other References". The names of the 

original authors are used in labeling the curves on the graph. 

The data in the Landolt-Börnstein tables, the International Critical 

Tables and tabulated here are listed as ratios of electrical resis¬ 

tivity with respect to the resistivity at a datum temperature of 

273*’C* The actual values of ^3 are not available for the samples 

uued by the several investigators so a datum value reported by 

Burgers and Basart ( P273 = 12.4 x 10"^ ohm-cm) is suggested for 
calculating values of electrical resistivity from these ratios. 

Toe samples used by the investigators appearing in Landolt-Börnstein 

are reported as polycrystalline with no mention made of impurities. 

No other pertinent information is given about any of the samples 

from any of the sources of data. 

(Continued on following page) 



17.151b 

ELECTRICAL RESISxiVitY of TANTALUM (Cent.) 

Tables of Values-of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P°73 = Keslstiv’ii’,y 273°K, (ohn-em) 

flolbom 

Temp. 

8C 
100p/p273 

Temp. 

°C 
ioop/p873 

- 78.2 

- 80 + 

-100 + 

-120 + 

72.98 
72.4 
64.9 

57.3 

-l4o i- 

-160 f 
-18O + 

-192.6 

49.6 

41.9 
34.3 

29.55 

Mfi n j Vit McLennan, Hovlett 

and Wilhelm 

X v^uiü • ^ 

°K 

p/p„ 
tL l 1 ' ^ 1 

1 
Í 

0 
CD
 

' 

r
 
^:
 

_
 

p/p273 

4.29 
4.49 

20.44 

77.61 
88.30 

O.OOOI9 
O.OO99 
0.0140 

0.2037 

0.2511 

4.3 
20.6 

80.0 

0.029 
0.033 
0.230 

* The second decimal place of the temperature 

values is somewhat in doubt. 

+ Values from interpolation. 

RDM/RS Issued: 2]\.^/Gl 
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I7.I5IC 

ELECTRICAL RESISTIVITY of VANADIUM, V 

(Atomic Number 23) 

Source of Data: 

Landolt-Bernstein Zahlenwerte und Funktionen aus Physikj Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (1959) PP 1-½ 

Other References: 

Meissner, W. and Westerhoff, li.j Z. Physik 8j, 206 (1933) 

R>tter, H. H.; Proc. Phys. Soc. (London) 5¿, 695 (19^-1) 

Comments: 

Reference should be made to the beginning of the Electrical Resistivity 
section for an explanation of the data. The value of the electrical 
resistivity at 273°K (Pp7o) ^°1, vanadium to be used in calculating 
values of electrical resistivity (pT) is 18.2 x 10½ ohm-cra. This data 
should not be extrapolated to lower'‘'tempe ratures as vanadium becomes a 
superconductor- at 4.89°K. 

The data presented here were taken from the reference cited abo^e 
under "Source of Data". The values listed in the Laodolt-Bürnstein 
tables ere those reported by Potter; and Meissner and Westerhoff, cited 
above under "Other References". 

The data reported in the Landolt-Bttmstein tables and tabulated here 
are listed as ratios of electrical resistivity with respect to the 
resistivity at a Latum temperature of 273 “• The actual value of Pp7T 
is not available for the sample used by Meissner and Westerhoff so 
a datum value reported by Potter (p?7i 3 18.2 x 10½ ohm-cm) is 
suggested for calculating values of resistivity from these ratios. 

The Landolt-Bttmstein tables list the samples used by all of the 
investigators as polycrystalline. The sample used by Potter is 
reported as having 0.2$ Fe impurities present. The sample used by 
Meissner and Westerhoff is reported as having 0.5$ Fe, 0.06$ Zn, and 
0.08$ Pt present. The Meissner and Westerhoff sample was pulled from 
a raelt. No further pertinent information is given about any of the 
samples. 

Table of Values of Electrica] Resistivity 

p = Resistivity (ohm-cm) 

p273 3 at 273°K, (ohm-cm) 

Meissner and Westerhoff 

°K p/p273 

4.3* 
20.4 

77.5 

0.0017 

0.0031 
0.1625 

* Superconducting Range 

HDM/R5-IsiüëdT—2/2i:76l 
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17.152a 

ELECTRICAL RESISTIVITY of ARSENIC, As 
(Atoml:: Number 33) 

Source of Data: 

Landolt-Bflmsteln Zahlenverbe und Funktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6Teil, 

Springer-Verlag, Berlin (1959) PP* 1-46 

Other Reference; 

Meissner, W. and Voigt, B.j Ann. Physik. (5) ]_, T^l, 892 (1930) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrier.1 Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (pgyj) for arsenic to be 

used in calculating values of electrical resistivity (pT) is 

26 X 10'° ohm-cm. 

The data for this graph were taken from the reference cited above 

under "Source of Data". The value^ listed in the Landolt-Börnstein 

tables are those reported by Meissner and Voigt, cited under "Other 

Reference". 

The data reported in the Landolt-BÖrnstein tables and tabulated here 

are listed as ratios of electrical resistivity at a datum temperature 

of 273°K. The value of ppy-j determined by Meissner and Voigt and 

suggested as a datura value nere is P273 = 26 x 10"° ohm-cm. 

The sample used by Meissner and Voigt was of a polycr/stalline nature 

with a reported 0.01$ Zn impurity present. Ho information is given in 

Landolt-BÖrnstein on the mechanical or heat treatment of the sample. 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

p = Resistivity at 273°K, (ohm-cm) 
I .J 

Meissner and Voigt 

Temp.* 

°K 

p/p273 

1.13 

I.36 
4.20 

20.45 
7Ä "3 

0.0211 

0.0213 
0.0228 

O.O322 
0.1 ftps 

88.2 1 0.2184 

*The second decimal place is somewLat in doubt 

RDMTRS Issued! 1/11/61 
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17.152b 

ELECTRICAL RESISTIVITY of ANTIMONY, Sb 

(Atonic Number 51) 

Sources of Data: 

Landolt-BÖmstein Zahlenwcrte und Funktloncu hub PhyslK, Chemie, 

Astronomie, Geophysik und Technik> sechste Auflage, II Band, o Teil, 

Spriiifcur-VTcriag7n¿rlin (1959) Pf. 1-½ 

International Critical Tables of Numerical Data, Physics, ffiendjjtrg, 

and Technology, VI, 1st Edition, Riblished for the National^Researc.. 

Council by the McGraw-Hill Book Co., Inc. (1929) PP* 124-135 

Other References: 

Eucken, A. and Gehlhoff, G.j Verhandl. ieut. physik. Ges. 14, 169-102 

(1912) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) 7, ?6l, 892 (1930) 

Gehlhoff, G. and Neumeier, F.j Verhandl. deut. physik. Ges. 15_, 876 

(m3) 

Comments: 

Reference should be made to the prêt ace at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 

value of electrical resistivity at 273°K (P273) for antimony to £e used 
in calculating values of electrical resistivity (fy is 39 x 10 

ohm-cm. 

mu, /i„+o pny f« errenh vptv taken from the references cited above 

Gehlhoff, while those values listed h” t 

Tables are from Gehlhoff and Neumeier. 

listed above under "Other References . 

in labeling the two curves on the graph. 

he International Critical 

These primary sources are 

The original authors are used 

The data repoited in-the Landoit-Bttmstein tables and in the Inter¬ 

national Critical Tables are listed as ratios of electrical re~^ti\iuy 

with respect to the resistivity at a datum temperature of 273 K. The 

actual values of poy-s are not available for the samples used by the 

several investigators so that a datum value reported by Eucken and 

Gehlhoff (p273 = 39 x 10'^ ohm-cm) is suggested for calculating values 
of resistivity from these ’retios. 

The Landolt-Bömstein tables list the samples used by both ref erences 

as being polycrystalline. The sample used by Meissner and Voigt is 

reported to have less than O.lf- impurities of unknown composition 

while the sample used by Eucken and Gehlhoff Is reported to have 0.0/* 

impurities of unknown composition. No mention is made of the nrture 01 
cample used *>y O^bihnff and Neumeier, and no information is given 

on mechanical or heat treatment for any of the samples. 

(Continued on following page.) 
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17.1:52b 

ü 
ELECTRICAL RESISTIVTTY of ANTIMONY (Cont.) 

Tables of Values cf Electrical Resistivity 

p = Resistivity, (ohm-em) 

Pgy-j = Resistivity at 273°K, (ohm-cm) 

Meissner and Voigt 

Temp. * 

°K 
p/p273 

1.16 
1,30 

h.20 

20.42 

77.7 
88.4 

O.OI8O 
O.OI92 
0.0195 

O.O319 
0.2041 

0.2441 

*The second decimal 

place of the tempera¬ 

ture values is some- 1 

[ what in doubt. 

Gehlhoff and Ncumeier 

Temp. 

°C 
100p/p273 

- 77 
- 80 
-100 
-450 

-iwV 
-160 
-180 
-190 

65.73* 
64.5 

56.7 
49.1 

41.7 

34.8 

28.3 
25.O3* 

* Observed points. Other 

points have been inter- 

polaoed. 

RDM/RS Issued: l/l2/bl 
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17-152c 

ELECTRfCAL RESISTIVITY of EISMUIH, Bi 

(Atomic Number 83) 

Sources of Data: 

International Critical Tables of Numerical Data, Physics» Chemistry, 
and Technology, VI. 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co. Inc. (1929) PP 124-135 

Landolt-B^rastein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6Teil, 
Springer-Verlag, Berlin (Í959) PP 1-46 

Other References: 

Jaeger, W., and Diesselhorst, E.j Wiss. Abhandl. physik tech. 
Reichanstait 3, 269 (1900) 

Meissner, W. and Voigt B.; Ann. Physik (>) 7, 76I, 892 (l930) 

Ormes, K. H. and Clay, J.; Proc. Acad Gei Amsterdam 10, 207 (l9ü8) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an expiration of the graph. The 
value of electrical resistivity at 2738K (P273) f'°r bismuth to be used 
in calculating electrical resistivity is 110.0 x 10"6 ohm-cm. 

under Sources of Data . The values listed in the Landolt-BÖmstein 
tables are those reported by Jaeger and Diesselhorst; and Meissner and 
Voigt; while those values appearing in the International Critical 
Tables are from Qrmes and Clay. These primary sources are listed 
above under "Other References". The original authors are used in 
labeling the several curves on the graph. 

The data in the Landolt-BÖrnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resistivity 
with respect to the resistivity at a datum temperature of 273°K. The 
actual values of Pg-p are not available for the samples used by the 
several investigators so a datum value reported by Jaeger and 
Diesselhorst (Pgp = 110.0 x 10~6 ohm-cm) is suggested for calculating 
values of resistivity from these ratios. 

The sample used by Meissner and Voigt is reported to be polycrystalline 
with a very small amount of impurities present of an unknown com¬ 
position. The Jaeger and Diesselhorst sample is reported in Landolt- 
BÖmstein as polycrystalline with 0.03$ impurities of unknown com¬ 
position. No infomation is available on the sample used by Onnes and 
Ç1 AV. Anri nn mon 1-i nn i q rnnr!& nf* + V»a ny» Vioa-f ovwr 

of the samples in any of the sources of data. 

(Continued on following page) 
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ELECTRICAL RESISTIVITY of BISMUTH (Cont.) 

Tables of Values of Electrical Resistivity 

Resistivity, (ohm-cm) 

Resistivity at 273% (ohm-cm) 

I 

Onnes and Clay 

Temp. * 

°C 
WOp/p273 

Temp. 

°C 
100p/p273 

- 80 * 

-100 * 

-103.71 

-139.88 

-161*.05 

-182.73 

71.3 
61*.8 
63.61*9 

52.865 

1*6.246 
41.435 

-I95.I7 
-204.68 
-216.01 

-253.OI 

-255.34 
-258.86 

38.478 

36.064 

33-014 

22.329 

21.388 

19.574 

* Values bv 1 + 

Meissner and Voigt 

Temp.* 

°K 
p/p273 

I.I7 
I.39 
4.21 

20.4 
77-8 
86.9 

j 

O.O392 

O.O392 

0.01*02 

O.O8IO 

O.3255 

O.3582 

* The second decimal 

place of the tempera¬ 

ture values is some¬ 

what in doubt. 
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IT.lola 

ELECTRICAL RESISTIVITï of CHROMIUM, Cr 

(Atomic Number 2*0 

Source of Data: __ ..--n^ 
Tnnriolt-Bttmstein ZaHlenwerte ^jw^loncnaus Physik^ 
Astronomie, Geophysik und Technik, sechste Auflage, II Bai., , 

Springer-Verlag, Berlin (1959) PP* l-^0 

Other References: 

McLennan, J. C., Niven, C. D. and Wilhelm, J. 0.; Phil. Mag. 6, 672 

(1928) 

Erfling, H. D.j Arm. Pfiyslk. (5) 3^, 136 (1939) 

Bridgman, P. W.^ Proc. Am. Acad. Arts Sei. _f9> 1^9 ^19^1) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation Ox the graph. Ih 

value of electrical resistivity at 273°K (p273).f^ ™ 
used in calculating the electrical resistivity (pT) is x x 

ohm-cm. 

B>e dota for thla graph -«re taken fron, the reference cited above 

rider Soui ;e of Data". The values lis1 
Ln the Landolt-BÖmstein 
i ïï vfHn*r and Bridgman 

"0i 

,Hie dû- ¾ reported in t e ân o , « thp ftctuEil 
nf pipctrical resistivity at a datum temperature oí ^ 

vaxues 01 P2H - ifi P x 10'° ohm-cm) reported 
et al. or Erfling so a datum value (p27r - ^ . f 
by Bridgman xs suggested for calculating values of resistivity from 

these ratios. 

The samples used by Bridgman vere of a polycrystalline ^ ^ °-^ 

impurities of unknown composition. No mention was made oí h 

mechanical or heat treatment of the Bridgman samples. The samples 

used by McLennan et al. were of an annealed polyciystalline nature. 

Uo mention was made of the impurities present or of the mechanica 

treatment”©!* the samples. The samples used »^eU aï 
polycrystalline nature. These samples uere pulled “Î 

later annealed. »0 mention is made of the mechanical treatment of 

the samples. 

(Continued on following page.) 
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IT.l6la 

ELECTRICAL RESISTIVITY cf CHROMIUM, Cr (Coat.) 

Tables of Values of Electrical Resistivity 

p - Resistivity, (nhn-cm) 

p»273 = Resistivity at 273 °K, (ohm-cm) 

McLennan, Niven and Wilhelm 

Temp. 

°K p/p273* 

2.2 
W.2 

20.6 
8O.O 

0.0526 

0.0526 

0.0533 
0.134 

* The fourth decimal place of 

the electrica] resistivity 

values is somewhat in doubt 

I « . 

Temp. 

°K p//p273 

20.4 
79.0 

0.0188 

0.0874 

I ___ 
RDM/RSIssued:ÏJÏÔJÇÏ 
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17.161b 

ELECTRICAL RESISTIVITY of MOLYBDENUM, Mo 

(Atomic Number 4-2) 

Sources of Data: 

International Critical Tables of Numerical Data, Physics, Chemistry, 
and Technology, VI, 1st Edition, Published for the National Research 
Council by the McGraw-Hill Book Co., Inc. (1929) pp. 124-135 

Landolt-Bflmstein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (1959) PP« 1-46 

Other References: 

Blcm, E. C.; Fhys. Rev. 13, 308 (1919) 

Holbom, L.; Ann. Physik. 59, 145 (1919) 

Meissner, W. and Vcigt, B.j Ann. Physik. (5) 7, 761, 892 (1930) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation, of the graph. The 
value of electrical resistivity at 273°K (pn7^) for molybdenum to be 
used in calculating values of electrical resistivity (p^) is 4.4 x 
10"° ohm-cm. 

[he 
mdt 

ita for 
"Source 

thi 
lis 

cited above 
iolt-ßömstein 

tables are those reported by Meissner and Voigt; and Blom; while those 
values listed by the International Critical Tables are from Holbom. 
These original authors are used in labeling the two curves on the 
graph. 

The data in the Landolt-BÖmstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resistiv¬ 
ity with respect to the resistivity at a datum temperature of 273°X. 
The actual values of P273 for the samples used by the several 
investigators are^not available so a datum value reported by Blom 
(P273 = 4.4 x 10“° ohm-cm) is suggested for calculating values of 
electrical resistivity from these ratios. 

The Landolt-BÖrnstein tables list the samples used by both authors 
as polycrystalline with no mention made of impurities present. No 
reference is made as to the nature of the sample used by Holbom, 
and no Information is available on mechanical strain or heat treat¬ 
ment for any of the samples from any of the sources of data. 

(Continued on following page.) 
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ELECTRICAL RESISTIVITY of MOLYBDENUM (Coni,) 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

, Resistivity at 273% (ohm-cm) 

Holborr 

Temp. 

°C 

ioop/p2^3 

- 78.2 
- 80* 
-100» 
-120* 

-li+0* 

-I6O* 
-ISO* 

-I92.5 

66.6O 
65.9 

57-4 

48.9 

40.5 
32.2 
24.2 

19.II 
_I 

* Values from interpolation 

Meissner and Voigt 

Temp. 

°K 

___ ■ ■ --- 

p/p273 

1.5 
4.2 

20.4 

77.8 

86.9 

0.0462 

0.0455 
0.0448 

O.1370 
O.17OI 

I 
r 

f 
i 
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17.16.1e 

ELECTRICAL RESISTIVITY Of 'TUNGSTEN, W 

(Atomic Number 7!0 

Sources of Data: 

Lando! t-üËrnsteln Zahlenwerte und 
- "Te. Geophysik imdT Technik, sechste Auflage, II -and, b Teil, 

r-Verlag) Berlin (1959) PP l-^6 

International Critical Tables cf Kumerlcal Data^Pj^ics^^t^^ 
W> lst Editi0ü^ Published for the Nationa. Reseaxch 

Cüunöil by the McGraw-Hill Book Co. Inc. (1929) PP 1^-llP 

Other References: 

de Haas, W U.J and de Nobel, J.J Physica 449 (I9j8) 

Holbom, L., Ann. Physik» 52., I45-I69 ^1919) 

Grüneisen, E. and Adenstedt, A.; Ann. Phyaik (5) 31; Tl^ (1938) 

Meissner, W. and Voigt, B.; Ann. Physik (5) T; i6l, 892 (1930) 

Van den Berg, G. J.J Physica l4, 111 (1948) 

Comments: 

Reference should he made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph. The 
value of electrical resistivity at Ã7?*K (p„,) for tungsten to he 

need in calculating values of electrical refUtlvlty (p^ is 4.8b x 10 

ohm-cm. 

The data for this graph were taken from the references cited above 

under "Sources of Data". The values listed in the Landolt-BÖrnstein 

tables are those reported by Van den Berg; de Haas and ^ Nobel; 

Meissner and Voigt; and Gnineisen and Adenstedt; while .hose, valueo 

listed by the International Critical Tables are from Holbom. Ihese 

primary sources are listed above under "Other References . The origina 

authors are used in labeling the several curves on the graph. 

The data reported in the Landolt-BÖrnstein tables, the Internationa] 

Critical Tables and tabulated here are listed as ratios ci electmca 

resistivity with respect to the resistivity at a datum temperature oí 

273 °K. The actual values of p?7, are not available for the samples 

used by the several investigate so a datum value reported by Grüneisen 

and Adenstedt = 4.86 x 10-° ohm-cm) is suggested for calculating 

values of resistivity from these ratios. 

The samples used by the authors referenced in the Landdt-EÖrnstein 

tables are reported as single crystals ^th very smal. amounts 
impurities of unknown composition. Since tne lattice structure of 

^rön^ecW^rr^Ä Wore these values should be 

representative of the electrical resistivity for the ^^t^the 
form. The International Critical tables make no mention as oO the 

ohysical nature of the samples used by Holbom. Imormation was not 

given on the mechanical or heat treatment of any of the samples. 

4 
(Continued on following page) 
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ELECTRICAL RESISTIVITY of TOLOSTEN, (Cont.) 

Tables of Values of ElecLric^I Resistiyitx 

p = Resistivity, (ohm-era) 

p273 = R&si£tivitjr (ohm-era) 

dé Haas and de Nobel Holborn 

Temp. 

°K 
p/p273* 

Temp. 

°C 
100p/p273 

1.57 
4.21 

14.14 

20.42 
50.55 
90.15 

0.00033 
0.00035 
0.00048 

0.00086 
0.0291 
0.1Ó50 

- 73.3+ 
- 00 
-100 

-120 
-l40 
-1ft) 

-180 
192.8+ 

65.09+ 
64.4 
55-7 

46.9 
38.2 
29.5 

20.8 
15.29+ 
_ 

Meissner and Voißt 
Î---- Van den Berg 

Temp.** 

°K 
p/p27:¡* 

Temp. 

°K 

I.3I 
4.21 

20.4 

77-6 
67.4 

0.00053 
O.OOO54 
0.0011 

O.II56 
O.I565 

2.01 
4.40 

20.41 

0.00044 
0,00046 
0.00097 

* The fifth decimal place of the electrical resistivity 
ratio values is somewhat in doubt. 

** The second decimal place of the temperature values is 
somewhat in doubt. 

+ Observed values. Other values have been interpolated. 

RDM/RS Issued: l/pA/Sl 374 
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ELECTRICAL RESISTIVITY of MAIiGiVNESE, Mn 

(Atomic Number 25) 

Source of Data: 

Laiidelt-Bernstein Zahlcmverte unT Funktionen aus Physik, Chemie; 

Astronomie, Geophysik and Technik, sechste Auflage. II Band,, o Teil, 

Springer-Verlag. Berlin (195?) ?F l-'lb 

Other References: 

Brunke, F.; Ann. Physik (5) 21, 3 39 (3-93^) 

Erf ling, H. D.; Ann. Physik Jf, l62 (191^) 

Erfling, H D • : Ann. Physik (5) ¿4, 136 (l?39) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 76l, 8?2 (.1930) 

Reddemann, H.; Ann. Physik (5) 22, 28 (1935) 

Comments : 

Reference should u« made to the beginning of the Electrical Resistivity 

section for an explanation of the data. The value of the electrical 

resistivity at 273°K (P273) for manganese to be used in calculating 
values of electrical resistivity (pt) from a particular set of tabulated 

ratios is listed with that set. 

The data presented here were taken from the reference cited above under 

"Source of Data". The values listed in the Landolt-BÖrnstein tables are 

those reported by the authors cited above under "Other references 

The data reported in the Landclt-BÖrnstein taoles and tabulated here are 

listed as ratios of electrical resistivity with respect to the resistivity 

at a datum temperature of 273°^• The actual values cf P273 f°r the 
samples used by Meissner and Voigt; Brunke; and Erfling are listed in 

each group of data attributed to the above authors. The value of P273 
reported bv Brunke (P273 = 91 ^ lO“'-’ ohm-cm.) is suggested for calculating 

values of electrical resistivity from the Reddemann ratios 

Manganese is an allotropie metal and undergoes two phase changes at cryo¬ 

genic temperatures. These phase changes are recognizable by changes in 

energy, crystal lattice structure and other physical properties 

The data tabulated here are separated according to the phase of the sample 

The popular phase designations in the literature, and followed here, are 

Ci, ß,7. The Meissner and Voigt data are reported as determined from a 

sample composed of a combination of the Qc and P phaee. The Brunke sample 

is reported as being in the a phase . The Reddemann sample is reported as 

being in the ß phase and the Erfling sample is reported as being in the 7 
piiciõG • 

The Landolt-BÖrnstein tables list all the samples considered here 

as polycrystalline with a small amount of impurities present No further 

pertinent information is given. 

(Continued on following page) 



ELECTRICAL RESISTIVITY of MANGANESE (Cent.) 

Tablee of Values of Electrical Resistivity.. 

p = Resistivity, (ohm-ern) 

p = Resistivity at 273°R; (ohm-cm) 

Meissner and Voigt 

(a + ß)-Manganese 

= 150 X 10ohm-cm 

Reddemann 

ß-Manganese 

p?.^ = 91 X 10“6 ohra-cm 

Temp.* 

°K 
p/p ** 
m/p273 

Temp. 

°K p/p273 

1.4l 
4.20 

20.5 

77.8 
88.9 

O.95OI 
O.9765 
1.0020 

O.9807 
O.9776 

78.1 
90.1 

194.7 

O.731 
O.750 
0.891 

* The second decimal place of the temperature values 
is somewhat in doubt. 

** The fourth decimal place of the electrical resistivity 
ratio values is somewhat in doubt. 

Bnmke 

ot-Manganese 

P273 = ^ X 

Erfling 

7-Manganese 
-6 

pPY3 = 39.2 x 10 ohm-cm 

Temp. 

°K 
p/p273 

Temp. 

°K 
p/p273 

89.2 O.97I 79.0 0.130 
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17.171b 

ELECTRICAL RESISTIVITY of RHENIUM, Re 

(Atoaiic Niuûber 75 
V#jP 

Source of Data; 
T^mlolt-Bernstein 7.ahlenVe^c und Funktionen nus Hiyslk; Chende, ^^ 

nñnTI~to)PhYslk un¿ Techïïlk, sechste Auflage, Il Band, 5 'Heil, 
3pH nsf*r-V^rlçig^ Berlin. ( 19^9) PP • 1 * • - 

Other References: 

Asche mann, G. and Justi, E.; Physik. Z. ¿07 (l^'P) 

Meissner, W. and Voigt, B.j Ann. Physik. (5) 7, 7^1, 892 (1930) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. The 

values of electrical resistivity at 273°K (P073) llsted 
used in calculating values of electrical resistivity (pT) are listed 
below the authors^names labeling each individual curve onthegrap 

These curves should not be extrapolated to lower temperatures since 

rhenium becomes a superconductor at I.70 K. 

■ae data for this graph were taken frOT the reference cited ^OTe 
under "Source of Data", tte values taken fro« the Landolt-BSmstein 
tables are those reported by the authors listed above under .' her 

References". 

The data reported in the T-andolt-Bbiiistein tables are listed a* ^ 
ratios of electrical resistivity vitn respect to the resistiv y 

datum temperature of 273 °K. The values of 0273 c thoae 
graph below the authors' names are the values determined by 

authors. 

The samples used by Aschennann and Justi; and by Meissner and Voigt 
Se reported in Landolt-Bttmstein as being of the stared 

înçurities ofTlnknown e-position but no mention is »ade of^urttl« 

in the Meissner and Voigt sample.. No information is available as to 
• • _J w -C* 4-V\ ^ /-. n I oc 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

p = Resistivity at 273% (ohm-cm) 
m273 

Aschemann and Justi Meissner and Voigt 

Temp. 

°K 
p/P273* 

Temp.** 

°K 
p/P273 

4.22 

14.0 

20.4 

77-7 

0.021 
O.OI83 
O.OI83 
O.1609 

1.36 
4.22 

20.4 
38.2 

0. toy 
0.110 
0.110 
0.2849 

* The fourth decimal place is somewhat in doubt.1 

** The second decimal place is somewhat in doubt.J 
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17.l8.la 

ELECTRICAL RESISTIVITY of IRON, Fe 

(Atomic Number ¿6) 

Sources of Data: 

International Critical Tables of Numerical Dala, Fhyslcs, Chemistry, 

and Technology, VI, 1st Edition, Rublished for the National Research 

Council by the McGrav-Hili Book Co. Inc. (1929) PP 124-135 

Landolt-B^msteln Zahlenverte und Funktionen aus Physik, Chemie, 

Astronomie, Geophysik und Technik) sechste Auflage, II Band, 6 Teil, 
Spi’inger-Verlag, Berlin (1959) PP 1-46 

Other References; 

Cleaves, H. E. and Hiegel, J. M.; J. Research Nati. 3ur. Standards 

RP 14?2 28, 643 (1942) 

Holbom, L.; Ann. Physik ¿9> 145 (1919) 

Meissner, W.; Physik. Z. 29, 897 (1928) 

Comments : 

Reference should be made to the preface at the beginning of the 

Electrical Resistivity section for an explanation of the graph, 

value of electrical resistivity at 273“K (Pp7o) ^or lron be .uí 

calculating values of electrical resistivity fp_) is 8.6 x 10-8 c 

The 

ed in 

The data for this graph were taken from the references cited above 

under "Sources of Data". The values listed in the Landolt-EBrnstein 

tables are those reported by Meissner; and Cleaves and Hiegel; while 

those values appearing in the International Critical Tables are from 

Holborn. These primary sources are cited above under "Other References". 

The original authors are used in labeling the two curves on the graph. 

The data in the Landolt-BÖrnstein tables, the International Critical 

Tables and tabulated here are listed as ratios of electrical resis¬ 

tivity with respect to the resistivity at a datum temperature of 

273°K. The actual values of o „ for the samples used by the several 

investigators arc not available so a datum value reported by Cleaves 

and Hiegel (pp7o - 9*6 x 10*8 ohra-cm) is suggested for calculating 
values of electrical resistivity from these ratios. 

The Landolt-BÖrnstein tables list the sample used by Cleaves and Hiegel 

as an annealed polycrystalline specimen with less than 0.01$ impurities. 
The sample used by Meissner is reported as an annealed polycrystalline 

specimen with a very small amount of impurities present. No other 

pertinent information is given on any of the samples in any of the 

(Continued on following page) 
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Meissner 

Temp. * 

°K 
p/p273** 

I.98 
4.21 

20.4 

78.2 

O.OOO818 
O.OOO62O 
0.000761 
0.0741 

* The second decimal place 

is in doubt. 

**The fifth decimal place 

is in doubt. 
1______ 
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X I «XOxLÍ 

ELECTRICAL RESISTIVITY of NICKEL, Ni 

(Atomic Number 28) 

Sources of Data: 

Ipteraational Critical. Tables of Numerical Data, Physics, Chemistry, 
and Tcchrology, VÎ, 1st Edition, Published for the National Research 
Council by the McGrav-Hill Book Co. Inc. (1929) pp 124-135 

Landolt-Bdrnstein Zahlenwerte und Funktionen aus Physik, Chemie. 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlog, Berlin (1959) pp 1-46 

Other References: 

Fleming, J. A.; Proc. Roy. Soc. (London) 66, 50 (1900) 

Dewai, J.; Proc. Roy. Soc. (Loudon) fâ, 244 (1904) 

Meissner, W.; Physik. Z. 2?, 725 (1926) 

Wise, E. M.; Proc. Inst. Radio Engre. 2¿, 714 (1937) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. Hie 
value of electrical resistivity at 273°K (0571) for nickel to be used 
in calculating electrical resistivity is 6.14 x 10“6 ohm-cm. 

The data for this graph were taken from the reference« cited above 
under "Sources of Data". The values listed in the Landolt-Bömatein 
tables are those reported by Meissner and Wise; while those value« 
appearing in the International Critical Table« are from Dewar and 
Fleming. These primary reference« are cited above under "Other 
References". The original authors are used in labeling both curve« 
on the graph. 

The data in the landolt-Börnstein tables, the International Critical 
Tables and tabulated here are listed as ratios of electrical resis¬ 
tivity with respect to the resistivity at a datum temperature of 273#K. 
The actual values of P273 for the samples used by the several investi¬ 
gators are not available so a datum value reported by Wise (007-. = 
6.14 x IO“6 ohm-cm) is suggested for calculating values of electrical 
resistivity from these ratios. 

The Landolt-Börnstein tables list the sample used by Wise as poly¬ 
crystalline with 0.01# impurities 0? unknown composition. The sample 
used by Meissner is reported as a polycrystalline and annealed in a 
hydrogen atmosphere. No further pertinent information is available on 
any of the samples from any of tne sources of data. 

(Continued on following page) 



ELECTRICAL RESISTIVITY of NICKEL (Cont.) 

Tables of Values of Electrical Resistivity 

p = Resjistivity, (ohm-cm) 

p = Resistivity at 273"N, (ohm-cm) 
I J 

Dewar and Fleming - 

Temp. 

°C 
100p/p2^^ 

Temp. 

°C 
10ûp/p2^ 

- 78.3 
- 80 + 
-100 + 

-120 + 
-ito + 

61.3 
60.5 
51.8 

43.7 
36.1 
28.7 

-ISO + 

-182.9 
-200 + 

-, to + 
-2to + 

-252.7 

21.7 
20.8 
15.6 

11.2 

8.9 
8^5_1 

, VaIupp prom interpolation ^ 

3¾ 

Meissner 

Temp.** 

°K 

I.34 
4.21 

20.¡40 

78.8 
87.4 

p/p 273 

C.00503 
0.00508 
0.00662 

0.0919 
0.1179 

** The second decimal 
■»O ar\r* T e ■? n . 
X'-—~  — 

* The fifth decimal 

place is in doubt. 

RDM/RS Issued: 2/1/61 
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17.181c 

: 

I 

A 

ELECTRICAL RE^ISTI'/ITY of COBALT, Co 

(Atomic Number 27) 

Sources of Data: 

International Critical Tables of Numerical Data, Physics, Chemistry, 
an& Technology, VI, 1st Edition, Published for the National Rei>earch 
Council by the McGraw-Hill Book Co. Inc. (1929) pp. 124-135 

Landolt-Btirnstein Zahlenwerte und Funktionen aus Physik, Chemie, 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Spr Inger-Ver lag, Ber Mr. (1959) PP» 1'46 

Other References: 

Bridgman, P. W.; Proc. Am. Acad. Arts. Sei. 79, 1^9 (l94o) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, ?6l, 892 (1930) 

Schimank, H.; Ann. Physik 45, 706 (1914) 

Comments: 

Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. 
The value of electrical resistivity at 273*K (2373) ^01, cot,a^ to 
be used in calculating values of electrical resistivity (p»p) is 
5.57 X 10“° ohm-cm. ^ 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Bdrnstein 
tables are those reported by Meissner and Voigt, and Bridgman, while 
those values appearing in the International Critical Tables are from 
Schimank. These primary sources are citea above under "Other 
References". The original authors are used in labeling the two 
curves on the graph. 

The data in Landolt-Börnstein tables; the International Critical 
Tables and tabulated here are listed as ratios ef electrical 
resistivity with respect to the resistivity at a datum temperature of 

7? °I 273 K. The actual values of pgjy for the samples used by the several 
investigators are not available so a datum value reported by Bridgman 
(p273 = 5*57 X IO"6 ohm-cm) is suggested for crlculating values of 
electrical resistivity from these ratios. 

The Landolt-Bdrnstein tables list the sample used oy Meissner and 
Voigt as an annealed, sintered polycrystalline specimen with no 
mention made of impurities present. The sample used by Bridgman was 
reported as polycrystalline with a very small amount of impurities. 
No information is given on the amount of impurity or nature of the 
C!si tourna y* lr crntirTi a a v\i3 r\n -f i iv>4V>qv j n-Prvmrta 4 an a ova^I^o'KIa +• Vu» 

mechanical strain or heat treatment for any of the samples from any 
of the sources of data. 

(Continued on following page.) 

389 

5 

• ^
 



17.101c 

ELECTRICAL RESISTIVITY of COBALT (Cont.) 

Tablee of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

P^-ß ~ Resistivity at 273°K, (ohm-cm) 

I 

Meissner and Voigt 

Temp. 

°K 
p/p273 

1.5 
4,2 

20.4 

77.8 
86.9 

0.0431 

0.0426 

0.0463 

0.1516 

0.1829 

i--; 
Schimark 

I- ____ . _ _ __J 

renQ). 

100p/p273 

- 80* 
-100* 
-120* 
-I60* 
-I80* 
-192 

57.4 
48.2 

32.3 
24.8 
17.4 
13.5 

*Values from interpolation 

ÏÏDM/KS Issued: 

1 

___ 
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ELECTRICAL KESISTIVITY of RUTHENIUM, Ru 

(Atomic Number 4-A) 

Source cf Data: 

Landolt-Dörastein Zahle rive rtc -.;-J Funl^tionen aus Hiysik, Chemie 
Astronomie, Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 
Springer-Verlag, Berlin (19597 PP* 1-46 

Other References: 

Justi, E.; Z. Naturforsch. 4a, 472 (1949) 

Meissner, W. and Voigt, B.j Arm. Piiysik. (5) 761, 892 (1930) 

Comments : 

Reference should be made to the preface at the beginning of the 
Electrical Resxstivity section for an explanation of the graph The 
values of electrical resistivity at 273°K (p ) for ruthenium’to be 
used in calculating values of electrical resistivity (pT) are listed 
below the authors’ names labeling each individual curve on the graph. 
These curves should not be extrapolated to lower temperatures since 
ruthenium becomes a superconductor at 0.47°K. 

The data for this graph were taken from the reference cited above 
under "Source of Data". The values taken from the Landolt-BÖmstein 
tables are those reported by the authors listed under "Other . 
References". 

The data reported in L olt-BÖr Ln tab 
ele -riet 

Lated h 
■»+ + 

aj 
listed as ratios of 1 
resistivity at a da^um temperature of 273 K. The values of Poyo which 
appear on the graph below the authors’ names are the values deuenrined 
by those authors. 

The samples used by Meissner and Voigt; and Justi are reported in 
Landolt-BÖmstein as be’ ng of the sir.tered polycrystalline type with 
approximately 4.2$ and 0.01$ of unknown impurities respectively. No 
mention is made of the mechanical or heat treatment of any of the 
camples• 

Table of Values of Electrical Resistivity 

p = Resistivity, (ohra-cra) 

P2T3 = Resistivity at 273% (ohm-cm) 

Justi Meissner and Voigt 
Temp. * 

"K 
p/p273 

Temp.* 

°K 
p/p273 

20.38 
81.7 

0.0683 
0.1734 

I.I7 
4.21 

20.4 
77*6 
87.2 

0.0827 
O.O827 
0.0830 
o.oiysh 
0.2106 

* The second decimal place of the temperature 
values is somewhat in doubt. 

HDM/kb Issued: I/13/6I 393 
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17.182b 

ELECTRICAL PESISTIVIT7 of RHODIUM, Rh 

Sources of Pat.«- 

(Atomic Namier 45) 

üprlnger-Veriag,Berlin (1959)'^’ ^^sEe *uiJ-age, il Bond, 6 T?u, 

and 0f Dataj Chen-dstry, 

Council by tfte «rau-Hiil Book’co. Inc (19¾) ». ^24-05 

Other References: 

Bridgman, P. w.¡ Proc. Am. Acad. Arta Sei. 68 , 27 (1933) 

Holbom, L.j Ann. Fnysik. 59, 149 (1919) 

Meissner, W. and Voigt, S.; Ann. Physik. (5) 7, 761, 892 (1930) 

Comments : 

Reference should be made to the preface «t ^ ^ 
Electrical Resistivity section for ! 1 th® be6lnning of the 
value of electrical resistivity at °f the graph* 7,16 
in calculating values of -^ctïical f0rNrbodfum ^ be used 

5SJ5 :™ Stta t«4 
rhe 

supercondu ^•7 IV • 
Lover 

fin - O * ^ t' - rr^z 1 C liftAf*!) T TtTiTW t K ä „ * «L av/iii uiie *-f*iGrences % __ 

tables are^hose^reportéd by^ri^man-^nfMe?;!^ ^"^^^ein 
values reported by Holbom appear both in +h t f61” Cnd 

Tables and the Landolt-Börnste in tnhií Internati°nal Critical 

listed above under "other References" ^The orief \maiy^CUrCeS are 
in. labeling the several curves on the'graph. ^ S ^ USed 

tabuldat\adt^naS nÖrfeln^ the ^emalicnal Critical Table, and 
respect to tte ™UtM* 
-alues of 0.003 are not °f 273‘K- ®e »«ual 
investiga! o?¿3so a datum v^uereSrtíSbvnSr. “’I by the, , 
ohm-cm) is suggested for calcul atine ca'ao - 7 r^T“ ?^7, * 4'35 x 10'6 
from these ratios. " 6 dxUe° of electrical resistivity 

The Landnlt-BÖ mstei n tables renn h- +>io n 
pclycrystalliné with a very small amount oT^ by b0th authors as 
used by Bridgman. The samóle , impurlties in the sample 
to have been annealed, but no mcniiloî i 6 ^ V°Í6t ÍS rePorte(i 
No other T)n r& ^4^r»~ u no mention is made of impurities preaent.. 



17.l8?b 

ELECTRICAL RESISTIVITY of RHODIUM (Cent.) 

Tablee of Values of Electrice1 Resistivity 

p = Resistivity, (ohm-cm) 

^273 = Resistivity nt 273(ohm-cm) 

—————— —    ■ . —-......     .--- ,    

Holborn 

Temp. 

°C 

100p/p^,„ 
2o 

Temp. 

°C 
100p/p2^ 

- 78.U 

- 80* 

-100* 

-120* 

65.8O 

65.I 
56.4 
^7-7 

-l40* 
-160* 

-180* 

-191.9 

39.0 

30.2 

21.4 
16.25 

* Values from interpolation 

Meissner and Voigt 

Temp. * 

°K 

p/d ** 
7 273 j 

I.32 
4.22 

20.4 
77-6 
87.4 

c.00300 
O.OO309 
O.OO353 
•O.IO66 
0.1466 

*The second decimal 

place is in doubt. 

**The fifth decimal 

place is in doubt. 

tDM/RS Issued: l/31/él 
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____-—-—-—-- ■ 

i ^ -» Co^ 1,.xCcC 

ELECTRICAL RESISTIVITY 0.-: PAIiLAUlLM; Pd. 

(Atcirlc Kuofcer Lt) 

Sou rce of D^*.g : 

t.LmC-BSmsteln , 
'».tronoide, G?q>l-.ysit una TfcrmET sechste ftuflage, 
SpHnier~Vcrlag, Berlin (1959) 1»• l-1*- 

Other References: v 

Grlineisen, E. and Redderiinn, H.? Arm. Physik. (5) %¿> 

Holhom, L.; Aim. Physik. 59, 1^5 (1919) 

Meissner, W. and Voigt, B.; Ann. Physik. (5) 7, 'bl, 892 (1930) 

Comments 
Reference should he made to tt:e preface at the beRlnnluK of the 

Electrica! Reslstivit, section for “ io be 

rAfcflSX v^s^f eUctSL i^iistlvlty (op) is 9-77 * 

10"° ohm-cm. 

f0re^SÆ Te îïuês Usted in Se LanLlt-BSrnstein 
“bles arHhoí SpoAed^y úrfeeisen and Beddenann; Holborn: and 
Meissner and Voigt; cited above under Other Reference The 
original authors «re used in labeling the curves on the graph. 

and tabi The data reported in the Landclt-BSrnstein table 
?! ! of electrical resistivity with respect to the 

;r:is i ny t a t^rature of 273’K. The actual values of 
are not available for the samples used by the several .nves.igatocs^o 
a datun, value reported by Orfnelsen and Iteddemann (p?î? - 9-77 x 
ohm-cm) is suggested for calculating values of elec.riial 

from these ratios. 

resistivity 

The Landolt-nfmstein tables report all the samples used by the 
SveÏÏ investigators as annealed polycrystalline specimens vi eh a 

4 In amount of impurities present of rudenovn compo t on *0 

other pertinent information is given on any o* . .amples m an, . 

the sources of data. 

(Continued on following page.) 
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17..1 *2c 

ELECTRICAL RESISTIVITY ¿Ï PALJI\DIb>f (Cent.) 

Talles of Values of Electrical Resistivity 

p = Resistivity, (ohm-era) 

P27R = °K, (ohm-cm) 

-—■—-.  --—.. ■ * 

Meissner and Vol 2+. 

Temp.* 

°K 
p/p2Y3 

Temp. * 

°K 
o/o ** 
/0273 

1.17 
1.45 
.5.16 
4.20 

O.OO559 
0.00559 
O.OO563 
O.OO566 
_ 

20.46 
77.8 

. 88.9 

O.OO96 
O.I730 
0.2220 

* The second decimal place of the temperature 

values is somewhat in doubt. 

** The fifth decimal place of the electrical 

resistivity ratio values is somewhat in 

doubt. 
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i.y.l82e 

\ 

ELECTRICAL RESISTIVITY Of IRIDIUM, Ir 
(Atomic NuuiLer 77) 

Sources of D^ta: 

International Critical 'Pables of Nur.erical Data, Physics, Chemistry, 
Sid Techr.ol cgy,_Vl7 1st Edition/PÎibliste for the tetional Research 
CÖüüieil by the McGrav-Hill Book Co. Inc. (1929) PP 124-135 

Landclt-EcjrnGtein Zahlenwerte und Km kt Ionen aus Physik, Chemie, 
Ãstronomlê,"Geophysik und Technik, sechste Auflage, II Band, 6 Teil, 

Springer-Verlag, Berlin ( 19591 PP 

Other References: 

Holboro, L.; Ann. Physik 145 (1919) 

Jaeger, W. and Dieaselhorst, H.j Wise. Abhandl. physik tech. 

Reichanstalt 2c9 (190G) 

Meissner, W. and Voigt, B.; Ann. Physik (5) 7, 76l, 892 (1930) 

Potter, H. H.; Proc. Phys. Soc. (London) ^95 (19^1) 

Comments: 
Reference should be made to the preface at the beginning of the 
Electrical Resistivity section for an explanation of the graph. 11» 
value of electrical resistiviV at 273*K (02*73) f0T iridium to be 
used in calculating values of electrical resistivity (p«p) is 4.93 x 

10-6 ohm-cm. 

The data for this graph were taken from the references cited above 
under "Sources of Data". The values listed in the Landolt-Bernstein 
tables are those reported by Jaeger and Dieaselhorst; Meissner and 
Voigt; Ibtter; and Holborn. The Holborn data also appear in the 
International Critical Tables. These primary sources are listed above 
under "OiVT references". The original authors are used in labeling 

the three curves on the graph. 

The data in the Landolt-Börnstein tables, ILe International Critical 
Tables and tabulated here are listed as ratios of electrical resis¬ 
tivity with respect to the resistivity at a datum terapeiature of 
273°K. The actual values of P273 samples used by the several 
investigators are not available so a datum value reported by Jaeger 
and Diesselhorst (p273 = 4.93 x 10-6 ohm-cm) is suggested for calcula¬ 
ting values of electrical resistivity from these ratios. 

The Landolt-Börnstein tables report the samples of all the authors 
as polycrystalline. The Meissner and Voigt sample is reported as an 
annealed sample with a very small amount of impurities present. The 
sample u«*4 by Holborn was a cast specimen, but no mention is made of 
impurities present. The sample used by rotter 1» imported to a 

(Continued on following page) 
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17.l82e 

ELECTRICA! MSIS’i.'i'/iTY oí’ liUDIUM, (Cont.) 

Comments : (cont.) 

very small amount of Impurities present. No information is listed 

on the composition of the impurities for any of the samples. No 

further pertinent information is available for any of the samples 

from any of the sources of data. 

Tfoies of Values of Electrical Resistivity 

0 = Resistivity, (ohm-cm) 

p _ Resistivity at 273'K, (ohm-cm) 
I J — 

Holborn 

Temp. 

°C 

lOOp/p,. ! 
-1J 

Temp. 

°C 
IQOp/p 

^ 1 3 

- 78A 

- 80 * 

-100 ^ 
! -120 * 

69.22 

68.6 

-1U0 * 

-160 * 
-180 * 

-191•9 

AA 

36.O 

27-5 

* Values from interpolation. ; 

- äf'V'f HS ' - 

* 

y*~ 

Meissner and Voivt Potter 

Temp.^ 

QK 
p/o27. 

Temp. 

°X c/Ù73 

1.29 
4.22 

20 A2 

77.7 

0.0478 

0.0400 
O.C536 

O.I9O5 

77 • 
90 

173 

O.I.35 

O.I9 
OAB 

* The second decimal place of the temperature 

values is some'.do at in doubt. 

RJyi/RN Issued"! 2/ï/ol 
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ii 

ELECTRICAL RESISTT/ITY oí' PLATINUM, Pb 

(Atomic N'uoiber 78) 

Sources of Data: 

Critical Tables of Numerical Data, Fuyslcs, Chemistry. 
gal.Tfchaolofif, £, let Edition, P^Iîrhg~frr theKatloLl Benoareh 
Council by the McGraw-Hill Book Co. Inc. (1929) pp 124-135 

Landoltj^ärnstein Zahlenwerte und Funktionen aus Physik. Chemie. 
Astronomie^ Geophysik und Technik, sechste Auflage. II Band. 6 Teil, 
Springer-Verlag, Berlin (1959Tpp 1-46 

Cther References: 

Henning, F.; Handbuch der Physik IX. Berlin, Springer-Verlag (1926) 

Holbora, L.; Ann. Physik. 145 (1919) 

Meissner, W.; Ann. Physik (4) 47, 1001 (1915) 

Meissner, W.; Physik Z. 27, 725 (1926) 

Meissner, W. and Grassmann, P.; Physik Z. 34, 516 (1933) 

Cc 

5^(1926) K’ and 'hlyn’ W'; ConuTruns- Lab* Univ. Leiden Suppl. No. 

Iithd^hP^O^St, R‘ ^'1 TUyn, ünd ^68 ' K* H,; Prlvate communication 
with the editors of the International Critical Tables of Numerical Data 

3-try, and Technology. VI. Í1QPÕ1 -J Physic» (jh# 

rats: 

Reference shouid be made to the preface at the beginning of the 
E-ec_cal Resistivity section for an explanation of the graph. The 

usèdei^ieC,trîCal rTStlïl* at 273”K (0,.,) for Platini be 
hm-rm XCUlatiriS /alUeS °f electrical TC-sIstivity (Pri) is 9.8I x 10"6 onm-cm. 

The uata for this graph were taken from the references cited above 
under Sources of Data . The values listed in the Landolt-BÖrnstein 
tables are those reported by Holbora; Meissner; and Meissner and 

Tablesl^’ + VhT YalUeS appearing in the International Critical 
Tables are irom Henning; Tuyn and Onnes; and Van der Horst, Tuyn and 

^ori^inal6 3°UrCeS 8rC Usted above under ,,0tber References'', The original authors arc used in labeling the several curves on the 

Thbiefand^S6!^0^"501^1'6111 tabl6S' the sternational Critical 
Taoles ana tabulated here are listed as ratios of electrical resistivity 

Ltbe r6!i8ti,vlty at.a datum temperature of 273°K. The 

I0"6^h] ^tum^valu^reported^by^Meissne^^p^'^^fsi0^ 

^u^zKílslZTãT.tor calculaUng ïalues of 

(Continued on following page) 
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17.l82f 

ELECTRICAL SESICTIVITY of PLATINUM (Cont.) 

iCoiniufcats: (cont.) 

Tîic sample used by Holborn is reported in the Landolt-BÖrnstein 
tables as cast polycrystalline with a very small amount of impurities 
present. The samples used by Meissner arc reported as polycrystalline 
with a very small amount of impurities present. 'Hie Meissner sample 
from the 1915 reference is reported to have been annealed. The sample 
used by Meissner and Grassmann is reported as an annealed polycrystaj-line 
sample with less than 0.00i> of Cu and Fb impurities present. No other 
pertinent information is given on any of the samples fron any of the 
sources of data. 

■ 

Tables of Values of Electrical Resistivity 

p = Resistivity, (ohm-cm) 

p 7 = Resistivity at 273°K> (ohm-cm) 
^ ID 

Holborn Meissner , 
Meissner and 

Grassmann 

Temp. 

°K c/p273 

Temp.* 

°K 
p/p ** 

7 p273 
Temp. * 

°K 
p/p273** 

20 
81 

195 

0.0060 
O.2O6O 
O.686O 

I.35 
4.21 

20.40 
91.4 

0.00165 
0.00168 
O.OO607 
O.25O 

I.35 
4.2 

20.4 

0.00031 
0.00031 
0.00425 

* The second decimal place is in doubt. 

** The fifth decimal place is in doubt. 

■ 

(Continued on following page) 
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I7.l82f 

-l8o 
-200 
-210 

-220 
-230 
-2k) 

-250 
-255 
-260 

-265 
-270 

EumrcAL raæisirviîT or pumum (cont.) 

Table^fVatoes of Eesl3tmt^ 

P = Resistivity, (ohm-om) 

P273 = Reslstivity at 273eK, (ohm-cm) 

RIM/RS Issued.: 2/15/61 
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Sr. • M 

r.IBLIOGjRAPFTY of SEF>]RENC.EG* 

(Usted Alphabetically by First Author) 

1* fbr!h!m, B‘ M-' 0B^ome, D. W.; aud Weinstock B 
Heat Capacity and jEîntrQDv n B .«» /Í *<> 
Alignment in Liauid He^ * ^ q e frora °'2^ to 2°K‘- Nuclear 
Hiys. Rev. 98, 551(1955) 
Helium: Entropy 

' Ä/; M-' Csborne< D- »■, “ni Weinstock, B. 

of iS Her§3SUre’ CrlUCal ^ Reat of Vaporization and Entrcpj, 
Pbys. Rev. 80, 366-71 (1950) 
Helium: Entropj* 

3. Agarval, B. K. 

Specific^Heat and Entropy of Liquid He3 
current bei. 24, No. 12, 405-6 (1955) 
Helium: Entropy 

Akin, S. W. 

The itermodynasdc Bropertie« of Beli™ 
Irans. Am. Soc. Mach. Engrs.22, 751-7 (1950) 
Helium: Entropy 

5. Amogat, E. H. 

Ät:rP«:^cite et ia aiiatabji»a ^ 
f 4- 

at V( Igh 
^ohi«. pitys. (6) go, 68-136 (1893) 

ro¡¿en, 0:<ygen, Air, Nitrogen: P-V-T, Density 

b. Angerer, E. and Ladenburg, R. 

Ä«teUe Belträ8e 2Ur des schalle, in der freien 

S:«00“0“3 C0nceiIlla« th* Propagation of Sound in the 
Ann. Physik 66, 293-322 (l92l) 
Air: Velocity of*Sound 

7- Arago, D. F. J. 

» «; ÄKaKsaarsaft --- 
Annal, de Chim. 20, 210 (l822)' 7 d Ín the Atm08Phere 
Air: Velocity of Sound 

8- ÙT™:**’ T-, Brickuedde, F. G., and Seott. R. R. 
t+vmawrm ox tûe Methanes -ricoaaues 

¡fethanerw1' ^ Staaaaräa 2' *>• 1.- 39-59 (1955) RP S603 
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The Electrical Resistance of Metals and Metal Crystals at the 

Temperature of Liquid Helium 

Physik. Z. (5) 27, 725-30 (1926) 
Gold, Platinum, Cadmium, Nickel, Silver: Electrical Resistivity 

382. Meissner, W. 

Measurements with the Help of Liquid Helium. III. Resistance of 

metals. Superconductivity of Tantalum. Contribution to the Explan¬ 

ation of Superconductivity. Specific Heat of Gaseous Helium 

Physik. Z. £2, 897-90-4 (1928) 
Copper, Iron, Aluminum, Beryllium, Cobalt, Molybdenum, Rhodium, Pal¬ 

ladium, Tantalum, Tungsten, Iridium, Antimony, Tin: Electrical 

Resistivity 

383. Meissner, W. 

Messungen mit Hilfe von flüssigem Helium. XV1T. Widerstand von 

Blei im Magnetfeld unterhalb der Sprungtemperature 
Maa Gnr*AmAn f" o t.H Wn 1 -n /\-P T.-Învin^ YAfTT Roo-i 
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Lead in a Magnetic Field Below the Transition Temperature 

Ann. Physik. (5) £2, 641-½ (1932) 
Lead: Electrical Resistivity 
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Thermische und ElekIrische Leitfähigkeit Einiger Metalle zwischen 

20° und 373° Abc- 

Thermal and Electrical Conductivity of Some Metale Between 20° and 

373° Absolute 

Ann. Physik, (»i) j£¡r, IOOI-58 (1935) 
Gold, Platinum, Copper, Lead: Electrical Resistivity 

385. Meissner, W. 

Thermische und Elektrische Leitfähigkeit von Lithium zwischen — 

und 373° Abs 

Thermal and Eiectrical Conductivity of Lithium Between 20 and 373° 

Absolute 

Z. Physik 2, 373 (l920) 

Lithium: Eiectrical Resistivity 

386. Meissner, W. 

Über die Heliumverfltlssigungsanlage der Physikalisch-Technisches 

Reichenstalt und einiger Messungen mit Hilfe von flüssigem Helium 

The Liquid-Hellum Equipment of the Physikalisch-Technischen 

Reichsantalt and Some Measurements Made Using Liquid Helium 

Physik. Z. 26, 689-694 (1925) 
Tin: Electrical Resistivity 

387. Meissner, W., and Franz, H. 

Messungen mit Hilfe von flüssigem Helium. IX. Supreleitfähigkeit von 

Carbiden und Nitriden 

Measurements with the Help of Liquid Helium. IX. . Superconductivity 

of Carbides and Nitrides 

Z. Physik. 6£, 30-54 (1930) 
Lead: Electrical Resistivity 

388. Meissner, W., Franz, H. and Westerhoff, H. 

Messungen mit Hilfe von flüssigem Helium. XIV. Systematische 

Untersuchung einiger Legierungsx-einen in Bezug auf Supraleitfähigkeit 

Measurements with the Help of Liquid Helium. XIV. The Systematic 

Study of Some Alloying Arrangements in Connection with Superconductivity 

Ann. Physik. (5) 1¿, 505-554 (l932) 
Thallium, Indium: Electrical Resistivity 

389- Meissner, W., Franz, H., and Westerhoff, H. 

Messungen mit Hilfe von flüssigem Helium. XXII. Widerstand der 

Mettale, Legierung, ui'.d Verbindung 

Measurements with the Help of Liquid Helium. XXII. Resistance of 

Metals, Alloys and Compounds 

Ann. Physik (5) 17, 593-619 U933) 
Niobium: Electrical Resistivity 

39O. Meissner, W., Franz, H., and Westerhoff, H. 

Messungen mit Hilfe von flüssigem Helium. XV. Widerstand von Barium, . 

Indium, Thallium,Graphit und Titan in tiefen Temperaturen 

Measurement;, with the Help of Liquid Helium. XV. Resistance of 

Barium, Indium Thallium, Graphite and Titanium at Low Temperatures 

/um Physik (5) 13, 555-63 (193?) 
Titanium, Barium, Indium, Thallium: Electrical Resistivity 
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wírS8"? yí1^;he,U“d Elektrlsche Untersuchungen an Reistern Platin 

CS1 rnTCEtiEatims ^ ^ «««■»» 
Platinum; Electrical Resistivity 

Widerstand der Reinen 
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Messungen mil Hilfe von flüssigem Helium XI. 
Meta]le in Tiefen Temperaturen 
Measurements vdth the Help of Uguin Hell« XI. Resistance of Pure 
Metals at Low Temperature 
Aim. Physik. (5) 7, 761-797, 892-936 (1930) 
Molybdenum Mercury, Tantalum, Bismuth, Aluminum, Thorium, Cobalt, 
Rhodium, Palladium, Zirconium, Potassium, Lithium, Sodium, Cesium 
T., tañí urn, Ruthenium, Uranium, Rhenium, Antimony, Arsenic, Indium/ 
Magnesium, Beryllium, Caluiiun, Strontium, Barium, Rubidium, Tungsten 
Iridium: Electrical Resistivity längsten, 

394. 

Meissner, W.. and Westerhoff H. 

vÕrSi«* HUfe TO" fiaS mn- SupreleitfShigkeit 

ofavamdi™S U‘e aeXP °f LlqUld Hel1“' mI1- Superconduction 
z. Physik. §]_, 206-09 (1933) 
Vanadium: Electrical Resistivity 

Mendelssohn, K., and Montgomery 
Scattering of Phonons and E 
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(8) 
troni :ions in 

Re Í a tance of Gold, Si-lver and Copper at Low The Electrl ci 
Temperatures 
Phil. Mag. kg, 291-303 (1951) 
Gold, Silver, Copper: Electrical Resistivity 

396. Meyers, C. H. 
P-V-T Data for Oxygen 
J. Research Natl. Bur. Standards to, (19½) RP 1898 
Oxygen; P-V-T — 

39Y. Michels, A., and Goudeket, M. 

Sephereí1111'* °f Hy<lr0fSen BettfCC11 °° ° “d 150° 0 “I“ t0 3000 
Physica 8, 347-52 (l9¿a) 
Hydrogen: Equation of State, Density, Virial Coefficient 

Michels, A., Levelt, J. M., and Wolkers, G. -J. 

°_f Arg™ at Between o* 0 end 

Phyaics gi; tég'-WClim ^ ^ krreSSUreS “P 1050 «”>•) 
Argon: Entropy, Velocity of Sound, P-V-T 

399» Michels, A., Lunbeck, R. J., and Wolkers, G. J. 
Thermodynamical Properties of Argon as Function of Pressure and 
emperature Between 0 and 2000 Atmospheres and 0° and 150° C 

Appl. Sei. Research A_2, 34-5-50 (1950) 
Argon: Entropy 
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Appl. Sei. Research A3, 253-60 (l953) 

Carbon Monoxide: Entropy, P-V-T 

1*01. Michels, A., Lunbeck, R. J. and Wolkers, G. J. 
Thermodynamic Properties of Carbon Monoxide at 

0° and 150°C and at Densities up to uOO Ama^at 
Physica l8, No. 2, 128-31)- (l95'¿) 

Physica I8, 121-7 (195?) 
Carbon Monoxide: P-V-T, Density, Virinl Coefficient 

404. Michels, A., Nijhoff, G. P. and Gerver, A. J. J. 

Isothermenmessungen von Wasserstoff zwischen 0° und 1000°C bis 1000 
Atmosphären 

Isotherms of Hydrogen Between 0° and 100°C up to 1000 Atmospheres 
Ann. Physik. (5) 12, 562-568 (l932> 
Hydrogen: P-V-T,"Virial Coefficient 

1*05. Michels, A. and Others 

Physica 2¿, 25 (l959) 

Hydrogen: P-V-T, Virial Coefficient 

406. Michels, A., Schamp, H. W., and DeGraff, W. 

Compressibility Isotherms of Oxygen at 0°, 25° and 5O0 C and at 
Pressures up to 135 Atmospheres 

Physica 20, 1209-14 (1954) 
Oxygen: Density, P-V-T 

407. Michels, A., Wassenaar, T., Levelt, J. M., and DeGraaf, W. 

Compressibility Isotherms of Air at Temperatures Between -25° C and 

-155" C and at Densities up to 560 Amagats (Pressures up to 1000 
Atmospheres) 

Appl. Sei-. Research A4, No. 5-6, 38I-392 (1954) 
Air: Virial Coefficient, P-V-T, Density 

408. Michels, A., Wassenaar, T., and Wolkers, G. J. 

Thermodynamical Properties of Air for Temperatures Between +75 and 

i 
Appl. Sei. Research A¿, 12I-36 (1955) 
Air: Velocity of Sound, Entropy, P-V-T 
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Isotherms of Argon Between 0°C and 150°0 and Pressures up to 2500 
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Physica 1¿, No. 7, 627-33 (19^9) 

Argon: P-V-T, Density, Virial Coefficient 

ijlO. Michele, A., and Wouters, H. 

Isotherms of Helium Between 0° and 150°C up to 200 Amagat 

Physica 8, 923-32 (l94l) 

Helium: P-V-T, Virial Coefficient 

411. Miliar, R. V/., and Sullivan, J. i). 

Thermodynamic Properties of Oxygen and Nitrogen 

U. S. Bur. Mines Tech. Paper No. 424 (l92ö) 20 pp. 

Nitrogen, Oxygen: P-V-T, Entropy 
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On the Propagation of the Sound Wave from the Mu¿zle of a Large Gun 

Phys. Rev.*17, 22?-57 (l92l) 

Air: Velocity of Sound 

413. Moles, E., and Roquero, C. 

Nueva Revision de la Densidad Normal y de la Densidad Limite del 

Gas Oxígeno. Densidat Norrmrl de Amoniaco 

A New Revision of the Normal Density and Limit Density of Oxygen 

Gas. The Normal Density of Ammonia 

Anales soc. espan. fis. quim. 35> 263-8 (1937) 
Oxygen: Density 

4l4. Moles, E., and Salazar 

La Relación de Densidad 
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Carbono V Del Nitrogen 

The Relation of Normal Densities of Carbon and Oxygen. Atomic Weight 

of Carbon and Nitrogen. 

Anales soc. espan. fis. y quim. 32, 954-78 (1934) 
Nitrogen, Oxygen, Carbon Monoxide: Density 

Nitrogen: Atomic Weight 

415. Molle, G., and Van Beek, A. 

An Account of Experiments on the Velocity of Sound Made in Holland 

Phil. Trans. Roy. Soc. (London) 114, 424-56 (1824) 

Air: Velocity of Sound 
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Coefficient Curves 

Ind. Eng. Chem. 37, 667-71 (1945) 
Nitrogen: Compressibility Factor 
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Entropy of Fluorine 
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Fluorine: Entropy 

4l8. Murphy, G. M., and Vance, J. E. 

ThermodynawJ c Functions for Fluorine 

J. Chem. Phys. I8, 1514-15 (1950) 
Fluorine: Entropy 
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Methane: Entropy 
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Magnesium: Electrical Resiotivity 
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Oxygen: P-Y-T 
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Air: Velocity of Sound 
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The Speed of Ultrasonics in Methane under Pressure 
J. phys. radium I5, 3OI {l^h) 
Methane: Velocity of Sound 

1(25- Onnes, H. K. 
Isothermen von einatomiger Caser und deven binaren Gemischen. 1. 
Isothermem von Helium Zwischen +100°C und -217°C 
Isotherms of Monatomic Gases and Their Binary Mixtures. 1. 
Isotherms for Helium Between +100°C and -217°C 
Communs. Phys. Lab. Univ. Leiden No. 102a (1907) 
Helium: P-V-T, Virial Coefficient 

1(26. Onnes, H. K., and Beckman, B. 
On the Hall Efieet and on the Change in Electrical Resistance in a 
Megnetic Field at Low Temperatures 
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Tellurium: Electrical Resistivity 
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Heliiun: Density 
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L Influence of Small Amounts 
Proc. Acad. Sei. Amsterdam 10, ^0(-215 {W ) 

Bismuth, Silver: Electrical Resistivity 

429. Onncs, H. K., and Crommelin, C. A. ^ 

Isotherms of Monatomic Gases and of The r B-nary 
Isothenns of Argon Between +20 C “id -15° C 
Communs. Phys. Lab. Univ. Leiden Ko. Il8b (191u/ 
Argon: Viriul Coefficient 

430. Onnes, H. K., and Crommelin, C. A. Mixtures. XVII 
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Neon: Virial Coefficient, Density 

it 31. On ., Cromm :. a., id S 

432. 

muns. Phys. 

Df Hydre 
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434. 

Hydrogen: P-V-T. 

Onnes, H. K., and Holst. G. Mptpio ftc IX. Tlie 
On the ^ctricai Resistance^ Pure Metals,^ Down to 

KïrtSefob'taSie^th Li.puJ. Hydrogen and with Liquid Helium 

Leiden K0R l4Pa (1914) 

Mercury, Tin, Cadmium: Electrical Resistivity 

ÄLrnCÄctricai Resistance of Elementary Substances 

at Temperatures Below -80 C (iq?6) 
Communs. Phys. Lab. Univ. Leiden juppl. No. 5Ö (192 ; 
Platinum, Lead: Electrical Resistivity 

““ Proc. Hoy. Acad. Sei. Amsterdam |5., 443-50 (1923J 
Thallium, Tin: Electrical Resistivity 

435- Isotherms and Their Binary Mixtures. 
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Communs. Phys. Lab. Univ. Leiden Ko. 109a (1924) 

Oxygen: P-V-T 
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Heat Capacity and Entropy of Liquid He^ from 0.4¿ to L.06 K 

Phys. Rev. ¿4, 202-3 (l9c>4) 

Helium: Entropy 

Othmer, D. F., and Gilmont, R- 
Correlating Fliysiual and Thermodynamic Properties 
Petrol. Refiner 3I, No. 1, 107-16 (]952) 

Methane: Entropy 

Partington, J. R«, and Chilling, W. G. 

The Specific Heat of Oagcc 
D. Van Nostrand Company, New York 09? 0 P ■ J 

Air: Velocity of Sound 

Resistance and Thermoelectric Measurement of Cold-Worked Copper 

and the Resistance Minimum at Low Temperatures 

Phys. Rev. £[, No. 3, 666-9 
Copper: Electrical Resistivity 

Pellam, J. R-, and Squire, C. F. 
Ultrasonic Velocity and Absorption in liquid Helium 

Phys. Rev. ]2, 1245-52 (1947) 
Helium: Velocity of Sound 

Pickering, S. F. _ 

Compressibility of Gases .-. 1Qpc\ 
Natl. Bur. Standards Mise. Bull. No- 71 (Nov. 2 , 925) „ y_q, 

Helium, Hydrogen, Neon, Nitrogen, Oxygen, Air, Argon, Methane. 

Density, Equation of State 

Pickering, S. F. . . pDe0Q 
A Review of the Critical Constants of Various Gases 

J. Phys. Chem. 2Ô, 9f"12!+ U924) onrhrn 
Helium, Hydrogen, Neon, Nitrogen, Oxygen, Argon, Ail, Carbon 

Monoxide, Methane: Density 

fRe^e^oAhrLiterature Relating to Critical Constant of Various 

Natl. Bur. Standards Sei. Paper No. 541, 57(-629 (^26) p.p-T 
Helium, Hydrogen, Neon, Nitrogen, Oxygen, Air, Argon, Methane. 

Pielemeier, W. H. 
Tlie Velocity of Sound in Air 

J. Acoust. Soc. Am. W, 3Í3-1T (1939) 

Air: Velocity of Sound 
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Ultrasonic Velocity and Absorption in Oxygen 

Phys. Rev. ^6, 1005-f (1930) 
Oxygen: Velocity of Sound 

446. Pippard, A. B. 
Ultrasonic Propagation in Liquid 

Phil. Mag- 42, 1209-23 (l95l) 

Helium: Velocity of Sound 

Helium near the Lambda Point 
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Ultrasonic Frequencies 
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Electrical Resistance and Thermoelectric Power of the Transition 

Metals 

Proc. Phys. Soc. (london) 53, 695-TO5 (.19^1) 

Iridium, Vanadium: Electrical Resistivity 

4lt9. Powell, R. L., Hall, W. J., and Roder, H. A. 
Low-Temperature Transport Properties of Commercial Metals and Alloys 

II. Aluminums 

J. Appl. Phys. 31, No. 3, *196-503 (i960) 

Aluminum: Electrical Resistivity 

45O. Powell, R. L., Roder, H. M., and Hall, W. J. 
Low-Temperature Transport Properties of Copper and its Dilute Alloys. 

Pure Copper, Annealed and Cold-Drawn 

Phys. Rev. 115, No. 2, 3^-323 (1959) 

Copper: Electrical Resistivity 
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The Thermal and Electrical Conductivities of Beryllium 

Phil. Mag. 44, 645 (1953) 

Beryllium: Electrical Resistivity 

452. Prikhot'ko, A. 
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Zhur. Eksp. i Teoret. Fiz. 8, No. 6, 67I-81 (193Ô) 
Acts. Physicoçhim U.R.S.S. 10, 913-3^ (^939) 
Nitrogen-Oxygen, Argon-Oxygen: Solubility 

453. Prikhot'ko, A., and Yavnel, A. 

Investigations of Solid Mixtures O2-N0 
Acta Physicochim U.R.S.S. 11, do. 5> 783-96 (1939) 

Nitrogen-Oxygen: Solubility 

454. Quigley, T. H. 
An Experimental Determination of the Velocity of Sound in Dry CO2- 
Free Air and Methane at Temperatures Below the Ice Point 

Phys. Rev. 67, 298-3O3 (19^5) 
Air, Methane: Velocity of Sound 

455. Ramsay, W., and Travers, M. W. 

II. Argon and its Companions 

Phil. Trains. Roy. Soc. London 19JA, 47-90 (lOOl ) 

Neon, Argon: Density, P-V-T 

456. Régnault, V. ^ 
Sur la Vitesse de Propagaion des Ondes dan les Milieux Gazeux ^ 

On the Velocity of Sound in Gases 

Compt. rend. 66, 209-20 (1868) 
Hydrogen, Air: Velocity of Sound 
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Frequencies Using Quartz Oscillators 
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Air: Velocity of Sound 

Reimarm. A. L., and Grant, G. X. 
Some High-Temperature Properties of Niobium 
Tail. Mag. (7) 22, 34-48 (1936) 
Niobium: Electrical Resistivity 

Reynolds, J. M., Hemstreet, H. W., and Leinhardt, T. E. 
The Electrical Resistance of Graphite at Low Temperatures 
Phys. Rev. 9I, No. 5, 1152-5 (1953) 
Carbon: Electrical Resistivity 
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Hydrogen: Velocity of Sound 
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The Velocity of Sound in Hydrogen when Rotational Degrees of 
Freedom Fail to be Excited 
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Hydrogen: Velocity of Sound 
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Helium: Entropy 
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A Note on Communal Entropy 
Remarks on a Paper by Henry S. Frank 
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Argon: Entropy 

464. Rice, 0. K. 
A Note on the Entropy of Fusion of Argon 
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Argon: Entropy 
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Quantum Corrections to the Thermodynamic Properties of Liauids with 
Application to Neon * 
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Neon: Entropy 
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the Thermodynamic Properties and Potential Energy of Solid Arcon 
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~ ' .. ~ ~ 

Argon: Entropy, Equation of State 
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Absorption and Velocity of Sound in Vapors 
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Hydrogen, Oxygen, Methane: Velocity of Sound, Virial Coefficient 

½3. 

461 



h68. il Riedel^ L. 
Die Zus t unde funktion des realen Cases. Untersuchungen ílber eine 
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Sur une Transformation Allotropique du Baryum a l'état Solide 

Concerning a Transformation Allotropie of Barium in the Solid State 

Compt. rend. 193, I328 (l93l) 

Barium; Electrical Resistivity 

i)70. Rinck, JS. 

Sur un* TUnnpformation Allotropique du Calcium a l'état Solide 

Concerning an Allotropie Transfoimiation of Calcium in the Solid State 

Compt. rend. Igg, iiüi (l93l) 
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Lelium: Entropy 
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Entropy 
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Helium: Entropy 
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Hydrogen: Entropy 
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Tiie Thermal Conductivity ot* Metals at, Low Temperatures 
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The Thermal and Electrical Conductivity oi‘ Lithium at Low 
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Dioxide Containing Small Quantities of Water, Deuterium Oxide, and 

Neon. Relaxation Times for the Vibrational Energy 
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Neon, Oxygen: Velocity of Sound 
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Hydrogen, Nitrogen, Oxygen, Argon, Carbon Monoxide: Velocity of 
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Physica k, 207-15 (1937) 
Nitrogen, Oxygen, Hydrogen: Velocity of Sound 
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Doklady Akad. Nauk Belcruss SSR 1, Ho, 
Oxygen: Equation of State 

Monoxide 

1, T-U (195/) 

608. Villars, D. S. 
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On the Dispersion of Sound in Helium 

univ- cm-W7 *-3-p u 19¾) 

Wang Chang, C. S., and Uhlenbeck, G. E. 

Ann! e ?ranS?0rt Phenomena in Rarefied Gases 
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Low Temperature Resistivity of Transition viomov,4-„. tr 
Niobium and Hafnium transit.on Eiements: Radium, 
Can. J. Rhys. 35; 892-900 (1957) 
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Nitrogen: Entropy, Density, Velocity cf Sound, Equation of State 

64ë. Woolley, H. W., Scott, R. B., and Brickwedde, F. G. 
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Phase Behavior of Hydrogen-Ligbt-Hydrocarbon Systems 
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Erbium: Electrical Resistivity" 9 

»fflgbtlcal „««. Hive lee, 
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PROPERTY AND MATERIAL 'INDEX OF REFERENCES 

(NUMBERS REFER TO ÍTEM OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST) 

COMPRESSIBILITY FACTOR (11.000) 

(DENSITY# P-V-T, EQUATION OF STATE# ATOMIC WEIGHT# VIRIAL 
COEFFICIENT» MOLAL VOLUME, ETC.) 

HELIUM. 
45 

230 
422 
560 

HYDROGEN. 
5 

193 
230 
404 
496 
594 

64 
291 
427 
620 

95 
350+ 
441 
655 + 

198 
353 
442 

241 
365 

443 

242 
366 
495 

243 
368 
496 

244 
369 
501 

19 
232 
353 
405 
504 
628 

20 
237 
365 
4 22 
526+ 
629 

21 
240 
366 
425 
532 
631 

cc 
241 
368 
431 
533 
648* 

242 
369 
441 
552 

95 
243 
379 
442 
560 

116 
260+ 
380 
443 
564 

NEON.«.. 
95 

366 
650* 

9^4 
430+ 

209 
441 

241 
442 

242 
443 

*w. o 

455 
270 
496 

280 
532 

.••11.001 
279* 
410 
525 

>11*00; 
173 + 
263 + 
397 
467 
590 

..11.003 
353 
533 

NITROGEN 
5 20 21 22 25 28* 37 43* 57 

62 74 95 133 173 198 214 232+ 234 
237 242 243 254 270 280 305 317 335 
352 353 365 369 402* 411 416 422 441 
44? 443 486 496 502 506 514 523 581 
600 644 646 647 

OXYGEN..........*.11.005 
5 23 25 36 27 74 92 95 103 

18C 198 214 232 237 242 243 270 280 
317 322 323 353 365 369 370 396 406 
411 413 414 421 422 435 441 442 443 
467 487 496 532 533 547 593 599 601 
607 641 722 725 

AIR.*.«...... ........11.006 
25 30 74 92 125* 198 214 232+ 242 

243 244 ?54 355 407+ 408+ 441 442 443 
» r\ * r e*. *\ r~\ a 
't?« J Cm J SJJ 

* REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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EPROPERTY AND MATERIAL INDEX OF REFERENCES 

u. cpD 7rt î TrV OE '»wímAivy or SUPPLEMENTAL REFERENCE LIST» 
(NUMBERS RtEtK iu i i l-i'i V--' • . 

COMPRESSIBILITY FACTOR (11.000) 

( DENSITY ç P-V-T. EQUATION OF STATE. ATOMIC WEIGHT, VJRIAL 
COEFFICIENT. MOLAL VOLUME. ETC#) 

CARBON 3„ ,71 403 

MÍ ll¿ 466 MA 533 552 550 641 644 

, t4.....,.,11.00« 
FLUORINE....... 

630 
...11.009 

ARG0N;..24* * * * * 37* * * * * ^ ' 95 128 i J2 196 
Ja 24’ 244 270 260 303 335 336 

Hl Y,ç. -X t, 369 398 409 422 429 44i 
HI «3 A5 466 496 506 509 594 626 

_ Ä . M A * a ^ a «• f. # ft $ <k 1 1. A 0 ^ 0 

METHAN,;....• 324+ 353 371 372» 

400 422 441 4« 443 467 4324 494 532 

533 644 

* REFERENCE USED as SOURCE OF DATA 
REFERENCE LISTED AS OTHER REFERENCE 



PROPERTY 

(NUMBERS REFER TO i 

HYDROGEN. 

154 
268 
484 
643 

77 
163 
285 
505 
648 

85 
179 
300 
513 

3 
231 
350 
495 

152 
300 
472 

2 
196 
316 
484 

AND MATERIAL INDEX OF REFERENCES 

T£M OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST) 

FNTROPY (14.000) 

4 13 
275 279 
353 363 
510 541 

101 106 
183 186 
311 353 
548 556 

72 101 
282 286 
364 436 
546 617 

115 148 
208 232 
361 474 
558 618 

•••••«•••14«0Ol 
137 148 
289 290 
462 471 
624 

• i.14..002 
149 152 
258 261 
475 482 
623 631 

NEON.. .. . . . . . . . . . . . . . . . . . . . . . . 

83 84 36 97+ 137 209 300 312 
430+ 465 481+ 484 550* 651* 

NITROGEN. 
43 46 62 

152 154 163 
254 259 268 
317 352 353 

74 
182 
281 
411 

77 
185 
288 
476 

101 
188 
293 
462 

115 
208 
300 
484 

148 
215 
305 
517 

>38 

.•14.003 
352 

.414.004 
149 
232 
307 

V 

OXYGEN...44.. 
58 74 

172 182 
30C 317 
517 540 

77 101 
187 215 
333 363 
618 623 

148 149 152 
232 262 268 
411 476 482 
643 645 

AIR.44.4».»»«...,4..4.. 44, »...••4*.»»»4*4«»» 
30 58 66 74 77 125 215 

268 499 512 656 

CARSON MONOXIDE...», 
46 79 80 

163 182 188 
300 353 401 

101 115 124 
208 209 232 
482 517 540 

148 
259 
558 

FLUORINE..... 
65 90 172 177 179 

417 418 484 
189 247 

. ..14.005 
154 163 
284 293 
433 464 

•«......clH.OOb 
232 254 

....14,007 
149 154 
268 284 
618 623 

.14.008 
248 274 

+ REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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(NUMBERS REFER 70 ITEM OF PRIMARY, OR SUPPLEMENTAL REFERENCE LIST) 

ENTEOPV (I'm 000) 

....».14.009 
83 85 86 101 187 148 151 152 

209 232 255 271 299 300 305 343 
398 399 463 464 466 484 517 548 
626 

ARGON* 
26 

189 
353 
623 

METHANE... 
29 87 101 

184 209 212 
348 353 373 
517 528 539 

117 141 142 
268 276 283 
376 400 419 
603 618 638 

143 
287 
437 

•.. * » 14.010 
149 170 
299 300 
482 500 

/ 

* REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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-. '75* 4¾ 

>« -s*« 

PROPERTY AND MATERIAL INDEX OF REFERENCES 

RS REFER TO ITEM OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST) 
I® ME J 

VELOCITY OF SOUND (15.000) 

-.EL 

O O é • • , 

12 + 
202 
446+ 
576 * 
620 

13* 
236 
495 
577* 
621 

63 + 
294+ 
501* 
578* 
622 

64 
295* 
511 
579* 

70* 71+ 
308 347 
524 563+ 
585 586* 

164* 
365 
565 
588 

94* 
23b 
460 
544+ 
538+ 
619 

102 + 

246 
461 
553 
589 
648 + 

127 
278 
467 
564+ 
590 
654 

136 + 
351 + 
511 
565 
591 
658 + 

176* 
365 
520 
580* 
592* 
705* 

201 
408+ 
521 
583+ 
594 + 

206+ 
422 
322 
584+ 
596* 

NEON.. ... 
294+ 297* 511+ 554 582 + 85 586(- 

NITROGEN.. 

50 74 
246 298* 

91 + 
309 

126+ 

>03 

168+ 
327 
307 + 

176+ 
329 

232* 235+ 

657 

OXYGEN., 
15 + 

153 
338 
r /> -? 

582 

16 + 
176* 
344* 
5H 
383 + 

50 
187 
345 + 
520 
584 + 

74 
228 
365 
537 
587* 

92 + 
232* 
422 
542 
589 + 

107* 
246 
445 + 
554 
592 

127 
296 + 
447 + 
566 
393* 

138 + 
306 
467 
568* 
598 + 

AIR, 
6 

99 
206 
295 + 
408* 
485 
543 
612 

38 
122 
217 
306 
412 
503 
553 
613 

52 
126 
221 
310 + 
415 
507 
573 
614 

67 
127 
222 
339 
423 
511 
580 + 
615 

68 
146 
232* 
340 
438 + 
519 
587 
616 

74 
160 
233 
351 
444 
523 
592 + 
649 

91 + 
169 + 
236 + 
365 

92 
175 
246 
374 

454- 
527 
609 
654 

456 t JK 

631 
610 
658 

* REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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••«15.001 
J65* 
422 
572» 
5£9* 

•••15.002 
229 
447* + 
523 
585 
597* 

15.003 

••15.004 
?3A + 

'••15.005 
139 + 
309 
503 + 
573 
599 

•*•15.006 
94 + 

197 
278 
375 
457 
53b 
611 

a 

I 

1 
II 
■ i 
I 

» 
>• 

JL 



r )PERTï AND MATER JAL INDEX OF REFERENCES 

(NUMBERS REFER TO ÍTEV; PRIMARY Oft SUPPLEMt'.NTAL REFERENCE LIST) 
f r 

• * 

ECUILÍBRIUM CONCENTRAT IONS IN BINARY MIXTURES (16^000) 

NITR0GEN-CAR80N MONOXIDE MIXTURES.t..... ., , #,,,,.,,,a16 â Q04/7 
131 162 313+ 488 491 492 497+ 51^ 
606# 653* 

NITROGEN-ARGON MIXTURES****, 
159* 245* 480 550- 625+ 716+ 721+ 

16.004/9 

NITROGEN-METHANE MIXTURES 

41* 42 43* 73* .56+ 199 508+ 
603 713+ 719 

529 + 
16.004/10 
551 + 

OXYGEN-CARBON MONOXIDE MIXTURES..., 
¿53 

ii*iê**4.***«*16.û6'5/7 

OXYGEN-ARGON MIXTURES.. 

60 76 123 137 150 
625 714 717 

..••••*••*...*«16«005/9 
160 452 438 602 

OXYGEN-METHftftr-Wf*TtJRFS.........».s ».*.««*** * 
Br ‘ * ..*.10.005/10 

)ON MONOX I MIXTURES* 

ON-METHANE MIXTURES 
602 714 16.009/10 

» 

+ 
REFERENCE USED AS SOURCE OF DATA 

REFERENCE LISTED AS OTHER REFERENCE 



' : : : 5B- 
m\§ 7r. 

PROPERTY and MATERIAL INDEX OF REFERENCES 

UMoERS RtFuR TO ITCM OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST) 

electrical resistivity 117*000) 

LITHIUM**,,..,...., 
56 ;*<13 .. 

266 354 356 56 203 210+ 252-» 
360* 3ör>+ 392+ 478 

,1A 
357+ 

SODIUM., 
34 

277 

640+ 642 

51 56 
332* 354 

114 
355 

135 
356 

.17.1U8 
203 213+ 252* 266+ 
357+ 360* 392+ 634 

POTASSIUM..«. 
56 203 

360« 562+^ Mo« 252' 246+ ”2* 354 

.....17.1110 
356 357+ 

RUBIDIUM...,.. 

360 lilt 252* 264”"'3^î””332», 
... 
354 356 357^ 

CESIUM....,.., 
203 213- 
392+ 632 

252* 266+ 332* 354 ..17.111E 
356 358+ 360 

■V 
1 

562 

SILVER., 
112 + 
355 

567 

119 
+ 

GOLD.., 
44 

218 
359 

69 + 
¿39+ 
381 + 

BERYLLIUM.. 
53 54 

392+ 451+ 

MAGNESIUM...... 
1?n+ 202 
392+ 420+ 

382- 
633 

93 11 â* 

395 
634 

450 

...,...17.112-1A 
120 134 
256 320 
477 498 

120+ 
395 l,L -, 2394 252* 256 ”2’ 428+ +77 498 567 634 

96 
252» 
384 + 

110 
256 
395 

,, , .*.17.112-2 
^ lijl 136 203 ¿05 

26++ 266 272 332* 333 
*77 498 561 634 

118 
477 

203 
63 7 

..••«..l/.iLlA 
204 332* 342+ 358+ 382 

* t . 

A 

*- fc*T 

477 479 + 
266 
516 

273 
545 

332* 
652 + 

•«•••17.121R 
349 377 

4 

; 
* Qcr-RENCE USED AS SOURCE OF DATA 
^ KErtRENCE LISTED AS OTHER REFERENCE 
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yjffigttBgjMf* PROPERTY ANO MATERIAL * NOçX Ot Rcf-F.i^LRCL-s 

[NUMBERS kgfCR fô i TEM Ur PftiMY OK SUPPLEMENTAI. RtFPÃEN E LIST) 

ELCCTRKAL RES 1ST IV ÍTY ( 17» 000 > 

CALCIUM...-...... 
C,6 203 '332* 335 3^8+ ^ • 4 'u ' 

t ..»i.«•••*•«17» 1210 

56+ 203 332* 358 392+ 

........17.121E 
BARIUM. *. , .. . . . ... , 0 , 

54 203 267+ 332* 390+ 392+ 469+ 

ZÍMC..203 239+ 252* 256+ 272 332* 

255 498 555+ 

CADMIUM...o o il " 
j Q9 ?03 239+ 252* 256+ 266 .332* 35-> 331 

432 477 498 

..........17.1220 

56 1¿1+ 2üJ 23cm 3v2* >5^ 

392+ 432+ 

1 A M T A NUM *f#*#t*##**#**#*®^***^^*®****^®*********^***^ ^ #13 IA 

54 257+ 332* 477 

PRASEODYMIUM.. - • » * *1 ^ *131f: 
54 257+ 332+ 

neodymium...*.17-131D 
56 257+ 332* 

f 

GADOLINIUM.-..... 
332 * 337 + 

DYSPROSIUM.*.. *.*..*••••••***•••**'** * * ' * * * * * -1 1 *1 '1° 
204 ' 332* 337+ 

..... 
ER6IUM* * ..* 

252 332* 337+ 715 

......»17.131L thorium.....*... 
52 54 203 332* 377 392+ 

* REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE USTED AS OTHER REFERENCE 

U. 

* 

V 

496 



-- •MKwammrmKT 

p h ,'\p r-p y y a N D « A T F R ! A (.. IN0 f Off xí'Ff: RENCF S 

NüM,tÍí'.H6 RtFtR I’O ITEM OF PRIMARY' OR SUPPLEMENTAL REFERENCE LIS?) 

ELECTRICAL RESISTIVITY (17.000) 
ii 

URANIUM»*♦*»*» »» 17.131M 
32 100+ 332+ 377 392+ 477 

ALUMINUM* »» * * „... , . .. .. . . . .. . . .... « 4 . <m< . . 17.132Ö 
44 39 89 120 203 205+ 23S+ 239+ 252* 

256 26Ó 269+ 320 332* 35:; 382 392+ 449 
477 515 53.8 545+ 700+ 701+ 704+ 708+ 7Q9+ 
710+ 711+ 

GALL I UM. . ..... , . . . . * j . . . . . * • • ♦ • • » « . . 17 • 132D 
56+ 114+ 203 332* 377 477 

INDIUM........ ...,..,.... 17.132F 

47 48 114 203 219 252* 332* 355 377 
388+ 390+ 392+ 535 555+ 

THALLIUM.♦...,,..... ............* 17.132G 
59 109+ 145 203 219 252* 332* 355 377 

388+ 390+ 434+ 480+ 

T î T !U«m< t • ...« t«»«*«I7tHlA 
’î'??**’ 377 3^0+ 392+ 477 

í 

HAFNIUM......,.........17.1410 
106+ 113 223+ 332* 377 378+ 634 636 

CARBON..*.« » . ....,.,.....,..........17.142-1 
56 355 459 

GERMANIUM*.....,.......,..,.,..,...,.........,.,.,.,.....17.142-28 
35+ 140 174 181 250 252 637 

TIN.... 142-3A 
44 47 48 59 109 120 203 218 219 
252* 256+ 273 319 332'- 377 382 386+ 432 
434+ 562 

» 
+ 

i 
REFERENCE ysED AS SOURCE OF DATA 
REFERENCE LISTED AS OTHER REFERENCE 



PROPERTY ANO MATERIAL ÍNDEX OF REFERENCES 

(.NUMBERS REFER TO ITEM OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST) 

ELECTRICAL RESISTIVITY (17.000) 

URANIUM ... • • . . . . . • • • • « « «...... 
32 lOCv 332* 377 392+ 477 

ALUMINUM..... ••••••.. ... 
44 l>9 89 120 203 205+ 238+ 239+ 252* 

25G 266 269+ 320 332* 355 382 . 392+ 449 
477 515 536 545+ 700+ 701+ 704+ 708+ 709+ 
710+ 711+ 

GALLIUM..............17.1320 
56+ 114+ ¿03 332* 377 477 

INDIUM... ».... • • • • • 4 4 . 4 4 . . 4 • 4 . . . . . . . „ 4 .1 7 • 132F 
47 48 114 203 219 252* 332* 355 377 

383+ 390+ 392+ 535 555+ 

THALLIUM........ ......17.132G 
59 109+ 145 203 219 252* 332* 355 377 

388+ 390+ 434+ 480+ 

TITAN I UM... 44 . 1 .. 4 .. ..4. .4..4 4 ... 17 4 141A 
32 56 81+ 301 332* 377 390+ 392+ 477 

32 56 78+ 108+ 113 145 252* 301 332* 
377 392+ 477 634 

HAFNIUM.. ..... ......17.1410 
108+ 113 223+ 332* 377 378+ 634 636 

CARBON............ #«...* ,«,...,...,...17.142-1 
56 355 459 

GERMANIUM...............17.142-26 
35+ 140 174 181 250 252 637 

TIN*. .... 17.142-3A 
44 47 48 59 109 120 203 218 219 
252* 256+ 273 319 332* 377 382 386+ 432 
434+ 562 

* reference used as source of data 
+ REFERENCE LISTED AS OTHER REFERENCE 

498 
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DD/'C* C* p •» / M A f r; u T a i r\;»>r“v^ /^c. n r.-rni » . r - 
r fxt/i - n/Vl Lr, i n w ¿ivlsl-A Kui i. al. »v'< ¡ . O 

I -iÿm, - 
! NUMBERS REFER TO ÍTEM OF PRIMARY OR OUP PL. EMEN TAL. RE F fc R t NC E LI o T Î 

vrioriTY of sound iis.oeo) 7 'fe«i 
____| . . . . _ . , ^ t.. ^ ^ ' Û ,JPf ^ 

CARBON MCNQXIOE•■•••»«•••»»••••••»«••»»«••••••••»««•«•«»•»•«»IS*00T 
21 J.38+ 232+ 303+ 311 383+ 309+ 390* 619 

649+ 658 

ARGON••••••••••••••••••«•••••••«••••••«•••••••••«•••«•«••»•»•ISii0C ! 
7 15+ 17 18 26 50 125 126+ 128 

17C+ 201+ 211 225 232* 309 326 329 330 
346+ 365 398 422 530+ 583 591 594* 595+ 
604+ 619 

: :- 

METHANE* • • • ... 
126 325+ 328+ 329 
569+ 595* 718+ 

367+ 422 
>...•••••..•...^15(010 
424+ 454* 467 

: SiJ 

i*y 

,s-**n¿¿¡ ¿JhÊSÊKmVfâtbâdAt , ñ*+\, > 
_CíWs __ —■ 
^_ - - 

/ 

PROPERTY AND MATERIAL INDEX OF REFERENCES 

( .“UMBERS REFER 10 l.Ln OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST I 

EOUILIORIUM CONCENTRATIONS IN BINARY MIXTURES (16.000) 

HELIUM 3-HELIUM 4 MIXTURES*****»**«*******»#«»«#«*»«»**#«*16*O01/l 

104 305 ''W"-' ® 

,16*001/2 HELIUM-HYDROGEN MIXTURES. 
292 7?3* 

HELIUM-NEON MIX^URES«*a»*a»*»»******»***t************«**«»16*001/3 
292 

HELIUM-NITROGEN MIXTURES. 
193+ 279 292 304+ 489+ 

HELIUM-0XYGEN MIXTURES.. 
292 

HELIUM-METHANE MIXTURES. 
192» 279 372* 

HYDROGEN-NITROGEN MIXTURES.... 
131+ 147+ 190 191+ 194* 199 

,16*001/4 

,16.001/5 

16*001/10 

. ...»16.002/4 
362+ 492+ 508+ 

606+ 

I- 

1 
r i 

k ikk 

A,’:« 
"I"1, 

HYDROGEN-CARBON MONOXIDE M! XTURES•*••*• 
131 147* 166+ 190 253 492+ 518+ 
653 + 

HYDROGEN-ARGON MIXTURES.. 
714 

NEON-NI TROGEN MIXTURES. ». 
96 

NITROGEN-OXYGEN MIXTURES. 

606* 

16.002/9 

16.002/10 HYDROGEN-METHANE MIXTURES.».« * * * ... * . . 
31* 41* 147 156+ 171* 190 191 199 341+ 

508 606 702+ 703+ 7(56 

,16*003/4 

16.004/5 
9+ 88* 1.30* 162 232* 251+ 313+ 317+ 318 + 

452+ 453 488+ 491+ 493 625+ ?2I* 

’ENCE USED AS SOURCE OE DATA 
itNŒ LISTED AS OTHER REFERENCE 

* REFERENCE USED AS SOURCE uF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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DD/'C* C* p •» / M A f r; u T a i r\;»>r“v^ /^c. n r.-rni » . r - 
r fxt/i - n/Vl Lr, i n w ¿ivlsl-A Kui i. al. »v'< ¡ . O 

I -iÿm, - 
! NUMBERS REFER TO ÍTEM OF PRIMARY OR OUP PL. EMEN TAL. RE F fc R t NC E LI o T Î 

vrioriTY of sound iis.oeo) 7 'fe«i 
____| . . . . _ . , ^ t.. ^ ^ ' Û ,JPf ^ 

CARBON MCNQXIOE•■•••»«•••»»••••••»«••»»«••••••••»««•«•«»•»•«»IS*00T 
21 J.38+ 232+ 303+ 311 383+ 309+ 390* 619 

649+ 658 

ARGON••••••••••••••••••«•••••••«••••••«•••••••••«•••«•«••»•»•ISii0C ! 
7 15+ 17 18 26 50 125 126+ 128 

17C+ 201+ 211 225 232* 309 326 329 330 
346+ 365 398 422 530+ 583 591 594* 595+ 
604+ 619 

: :- 

METHANE* • • • ... 
126 325+ 328+ 329 
569+ 595* 718+ 

367+ 422 
>...•••••..•...^15(010 
424+ 454* 467 

: SiJ 

i*y 

,s-**n¿¿¡ ¿JhÊSÊKmVfâtbâdAt , ñ*+\, > 
_CíWs __ —■ 
^_ - - 

/ 

PROPERTY AND MATERIAL INDEX OF REFERENCES 

( .“UMBERS REFER 10 l.Ln OF PRIMARY OR SUPPLEMENTAL REFERENCE LIST I 

EOUILIORIUM CONCENTRATIONS IN BINARY MIXTURES (16.000) 

HELIUM 3-HELIUM 4 MIXTURES*****»**«*******»#«»«#«*»«»**#«*16*O01/l 

104 305 ''W"-' ® 

,16*001/2 HELIUM-HYDROGEN MIXTURES. 
292 7?3* 

HELIUM-NEON MIX^URES«*a»*a»*»»******»***t************«**«»16*001/3 
292 

HELIUM-NITROGEN MIXTURES. 
193+ 279 292 304+ 489+ 

HELIUM-0XYGEN MIXTURES.. 
292 

HELIUM-METHANE MIXTURES. 
192» 279 372* 

HYDROGEN-NITROGEN MIXTURES.... 
131+ 147+ 190 191+ 194* 199 

,16*001/4 

,16.001/5 

16*001/10 

. ...»16.002/4 
362+ 492+ 508+ 

606+ 

I- 

1 
r i 

k ikk 

A,’:« 
"I"1, 

HYDROGEN-CARBON MONOXIDE M! XTURES•*••*• 
131 147* 166+ 190 253 492+ 518+ 
653 + 

HYDROGEN-ARGON MIXTURES.. 
714 

NEON-NI TROGEN MIXTURES. ». 
96 

NITROGEN-OXYGEN MIXTURES. 

606* 

16.002/9 

16.002/10 HYDROGEN-METHANE MIXTURES.».« * * * ... * . . 
31* 41* 147 156+ 171* 190 191 199 341+ 

508 606 702+ 703+ 7(56 

,16*003/4 

16.004/5 
9+ 88* 1.30* 162 232* 251+ 313+ 317+ 318 + 

452+ 453 488+ 491+ 493 625+ ?2I* 

’ENCE USED AS SOURCE OE DATA 
itNŒ LISTED AS OTHER REFERENCE 

* REFERENCE USED AS SOURCE uF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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Wk — . V . Si 

PROPERTY AND MATERIAL INDEX OF REFERENCES, 

(NUMBERS REFER TO ITEM OF PRIMARY OR SUPPLEMENTAL REFERENCE USD 

ELECTRICAL RESISTIVITY (17*000) 

... 
eg jjQ HA 203 25fc+ 2S6 ¿72 ¿32* 

355 3Ö.3F 384+ 387+ 394 433+ 498 5S2 + 

NIOBIUM....* 4 *'* * * *‘*'****•••**'•1?*^1A 
32 53 ¿A4 332* 377 339+ 458+ 47/ ,634 

636 

TANTALUM. ..* * • • ..* \* * *# 4 * * * * * *1 ? JÍ^18 
61+ 203 219 239+ 252* 264 ¿32* 37/r 382 

392+ 477 634 

VANADI UM.* * *.. * 4 * 4 4 4 “ * " 4 •**•*••*** 1 / *15 lC 
332* 393+ 448+ 634 636 

AocCMir . ARSENIC.....«••••*••*•4 44 
53 66 218 332* 392+ 

ANT IMCNY. .  ...*  ..... . . 17.1528 
145 150+ 178+ .203;—332* 382 392+ 477 

bismuth..7.............:;;*17^2C 
c,¿ i r Pö'i 2C4 216 218 252* ¿50+ Zi¿ 

332* 392+ 428+ 637v 

CHROMIUM...*.«....»..»..».,,,*********4*4*****4**4**4*4*#^7*^^^' 
53 55+ 145+ 203 332* 378+ 634 

MOLYBDENUM..*.* * ' ‘ * * * * * * * Õ U * * * * ô IT ’1 " Î ^ ÍC 
40+ 145 203 239+ 252* 332* 377 ¿82 ¿92+ 

4/7 545 634 

tungsten. 
55 ni+ 203 204+ 205 239+ 252* ¿32* ¿3+ 

377 382 392+ 477 545 562+ 634 

TELLURIUM.-....... 
203 252 426 

MANGANESE.. 4 * * 4 4 4 4 J-IA] 1A 
145+ 203 332* 477 634 70/+ 712+ 720+ 

....17.171B 
t 11~ à i f i i ft < * - + ^ 

rV.v.HAVjri***’*»«4--. 

10+ 249 332* 392+ 634 

V REFERENCE USED AS SOURCE OF DATA 
+ REFERENCE LISTED AS OTHER REFERENCE 
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PROPERTY AhV MATERIAL iNOf.x OF REF'EFiLNCcS 

'NONàCRS REFER TO IfEM OF PRIMARY OR SUPPLEMENTAL REFERENCE LIS 

ELECTRICAL RESISTIVITY ( I 7 »000) 

I ROM ..« . k . ».* . . . . . .. , , , . 4 . . . , ., . , . 17 # 1QIA 
3?+ 120 195 203 205 239+ 252^ 301 314 

315 3321+ 355 382+ 477 /1.9ft 334 371 534 

N i CKEL ««*••*••»•*’•***, •••** »•**••«•»••-»••»0,«,4**.4444444.1 '/«1318 
119+ 120 167+ 195 203 ¿52+ 256 301 314 
315 332* 381+ 477 498 534 57C 634 639+ 

COBALT.... . Í t .. ,., , , 4 4.1 7.131C 
55+ 203 204 252+ 332+ 378 392 392+ 477 

498+ 545 634 

RUTHEN I UM  .44444.44444.54..17.182^ 
53 249 265+ 332+ 392+ 634 635 

RHODIUM. . . . . . ... 44444 44444444 444444. IT4I826 
53+ 145 203 239+ 252+ 332 + 382 392+ 4/’7 

632 634 

PALLADIUM. 4 444444444444.44444.444, 4. »«o. , ,,,, ,., ,4^,..4,17,1920 
119 120 203 207+ 239+ 302 332+ 382 392+ 
477 634 

OSMIUM 444w4444444444i44444444444444444444444444|44t44#4t4l74l8?0 
249 634 635 

IRIDIUM.....o...«..».17.182E 
203 239+ 252* 256+ 264 332* 377 382 392+ ‘ 
448+ 477 632 634 

,-»LATINUM. 4 4 4 ..... .* 4 * 4 . 4 4 4 4 . . ,. .. 4 ..IT.lñZF 
49 69 119 203 204 205 218 227+ 239+ 

252* 332+ 381+ 391 433+ 477 534 632 634 
724 + 

* 
■f 

REFERENCE USED AS SOURCE OF DATA 
REFERENCE LISTED AS OTHER REFERENCE 






