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Various lots of t ungsten and rhenium wire were obtained from leading Am erican manu­
facturers. Eleven tungsten-rhenium t hermocou ples were made up from t hese wire samples 
and tested at approximately 100 deg e in tervals up to 2000 °e. A fourlh oreler eq uation 
and a third oreler equation were selected to r eprese nt t he emf of the tungsten-rhell ium 
thermocouple in the range from 0 to 1000 °e an d from 1000 to 2000 °e respectively. Using 
these two equations, reference tables were established and are presented in 5 deg e inte rvals 
from 0 to 2000 °e and in 10 dog F intervals from 32 to 3640 OF. In verse tables giv in g temper­
ature in °e and OF at 20 microvol t intervals are also included. Information is furnished on 
variations due to wire size and among differen t wire lots and different \yire manufacturers. 
Spectrochemical analyses of the tu ngsten a nd rhenium clements t hat were used to represe nt 
t h e tables of temperatu re versus em f are listed . A graphic comparison is made between the 
N BS em f values and values from other investi!7ators. 

1. Introduction 

In 1931 Goedicke [1] 1 investigated the possibiliLy 
of usin g tungsten and rhenium a high temperaLUTe 
thermocoupl e clements. However, this early work 
was quite limi ted in scope and did not, for example, 
r esult in a precise relationship between temperatUTe 
and emf for these thermocouple clements. 

Between 1952 and 1956 the Battelle M emorial 
Institute conducted the fu:st detailed investigation 
of various properties of rhenium [2, 3] and in 1957- 58 
their studies included the thermoelectric properties of 
rhenium, tungsten, and other high temperature 
thermocouple clements [4 , 5]. In this latter work a 
power series was used to express the temperatme-emf 
r elationship of the tungsten-rhenium thermocouple 
between room temperature and 2200 °e. The 
workers at Battelle concluded that rhenium had 
several distinct advan tages as a high temperature 
thermocouple clement e.g., it was found to have 
excellen t strength from room temperature to 2000 °e. 
was highly resistant to the water cycle and retained 
it ductility after thermal cycling above its recrystalli­
zation 2 temperature. Unfortunately, tungsten is 
affected by the water cycle and in addition becomes 
quite brittle upon reaching its recrystallization 
temperature. The recrystallization temperature of 
tungsten is not well defined. Smithells [6] reports 
that recrystallization can occur at any temperature 
from 1000 to 2000 °0 depending upon the metal­
Imgieal properties of the tungsten, and Hall and 
Sikora [7] report partial recrystallization of commer­
cially pure sintered tungsten at 1715 °e and complete 
r ecrystalliza tion at 2090 °e. The brittleness of 
tungsten due to recrystallization can be somewhat 
inhibited by a process called "doping." This process 
involves the addition to the tungsten of small 

1 Figures in brackets indicate the literature references at the end of this paper. 
Z Recrystallization is defined as tllC form ation of a new, strain-free grain struc­

ture from that e~isting in tbe cold worked metal. usuaUy accomplished by heating. 
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quanLiLies of materials such as compounds of potas­
sium, silicon, or aluminum. These "doping" com­
pounds reduce grain growth and essenLially raise the 
recrystallization temperature of the tungsten. In 
the case of pure t ungsten , howC\Ter , very li ttle can 
be done to inhibi t the bl'itLleness resultin g from 
recrystallization. 

The water cycle effect which occurs at elevated 
temperatures alters the chemical and metallurgical 
properties of tungsten. In the case of tungsten 
thermocouple elements, this effect will eventually 
erode the metal to a point where the thermocouple 
fails. Langm ui.r [ ] first demonstrated the water 
cycle effect wi th a tungsten filament lamp. A small 
amount of water vapor was released ill a vacuum 
lamp and the filament was heaLed to incandescence. 
The water vapor coming into contact with the fila­
ment was decomposed, the oxygen combining with 
the tungsten and the hydrogen being evolved. The 
oxide distilled to the glass envelope where it was 
reduced to metallic tungsten by the atomic hydrogen 
given off by the filament. R eduction of the oxide 
resulted in the reconstitution of water vapor and the 
"water cycle" was able to repeat itself indefinitely. 
Thus, in applications where tungsten is used in a 
vacuum as a thermocouple element, care must be 
taken to keep the area surrounding the thermocouple 
free from water vapor at elevated temperatures. 

Additional investigations concerning the tungsten­
rhenium thermocouple were undertaken by Lachman 
and Kuether [9- 11] and included useful information 
such as chemical analysis of the thermoelemen ts, emf 
r eproducibility of the thermocouple after prolonged 
temperature cycling and a table of temperature 
versus emf from 50 to 4000 OF. 

The above workers concluded that the tungsten-
rhenium thermocouple has the following ad vantages: 

1. High thermoelectric potential. 
2. High thermoelectric power. 
3. Very high melting point of both elements of the 

thermocouple. 



4. Ch emicnJ stability in vacuum, inert or reducing 
atmospheres up to 2200 DC. 

5. Cahbration accuracy of 0.1 mv up to 2200 DC. 
6. Low cost of the tungsten elemen t. 
7. Good r eproducibility after thermal cycling at 

2200 DC . 
Some of th e disadvantages of the thermocouple are 
1. Brittleness of the tungsten element after re­

crystalliza tion . 
2. Suscep tibility of the tungs ten elemen t to de-

structive erosion due to the water cycle effec t . 
3. High cost of the rhenium elemen t . 
4. It canno t be used in an oxidizing a tmosphere. 
In view of the favorable advantages of the tung-

sten-rhenium thermocouple as a high tempera ture 
measuring instrument, a program was initia ted at the 
National Bureau of StandfLrds to carry out studies on 
this thermocouple. Although various studies were 
conducted on the tungsten-rhenium thermocouple by 
the authors mentioned , it was fel t that an effor t 
should be made at NBS to fur ther evaluate this 
th ermocouple using th ermoelemen ts that represen t a 
variety of wire lo ts from various manufacturers. 
The results of this study could then be compared to 
the earlier r epor ted results in order to ascer tain th e 
thermoelectric r eproducibility of these materials. 

2 . Thermocouple Materials 

2.1. Tungsten Elements 

Ci'he tungsten elements that were used in thi s 
study were ob tained from three major American 
tungsten wire manufacturers and represent a total 
of eigh t lo ts of wire. Although this tungsten wire 
was manufactured primarily for electronic applica­
tions, the chemi cal purity of th e wire as determin ed 
by spectrochemical analysis (see table 1) was suffi­
cien tly hi gh as to render it accep table for this par­
ticular work. All of the tungsten elements consisted 
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of two types of tungsten . One type of tungsten re­
ferred to bv th e manufac turers as "black as drawn" 
tungsten comprises five of the eigh t lo ts i. e., lots 
L- 2, M - 2, M-3, M - 4, and N- l. The let ters BL 
have been placed in paren thesis after each of these 
lo t designations to deno te the "black as drawn" wire 
type. The second type of tungsten is referred to as 
"chemically cleaned" tungsten and comprises three 
lots i.e., lo ts L- 1, M - 1, and N- 2. The letters CL 
are used to denote this type of wire. According to 
the manufacturers, the " black as drawn" wire re­
cei yeS no addi tiona.l tr eatmen t or processing after it 
has been drawn to the desired size. On t he other 
hand, the ch emically cleaned wire af ter having been 
drawn to the desired sillC is immer sed in to a ho t 
caustic solution (usufLlly reOH or N aOH) , is rinsed 
and then dried . All of the tungsten elements con­
tained "doping" compounds as repor ted by the 
manufacturers. 

The prefixes L , NI , and N designate the three 
manufacturers from whom the tungsten lo ts were 
ob tfLined. One elemen t was selected from each of 
the eigh t tungsten lo ts fLnd labeled t he same as the 
lo t number followed by the letter "A." F ive of these 
eigh t tungsten clemen ts were used only once to 
represen t the posi tive (+ ) leg of a particular tung­
sten-rhenium thermocouple and the other three 
elemen ts viz, L--1(CL)A, M- 4(BL)A and N- 2(CL)A 
were used twice as a posit ive leg. For example, the 
elemen t L- 1(CL)A was paired with the two rhenium 
elements 219A and 228A, the combinatioll s being 
designfLted thermocouple No. 1 and thermocouple 
N o. 9 (sec table 3). This arrangemen t r esult.ed in a 
total of 11 thermocouples. This method of t hermo­
couple selection was chosen rather than a method 
whereby all possible thermocouple combinations 
(each tungsten elemen t versus each rhenium ele­
men t) could be represen ted. All thermocouple 
combinations could be equally r epresen ted by 
averaging the da ta in figures 1 and 2, and th en 
combining the averages via measuremen ts of a 

l- 2 (Bl )A 
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o 400 600 800 1000 1200 1400. 1600 
TEMPERATURE,OC 

F I GURE 1. E mf differences between eight tungsten elements. 
[With N- 2(CL)A as the reference elemen t] 
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FIGUHE 2. Emf diffel'ences between eight rhenittm elements. 
[With 22813 as the reference elemen t] 

single tungsten-rhenium co mbinfLtion (sec also In 

Expcrimental Procedure). Howc\'cr , in order to 
usc this metbod effcctiHly, the followin g must be 
realized. 

(a) The tungsten and rhenium clements that are 
used as r efel'C ll ce clements must be reproduciblc. 
Since all of the clements could not be tested in one 
furnace run , it WfLS necessary to heat the reference 
clemen ts sm-m'al times. The tun gsten and rhenium 
elemenLs Lhat were tested gaxe indicfLtions of not 
being reproducible from one furnace run to the next 
(Experirnen tal Procedurc) , 

(b) A co nsiderable amount of weight would be 
placed on the single tungsten-rhenium combination 
measurement. If large ClTors were enco unter ed in 
this measurement (pOOl' optical pyrometer ref1cl in gs, 
for example), these errors would be grossly reflected 
in the final temperature- emf relationship. 

Each of the eight tungsten elements was spectro­
chemically analyzed. A listing of the magnitude of 
the impuri Lies is given in table 1. 

2.2, Rhenium Elements 

All of the rhenium elements associated with this 
study were obtained from the Chase Brass and 
Copper Company which is the sole AmericrlU 
producer of rhenium wire in commercial quantities. 
Eight rhenium elements were paired with various 
tungsten elements as listed in table 3. These 
rhenium elements were taken from four lots of wire , 
numerically designated 219, 221 , 226, and 228 , with 
each element labeled A, B, 01' C of a particular 
lo t 3. All eight elements were 0.020 in. in difLmeter. 
As in the case of the tungsten elements, five of the 
eight rhenium elements were used only once to rep­
resent the negative leg 01 a particular tungsten­
rhenium thermocouple and the three elemenLs, 219A, 
226C, and 228B, were used twice. 

' E lements A, B, and C of a particular lot were remote from each athol' as far as 
the position of each element on a spool of wire is concerned , 
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The eight rhenium elements were spectrochemically 
f1nalyzed by the same laboratory 4 that analyzed tbe 
tungsten elements and the results of the analysis are 
listed in table 2. 

• Spectrochemistry Section of the National Bureau of Standards. 

--, 



--------

A = 1.0%-0.1 %. 
B = O.I%- O.O! %. 
C = 0.01 %-0.001 %. 
D = O.OOI %-o.OOOI %. 
E = Less than 0.0001 %. 
- =,"ot detected . 

3 . Apparatus 

All of the thermocouple and thermoelemeI1t tests 
between 0 and 2000 °C were performed in one 
furnace. This furnace consists of a tantalum tube 
that serves as a heating element. The tantalum 
tube furnace is tully described elsewhere. [12] The 
thermocouples and thermo elements were vertically 
suspended inside the tantalum tube with the 
measuring junctions located in a molybdenum black­
body which was also suspended in the central region 
of the tantalum tube. All tests were conducted in a 
purified helium atmosphere, the pressure of which 
varied from 360 mm Hg at 20°C to about 660 mm 
Hg at 2000 °C. The helium was purified by passing 
it through a titanium-zirconium purifying apparatus 
[12] before being released into the furnace chamber. 

In the range 1rom 100 to 1000 °C the instrument 
used for temperature determinations was a Pt 1 
percent Rh versus Pt 30 percent Rh thermocouple. 
A modified commercial optical pyrometer was used 
in the 1000 to 2000 °C range. The "1 percent-30 
percent" thermocouple was calibrated by direct 
comparison to a standard platinum versus platinum 
10 pereent rhodium thermocouple. The latter 
t,hermocouple received a fiwd point calibration as 
described in the literature [13]. An estimate of the 
maximum uncertainty in the comparison calibration 

IS ± 0.5 °C. The optical pyrometer was calibrated 
and used on a basis of temperature versus optical 
pyrometer lamp current. The calibration was 
performed by sighting the pyrometer on a tungsten 
ribbon filament lamp, the temperature of which was 
determined by the Fairchild optical pyrometer 5 

at NBS. An estimate of the maximum uncertainties 
in the optical pyrometer calibration is ± 3.0° at 
1000 °C and ± 6.0° at 2000 °C. The lamp current was 
determined by measuring the voltage drop across a 1-
ohm standard Tesistor in series with the lamp. The 
thermocouple emf measurem.ents were made with a 
L & N K- 3 type potentiometer hving a limi t of 
error of about 0.7 MV at 1000 MV and 10 MV at 50,000 MV. 

4. Experimental Procedure 

In the tests conducted in the 0 the 1000 °C range, 
the Pt 1 percent Rh veTs us Pt 30 percent Rh thermo­
couple and the tungsten ~Ll1d rhenium elements 
were placed in high purity aluminum oxide insulat­
ing tubes with the measuring junctions exposed at 
one end. The measuring junction of the 1 percent-
30 percent thermocouple was mechanically and 
thermally bound to the measuring junction of the 
tungsten and rhenium elements by wrapping with 
platinum wire. Generally, a total of six thermo­
elements (two tungsten, two rhenium, and the two 
platinum-rhodium elements) were placed in the 
furna c,e at one time. The emfs of thermocouples 
No.1 through No. 11 (table 3) were measured nt 
approximately 100 deg intervals from. 100 to 1000 °C 
with the reference junctions maintained at 0 °C. 
In addition to these measured values, an assumed emf 
of 0.000 mv at 0 °C for each thermocouple gave a 
total of 121 data points for the 0 to 1000 °C range. 
At each of the calibration points, the temperature 
in the hot zone of the furnace as determined by the 
1 percent-30 percent thermocouple was allowed to 
stabilize before the emfs of the tungsten-rhenium 
thermocouples were measured. 

, 1'he N BS F airchild optical pyrometer, al so r efe rred to in tbe li tera ture [14] 
as "'rhE' NBS Optical Pyrometer" is a hi c.rh precision instrument designed by 
C . O. F airchild of NBS and is used a t NBS for testiug other optical pyromcters 
and pyrometer lamps submitted for calibration. 

T ABLE 3. Thermocouple elements 

(All elements were 0.020 in. in diametcr.) 
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The eleven tungsten-rhenium thermocouples were 
also tested at approximately 100 deg intervals 
between 1000 and 2000 °0 with the reference junc­
tions at a °0. At each of the 100 deg intervals the 
emf of the thermocouple was read three times and 
an optical pyrometer observation was made three 
times but in an alternating sequence. 6 This resulted 
in a total of approximately 360 temperature-emf 
determinations. The data that were recorded for 
each thermocouple at each of the 100 deg intervals 
were averaged. This resulted in 101 averaged 
temperat.ure-emf data points in the range from 1000 
to 2000 °0. In most instances, and particularly 
at temperatures above 1700 °0, it was necessary to 
anneal the thermocouples at a slighty higher tem­
perature than the temperature at which the data 
were taken. For example, in order to render the 
thermocouples stable at 1800 °0, it was necessary 
to raise the temperature of the furnace to about 
1825 °0 for a 5 to 10-min period and then lower the 
temperature to the initial 1800 °0. During the 
time that the thermocouple emf and optical pyrom­
eter readings were recorded , the t8lnperature in 
the hot zone of the furnace was not fluctuating by 
more than 0.05 percent per minute and in most cases 
the fluctuations were considerably less than this 
amount. 

Since the tantalum tube furnace design allows 
the thermocouple to be freely suspended vertically, 
it was possible to avoid the use of ceramic supports, 
thereby eliminating two possible effects : (a) chemical 
contamination, and (b) electrical errors due to 
conduction in the ceramic material. 

A d-c electric arc operating in a helium atmosphere 
was used to fuse the measuring junction of the 
tungsten and rhenium elements. 

All of the emf measurements related to the tung­
sten and rhenium elements listed in table 3 were 
conducted in four separate test series. These four 
test series, in chronological order were as follows: 
(1) The emf's of the eleven thermocouples were 
measured between 1000 and 2000 °0, (2) the emf's 
of the eleven thermocouples were measured between 
a and 1000 °0, (3) the emf differences between the 
tungsten elements and between the rhenium ele­
ments were measured between a and 1000 °C, and 
(4) the emf differences between the tungsten ele­
ments and between the rhenium elements were 
measured between 1000 and 2000 °0. All readings 
were made with increasing temperature. After the 
first test series was completed, it was necessary to 
remove from 6 to 8 in. of wire from the measuring 
junction end of the tungsten elements since this 
portion of the wire had become brittle upon heating 
to 2000 °0. This removal of the embrittled portion 
of each tungsten element was necessary in order to 
reweld the elements for the succeeding parts of the 
test series. 

Since short portions of the tungsten elements were 
removed after the first test series, it. is apparent that 

• In a few cases four thermoconple emf readings aud four optical pyrometer 
observations were made in alternating sequence. 
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the emf's that were measured in the second, third, 
and fourth test series would in some cases be incon­
sistent with those measured in the first series. If 
the emf's of the eleven thermocouple tested in the 
first and second series are compared vvith t he calcu­
lated 7 emf's of the same thermocouples as derived 
from the differences measured between elements in 
the third and fourth series, it can be seen that the 
respecti ve values are not consisten t in all ca es. 
Thef'e inconsistencies can be attributed to (a) the 
lack of emf reproducibility of the tungsten elements 
before and after the brittle portions of the elements 
were removed, (b) the lack of emf reproducibility of 
the rhenium elements, and (c) experimental errors 
encountered in each of the test series. 

The long-term stability of the tungsten-rhenium 
thermocouples was not determined in this study. 
However, four test thermocouples were made up 
from the tungsten and rhenium wire lots pertinent 
to this study and were thermally cycled between 
1100 and 2000 °0. The elements of these four 
thermocouples were none of the elemen ts lis ted in 
table 3. The thermocouples were in itially heated to 
1100 °0 (approx.) and their emf's were measured at 
that temperature. Then the thermocouples were 
heated to 2000 °0 (approx.), the emf's again being 
measured, and then the tempera ture was lowered to 
1100 °0. This heating cycle WftS repea,t.ed twice. 
The third and final measurement at 1100 °0 showed 
that the emf's of the four thermocouples had in­
creased (as compared to the initial measurement at 
1100 °0) he tween 60 and 122 fJ,v . This is equivalent 
to 3.5 and 7.2 °0, respectively. The total hf'ating 
time during this cycling test was approxima tely 
5 hr. 

N one of the tungsten and rhenium elements listed 
in table 3 were heat treated prior to testing except in 
the test series involving emf measurements between 
1000 and 2000 °0. In this case, of course, the ele­
ments were heated to 1000 °0 before emf measure­
ments were begun. 

5. Computations 

In order to represent the raw data that were 
obtained in this study in a useful an d concise form, 
several electronic computer programs were utilized. 
This data handling was performed with an IBM 
7090 computer. 

One of the first computation steps was to derive 
one or more polynomial equations that would repre­
sent the thermocouple data over the entire tempera­
ture range. For invesLigative purposes, the computer 
was programmed to derive by the least squares 
method (a) a single polynomial equation to represent 
the a to 2000 °0 range and (b) one polynomial 
equation to represent the 0 Lo 1000 °0 range and 
another polynomial equation to represent the 1000 
to 2000 °0 range. The function r tting was applied 

7 'rile emf was measured between the elements )J- 2 (CL)A and 228B as thermo-­
couple No . 11 and also hetween each of these clements and the other 7 tungsteu 
and 7 rhenium elements. From t llis relationship tlle otller 10 thermocouple 
emf's can be determined. 



to all of the thermocouple data in each of the tem­
perature ranges, i.e., 121 data points in the low 
temperature range and 101 data points in the high 
temperature range. The results of this investigation 
showed that a sixth order equation would be needed 
to adequately represent the thermocouple data over 
the 0 to 2000 °C range. The same conclusion was 
reached by Sims, Gaines, et al. [5] over the tempera­
t ure range of investigation. In the (b) part of the 
investigation it was determin ed that a fourth order 
equation and a third order equation would ade­
quately represent the 0 to 1000 °C and the 1000 to 
2000 °C ranges respectively. In practical applica­
tions, considerable time and effort is saved by using 
two equations. Hen ce, this method was selected to 
represent the temperature-emf relationship of the 
t ungsten-rhenium. thermocouple . 

In examining these two equations it was found 
that the derivative dE/elt was not the same for both 
equations at 1000 °C and that the emfs at 1000 °C 
differed by abou t 19 !J.V. A computer operation was 
used to adjust the coefficients of the fourth order 
equation (for the 0 to 1000 °C range) such that the 
emf and slope of the two equations at 1000 °C were 
equal. 

The equations for the average emf E in millivolts 
of the tungsten-rhenium thermocouples at a tem­
perature t (OC) are 

for the range 0 to 1000 °C 

E = 0.62893850 X 1O- 2t+ 0.20717363 X 10- 4 / 2 

- 0.15067280 X 10- 7t3+ O.37778323 X 10- l lt4 

for the range 1000 to 2000 °C 

E = -3.3363162 + 0.18710331 X 10- l t 
+ 0.21067552 X 1O- 5t2- O.17634201 X 10- 8t3• 

The emf deviations of each of the eleven tungsten 
rhenium thermocouples from the above equations 

are shown graphically in figure 5 for the range 0 to 
1000 °C and in figure 6 for the ran ge 1000 to 2000 DC. 

The standard deviation of the form s=~ n~~ 
where cl is the emf deviation of each data point from 
the respective polynomial equation , n is the number 
of data points 8 and N is the number of coefficients in 
the polynomial equation was determined for the two 
temperature ranges. For the 0 to 1000 DC range the 
standard deviation was 74.1 !J.V and for the 1000 to 
2000 °C range it was 70.1 !J.v. An estimation of the 
maximum un certainties in the temperature measure­
ments made between 0 and 1000 °C is ± 1.0 DC ancl 
between 1000 and 2000 °C is ± 0.35 percen t. 

6. Results 

Tables for the tungsten-rhenium thermocouple are 
presen ted giving emf at 5 DC and 10 DF intervals 
(tables 5 and 7) . Inverse tables giving temperature 
in DC and DF at 20 !J.V intervals arc also includcd 
(tables 4 and 6) . 

The emf differences were measured between each 
of the eight tungsten elements. N- 2(CL)A was 
arbitrarily chosen as a reference element and the 
emfs developed between it and the other seven 
tungsten elemen ts were measured between 0 and 
2000 DC (fig. 1).9 

Two of the eight tungsten lots were selected for 
studying the emf differences between elements of 
various diameters. The two lots selected were 
N- 2(CL) and M - 3(BL). From each lo t three 
elements were obtained and designated with the 
suffixes B, C, and D. These were 0.020 , 0.024, and 
0.028 in . in diameter (nominal) respectively. 
N- 2(CL)AlO was again chosen as a refer ence elemen t 

8 I n the low te mperature range. " was 121 data points an d in t he high tempera· 
ture range n was the 101 averaged data poin ts. 

'The reference clement, N-2(CL )A was connected to the negative post of the 
poten tiometcr. 

10 N - 2(CL) A and N-2(CL )B were adjacent elements eEt from one s pool of 
wire. The seJl1e is trl!C for the M- 3(BL)A and M- 3(BL) B clements. 
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FIGLTRE 3. Emf differences between tungsten elements 0/ va1'ious diameters from Lot N-2(CL ) 
[With N-2(C L) A as the reference element] 
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FIG URE 4 . Emf differences between tungsten elements of various diameters from Lot 111- 3 (BL). 
[W ith M-3(BL)A as the reference clemen t] 

and the emf's de\'eloped between it and clements 
N- 2(CL)B , C, and D in the tefnperatuX'e range from 
1000 to 2000 °C are shown graphically in fIgure 3. 
These measuremen ts give an indication of the emf 
differences that can occur between Lwo adj acent 
elements and also the differences that c~U1 occur 
between element.s from the same lot but of varying 
diameters. 

Similar measurements were conducted with the 
elements M- 3(BL)A, B , C, and D , using M- 3(BL)A 
as a reference element. Emf differences related Lo 
these clemen ts arc shown in figure 4. All of the 
measuremen Ls related to the tun gsten clemen ts of 
varying diameters were made after the four series 
of tests previously mentioned. 

The eInf differences between the eigh t rhenium 
elements were measured in the range 0 to 2000 °C 
by usin g 228B as a reference clemen t.ll These 
differences ar c shown in figure 2. 

Since rhenium clements of diameters other than 
0.020 in . were not available from the manufacturer 
for the fo Ul' lots 219 , 221, 226, and 228, no tests 
were conducted to denote emf differences between 
rhenium clemen ts of various diameters. 

The thermoelectric power of the tungsten-rhenium 
thermocouples included in this study average about 
17.6, 17 .6, 13 .1 , and 6.0 /lV per deg C at 500, 1000, 
1500, and 2000 DC, respectively. A maximum 
thermoelectric power of 18.33 /lV per deg C occurs at 
715 °C. 

7, Discussion 

In general i t can be concluded that the total emf 
spread of the eleven tungs ten-rhenium thermo­
couples included in this study is not exceedingly 

It The reference clement 228B was connected to the negative post of the 
potentiometer . 
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large if on e considers that the th ermoco uple clements 
r eprescn t foul' wire m,lnuftwtul'ers an d twcl \'e 10 ts of 
wire. The greatest emf spread of the cleyen thermo­
couples in the range 0 to 1000 °C was 246 /lV at 
370 °C (fIg. 5). This corrcsponds to approximately 
15.2 °C. Lik:ewise, in Lhe range 1000 to 2000 °C the 
grea test emf spl'ecLd was 263 !l V at 2000 °C COlTe­
sponding Lo approxim ately 44.0 °C (fi.g. 6) . The 
large emf spread of some of the thermocoupl es at 
370 °C was rather smprising, [ t is interesting to 
note that all of the thermocouples (except No . 10) 
deviate a considerable amoun t from the table values 
in the 0 to 700 °C range. In th e range 1000 to 
2000 °C the deviations of all of t he thermocouples 
from the table values a re quite random. 

F igures 1 and 2 defini tely show that the large emf 
deviations of som e of the thermocouples from the 
table values in the 0 to 700 °C r ange are, for the 
most part, due to the tungsten clements . The 
maxirnum emf spread of the eight Lungsten clemen Ls 
at 400 °C is 237 !lV and thc m axi mum spread of the 
eight rhenium elements at tha t same temperf1ture is 
22 /lV . The greatest emf spread between any two 
tungsten elements and any two rhenium clements 
occurred at 2000 °C in both cases. These maximum 
emf spreads at 2000 °C are 400 !lIT for t.he tungsten 
elmnents and 205 /lV for the rhenium elem en ts. It 
should be pointed out that the maximum emf 
spread of all of the tungsten clements should not 
be directly compared to that of all of the rhenium 
elements since the former represents three different 
manufacturers and the latter represents only one 
manufacturer. If the maximum emf spread of the 
elem en ts produced by each of the foUl' m anufaeturers 
are in tercompared, it can be seen that these m axi­
mums are not s ignifi can tly different i.e. , the maxi­
mum spreads arc all between 105 and 205 !l V. 

The tests that were conducted to determine the 
emf differences between tungsten clements of various 
diameters were limi ted in scope but gave a generr.l 
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FIGURE 6. Deviations of thermocouples No.1 thTou gh No. 11 from the table values in the Tange 1000 to 2000 °C. 

indication of the magnitude of the differences that 
can occur. These tests show that the emf differences 
between tungsten elements of various diameters 
from one particular lot can be as large as the emf 
differences between elements from different lots and 
different manufacturers. At temperatures above 
1800 °C the two elements N- 2(CL) A and N- 2(CL)B, 
which were adjacent samples on a spool of wire, 
developed a fairly large emf and at 2000 °C the 
emf was larger than that developed between the 
reference element and elements "C" and "D" 
(fig. 3). This same thing occurred between the two 
adjacent elements M - 3(BL)A and M - 3(BL)B at 
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temperatures near 2000 °C (fig. 4) . At temperatures 
between 1000 and 1800 °C the emf developed 
between elements of various diameters remained 
relati vely small. 

In general, the results of the spectrochemical 
analysis of the thermocouple elements show that the 
tungsten elements were of a higher purity than the 
rhenium elements. Of the eight tungsten elements 
that were analyzed, the element M-3(BL)A showed 
the greatest amount of impurities and M- 2(BL)A 
showed the least impurities. If an average value is 
taken for the percentage range associated with each 
impurity listed (table 1), the total p ercent of im-
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PUI'l LICS for ~I-3(BL)A would bc 0,0665 pcrccnt, 
Like\\'isc, the totflJ impuritics for M - 2(BL)A \\'ould 
be 0,0060 pcrcen t, Fol' eompftrison purposcs, the 
impuriLics in refcrencc grade therlllocouple platinum 
l'eporlcdly [14, 15] m'e of the ordel' of 0.001 pCl'ccnt. 
Thus, the pmity of 1[-2 (B'L) A is 11PPl'oaching that 
of refcrence gl'lldc platinum and ~1-3(BL)A con­
tains ol-cr 60 times the total impuritics in rciercnce 
platinum. 

Of the eigh t rhcnium clcmcn ts tha t were analyzed , 
221A sho\\'ecl the largest pcrcent1Lge of impurities 
with 1.012 perccnt 1wd element 228B shO\H'd the 
leasL impUl'itics with 0.0215 pcrcCllt (table 2). Thus, 
clem en L 221A contains more than a t housand 1,i Illes 
the impurities of refercnce grftde platinum. 

In \'ie lv of the aboye analysis, it can be concludcd 
tha L alLhough termocouple elements of the sa me type 
m'c rcla Li vcly pure, they JllI\Y b e ftpPl'cci1Lbly diffcl'cll t 
tlicl'I11 oelectrically. The opposi.te bch;1,,,ior, thcrlllo­
elecLric simihl'ity in spite of differences of composi­
tion is shown bv Lhe two rhenium elemenLs 2~lA ILnd 
228B. The c\;lf den'loped betln'en Lhcse two cle­
ments from 0 Lo 1900 0(' was less tlmn 20 Ill' (fig. 2) 
and !' et clement 221A contained neltl'ly 50 Lillles 
more impuriLics Lll1tn elcmcnt 228B. Thcse resulLs 
strongly indica Le lImL rhcniulll posscsses It thcrlllo­
elcctric uniqucllcss which manifcsLs itself by chi' 
rel;1,Li I'ely s ll1<l11 cmfs produced betwecn rhen iUIll 
elcLl1 ents that co ntain significa ntl!' din'cl'ellC quallti­
tics of impuriLics. 

Tho emf differen ces thlLt \\'(,I'e r ecord cd beL\\'ee n 
the refcJ'ence Lungstcll dCI1H'Il L K- 2(C' I.J)A and the 
other SOl'ell LUll gsLen demcnts (fig. 1) show no un­
usual emf ch a m cLel'isLics of til(' "chemically oleltlled" 
wire ItS opposed to the " bhck 11S dl'lL\\' Il" Lype of \\'i rc, 

Figure 7 i.s tL gmphi c presentaLion of thc emf 
diiIer ellces beLween thc "11lucs foJ' thc tungsLrn­
rhenium Lhcl'lllocouple I\S gi l'en in this plLper and Lhe 
YILlues report ed by Sillls, Gail\('s, et Ill., [5] and 
I.Jl1,chmfln [ll]. Th e \'lllll CS from th e thrcc sources 
agroe rcasonlLbl? wcll bcLwcen 1000 1wd 2000 °C but 
in the r ft ll ge 0 to 1000 °C Lhe diffcrcnccs b c1,wcell Lhe 
NBS YtLlucs and tlle YILlues from Sims, Gaill es, et al., 
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[5] nre quite large. The larges t emf difference oyer 
lhe entirc mtlge occurs at 340 °C with a 415 }LV 

differen ce bet\\'cen Lhe NBS yalues and the vfllues 
from Sims, Gaines, ct al., [5]. This corresponds to 
approximately 26.4 °C. The greater part of the 
differcnces that occur b cLween the values from the 
thrce inns tigaLo rs is problLbl)' due to ch emical and/or 
Jl1eLnllurgical difl'erell ce bcLwecn Lhe thermocouple 
eletn cllLs rather LlHlll e['rors arising from tempcrature 
mCllsm'elllent tcchniqucs. 

The l'f'sults of t ile l'1uious tcsts that were conducted 
in Lhis study indicltLc that Lhe thermoelectric quality 
of cOll1ll1crcinJly al'lLilable LungsLcn and rhenium 
\\'ire co uld be impJ'ol·cd. Causes of the large emf 
differenccs that l11tty cxist betwecn tungsten clements 
from differcnt lots ,md from different mlLnufacturers 
might bc identified by study ing the indil-idual effects 
of chemical nnd ll1etn11urgical yariablcs on the 
thcrlllal elllf. Ldentification of the important yari­
Ilbles could then lc<Ld to thcir control during the 
manufacturing process. Although somc of the 
rh cnium elellwn Ls co n tained relatively large per­
centagcs of impurilies, it WitS apparent that these 
impurities did not cause 11S large emf differcnces as 
ill the LungsLcn clenwnts. If t he impurities in future 
lots of rhclliulll \\'ire can b e considembly rcduced, 
perimps Lhe elllf spread bctween elem ents would 
cOl'l'espondi Il g1y be r educed. 

IL should be cmphlLsized that Lh e \'arious tests 
indicaLe LItILL the emf produced by 11. plwticular 
tungsten-rhcnium Lhcrmocouplc at a spccific tell1-
P('l'1ltul'e is highly dcpe ndent on the lo t of wirc from 
which the thermocouple WILS flLbricated and the 
degl'ec of hCl1t treaLmen t (<tJ1l1culing) the therlllo­
co uple hilS ['ccei I'eel. Til "icw of these factors, cau­
tion should be l'xe!'ciscd in using tbe table Y}Llues cited 
h er ein as thc COl'l'ccL "nlucs for 1L specific tungsten­
rhenium thermocouple. 

Tt is an Licipat cd lhat refe['cnce blbles fo!' the 
tungsLen 3 perccnL rhcnium yel'SUS tungsten 25 per­
cent rhcnium therlllocouple and/or the tungsten 5 
percen t rhenium y(,l'SUS tungsten 25 per cent rhenium 
thcrmocouplc' lI'ill be prepal'cd <Lt NBS in the near 
futme. 
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TABLE 4. T ungsten versus j'heniuln thermocouples 

Electromoti\'c force in absolute 1lI illi volts. Temperature in degrees C (Int. 1948). Rcferenep junctions a t 0 °C . 

• 'fillivolts I 0.000 0.020 0.040 I 0.060 I 0.080 1 __ 0_.1_00__ 0.120 0.140 O.H;O 0 .180 0.200 .\/illivoll, 

0.000 1 o. a ~ __ 3. _1 _: ___ 6. _2 _1 __ 9.3 J~~I 15.2 18.0 20.8 23.6 26.4 19. l 0.0011 

0.200 29.1 31. 7 34.4 37.0 39.5 42. I 44.6 47.0 49.5 .\1. 9 54.3 0.200 
0.400 54.3 56.6 59.0 (il. 3 63.6 (i5.9 68. I 70.4 72. (; 74. S 11.0 O.4IXI 
0.600 77. a ; 9. I S1. 3 83.4 85.5 S7.6 89. ; 91.7 93.8 95. S 97. S O. (iliU 
0.800 97.8 99.9 101.9 103.8 .105.8 10;.8 109.7 111.1) 113.6 11 5.5 117. 4 0.81111 

-----1·------1-----1--
1.000 117.4 119.3 121.1 123.0 124.9 126.7 128.6 130. 4 132.2 134.0 135.8 1.000 

----1----1----1---------- -----1·----1-----1------1----1------
1.200 135.S 13;.6 139.4 141.2 143.0 144.7 146.5 148.2 149.9 151. 7 153. 4 I. 200 

I. 41'0 
I. (;10 
I. blill 

1. 400 153.4 155. I 156.8 158.5 Hill. 2 161. 9 W3.0 W5.3 166.9. Hi8.6 170.2 
1.600 170.2 171. 9 173.5 175. 2 170.8 1/8. 4 180.0 18 1. 7 183.3 184.9 186.5 
1. 800 186.5 188. I 189.6 191. 2 192.8 194.4 195.9 197.5 199. 1 200.6 202.2 

------ --1-----1----- :----1----1 
2.000 202.2 203.7 205.2 206.8 208.3 209.8 211. 4 212.9 214.4 215.9 217.4 2.1100 -- ----- -,. 
2.200 217.4 218.9 220.4 22 1. 9 223.4 n4.9. 22G.3 227.8 229.3 230. S 

245.3 
259.4 
273.3 

232.2 
246.7 
21~). 8 
274.7 

2.200 
2.41l1l 
2. (;Oll 
2. oliO 

2~ ~2 ~7 ~ 1 ~(; ~O ~5 ~9 ~4 ~8 
2.600 241;.7 248. I 249.5 251. 0 252. " 253.8 255. 2 25(Hi 258.0 
2. SOO 260.8 262.2 263.6 205.0 2(ili.4 267.8 269.2 270. (i 271. 9 

-------------·-1-------1--------1---
3.000 274.7 276.1 277.4 

3.200 2S8.3 289. G 291. 0 
3.400 30 1.6 303.0 31l4.3 
3.600 314.8 316. I 317.4 
3. sao 327. 8 329. 0 330. 3 

----1------+--- -1·-------1 
·l.OOO 340.5 341. 8 343. I 

4.200 
4.400 
4.600 
4. sao 

353.1 
3(jf}.6 
377.9 
390.1 

354.4 
366. 9 
379.2 
391. 4 

355.7 
368. I 
380.4 
392. (; 

-5.0001-402. -2- = 403.4 - 404 . Ii 

5.200 I 414.2 415.4 4 !lUi 
5.400 426. 1 427.3 428.4 
5.000 437. 9 439.0 440.2 
5.800 449.6 450. 7 451. 9 

0.000 

6.200 
Ii. 400 
Ii. (01) 
0.800 

45 1. 2 

472. 7 
48·1. 2 
495. (i 
507.0 

4li2. :l 

473.9 
485.4 
496.8 
508.1 

------- -------1---
i.OOO 

7.200 
7.400 
7.600 
i.800 

8.000 

S.200 
8.400 
8.600 
8.800 

9.000 

9.200 
9.400 
9.600 
9.800 

518.3 519.4 

529. (i 
540. 8 
551. 9 
563.1 

574.2 

585.3 
596.3 
607.3 
618.3 

629.3 

640.3 
651. 2 
662.2 
673. 1 

530. 7 
54 1. 9 
553. I 
564.2 

575.3 

586. 4 
597.4 
608.4 
619.4 

630.4 

64 1. 4 
65Z.3 
663.3 
674.2 

4li3.5 

4i.).0 
481i.5 
497. 9 
509.3 

.)20. (i 

53 1. 8 
543. () 
55-1.2 
565.3 

5i 6.4 

587. 5 
59S.5 
609.5 
620.5 

631. 5 

642.5 
653.4 
664.3 
675.3 

27S.8 

292.3 
305. Ii 
318.7 
331.1i 

344, 3 

350.9 
31i9.3 
381. Ii 
393.8 

405.8 

417. ~ 
429. Ii 
44 1. 4 
453. I 

41)4.7 

·176.2 
487. () 
409.0 
510.4 

,12 1. 7 

532.9 
544. 1 
[155.3 
5liG.4 

577.5 

588.6 
599.6 
G10.6 
tin 6 

63~. 6 

643.6 
li54.5 
665.4 
676.4 

10.000 684. 0 685. 1 686.2 687.3 
---------1----1·----1----

10.200 
10. 400 
10.600 
10.800 

1l. 000 

694.9 696.0 697.1 1\98.1 
705. 8 i 06. 9 70S. a 709. I 
716.7 717. 8 ilS.9 720.0 
727. 7 728. 7 7:29.8 730.9 

738.6 739.7 740.8 741. 8 
----------·---1------1------1-------

1l. 200 
11. 400 
11. 600 
11.800 

12. 000 

749.5 
760.4 
7iI. 3 
782.3 

793.2 

750.6 
76 1. 5 
772.4 
7S3.4 

794.3 

751.7 
762. G 
773.5 
784.5 

795.4 

752.8 
/(\3.7 
114. G 
i85. ti 

796.5 
--------·--1----1-------1--

12.200 
12.400 
12.600 
12.800 

804.2 
815.2 
826. 1 
837.2 

805. 3 
816.3 
827. :2 
S38.3 

S06. 4 
817.4 
828.3 
839.4 

807.5 
81S.5 
8~9. 4 
840.5 

-----1------ ------- -----1--------1--------1--
280.2 281. 5 282.9 284. 2 285. () 286.9 2SS.3 3.000 

-----1-------1------1------1-----1------1------1------
29:l.7 
301i.9 
3211.0 
3n9 

345.6 

358.2 
370. (i 
382.8 
395.0 

295.0 
308.2 
321. 3 
334.2 

341i.9 

359.4 
371. 8 
384. 1 
396.2 

290.3 
309. Ii 
322. Ii 
335.4 

348. I 

297. 7 
31 0.9 
323.9 
331i.7 

3-19.4 

299.0 300.3 30l.li 3. 2110 
:l12. 2 313.5 314.8 3.400 
325.2 320.5 327. 8 :l. (;00 
338.0 339.:l 340.5 3.800 

350. Ii 351. 9 353. I 4.000 

360. Ii 30 I. 9 :lli3. I 364.4 ;lli5. (i 4. ~().l 
4.400 
4. (;00 
l. SilO 

3;3.11 374.3 375 .. 1 370.7 377.9 
385. 3 38(;. 5 387. 7 388.9. 390. I 
397. 4 398. Ii :l99.8 40 1. 0 -102.2 

-4-0-;.-0--1--4-0-8-. 2--1--409. 4 _ 410. ~_J=- 411. 8 _. 413.0 414.2 0.000 

,1.200 
c.400 
f<.600 
;'.81l0 

4 19.0 420.2 421. 3 422.5 423.7 
430.8 432.0 433.2 43-1.3 435.5 
442.6 443. 7 44-l.!l 441i. l H7.2 
45·1. 2 455.4 456.5 457. 7 458. 9 

471.3 
488. S 
SOO.2 
511. 5 

522.8 

467.0 

478.5 
4~9. 9 
.1111. 3 
512.7 

523.9 

468. 1 

479. {i 
491. I 
502.5 
513.8 

525. I 

180.8 
492.2 
503. Ii 
514 . !J 

.12Ii.2 

470. 4 

481. 9 
1U3.4 
504.7 
51G.0 

527. :3 

42·1. 9 421i. I 
-I 3(i. 7 -137.9 
448.4 ·149.1\ 
460.0 -16 1. 2 

471. () 

·183. I 
-IH-t.o5 
50;).9 
517.2 

528.4 

-17"2.7 

-IS4.2 
4n5. () 
fl07. () 
518.3 

529. Ii 
------ - ----- --1-----1· - --

53·1. I 
545.3 
55(i.4 
5()7.5 

578.6 

5S9.7 
(iOO.7 
611. 7 
62:!.7 

633.7 

!i44.7 
655.6 
li66.5 
G77 . .5 

!i8S.4 

699.3 
710. :2 
7:21.1 
732.0 

74:2.9 

753.9 
764.8 
77.5.7 
786.7 

535.2 
541i. -I 
557 . .5 
5(iR () 

579.7 

590.8 
liOI. 8 
612.8 
liZ3.8 

634.8 

645.7 
656.7 
667.6 
678.5 

68V.5 

700.4 
711. 3 
7"1:1..2 
733.1 

744 .0 

754.9 
765.9 
776.8 
787.8 

531i.3 
5-17.5 
558. (i 
5liD. t\ 

580.8 

591. 9 
602.9 
613.9 
624.9. 

635.9 

646.8 
657.8 
li6S.7 
679.6 

090. Ii 

701. 5 
712.4 
723.3 
734. :! 

745. 1 

756.0 
767.0 
777. 9 
788.8 

537 ... 
548. G 
559.7 
570. H 

5b l. 9 

593.0 
604.0 
Iii 5. 0 
1;20.0 

637.0 

(i47.9 
658.9 
oli9.8 
680.7 

691. Ii 

702. t) 
713.5 
7:24.4 
735.3 

746. :2 

757. I 
768. 1 
779.0 
789.9 

538. [) 
5-19. 7 
.1GO.9 
572.0 

583.1 

594. 1 
605.1 
016. 1 
627. J 

(j3S. 1 

1149.0 
060.0 
670.9 
68!. 8 

li9:!.7 

703. 7 
714 .6 
725.5 
;36.4 

747.3 

758. '2 
769. "2 
780. I 
i91. 0 

539. 7 
550.8 
5(i2. () 
573. 1 

584.2 

595. ~ 
601i.2 
617.2 
628.2 

639.2 

650.1 
6U1 . I 
H7:? 0 
682.9 

693.8 

704.7 
715.7 
7:26.6 
737.5 

748.4 

i59.3 
770. :! 
781. :2 
79:2.1 

540.8 
.1.0 1. 9 
.11i3.1 
574.2 

585.3 

59li.3 
607.3 
618.3 
G29.3 

li40.3 

!i5 !. 2 
G6:2. :2 
673. 1 
684.0 

694. 9 

705.8 
7]6. 7 
727.7 
;38.6 

749. 5 

760. 4 
77 1.3 
78:2.3 
793. :2 

1;.000 

Ii. 200 
Ii. 400 
li.liOIl 
Ii. 8110 

7.1I01l 

7.200 
7.400 
7.liOO 
7.800 

b.OOO 

;".200 
;".400 
8. GOO 
H.800 

9.000 

9.200 
9.400 
9.600 
9.800 

10.000 

10.200 
1II.4CO 
10.600 
10.800 

11. COO 

II. 2011 
II. 400 
11. 601l 
11. 800 

-------1·-------1---
797.6 798.7 799.8 800.9 802. 0 803. 1 804.2 12. 000 

-----------1-------1-------1-------1-------1-------1------
808.6 
819. (i 
S30.5 
841. 6 

S09.7 
820.7 
831. 6 
842. 7 

810.8 
82 1. 8 
83:!.7 
843.8 

SI1. 9 813.0 814.1 
822. 9 824. 0 825. 1 
833. 9 835. a 836. 1 
S44. 9 846.0 847.1 

815.2 
826. 1 
837. "2 
848.2 

12.200 
12.400 
12.600 
12. 800 

.----------,----'--- .-----------·----1-----1-----,----'-____ , ____ _ 

'J'hese tahles are hased on eleve l1 therm ocouples represl'ntillg four lIlnllufactun' r~. 'T'he third decimal place in the cmf YHiu('s is giY(~n for interpolating purposes 
and docs not represent table accuracy. Statements concerning Hccurncy me gi n :' 11 ill the text of this paper. 
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T A n J~E 4. Tungsten versus rheniwn thermocouples-Con tinu ed 

Millivoits 0.000 0.020 0.0·10 I 0.060 0.080 I 0.100 0.120 0.140 0.160 0.180 0.200 J'liUivo/ts 

13.00U 848.2 849.3 850.4 851. 5 852.6 853.7 854.8 855.9 857.0 858.1 859.2 13.000 

13.200 859.2 860.3 86 1. 4 862. 5 863.6 864. 7 865.8 866.9 868. 1 869.2 870.3 13.200 
13. 400 870. 3 87 1. 4 872. 5 873. 6 874.7 870.8 876.9 878.0 879. 1 SPO.2 881. 3 ]3. 400 
13.600 88l. 3 882.4 883. G 884.7 885.8 886. 9 888.0 889. I 890.2 89l. 3 892. 4 13.600 
13.800 892. 4 893.5 894.7 895. 8 896.9 898.0 899. 1 900.2 90 l. 3 902. 4 903.6 13.8CO 

---------
14.000 903.6 904.7 905.8 906.9 908. 0 909.1 910.2 91l. 3 9 12.5 9J3.6 914 .7 14.000 

-----
14.200 914.7 915.8 9J6.9 918.0 919.2 920.3 921. 4 922.5 923.6 924.7 925.9 14 .200 
14.4CO 925.9 927.0 928. 1 929. 2 930.3 931.4 932.6 933.7 934.8 935.9 937.0 14.400 
J4.600 937.0 938.2 939.3 940.4 941. 5 942.6 943. 8 944.9 946.0 947. 1 948.3 14.600 
14.800 948.3 949.4 950.5 951. 6 952.7 953.9 955.0 956.1 957.2 958.4 959.5 14.800 

_. -- --
15.000 9,,9 5 960. 6 961. 7 962.9 964. 0 965.1 966.2 967. 4 968.5 969.6 970. 8 15.000 

J5.200 970.8 971. 9 973.0 974 . 1 975.3 976.4 977. 5 978. f. 979.8 980.9 982.0 15.200 
15.400 982 0 983.2 984.3 985.4 986.6 987. 7 988.8 990.0 99 1.1 9n.2 993.4 15.4no 
15.600 993.4 994.5 995.6 996. 8 997.9 999.0 1000.2 1001. 3 1002.4 1003.6 1004. 7 15.600 
15. SOO 1004.7 1005. S J007.0 1008. 1 1009.2 1010.4 10Jl. 5 1012.6 1013. 8 1014.9 1016.1 15.800 

------
16. 000 1016. I 1017.2 101 8. 4 1019.5 1020 6 1021. 8 1022. 9 1024. 1 1025.2 1026. 4 1027 . .5 16. 000 

J6.200 1027.5 102~. 7 1029.8 1030.9 1032. I 1033.2 1034.4 1035.5 1036. 7 1037.8 1039.0 J6.200 
16. 400 1030.0 1040. J 1041. :{ 1012.4 1013.6 IOH .8 1015.9 1047.1 1048.2 1049. 4 1050.5 16.400 
16.600 J050.5 105 1. 7 1052.8 105L 0 1055.2 1056.3 1057.5 lOSS. 6 1059.8 1061. 0 1062. I 16.600 
16. 8~O IOfi2. I 1063.3 1061. 4 J065.6 1066.8 1067.9 1069. 1 .1070.3 J071.4 1072. 6 1073.8 16.800 

17. 000 1073.8 1071. 9 lOill. 1 1077.3 JON 4 1079. G 1080.8 l OS I. 9 1083. I lOS I. 3 J085.5 17.000 

J7.200 10")5 . .5 J08(;. 0 1087.8 1 0~9. 0 1090.2 J091. 3 1092.5 1093.7 109·1. 9 

I 
1096.0 1097.2 17.200 

17. 400 1')97.2 1098.4 1093. G 1100. S 1101. 9 JlO:{. I 1101. 3 110,'.5 1106. 7 11 07.9 ! 109. 0 17.400 
J7.600 1I0J. 0 J 110. 2 1111. 4 11 12. G 1113. 8 11 15.0 I lI 6. 2 lI 17.4 ) 11 8.5 1119.7 1120.9 17.600 
17. S10 1120.9 1122. 1 11 23.3 11 24.5 1125.7 11 20.9 I 12Q. I 11 29.3 J 130. 5 11 31. 7 1132.9 17.800 

IS. 030 1132.9 1131. I 1135.3 1I3ri.5 11 37.7 1 r3~. 9 1140. I 1141. 3 1142.5 11 43.7 I 1144 .9 18.0( 0 

J8.200 1144.9 Jl1 5. I Jl 47.3 1148.5 11 49.7 1150.9 1152. I 11 53.3 11 5-1.., 1155.8 11 57.0 18.20') 
18.400 11 57.0 11 5Q.2 11 5).4 1160.6 I W I. 8 11 6:).0 1161. :1 1165.5 1160.7 1167.9 11 69. I IS. 400 
18.000 11 (;9. I 1170.3 1171. 6 1172. S ) 174.0 J 175. 2 J 17n. 5 11 77. 7 1I7S.9 11 80.1 JI 1.4 J8.60') 
IS. 800 11 81. 4 II S2.6 11 818 J 1850 II Sn.3 J 187. 5 I ISq. 7 11 90.0 IJ9 1. 2 1192.4 J 193. 7 18.800 

19. 060 1193. 7 1191. 9 I 19:i. I 1197. 4 11 9S.6 11 99.8 120 1. I 1202.3 1203. G 120 1. S 1206.0 19.000 
-----

19.200 120 i. 0 1207.3 120l.5 120), 8 J211.0 1212.3 121:1.5 1214.8 121(i.0 1217.3 1218.5 19.200 
J9.40] J2I S. 5 1219.8 1221. 0 1222. ::J 1223.5 1221. S I 221i. 0 1227.3 1228.5 1229. 8 1231. I J9.40') 
19. 610 1231. I J232. 3 1233.6 1231. 8 I :23 'i. 1 J237.4 1238. Ii J239.9 124 1. 2 1242.4 J243.7 ]9.600 
19.8)) 1213. 7 124 .5.0 1246.2 J247.5 124Q.S 12.10.0 125 1. 3 1252.6 1253.9 J:255. I J2M. 4 19.800 

---
28. mo 1 ~5i. 4 1257.7 125,), 0 1260.3 1261. 5 1262.8 J261. I J265.4 .126(i.7 1263.0 1269.3 20.000 

20.200 J26).3 1270.5 1271. 8 12?:J. l 1274. 4 1275.7 J277.0 1278.3 1279.6 1280. U 1282.2 20.200 
20.400 1282.2 1203.5 128 1 8 1286. 1 1287.4 J283.7 1290.0 129 1. 3 1292.6 1293.9 1295.2 20 400 
20.60a 1295.2 129G.5 1297.8 J 29~. I 1300.4 130 1. 8 1303. I 130·1. 4 J305.7 1307.0 1308.3 20. fJOO 
20. 8~0 1308.3 1309.7 J3 11. 0 1312.3 1313.6 1314.9 13 16.3 13 17.6 1318.9 1320.2 J321. (j 20.800 

2l. 080 1321. G 1322.9 132 1. 2 1325.6 1326.9 1328.2 1329.6 J330.9 1332.2 1333.6 1 ~31. 9 21. 000 

21. 200 133 1. 9 J331i.3 13·n.6 1339.0 13W. 3 1341. 7 1343.0 1344.4 1345.7 1347. I 1348. 'I 21. 200 
2l. 4~0 1313.4 J31 9.8 J35 l. 1 1352.5 1353.8 1355.2 I 35t), 6 1357.9 1359.3 J360. (; 1362.0 21. 'JOO 
2l. 600 131H.0 13(;3. 4 131i l. 7 13fifi, I 1367.5 1368. 9 1370.2 J371. 6 1;)73. 0 1374.4 1375.7 21. 600 
21. 800 1375.7 1377. I 1378.5 J379.9 13S I. 3 1382. 7 1384.0 J385.4 1386.8 J:18S.2 1389.6 2 1. 800 

22.0oa 1389.6 1391. 0 J392.4 1393.8 1395.2 J396.6 139S. 0 1399.4 1400.8 1402.2 1403.6 22.000 

22.200 1403. G 1405.0 140'\.4 1407.8 1409.3 1410.7 1412. I J4J 3.5 1414.9 

I 
14l(i.4 1417. S 22.200 

22.400 1417.8 1419.2 1420.6 1422. I 1423.5 142,1. 9 1426.3 H 27.8 1429.2 J430.6 14:32. I 22. 400 
22. (no 1432. I 1431 5 1435.0 1436.4 1437.9 1'139.3 1440.8 1442.2 1443.7 1445. 1 1446.6 22.600 
22.800 l44(i.6 1448.0 1449.5 1450.9 1452.4 H53.9 1455.3 1456.8 1458.3 1459.7 1461. 2 22.800 

23.000 1461. 2 1462. 7 1464.2 1465.6 J467. 1 146S.6 1470. 1 1471. 6 1473.1 I 1474.5 1476. 0 23.000 

23.200 1470.0 1477. 5 1479.0 1480. 5 1482.0 1483.5 1485.0 1486.5 1488.0 1489.5 1491. 1 23.200 
23.400 J491. I 1492. 6 1494. 1 1495.6 1497. I 1498. n 1500.2 1501. 7 1503.2 1504.7 1506. 3 23.400 
23.600 J506.3 1507. S J5093 1510.9 1512. 4 1514.0 J515.5 1517. 1 15J8.6 1520.2 J521. 7 23. (00 
23. SOO J52 l. 7 1523.3 1524.8 1526. 4 1527.9 1529. 5 1531. 1 1532.6 1534. 2 1535.8 1537. 4 23. [ OJ 

24.000 1537. 4 1538.9 1540. 5 1542. 1 1543.7 1545.3 1546.9 1548. 4 1550.0 1551.6 1553.2 24.000 

24. 200 1553.2 1554.8 1556.4 J558. ] 1559.7 1561. 3 1562. 9 1564.5 1566. 1 1567. 8 1569. 4 24.200 
24. 400 1.569.4 1571.0 1572.6 1574.3 .1 575.9 1577. 5 1579.2 J580.8 1582. 5 1584. I .1 585.8 24. 400 
24.600 J585.8 1587.4 1589. 1 1590.8 J592.4 1594. I 1595.8 1597.4 1599. 1 1600.8 1602.5 24. 600 
24.800 1602.5 1604.2 J605.8 1607. 5 1609.2 1610.9 1612. 6 1614.3 1616.0 J617.8 J619.5 24.800 

-
25.000 1619.5 1621. 2 1622.9 1624. 6 1626. 4 1628.1 1629.8 1631. 6 1633.3 1635.0 1636.8 25.000 

- ----
25.200 J636.8 1638.5 1640.3 1642. 1 1643.8 1645.6 J647.3 1649.1 1650.9 1652.7 1651.5 25.200 
25.400 1651.5 J656.2 1658.0 J659. 8 1661. 6 J663. 4 1665.2 1667. 1 1668.9 1670.7 1672.5 25. 400 
25.600 1672.5 1674.3 J670.2 1678.0 J679.8 J681. 7 1683.5 J685. 4 1687.2 1689. I 1691. 0 20.600 
25.800 169 1. 0 1692.8 1694.7 1696.6 1698.5 1700. 4 J702.3 1704.2 1706. 1 1708.0 1709.9 25.800 

26.000 1709.9 J 711 8 171 3.7 1715.6 1717.6 17J9.5 172l. 5 1723.4 1725. 4 1727.3 J729.3 26.000 
-

26. 200 1729.3 J 73J 2 1733.2 J 735.2 1737.2 1739.2 J 741. 2 1743.2 J 745.2 J 747.2 J 749.2 26.200 
26. 400 1749.2 J 751 2 1753.3 1755.3 1757.3 J759. 4 J 761. 4 J 763.5 1765.6 1767. 6 1769. 7 26. 400 
26. fJOO 1769.7 1771. 8 J773.9 J776.0 1778. 1 1780.2 J 782.3 J 784.5 1786.6 1788.7 1790.9 26.600 
26.800 2790.9 1793.1 1795.2 J 797.4 J 799.6 J80 I. 8 1804. 0 1806.2 1808.4 1810.6 18J2.8 26.800 

, 
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TABLE 4. Tungsten versus Theniwn thermocouples- Continued 

.I/illivolts 0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200 Millivolts 

27. 000 1812.8 1815.0 1817.3 1819.5 1821. 8 1824. 1 1826.4 1828.6 1830.9 1833.2 1835.6 27.000 

27.200 1835.6 1837.9 1840.2 1842.6 1844.9 1847.3 1849.7 1852.0 1854.4 1856.8 1859.3 27.200 
27. 400 1859.3 1861. 7 1864.1 1866.6 1869.0 1871. 5 1874.0 1876.5 1879.0 1881. 5 1884. 1 27.400 
27.600 1884.1 1886.6 1889.2 1891. 7 1894.3 1896.9 1899.6 1902.2 1904.8 1907.5 1910. 2 27.600 
27. 800 1910.2 1912.8 1915.6 1918.3 1921. 0 1923.8 1926.5 1929.3 1932.1 1935.0 1937.8 27.800 

28.000 1937.8 1940.7 1943.6 1946.5 1949.4 1952.3 1955.3 1958.3 1961. 3 1964.3 1967.4 28.000 

28.200 1967.4 1970.4 1973.5 1976.7 1979.8 1983.0 1986.2 1989.4 1992.7 1996.0 1999.3 28. 200 
28.400 1999.3 2002.7 

TABLE 5. T ungsten versus rhenium the1'mocouples 

Electromotive force in absolute millivolts. 'l'emperature in degrees C (Int. 1948) . Reference jllnctiolls at 0 ° C . 

Temp. ° C 0 5 10 15 20 25 30 35 40 45 50 Temp. ° C . 

0 0.000 0.032 0.065 0.099 0.134 0. 170 0.207 0.245 0.284 0.324 0.364 0 

50 O. ~64 0.406 0.449 0.492 0.537 0.582 0.628 0.675 0. 723 0.772 0.821 50 
100 0.821 0.872 0.923 0.975 1. 028 1.081 J. 136 1. 191 1. 247 1. 303 1. 361 100 
150 1. 361 1. 419 I. 477 I. 537 1. 597 1. 658 1. 719 I. 782 1. 844 1. 908 1. 972 150 
200 1. 972 2.037 2.102 2.168 2.235 2.302 2.370 2.438 2.507 2.576 2.647 200 

250 2.647 2.717 2.788 2.860 2.932 3.005 3.078 3. 151 3.225 3.300 3.375 250 

300 3.375 3.451 3.527 3.603 3.680 3.757 3.835 3.913 3.992 4.071 4.1.10 300 
350 4.150 4.230 4.310 4.390 4.471 4.552 4.634 4.715 4.798 4. 880 4.963 350 
400 4.963 5.046 5.130 5.213 5.297 5.382 5.460 5.551 5.636 5.722 5.807 400 
450 5.807 5.893 5.979 6.066 6.152 6.239 6.326 6.414 6.501 6.589 6.677 450 

-
500 6.677 6.765 6. 853 6.941 7.030 7.119 7.208 7.297 7.386 7.476 7.565 500 

550 7.565 7.655 7.744 7.834 7.924 8.015 8. 105 8. 195 8.286 8.376 8. 467 550 
600 8.467 8.5f8 8.649 8.739 8.830 8.922 9.013 9.104 9.195 9.2R6 9.378 600 
!l50 9.378 9.469 9.561 9.652 9.744 9.835 9.927 10.018 10.110 10.201 10.293 650 
700 10.293 10.385 10.476 10.568 10. 660 10.751 10.843 10.935 11. 026 11. U 8 11. 209 700 

750 11. 209 11. 301 11. 392 11.484 11.575 11. 6G7 11.758 n.850 11. 941 12.032 12. 124 750 
- - - -

800 12. 124 12.215 12.306 12.397 12.488 12.579 12.670 12.761 12.852 12.942 13.033 800 
850 13.033 13. 124 13.214 13.305 13.395 13.486 13.576 13.666 13. 756 13.846 13.936 R50 
900 13.936 14.026 14. 11~ 14.205 14.295 14.385 14.474 14 . 563 14.653 14.742 14.831 900 
950 14.831 14.920 15.009 1.0.098 15. 187 15.27.0 15.364 15. 452 15.541 15.629 15.717 950 

1000 15· 717 15.805 15.893 15.981 16.069 16.156 16.243 16.331 16. 117 16. 504 16.591 1000 
- ---

10.50 16. 591 16. 677 16.764 16.850 l G. 935 17.021 17.107 17.192 17.277 17.3R2 17. 447 10.10 
1100 17.447 17.532 17.616 17.700 17.784 17.868 17. 952 18.036 18.119 18.202 18.285 1100 
11.\o 18.285 18.368 18.450 18. 532 18.614 18.696 18.778 18.859 18. 941 19.022 19. 103 1150 
1200 19. 103 19.183 19.264 19.344 19. 424 19.504 19.583 19.663 19.742 19.821 19.899 1200 

1250 19.899 19.978 20.056 20.134 20.212 20.289 20.306 20.444 20.520 20.597 20.673 1250 

noo 20.673 20.749 20.825 20.901 20.976 21. 051 21. 126 21. 201 21. 275 21. 350 21. 424 1300 
1150 21. 424 21. 497 21. 571 21. 644 21. 717 21. 789 21. 862 21. 934 22.006 22.077 22. 149 1350 
\'l00 22.149 22.220 22.290 22.361 22.431 22. 501 22.571 22.640 32.710 22. 778 22.847 1400 
1150 22. 847 22.915 22.984 23.051 23. 119 23. 186 23.253 23.320 23.386 23.452 23.518 1450 

1500 23.518 23.583 23.649 23. 713 23.778 23.842 23.906 23.970 24.033 24.097 24. 159 1500 

1550 24. 159 2 1. 222 24.284 24. 346 24.408 24.469 24.530 24.590 24. R5 1 24. 711 24.771 1550 
1500 24. 771 24.830 24.889 24.948 25.006 25.064 25. 122 25. 179 25.237 25.293 25.350 1600 
1650 25.350 25. 406 25.462 25.517 25.572 25.627 25.082 25.736 25.790 25.843 25. 896 1650 
1700 25.896 25.949 26.001 26.053 26. 105 26. 156 26.207 26.258 26.308 26. 3~8 26.408 1700 

1750 26.408 26.457 26.506 26.554 26.603 26.650 26.698 26.745 26.792 26. 838 26.884 1750 

1800 2/). S84 26.929 26.975 27. 020 27.064 27. 108 27. 152 27. 195 27.238 27.281 27.323 1800 
18.50 27.323 27.365 27.406 27. ·147 27.488 27.528 27.568 27.607 27.646 27. C,85 27.723 1850 
1900 ] 7.723 27.761 27.799 27. 836 27.873 27.909 27.945 27.980 28.015 28.050 28. 084 1900 
1950 28.084 28.118 28. 152 28. 185 28.217 28.249 28.281 28.312 28. 343 28.374 28.404 1950 

- ----- --
2000 28.404 I I 2000 

These tables are based on cleven thermocouples representing four manufacturers. The third decimal place in tbe emf vallles is given for interpolatillg purposes 
and does llOt represent table accuracy. Statements concerning accuracy are given in tbe text of this paper. 
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TABLE 6. T1mgsten versus rhenium thermocouples 

Electromotive force in absolute millivolts. rrernpcralure in degrees Fo · ReCerence junction s at 32 of. 

Millivolts 0. 000 0.020 0. 0·10 0. 060 0.080 0. 100 0. 120 0. 140 0. 160 0. 180 0.200 Milli volts 

0. 000 32.0 37.7 43.2 48.7 54.0 59.3 64 . 4 69.5 74.5 79.5 84.3 0. 000 
0.200 84.3 S9. I 93.9 98.5 103. 1 107. 7 112.2 11 6.6 12l. 0 125.4 129. 7 0.200 
0.400 129.7 134. 0 13S. 2 142.3 146. 5 150.6 154.6 158.7 162.7 166.6 170.5 0. 400 
O. GOO 170.5 174. 4 178.3 182. 1 185.9 189.7 193. 4 197.1 200.8 20·J.5 208. 1 O. GOO 
0. 800 208. 1 21l. 7 215.3 218.9 222.4 226.0 229.5 233.0 236.4 239.9 2'J3.3 0.800 

-----
1. 000 243. 3 246.7 250. 1 253.4 256.8 260. 1 263.4 266. 7 270.0 273.2 276.5 1. 000 

I. 200 276.5 279. i 282.9 236. 1 289.3 292.5 295. 6 298.8 301. 9 305. 0 308.1 1.200 
1. 400 30S.1 311.2 314.3 3li.3 320.4 323.4 326.5 329.5 332.5 335.5 338.4 J. 400 
1. 600 338.4 341. 4 344.4 347.3 350.2 353.2 356. 1 359. 0 36l. 9 364. 8 367.6 I. GOO 
I. 800 367.6 370.5 373.4 376.2 379.0 381. 9 384. 7 387.5 390. 3 393. 1 395.9 I. 800 

2. 000 395.9 398.7 401.4 404.2 407.0 409.7 412.4 415.2 417. 9 420.6 423.3 2. 000 

2.200 423.3 426.0 428.7 431. 4 434.1 436.7 439. 4 442. 1 444.7 447. 4 450.0 2.200 
2. 400 450.0 452. 6 455.2 457.9 460.5 463. 1 465.7 468.3 470.9 473.5 476.0 2.400 
2.600 476.0 478. 6 481. 2 483.7 486.3 488.8 491. 4 493.9 496. 4 499. 0 501. 5 2.600 
2.800 501. 5 504.0 506.5 509.0 511.5 514.0 516.5 519. 0 521. 5 524.0 526.4 2.800 

3. 000 526. 4 528.9 531.4 533.8 536. 3 538. 7 541. 2 543.6 546. 1 548.5 550.9 3. 000 

3.200 550.9 553 . 3 555.8 558.2 560.6 563.0 565. 4 567.8 570.2 572.6 575.0 3.200 
:1. 400 575.0 577. 3 579.7 582. I 584.5 586.8 589.2 591. 6 593. 9 596.3 598.6 3.400 
3. 600 598.6 60l. 0 603. 3 605.7 OOS. O 610.3 612. 7 615. 0 617. 3 619.6 622. 0 3.600 
3. 800 {i22. 0 624. 3 026.6 628.9 631. 2 633.5 635.8 638.1 640.4 642.7 645. 0 3.800 

4.000 645.0 647.2 649.5 65 1. 8 654. 1 656.3 658.6 660.9 663. 1 665.4 667.7 4.000 
------ - - --

4.200 667.7 669.9 672.2 674.4 676. 7 678.9 681. 2 688.4 685.6 687.9 690. 1 4.200 
4.400 6~0. 1 692. 3 694.6 696.8 699.0 701. 2 703.5 705. 7 707.9 7.10. 1 7.12. 3 4.400 
4. 600 712.3 714 .5 716.7 718. 9 721. 1 723.3 725.5 727.7 729.9 732. 1 734. 3 1: ~~g 4. 800 734. 3 736. 4 738.6 740.8 743.0 745.2 747.3 749.5 751. 7 753.8 756. 0 

5.000 756.0 758.2 760. 3 762.5 764.7 766.8 769. 0 771.1 773.3 775. 4 777. 6 5.000 
----

5.200 777.6 779.7 781. 9 784.0 786. 1 788.3 790. 4 792.6 794 .7 796.8 799.0 5.200 
5.400 799. 0 EOI. I 803. 2 805.3 807.5 809.6 811. 7 813.8 815. 9 818. 1 820.2 5. 400 
5.600 820.2 822. 3 824.4 826.5 828.6 830.7 832.8 834. 9 837.0 839. 1 8<J l. 2 5.600 
5.800 84l. 2 843.3 845.4 847.5 849.6 851. 7 853.8 855. 9 858. 0 860. 1 862. 1 5. SOO 

6.000 862. I 864.2 866. 3 868. 4 870. 5 872.5 874.6 876. 7 878.8 8809 882. 9 6.000 

6.200 882. 9 88.0.0 887. 1 889.1 891. 2 893.3 895.3 897. 4 899.5 90 1. 5 903.6 6.200 
6.400 903.6 90.0. 6 907. 7 909.8 911. 8 913. 9 915.9 918. 0 920. 0 922. I 92,1. 1 6. 400 
6.600 924. I 926.2 928.2 930.3 932. 3 934.4 936.4 938.5 940.5 942.6 944 .6 6.600 
6.800 944.6 946.6 948. 7 950.7 952.7 954.8 956.8 958.8 960.9 962.9 964.9 6.800 

----
7.000 964.9 967. 0 969.0 971. 0 973. I 975. J 977. 1 979. 1 98 1. 2 983.2 985.2 7.000 

7.200 985.2 987.2 989.3 99 1. 3 993.3 995.3 997.3 999.3 1001. 4 1003.4 1005. 4 7.200 
7.400 1005.4 .1 007.4 1009. 4 l Oll. 4 101 3.5 1015.5 1017.5 1019.5 1021. 5 1023.5 1025.5 7. 400 
7. COO 1025. 5 1027.5 W29.5 103 1. 5 1033.5 1035.5 1037. 5 1039.5 1041. 6 1043.6 1O~1 5. 6 7. roo 
7. 800 1045.6 1047.6 J049.6 1051. 6 1053.6 1055. 6 1057.6 1059.6 1061. 5 1063.5 1065.5 7.800 

8.000 1065.5 1067. 5 1069.5 1071. 5 1073.5 1075.5 1077. 5 1079.5 1081. 5 1083.5 1085.5 8.000 

8.200 1085.5 1087.5 1089.5 1091. 4 1093. 4 1095. 4 1097.4 1099.4 1101. 4 1103. 4 11 05. 4 8.200 
8. 400 11 05. 4 1l07.3 1109.3 1111. 3 1113.3 JlJ 5.3 111 7.3 IlJ9.2 1121. 2 1123.2 11 25.2 8. 400 
8.600 1125.2 ]] 27.2 11 29.2 1131. I Jl 33. 1 1135. I ]] 37. 1 Jl39. I 1141. 0 1143.0 1145.0 8.600 
8.800 1145. 0 11 47. 0 11 48. 9 ]]50.9 1152.9 1154.9 1156.9 1158.8 1l60.8 11 62.8 11 64.8 8.800 

9.000 11 64.8 1166.7 1168.7 Jl 70. 7 1H2.6 1174.6 ll76.6 1178. 6 1180.5 1182.5 1184.5 9. 000 

9.200 1184.5 1186.5 1188. 4 ll90.4 ll92. 4 ]]94.3 1196.3 Jl 98. 3 1200.3 1202.2 1204.2 9.200 
9. 400 1204. 2 1206.2 1208. 1 1210. 1 1212.1 1214.0 1216. 0 1218. 0 1219.9 1221. 9 1223.9 9. 400 
9.600 1223.9 1225.9 1227.8 1229. 8 1231. 8 1233.7 1235. 7 1237.7 1239.6 1241.1; 1243.6 9.600 
9. 800 1243.6 1245.5 1247.5 1249. 5 1251. 4 1253.4 1255.3 1257.3 1259.3 1261. 2 1263.2 9.800 

10.000 1263.2 1265.2 1267. 1 1269. 1 1271. 1 1273.0 1275. 0 1277. 0 1278. 9 1280.9 1282.9 10. 000 

10.200 1282.9 1284.8 1286.8 1288. 8 1290.7 1292.7 1294.6 1296.6 1298. 6 1300.5 ]302. 5 10.200 
10.400 1302.5 1304. 5 1306.4 1308. 4 1310.4 1312.3 1314.3 1316.2 1318.2 1320.2 1322. 1 10. 400 
10.600 1322. 1 1324. 1 1326.1 1328.0 1330.0 1332.0 1333.9 1335.9 1337.9 1339. 8 1341. 8 10.600 
10. 800 1341. 8 1343.7 1345.7 1347.7 1349.6 1351. 6 1353.6 1355.5 1357.5 1359.5 .1 361. 4 10.800 

11. 000 1361. 4 1363.4 1365.4 1367.3 1369.3 1371. 3 1373.2 1375.2 1377. 1 1379.1 1381. 1 11.000 

II. 200 1381. I 1383.0 1385.0 1387.0 1388.9 1390. 9 1392.9 1394.8 1396. 8 1398.8 1400. 7 I I. 200 
11. 400 1400. 7 1402.7 1404.7 1406.6 1408.6 1410.6 1412.5 1414.5 1416.5 141 8. 4 1420. 4 II. 400 
11. 600 1420.4 1422.4 1424. 3 1426.3 1428.3 1430. 3 1432.2 1434.2 1436.2 1438. 1 1440. 1 II. 600 
11. 800 1440. I 1442. 1 1444. 0 1446.0 1448. 0 1450.0 1451.9 1453.9 1455.9 1457.8 1459.8 II. 800 

12.000 1459.8 1461. 8 1463.8 1465. 7 1467.7 1469.7 1471. 6 1473.6 1475.6 1477.6 1479.5 12. 000 

12.200 1479.5 1481. 5 1483.5 1485.5 1487.4 1489.4 1491. 4 1493.4 1495.3 1497. 3 1499.3 12.200 
12.400 1499.3 1501. 3 1503.2 1505.2 1507.2 1509.2 1511. 2 1513.1 1515. 1 1517. I 1519. 1 12.400 
12.600 1519. 1 152 1. 0 1523. 0 1525.0 1527.0 1529. 0 1530.9 1532.9 1534.9 1536.9 1538. 9 12. GOO 
12.800 1538. 9 1540. 9 1542.8 1544. 8 1546.8 1548.8 1550.8 1552. 8 1554.7 1556.7 1558.7 12. 800 

-----
' B ased on the I nternatio nal Pract ical 'I'cmpcrature Scalc of 1948. 
rPhese tables fl rc based on c leven thermocouples representing four manufact urers. rrhe thi rd decimal place in the emf values is given for in terpolatin g purposes 

and does not represent table accuracy. Statemen ts co ncerning accuracy arc given in the text of this papel'. 
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TABLE 6. Tungsten versus rhenium thermocouples-Continued 

Millivolts 0.000 0.020 0.040 0.000 0.080 0.100 0.120 0.140 0.160 0.180 0.200 lvIillivolts 

13.000 1558.7 1560.7 1562.7 1564.7 1566.7 1568.6 1570.6 1572. 6 1574. 6 1576. G 1578.6 13.000 

13. 200 1578.6 1580.6 1582. 6 1584.5 1586.5 1588.5 1590.5 1592.5 1594.5 1596.5 1598.5 13.200 
13.400 1598.5 1600.5 1002.5 1604.5 1606.4 1608. 4 1610. 4 1612. 4 1614. 4 1616.4 1618.4 13.400 
13.600 1618.4 1020.4 1622.4 1624. 4 1626.4 1628.4 1630. 4 1632.4 1634.4 1636. 4 1638. 4 13. 600 
13.800 1638. 4 1640.4 1642.4 1644.4 1646. 4 1648. 4 1650. 4 1652.4 1654.4 1656.4 1658.4 13. 800 

14.000 1658.4 1600.4 1662. 4 1664.4 1666. 4 1668. 4 1670.4 1672.4 1674.4 1676. 4 1678.4 14.000 

14.200 1678.4 1680. 5 1682.5 1684. 5 1686 .. 5 1688.5 1090.5 1692.5 1694.5 1696. 5 1698.5 14. 200 
14. 400 1698.5 1700.6 1702.6 1704.6 1706.6 1708.6 1710.6 1712.6 1714.6 1716.7 1718.7 14. 400 
14.600 1718.7 1720.7 1722. 7 1724. 7 1726. 7 1728.8 1730.8 1732.8 1734.8 1736. 8 1738.9 14. 600 
14.800 1738.9 1740.9 1742.9 1744. 9 1746.9 1749.0 1751. 0 1753.0 1755.0 1757.1 1759. 1 14.800 

15.000 1759. 1 1761. 1 1703.1 1765.2 1767.2 1769.2 1771. 2 1773.3 1775.3 1777. 3 1779.4 15.000 
-

15.200 1779.4 1781. 4 1783. 4 1785.4 1787.5 1789.5 1791. 5 1793.6 1795.6 1797.6 1799.7 15.200 
15.400 1799.7 1801. 7 1803.7 1805.8 1807.8 1809.8 1811. 9 1813.9 1816.0 1818. 0 1820.0 15.400 
15.600 1820.0 1822. 1 1824. 1 1826.2 1828.2 1830.2 1832.3 1834.3 1836. 4 1838. 4 1840.4 15. 600 
15.800 1840.4 1842.5 1844.5 1846.6 1848.6 1850.7 1852.7 1854.8 1856.8 1858.9 1860.9 15. 800 

16. 000 1800.9 1863. 0 1865. 0 1867.1 1869.2 1871. 2 1873.3 1875.3 1877.4 1879.5 1881. 5 16.000 

16.200 1881. 5 1883. 6 1885.6 1887.7 1889.8 1891. 8 1893.9 1896. 0 1898.0 1900.1 1902. 2 16. 200 
16 400 1902.2 1904.3 1906.3 1908. 4 1910.5 1912.6 1914. 6 1916.7 191 8.8 1920.9 1923. 0 16.400 
16.600 1923.0 1925. 0 1927. 1 1929.2 1931. 3 1933.4 1935. 5 1937.5 1939.6 1941. 7 1943. 8 16.600 
16.800 1943. 8 1945.9 1948. 0 1950.1 1952.2 1954.3 1956.4 19.18.5 1960.6 1962. 7 1964.8 16.800 

17.000 1964.8 1966.9 1969. 0 1971.1 1973.2 1975.3 1977. 4 1979.5 1981. 6 1983. 7 1985.8 17.000 

17.200 1985.8 1987.9 1990.1 1992.2 1994.3 1996.4 1998.5 2000.6 2002.8 2004.9 2007.0 17.200 
17. 400 2007.0 2009.1 2011.2 2013. 4 2015.5 2017.6 2019.8 2021. 9 2024.0 2026. 1 2028.3 17.400 
17.600 2028.3 2030.4 2032.5 2034.7 2036.8 2039.0 2041. 1 2043.2 2045.4 2047.5 2049.7 17.600 
17.800 2049.7 2051. 8 2054.0 2056.1 2058.2 2060.4 2062.6 2064.7 2066.9 2069.0 2071. 2 17. 800 

18.000 2071. 2 2073.3 2075.5 2077. 6 2079.8 2082.0 2084.1 2086.3 2088.5 2090.0 2092.8 18.000 

18.200 2092.8 2095. 0 2097. 1 2099.3 2101. 5 2103. 7 2105.8 2108.0 2110. 2 2112.4 2114. 5 18.200 
18. 400 2114.5 2116. 7 2118. 9 2121.1 2123.3 2125.5 2127.7 2129. 8 2132.0 2134.2 2136.4 18. 400 
18.600 2136.4 2138.6 2140.8 2143.0 2145.2 2147.4 2149.6 2151. 8 2154.0 2156.2 2158.4 18.600 
18.800 2158.4 2160.6 2162.8 2165.1 2167.3 2169.5 2171. 7 2173.9 2176.1 2178.4 2180.6 18.800 

19.000 2180.6 2182. 8 2185. 0 2187.3 2189.5 2191. 7 2193. 9 2196.2 2198.4 2200.6 2202.9 19.000 

19.200 2202.9 2205. 1 2207.3 2209.6 2211. 8 22 14.1 2216.3 2218. 6 2220. 8 2223. 1 2225.3 19.200 
19.400 2225.3 2227.6 2229.8 2232. 1 2234.3 2236.6 2238.8 2241.1 2243. 4 2245.6 2247.9 19.400 
19.600 2247.9 2250.2 2252.4 2254.7 2257.0 2259.3 2261. 5 2263.8 2266. 1 2268. 4 2270.7 19.000 
19.800 2270.7 2272. 9 2275.2 2277.5 2279.8 2282.1 2284. 4 2286.7 2289.0 2291. 3 2293.6 19. 800 

20.000 2293.6 2295.9 2298.2 2300.5 2302.8 2305.1 2307.4 2309.7 2312. 0 2314.3 2316.7 20. 000 

20.200 2316.7 2319.0 2321. 3 2323.6 2325.9 2328. 3 2330.6 2332.9 2335.2 2237.6 2339.9 20.200 
20.400 2339.9 2342. 2 2344.6 2346.9 2349. 3 2351. 6 2354.0 2356.3 2358. 7 3361. 0 2363. 4 20.400 
20.600 2363. 4 2365.7 2368. 1 2370.4 2372.8 2375.2 2377. 5 2379.9 2382.3 2384.6 2387.0 20.600 
20.800 2387.0 2389. 4 2391. 7 2394. 1 2396.5 2398.9 2401. 3 2403. 7 2406.0 2408. 4 2410.8 20.800 

21. 000 2410.8 2413.2 2415.6 2418. 0 2420. 4 2422. 8 2425.2 2427.6 2430.0 2432.5 2434.9 21. 000 

21. 200 2434.9 2437.3 2439. 7 2442. 1 2444.6 2447. 0 2449.4 2451. 8 2454.3 2456.7 2459. 1 21. 200 
21. 400 2459. 1 2461.6 2464.0 2466.5 2468.9 2471. 3 2473. 8 2476.2 2478.7 2481. 2 2483.6 21. 400 
21. 600 2483.6 2486. 1 2488.5 2491. 0 2493.5 2495.9 2498.4 2500.9 2503. 4 2505. 8 2508.3 21. 600 
21. 800 2508.3 2510.8 2513.3 2515.8 2518.3 2520.8 2523.3 2525.8 2528.3 2530.8 2533.3 21. 800 

22.000 2533. 3 2535.8 2538.3 2540.8 2543.3 2545.9 2548.4 2550. 9 2553.4 2556.0 2558.5 22. 000 

22. 200 2558.5 2561. 0 2563.6 2566. 1 2568.7 2571. 2 2573.8 2576.3 2578. 9 0 2581. 4 2584.0 22.200 
22.400 2584.0 2586.6 2589. 1 2591. 7 2594.3 2596. 8 2599. 4 2602.0 2604.6 2607.2 2009. 8 22.400 
22.600 2609.8 2612.3 2614.9 2617.5 2620. 1 2622.7 2625.4 2628.0 2630.6 2632.2 2635.8 22.600 
22. 800 2635.8 2638. 4 2641. 1 2643.7 2646.3 2649.0 2651. 6 2654.2 2656.9 2659.5 2662.2 22.800 

23.000 2662.2 2664.8 2667.5 2670.2 2672.8 26i 5.5 2078.2 2680.8 2683.5 2686.2 2688.9 23.000 

23. ~OO 26R8. 9 2691. 6 2694.3 2696.9 2699.6 2702. 3 2705.0 2707.8 2710.5 2713.2 2it5.9 23.200 
23.400 2715.9 2718.6 2721. 4 2724.1 2726.8 2729.6 2732.3 2735.0 2737.8 2740.5 2743.3 23.400 
23.600 2743.3 2746. 1 2748.8 27.1l.6 2754.4 2757. 1 2759.9 2762.7 2765.5 2~68. 3 2i71. 1 23.600 
23.800 2i71.1 2773.9 2776.7 2779.5 2782.3 2785. 1 2787. 9 2790.7 2793.6 2796.4 2799.2 23.800 

24.000 2799.2 2802.1 2804 9 2807.8 2810.6 2~13. 5 2816.3 2819.2 2822. 1 2825.0 2827.8 24.000 

24.200 2827.8 2830.7 2833.6 2836.5 2839.4 2842.3 2845.2 2848.1 2851.0 2854.0 2856.9 24.200 
24. 400 28.16.9 2859.8 2862.8 2865.7 2868.6 2871. 6 2874. 5 2877.5 2880.5 2883.4 2886.4 24.400 
24. 000 2886.4 2889.4 2892.4 2895. 4 2898.4 2901. 4 2904. 4 2907.4 2910.4 2913. 4 2916.5 24. 600 
24.800 2916.5 2919.5 2922.5 292;;.6 2928. 6 2931. 7 2934. 7 2937.8 2940.9 2944.0 2947.0 24. 800 

25.000 2947. 0 2950. 1 2953.2 295/1. 3 2959.4 2962.6 2965.7 2968.8 2971. 9 2975. 1 2978.2 25.000 

25.200 2978.2 2981.4 2984.5 2987.7 2990.9 2994. 0 2997.2 30nO.4 3003.6 3006.8 3010. 0 

I 

25.200 
25.400 3010.0 3013.2 3016.5 30l9. 7 3022.9 3026. 2 3029.4 3032.7 3036. 0 3039.2 3042.5 25. 400 
2:;.000 3042.5 3045.8 3049. 1 3052.4 3055.7 3059.0 3062 4 306.1.7 3069.0 3072. 4 3075.8 2.1.600 
25.800 3075.8 3079.1 3082.5 3085. 9 3089.3 3092. 7 3096. 1 3099.5 3102.9 3106.3 31098 25.800 
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TABLE 6. Tungsten verS1lS rhen/:wn thermocouples- Contin ued 

kIillivolts 

I 

0.000 0.020 

I 

0.0·10 0.060 0.080 0.100 0.120 0.1<10 0.160 0.180 0.200 J"\Jillivolts 

26.000 3109.8 3113.2 3116.7 3120.2 3123.6 3127. 1 :1130.6 3134.1 3137.6 3141. 2 314<1.7 26.000 

26.200 3144 . 7 3148. 2 3151. 8 3155.3 3158.9 3162.5 3166.1 31 69. 7 317:3.3 3176.9 3180.6 26.200 
26.400 3180. 6 3184. 2 3187.9 3191. 5 3195.2 3198. 9 3202. 6 3206.3 32 10. 0 3213.8 3217.5 26.400 
26.500 3217. 5 3221. 3 3220.0 3228. R 3232.6 3236. 4 0240. 2 3244.1 3247.9 3251. 7 3255.6 26. 600 
26.800 3255.6 3259. 5 3263.4 3267.3 3271. 2 a275.2 3279. 1 3283. 1 3287. 1 3291.1 3295.1 26.800 

27. 000 3295. 1 3299. 1 3303. 1 3307.2 3311.3 3315.3 3319.4 3323.6 3327.7 3331. 8 3336. 0 27.000 

27.200 3336.0 3340. 2 3344. 4 3348. 6 3352.9 3357. 1 3361. 4 3365.7 3370.0 3374.3 3378.7 27.200 
2 •. 400 3378.7 3383.0 3387. 4 :l391. 8 3396.3 3400. 7 3405. 2 3409.7 3414.2 34 18.7 3423.3 27.400 
27.600 3423.3 3427.9 3432.5 3437.1 3441. 8 3446.5 3451.2 3455.9 3460.7 3465.5 3'1i0.3 27.600 
27.800 3470.3 3475. 1 3480.0 3484.9 3489.8 3494.8 3499.8 3504.8 3509.8 3514. 9 3520. 1 27. 800 

28.000 3520. 1 3525.2 3530.4 3535.6 3540.9 3546.2 3551. 5 3556.9 3562.3 3567.8 3573. 2 28.000 

28.200 3573.2 3578.8 3584.4 3590.0 3595.7 3601. 4 3607. 2 3613.0 3618.9 3624.8 3630.8 28.200 
28.400 3530.8 3636.8 ~-------- -- - -------- -- - . - -- - ---- --- - ---- --- ----- ----- --- -- - - --- - - --- --- - ----- . -.- - - - ------------ -----------. ------ ------

TAB LE 7. Tungsten versus rhenium the1'mocouples 

Electromotive force in absolute millivolts . Temperature in degrees le.* Reference jlUletions at 32 0 F . 

Temp. 0 10 20 30 40 50 60 70 80 90 100 'romp. 
OF o l ' 

0 - -------- -- - ----- - ------ - - ---------- ------------ 0.028 0.065 0.103 0.142 0.182 0.224 0.266 0 

100 0.266 0.310 0.355 0.401 0.449 0.497 0.547 0.597 0.649 0.702 0.756 100 
200 0.756 0.810 0.866 0.923 0.981 1. 040 1. 099 1.160 1. 222 1. 284 1. 348 200 
300 1.348 1. 412 1. 477 1. 544 1.61l 1. 678 1. 747 1. 816 1. 887 1. 958 2.030 300 
400 2.030 2. 102 2.176 2.250 2.325 2.400 2.476 2.553 2.631 2.709 2.788 400 

500 2.788 2.868 2.948 3.029 3.110 3.192 3.275 3.358 3.442 3.527 3.612 500 

600 3.612 3.697 3.783 3.870 3.957 4.044 4.132 4.221 4.310 4.399 4.489 600 
700 4.489 4.579 4.670 4.761 4.853 4.945 5.037 5.130 5.223 5.316 5.410 700 
800 5. 410 5.504 5.598 5.693 5.788 5.884 5.979 G.075 6. 172 6.268 6.365 800 
900 6. 365 6.462 6.560 6.657 6.755 6.853 6. 951 7.050 7.148 7.247 7.346 900 

1000 7.346 7.446 7.545 7.645 7.744 7.844 7.944 8.045 8.145 8. 245 8. 346 1000 

noo 8.346 8. 447 8. 548 8.649 8. 750 8.851 8.952 9.053 9.154 9.256 9.357 1100 
1200 9.357 9.459 9 .. 561 9.662 9.764 9.866 9.967 10.069 10.171 10.273 10.375 1200 
1300 10.375 10.476 10.578 10.680 10.782 10.884 10.985 11.087 11. 189 11. 291 11. 392 1300 
1400 11. 392 11.494 11.596 11. 697 11. 799 11. 900 12.002 12.103 12.205 12.306 12.407 1400 

1500 12.407 12.508 12.609 12.710 12.811 12.912 13.013 13.114 13.214 13.315 13.415 1500 

1600 13.415 13.516 13.616 13.716 13. 8 16 13.916 14.016 14. 116 14.215 14.315 14.414 1600 
1700 14.414 14.514 14.613 14. 712 14. 811 14.910 15.009 15. 108 15.206 15.305 15. 403 1700 
1800 15.403 15.502 15.600 15.698 15.796 15.893 15.991 16.088 16.185 16.282 16.379 1800 
1900 16.379 16. 475 16.572 16.668 16.764 16.859 16.955 17.050 17.145 17.239 17.334 1900 

2000 17.334 17.428 17.522 17.616 17.710 17.803 17. 896 17.989 18.082 18.174 18.266 2000 

2100 1~. 266 18.3.'\8 18.450 18.541 18.633 18.724 18.814 18.905 18.995 19.085 19. 174 2100 
2200 19.174 19.264 19.353 19. 442 19.530 19.618 19.707 19.794 19. 882 19.969 20.056 2200 
2300 20.056 20. 143 20.229 20.315 20. 401 20. 486 20.571 20.656 20.741 20.825 20.909 2300 
2400 20.909 20.993 21. 076 21. 160 21. 242 21. 325 21. 407 21.489 21. 571 21. 652 21. 733 2400 

2500 21. 733 21. 813 21.894 21. 974 22.053 22. 133 22. 212 22.290 22.369 22.447 22.525 2500 

2600 22. 525 22.602 22.679 22.756 22.832 22.908 22.984 23.059 23.134 23.208 23.283 2600 
2700 23.283 23.357 23.430 23.503 23.576 23.649 23.721 23.792 23.864 23.935 24.005 2700 
2800 24.005 24.076 24.145 24.215 24.284 24.353 24.421 24.489 24.557 24.624 24.691 2800 
2900 24.691 24.757 24.823 24.889 24.954 25.019 25.084 25.148 25.211 25.275 25.337 2900 

3000 25.337 25.400 25.462 25.523 25.585 25.645 25.706 25.766 25.825 25.884 25.943 3000 

3100 25.943 26.001 26.059 26.116 26.173 26.230 26.286 26.342 26.397 26.452 26.506 3100 
3200 26.506 26.560 26.613 26.666 26.719 26.771 26.823 26.874 26.924 26.975 27.024 3200 
3300 27.024 27.074 27.123 27.171 27.219 27.267 27.314 27.360 27.406 27.452 27.497 3300 
3400 27. 497 27.541 27.585 27.629 27.672 27.715 27.757 27.799 27.840 27.881 27.921 3400 

3500 27.921 27.961 28. 000 28.038 28.077 28. 114 28. 152 28.188 28.224 28.260 28.295 3500 

3600 28.295 28.330 28.364 28.397 28.430 ------------ ------------ ------------ ------------ -------- - --- ---- -------- 3600 

'Based on the International Practical Temperature Scale of 1948. 

'rhese tables are based on eleven thermocouples representing four manufacturers. The third decimal place in the emf is given for interpolating purposes and does 
not represent table accu.racy. Statemen ts concerning accu.raey are given in the text of this paper. 
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Standard X-ray di ll"r action powder pattern s, H . E . Swanson, 
M. C. Morr is, R. P . Stinchfield, and E. H. Evans, N B S Mono. 
25, S ection 2 (lYIay 3, 1963) , 35 cents. 
Standar d X-ray d iffraction powder patterns are presented 
for t he following thirty-seven substances: Al (P 0 3)a. Sb F3*, 
Ba3(AsO') 2*, Ba (ClO,)z.3HzO, Cd (CN)z*, CdWO" Cs20sBr6*, 
Cs20sCI6*, a-CrP04, Co[IIg(CNS) 41*, is-CoSO,, D y3Gaz 
(Ga04h *, E r Mn03*, E u3Gf\z (Ga O,h*, Gd3Ga2( Ga04)3 *, 
LiaAsO, *, Li3P 30 ,.3HzO*, Liz WOdH-I20*, Lu3Ga2( Ga04)3 *, 
LuMn03*, Mil W0 4 (h uebnerite), I-IgF2*, NiS04, Ni WO, *, 
KzReCI6, I( zRuCI5NO*, R bCIO,*, RbI O,*, Ag2Se04*, 
NaCNO*, NazWO,.2I-I20 , is-Na,P40 lz.41-120, Sr3(As04)z*, 
T I3As04*, TICI0 4 *, YAsO" Zn'l;V04* . E leven are to r eplace 
patterns already given in the X-ray Powder Data File issued 
by the American Society for T esting and Materiftls, and 
twenty-six patterns indicated by ast er isks are for substances 
not previously included . The X-ray Powder Data File is a 
compilation of diffraction patterns from many sources and is 
u sed for t he identification of unknown crystalli ne ma ter ia ls 
by matching s pacing and intensity measurem.ents. T he 
patterns were made with a Geiger counter X-ray diffractom­
eter, using samples of high purit y. ·When possible, t he 
d-valu es were ass igned Miller indices determined by co mpar i­
son with calculated interplanar spacings and from space 
group extinctions. The densit ies a nd lattice constaLlts 
were calculated, and the refractive indices were measured 
whenever possible. 

M echanical beh avior of crystalline s olids (P I·oceedings oJ an 
American Cemmic Society Symposium, New York Cit y, 
April 1962) , NBS Mono . 59 (Mm·. 25, 1963), $1.75. 
This Monograph represents t he Proceedings of a SymposiLLm 
on T he Mechanieal Behavior of Crystall ine Solids, held under 
t he auspices of the Ceramic Educational Co u ncil of t he 
American Ceramic Society, with the cooperation of the 
National B ureau of Standards, and under the sponsorship 
of t he Edward Orton J unior Ceramic Foundation, and the 
Office of Naval R esearch. The Symposium took place at 
t he 64th Annual Meeting of t he Am erican Ceramic Societ y 
in New York, on Apri l 28 and 29, 1962. ' 

Testi ng of metal volumetric s tandards , J . C. Hughes and B . C. 
I(eysar, NBS N[ono. 62 (lipr. 1, 1963), 15 cents. 
T he National B ureau of Standards has for many years cal i­
brated and certified metal measures which are used as stand­
ards by weights and measures o ffic ials and others in t h e cali­
bration of instru ments for measuring t he volumes of fiuids. 
No complete specifi cations or tolerances for t hese standards 
have ever bee n published, however , nor have stan dardized 
procedures for the calibration and use of t he liquid measures 
been available. 
T he infor mation contai ned in t h is Monograph sh ould ass ist 
in t he p urchase of quality instruments and t he pro per use 
of the standards in calibrat ing other measures for liq uids and 
gases. 

Reduction of data for piston gage pressure measure me nts, 
J . L. Cross, NBS Mono. 65 (J une 17,1963),15 cents . 
P ressure measurements made with piston gages are affected 
by grav ity, temperature, pressure, a nd severa l other var iables. 
F or accurate deter minations of pressure t he calcula t ions must 
take these var iables into account. A genera l equation is 
developed an d simplified procedures for calculat ing pressur-e 
are illustrated . 

Tabulation of data on receivin g tubes , C. P . Marsden and 
J . K. Mo ffitt, NBS Handb. 83 (May 23, 1963), $1.25. (S1lper­
sedes Handb. 68. ) 

A tabulation of Receiving-Type E lectron Tubes with some 
characteristics of each type has be('n prepared ill the fo r m of 
t wo major listings, a N umer ical L ist ing in whi ch t he t ubes 
are arranged by type n umber, and a Character ist ic Listing 
in which t he t ubes a re arranged by tube type and further 
ordered on t he basis of one or two importa nt parameters . 
T he tabulation is accompanied b y a listing of s imilar tube 
types and basing connections for the listed tu bes. 

Transistorized building blocks for da ta ins trum e ntation, 
R. L . IIi ll, NBS T ech, N ote 168 (ApT. 1, 1963), 55 cents. 
The National Bureau of Standards has developed a number 
of m od ular transistorized digita l circuits t hat have bee n 
used in automatizing many data recordi ng and p reli minary 
processin g tasks encountered in its scient ific opera t ions. 
T hese vers it ile building blocks can be connected together 
systematica ll y to for m d igital circuits t ha t accept raw data 
from experimental equipment a nd transpose t hese data into 
a form suitable for input to a h igh-speed electron ic computer. 
Each assembly of packages can be tailored to fit t he special 
requi rements of t he proj ect a nd can be used at the s ite of t he 
exper iment. The output from the system can be : 1) fed 
direct ly to a computer, 2) recorded on a mediLlm (pa per 
t ape, magnetic tape, etc.) suitab le for computer in put at a 
later date, or 3) used to dr ive d is play equi pment that keeps 
the scient ist informed of the progress of h is ex periment . 
As a resul t of experience in t he application of t ll ese u ni ts, 
so me of the originftl packages have been mod ified and addi­
t io llal types developed. I n addition to describing the mocl i­
fie d a nd new package types, t his repor t also in cl udes a de­
scription of a new ser ies of packages consist ing of identical 
cir cuitry, but utili zing a d ifferent type of mating connector 
and a smaller circuit-board. 

P hototypesettin g of co mpu ter output, a n exa mple using 
tabul ar data, 'vV. R . Bozman, NBS T ech, Note 170 (June 25, 
1963), 10 cents. 
A p hotocomposit ion machine contro ll ed by t he magnetic 
tape output from a computer was lIsed to prepare a 559-page 
table of atom ic tra nsit ion proba bili t ies at t il e Nat ional Bureau 
of Standards. This method makes possible t he publi cation 
of comp ut ed data in high qual it y typography in a r easonable 
time and at a reasonable cost. Many styles of t ype are 
readily available to the programmer including Gree k, i tali c, 
mat hematical symbols, upper and lower case alphabets, etc. 

P ractical methods for cali bration of pote ntio meters , D . 
R amaley, NBS Tech . Note 172 (Mar. 25, 1963) , 30 cents. 
Potentiometer circuitry, par t icula rly as related to calibration, 
is discussed with t he primary consideration give n to t he 
required circuit measurements . T he more feas ible means 
of calibrating potent iometers are described in considerable 
detail. E mphasis is placed upon t he use of t he Universa l 
R atio Set as t he basic implement for accomplishi ng t he major 
port ion of potent iometer calibrations. 

Table of attenuation error as a function of vane -angle error 
for rotary vane attenuators, W. Larson , N BS Tech. Note 177 
(May 20, 1963),75 cents. 
The table of attenuat ion error as a fu nct ion of vane-angle 
elTor gives t he error in decibels caused by vane misali nement 
whi ch is common in t he rotary vane attenu ator. The attenu­
at ion errors correspond ing to van e-angle e rrors ranging from 
zero to 0.499 ° (i n increments of 0.001 °) are presented for 
selected angles over t he range of attenuation values from 
0.01 to 70 db . T he table is divided into t he fo llowing inter­
vals of attenuation value increments : 0.01- 0. 1 db in D.D1-db 
increments, 0.1- 1.0 db in D.l- db incre ments, 1- 2D db in 1- db 
increment s, and 20- 70 db in 5- db increment s. 
Wit h t he aid of t his table, t he cali bration data of a rotary vane 
atte nuator can be a nalyzed for nu merous characterist ics, in-
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cludin g the following: misalinement between rotor and stator 
sections, realin ement t echniques, resettability, and backlash. 

Tabula tion of published data on Soviet electron devices, C. P. 
Marsden, N BS T ech. N ote 186 (J un e 3, 1963),45 cents. 
This tabulation includes published data on Soviet electron 
devices as collected from various publications, mostly hand­
beoks published by the various ministries and inst itutes of 
Ue USSR. Information is given on all active devices ranging 
from receiving to microwave devices, semiconductor devices, 
an d various mis cellaneous devices such as, for example, photo­
graphic flash tubes and thermistors. 

Calibration of vol t-ampere con ver ters, E. S. Williams, N BS 
T e( h. Note 188 (A pI·. 25, 1963), 20 cents . 
These notes h ave been prepared to describe the National 
Bureau of Standards cali bration services for volt-ampere con­
verters (or transfer volt-ammeters) , to suggest procedures for 
d- c standardization in the user 's la boratory, and to describe 
a volt age comparator whi ch can be used to make such cali­
brations quickly and easily. 

Tables describing small-sample properties of the mean, 
median , standard deviation , and other s tatis tics in sampling 
from vPriol' s d istribu tions , C. Eisenhart, L. S. Deming, and 
C . S. Martin, NBS T ech. Note 191 (June 14, 1963), 20 cents. 
This note includes a collection of tables useful for study of the 
sampling distributions of some frequently-used statistics, with 
brief discussions of their construction and use . (1) The prob­
ability level P(E ,n) of any continuous parent distribution 
corresponding to level E of the distribution of the median. 
(2) Probability points of cert ain sample stat istics for samples 
from six d istributions : normal and double-exponential (m ean. 
median), r ectangular (mean , median, midrange) , Cauchy, 
Sech, Sech 2 (median). I n all th e above tables, the sample size 
n = 3 (2) 15 (10)95 and the probability levels are E = .001, .005, 
.01 , .025, .05, .10, .20, .25. Together with the tables listed 
under (2) are given t he values of certain r at ios usefu l for 
comparing the various statist ics. (3) Probability that the 
standard deviation of a normal dist ribution will be under­
est imated by the sample standard deviation s and by unbiased 
estimators of (j based on s, on t he mean deviation, and on the 
sample range. Divisors are given for obtaining the corre­
sponding " median unbiased" estimators. 

National standard reference data program, background in­
formation, NBS T ech. Note 194 (J une 1963), 25 cents. 
Plan s are proposed for a National Standard Reference Data 
System that will provide critically evaluat ed data in the 
physical sciences on a national basis. It will be conducted 
as a decentralized operation across the country, with central 
coordination and administration by NBS. Data will be 
centrally stored at NBS and disseminated through a series 
of services tailored to user needs in science and industry. 

New absolute null method for the measurement of magne tic 
susceptibili ties in weak low-frequency fi elds, C. T . Zahn, 
R ev. Sci. Inslr . 34 ; No.3, 285-291 (Mar. 1963) . 
Use is made of the magnetic equivalence of a uniformly 
polarized volume of paramagnetic material and a solenoid 
carrying electric current, to design a permanent variable 
standard of m agnetic susceptibility . Such a standard is 
incorporated into a magnetic susceptibility bridge in a simple 
manner, surrounding the specimen ; and the bridge is thereby 
transformed into a n absolute nu ll instrument of high ac­
curacy and sensiti vity, a nd of great ease and low cost of 
construction a nd operation. By this method numerous 
particular advantages of other methods are combined; and 
some of their notable limitations are overcome. A pre­
liminary application was made showing that the bridge per­
form s as expect ed. Important features in the design of 
this bridge are discussed. A detailed consideration of 
sonrces of error suggest s that it may eventually be possible 
by this method to obtain greater absolute accuracy than by 
other known methods. 

A m ethod for measuring the instabili ty of r esistance strain 
gages at elevated temperatures, R. L . Bloss and J. T. Trumbo, 
ISA T rans. 2; No.2, 112-116 (A pr. 1963). 

The usefuln ess of resistance strain gages at elevated tempera­
tures is frequently limited by the inst ability of gage resistance 
wit h time. Methods a nd equipment that have been de­
veloped to measure this cffect arc described. 

Max imum e ffi ciency of a two-arm waveguide j unction, 
R . W. Beatty, IEEE T I·ans. j1'icrowave TheOTY and T ech. 
MTT- ll , 94 (J an. 1963). 
Given the scattering cocfficients of a 2-arm waveguide 
junction , an eq uation is presented to calculate r M , the 
re fl ection coeffi cient of the load for which th e effi ciency of 
a 2-arm waveguide junction is TIM , the maximum effici ency. 
Once r M has been calculated, an equation is given to deter­
mine TIM and the relationship between TJM and AT, t he in­
t rinsic attenu atio n of the waveguide j un ction, is given. 

Applicat ions of a semiconductor -s urface -state charge -s torage 
device, L . J . Swartzendruber, Solid-Stale Elec . 6, 59- 61 
(P el·gamon P ress, Inc ., N ew Yo dG, N.Y. 1963). 
Several possible applications of a new two terminal semicon­
ductor device which utilizes surface phenomena to produce a 
charge storage effec t are described. The major advantage of 
the device lies in the magnitude of the charges whi ch can be 
stored and the ease with which it can be controlled by small 
bias currents. 

Audio-frequ ency compliances of prestressed quartz, fu sed 
silica, and aluminum, i\1. Greenspa n and C. T schiegg, P roc. 
Fourth Intern. CO'1,gr. on Acou8tics, Part I , Paper P1 2 (Copen­
hagen , Denmark, A ug. 21-28, 1962). 
An attempt was made to find the excess compli ances 
associated with dispersions found by Fitzgerald. Com­
pliances were obtained from resonant frequencies of fixed­
free composite r eeds. Prestress was eit her piezoelectrically 
or thermally induced. No excess compliances were obser ved . 

Ten-k ilocycle pound- type kylstron stabili zer, H. E. Radford, 
R ev. Sci . Inslr. 34, No. 3, 304-305 (Mar. 1963) . 
Through a simple circuit modification, commercial klystron 
frequency stabilizers of the FM type can be mad e to function 
alternatively as C W Pound-type stabilizers , with greater 
spectral purity of t he klystron ontput. The performance of 
such a stabilizer is discussed. 

Kihara parameters and second vi ral coefficie nts for cryogenic 
fluid s and the ir mixtures, J. M . Prausnitz and A. L. Myers, 
A. I . Ch. E. Journal 9 , N o.1 , 5-11 (Jan . 1963) . 
The volumetric properties of sixteen fluid s of int.erest in cryo­
genic engineering have been used to calculate second viral 
coefficients over as large a temperature range as possible. 
These coefficients were then fi tted to theoretical expressions 
based on the Kihara potential fun ction. For helium, 
hydrogen , and neon quantum corrections were appli ed. For 
nitrogen , carbon dioxide, and acetylene corrections for 
quad ru pole interactions were made. It was fou nd that t he 
theoretical expressions give an extrem ely good fit of all 
reliable experimental data. The theoretical expressions may 
therefore be used with confidence to p redict volu metric 
behavior at very low t emperatures where data arc frequently 
unavai lable. 
With the aid of semiempirical mixing ru les the theoretical 
expressions may be used to predict second vi ral coefficients 
for mixtures. Agreement with the very li mited amount of 
experimental mixture data is satisfactory. Finally it is 
shown that calculations based on the Kihara potential may 
be employed to make usefu l predictions of phase equilibria 
such as the solubility of a solid in a compressed gas. 

Transparent rigid moun t for vacuum stopcock, M. M. Ander­
son , Rev. S ci. Inslr . 3i, No. 2, 178 (Feb. 1963). 
A transparent block of plastic, moulded around a glass stop­
cock, then d rilled and tapped for mounting. reduces vacuum 
system breakage and allows visu al inspection of the grease 
seal. 

D esign of low voltage electron guns, J . A. Simpson and C. E. 
K uyatt, R ev. Sci . Inst1". 3i, ]{o. 3, 265-268 (Mar . 1963). 
It is shown that by use of a multistage t echnique in which 
electrons are drawn from a cathode by a high potential a nd 
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decelerated to t.he requi red fin a l energy, guns can be des igned 
capable of formin g beams in whi ch the current is limited only 
by space charge in the beam itself. The design principles 
and procedures arc given and illustrated by two examples of 
electron glln s gi lin g highly collimated bea ms and opcratin g 
at cnergies of 30 and 500 e V. The measured currents 
obtained are somewhat greater than the space charge limited 
bea m maximum because of ion neutralization. 

Thermometry, low temlJerature, R . P. Hudson, Encyclopaedic 
Dictionary of Physics 7, 323- 325 (1 962) . 
A discuss ion i given of appa ratus and methods for thermom­
etry in the range 1°-100 oK in a style and brevity suited to 
a n entry in a scientifie encyclopaedia. 

Effect of outdoor exposure on some properties of chrome­
retanned leather, T. J. Carter, J . A?n. Leather Chemists 
Assoc. LVIII, No.3, 155-160 (Mar. 1963) . 
Two groups of specimens of chrom e-retanned leather were 
subj ected to outdoor exposure and the chan ges in physieal and 
chemi cal properties were determined. One group was sub­
jected to a ll weather condit ions while t he other group was 
shielded from th e sun . The effect of th e exposure was 
d et ermined by measurements of physical properties, such as 
fl ex t ension and impact r es istance, elongation, stitch tearing 
strength , tensile strength, change in area, relative stiffness, 
and shrinkage tempera ture, and of ehemical properties, such 
as grease content a nd pH. 
Results show t hat specimens shielded from the sun changed 
little in impaet r esistan ce, stitch tear strength , elongation of 
tensi le strength specimens, a nd t iffness, but ehanged sig­
nificantl y in fl ex tens ion resistance, elongation (du e to 
flexing), a rea, and shri n kage temperatu re. Specimens ex­
posed to the sun showed delet eriou s changes in all t he ph ysical 
properti es studi ed. Shrinkage temperature decl ined sig­
nificantly under both conditions, the decrease being somewhat 
greater for specimens exposed to direct sunlight. The 
chemical properties, grease content and pH valu es, showed 
only slight changes under either cond iti on of exposure. 

APPA-TAPPI reference material program. II. Etl'ectiveness 
of a re ference material in reducing the between-laboratory 
variability of TAPPI standard T 414 m-49 for internal 
tearing resista nce of paper, T . W. Las hof, Tappi 46, No.3, 
145- 150 (J\lJar. 1963). 
The effectiveness of a reference material was predicted on 
the basis of the r es ults of t he first round robin which was 
reported in Part I. The analysis was modified for the 
second round robin so as to provide corrections in terms of 
measurements on the reference mat eri al. If the current 
l' APPI procedure is followed (5 replications, no st anda rd 
reference material), the total coefficient of variation , in­
cluding both within- a nd between-laboratory variability, 
is about 4% to 5%, as shown in both round robins. As 
shown in this second part, a st andard r eference material 
and in creased replication may be used to r edu ce the total 
coefficient of variation to about 3 % . It is also shown that 
the eorrection curve or nomograph based on the measure­
ments on the reference material may be used for at least 
four to fi ve months, provided that there are no changes in 
observer , instrument, or conditions . 
The limitation to further reduction in the total coefficient 
of variation is V (A) , the r andom interaction between inter­
fering properties of the materials being tested and laboratory 
conditions or instrument peculiarities. It is shown that a 
portion of this is probably du e to insufficient control of rela­
tive humidity. Since V(A) is higher for laboratories using 
new-type instruments than for those using old-type instru­
ments, further work must be done to determine whether this 
is due to the in struments or to laboratory conditions. 

Some characteristics of a si mple cryopump, L. O. Mullen 
and R. B. J acobs, 1962 Tmns. Ninth Nall. Vacuum Symp., 
Am. Vacuum Soc., pp. 220-226 (1962) . 
A simple and easily defin able cryopump was constructed 
as a stage in a pumping syst em, a nd da ta were obtained to 
permit the computation of pumping speeds, performan ce 
decay and capture coefficients. Information on the pumping 
of CO2 and N2 as well as outgassin g vapors, by surfaces at 

77 °K a nd 200K is presented. The press ure range of the 
tests is 5(10)- 10 torr to 5(10)- 3 torr and the gas flow range is 
3.6X 10- 7 torr li ters cm .- 2 sec.- I to 3.6(10) - 2 torr li ters 
cm. - 2 sec.- I. Pumping speeds higher than those previously 
reported and higher than t heory predi cts were obtained, 
the results are discussed in deta il. 

Experimental investigat ion of Fabry-Perot Lnterferometer, 
R. W. Zimmerer , Proc. IEEE 51, 475-4 76 (lIJar. 1963). 
Preliminary measurements of the microwave performance of 
F a bry-Perot interferometers with spheri cal mirrors is pre­
sented and compared with theory. Of par t icu lar interest is 
the evidence of the stop band recently predi cted by Boyd a nd 
Kogelnik . 

The measurement of moisture boundary layers and leaf t ran­
spiration with a microwave refr actometer , D . M. Gates, M. J . 
Vetter, a nd M. C. Thompson, Jr. , N ature 197, 1070- 1072 
(Mar . 16, 1963). 
A microwave refractometer has been used as a hygrometer to 
measure the moisture gradi ent found near a free wat er surface 
and near the surface of a leaf. Interestin g transpiration effect s 
were observed for begonia and bean leaves ,,,hen t he .l eaves 
were stimulated with light . The instrument samples t he air 
t hrough a small orifice and thereby produces very li ttle dis­
turbance to the moisture boundary layer under investigation . 

New scale of nuclidic masses and atomic weights, E. Wichers, 
Nature 19<1, No. 4829, 621-624 ( M~ay 10, 1962) . 
This is an article written at the request of t he Editor of 
"NATURE." 
It rev iews th e considerations that led to the adoption by t he 
International Unions of Physics and Chemistry of a new scale 
of nucl idi c rn a ses and atomic weights based on C12 = 12. 

Calibration of photogrammetric lenses and cameras at the 
National Bureau of Standards, F. E. vVasher , Photogmmmetric 
Eng. XXIX, No.1, 113-119 (Jan. 1963). 
A summary of calibrat ions performed at the Nation al Bureau 
of Standards on lenses and eameras that are used in precise 
photogramm etric work is given . Brief description of the 
photographic a nd v isual calibrations most frequ ently r e­
quired are give n. Thi s paper in cludes a list of publications by 
members of th e N BS sta ff that pertain to problems of lens 
and camera calibration. 

Building a s imple transistor tester, C. F. Montgomery, 
Electronics 36, No. 16,56 ( fl p7·. 19, 1963). 
A simple instrum ent is described for measuring two de 
transistor parameters: leakage current an d co mmon-em itter 
current amplification. 

A magnetic amplifier for use with diod e logic, E . W. H ogue, 
Proc. IEEE 1963 I ntern. Conf. Nonlinew' Magnetir-" No. 
'1'- 149, 8.6- 1 to 8.6- 6 (Apr. 1963) . 
A digital ampli fi er of simple noncritical design in corporating 
an emitter-fo llower and a small magnetic amplifi er is de­
scribed . Tinling and so me of the operating power a re provided 
by a 300-kc 2-phase 7-volt sine-wave source. In s tructure 
and mode of operation , the amplifier is particularly suited 
for use with two-level diode gating to provide t h e AND an d 
OR logical operation s. A NOT-amplifier provides negation 
with amplification. The volt-second transfer cha rac teristic 
of the stage critically determines the stability of p ropagation 
of binary signals. Factors governing the r equired sha pe of 
this transfer eharacteristic are discussed. 

The speed of light, A. G. McNish, IRE. Tmns. I nstr. 1- 11, 
N os. 3 and 4, 138- 148 (Dec. (962). 
Numerous measurements of the speed of livht published during 
the last 30 years lead to widely diverge nt results as compared 
with the assign ed experi mental uncerta inti es . Because of 
wide diversity in the methods employed in the m easure­
ments, all of the data may not be combined efl'ectively in a 
grand average. Suffi cient data had been obtained by the 
geodi meter method to group them a nd derive a statistical 
estimate of the un certainty in the speed of light by this 
m ethod. This result, and conclusions reached from careful 
examination of several experim ents, leads to the conclusion 
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that the value 299,792.5 km per sec which has been inter­
nationally adopted for use in radio propagation and geodetic 
work is very close to the best value and not likely to be in 
error by as much as one part in onc million. 

P erformance characteristics of spli t-type residential air­
to-air heat pumjlS, J. C. Davis and P. R. Achenbach , S ti ppl. 
Bull . Inst. Intern. R~fTigemtion, p. 1-7 (1 961- 1962) . 
This paper present s test r esult s obtained during a laboratory 
study of six split-type residential air-to-air heat pumps, a 
type more wid ely used than others for rpsident ial application 
in the United States in the last few years. For resident ial 
use, these systems are currently selected to satisfy the cooling 
requirements of the hou se under design summ er conditions, 
a nd, if necessary, the hea ting capacity of t h e compression­
cycle is supplemented \\·ith electric r esistance heaters. The 
investigation showed that the compression-cycle heat ing 
capacity of the heat pumps equipped with expa nsion valves 
incrcased lin early with incrcasing outdoor temperature at 
constant indoor t emperature a nd humidity, wheroas the 
capacity of tne heat pumps equipped wit h capilla ry tubes a lso 
increased but tended toward const ant values at higher 
t emperatures . It was shown t hat the cooling capacity of the 
heat pumps decreased linearly with outdoor t empera ture, 
when indoor t emperature and relative humidity were h eld 
const a nt . At constant outdoor temperatures, cooling capac­
ity increased linearly either with in creasing indoor t em­
perature or indoor relative humidity. The cha nges in the 
latent and sensible fraction s of the total cooling capacity 
caused by change in indoor r elative humidity, and th e effect 
of outdoor t emperature on coefficient of performa nce under 
heating and cooling condit ions, a re also reported. 

Millimeter wavelength resonant structures, R . W. Zimmer er , 
M . V. Anderson, G. L. Strine, a nd Y. Beers, TEEE Tmns . 
M icTowave TheOl·y T ech. MMT- ll, 11,.2-149 (Mar. 1.963) . 
This paper discusses the construction of millimeter wave 
F a bry-Perot resonators, using both planar a nd spherical re­
flectors . It also discusses the equivalent circuits of planar 
reflectors and the method of obtaining efficient power transfer 
into t he r esonators. 

A simple environme ntal chamber for rotating bea m fatigue 
testing machines, J . A. Bennett, Mater . Res. Std. 3, No.6, 
480-482 (J un e 1963). 
A gas-tight sleeve, made from transparent plastic, permits 
fatigue testing under controlled atmosphere conditions. Tests 
of magnesium and aluminum alloys have shown that changes 
in humidity may change the fa tigue strength by more than 
10% . 

Evidence regarding the mechani sm of fatigue from s tudies of 
environm ental e ffects, J. A. Bennet t, Acta M et . 11, N o. 7, 
799-800 (J uly 1963) . 
Fatigue test s of alumi nu m alloy specimens are being conducted 
under controlled humidit y conditions. Results of t est s in 
which the env ironment is cha nged during the t est show that 
there is an init ial period during which the humidity has no 
effect. This is interpreted to indicate that the deformation 
during that period is not localized . 

Calorimetric calibration of the electrical energy measurement 
in an explodi ng wire experiment, D. H. Tsai and J. H . P ark, 
E x ploding W ires 2, 27-107 (P lenum P ress, I nc., New York, 
N. Y ., 1962). 
A discussion is presented on t he requirements and the methods 
for measuring the current and voltage during the transient 
disch arge of a capacitor bank employed in an exploding wire 
experiment. A m ethod is described for accurately calibra ting 
the measured current, voltage, and electrical energy by com­
paring the calorimetric heating of a fixed resist ance elemen t 
with the electrical energy d issipated in the element . R esults 
show that the aecu, acy of the energy measurement is about 
1- 2% 

Oil baths for saturated standard cells, P . H. Lowri e, Jr., 
ISA J . 9, No . 12, 47-50 (Dec. 1962) . 
The increasing use of saturated standard cells in ind ustry 
has caused a growing need for information on equipment 

associated wit h tneir use. This paper discusses oil baths 
suitable for the close tempera ture control of these cells and 
describes the oil baths in use at N BS Bo ulder Laboratories . 
I n these baths, the t emperature is controlled by a modified on­
off system that limits cyclic variatio ns to less than ± 0.001 °c 
from t he mean t emperat ure. The mean does not change more 
than 0.002 °C per day in an environment in which the ambient 
t emperature may change by as much as 2°C during the day . 

Performance of the barium fluoride film hygrometer element 
on radiosonde fli ghts, F . E. Jones, J. Geophys. R es . 68, No. 
9 , 2735-275 t (M ay 1, 1963) . 
T en flights of the barium fluoride film elect ric hygrom eter 
element in a modified radiosonde on t he same train with a 
conventional ithium chloride element in an ANjAMT- ll 
radiosonde were made from the grounds of the N ation al 
Bureau of Standards (Was h., D.C.) during the period J anuary 
16 t hrough July 21 of 1961. The flights ,,-e re intended to 
provide information on the performance of the barium fluorin e 
element under conditions encountered in rout ine radiosonde 
flights and to provide information to be u sed in assessing the 
value of the element as a research tool. 
The results for the fli ghts verified res ult s of labora tory t est s 
in severa l areas. The element responded to cha nges in 
humidity over a range of indicated relative humidity, RH, 
of 1.5 to 100% in the t emperature r ange 33. 1 to - 58.7 ° C, 
preflight room temperat ure calibrations indicated that the 
t en elements flown were typical, in this r espect, of elements 
t est ed under la bora tory conditions, exposure to high humidit y 
and passage through precipitation had no apparent effect on 
the func t ion ing of t he clement, the rapid response of the 
element and its ability to resolve fin e humidity structure 
were demonstrated , indications of saturation 01' near-satura­
tion were correlat ed with U .S. 'Veather Bureau surface 
obser va t ions of clouds and radar weather observations. 
In severa l of the flights, a strong correlation exist s between 
changes in indicated RH and ambient t emperature lapse 
rates . A sharp drop in indicated RH withi n the first several 
hundred feet above the surface in at least five of the flights 
is possibly r elated to bounda ry layer phenomena at or near 
the surface . In two of the flights the element det ected 
supersaturat ion with r espect to ice. 
Although the instabili ty with t ime of the barium fluorid e 
element, in its present st at e of development, precludes its 
use in routine r adiosonde flights, the t en flights indicat ed 
the value of the element for experimental use a nd as a r esearch 
tool. 
In addition to the flights of the barium fluoride element, one 
flight was made of a lead iodide film hydrom et er element. 

Intererfence fringe s with long path difference using He-Ne 
laser, T. Morokuma, K . F . N effien, T . R . Lawrence, and T . M . 
Kluch er , J . Opt. So c. A m. 53, No .3, 394-395 (Mar. 1963). 
Interference fringes have been obtained in a Michelson inter­
ferometer with path length differences up to 9 meters using a 
helium nco laser as lignt source. 

Hyrdogen retention system for pressure calibration of micro­
phones in small couplers , W. Koidan , J. A coltst, Soc. A ?n. 
35, N o.4, 61 4 (ApT. 1963) . 
The pressure calibration of microphones using small h ydrogen­
filled couplers can be facilitated by connectin g r elatively 
large containers of hydrogen to the capillary t ubes of the 
coupler and using additional capilla ry tubes to vent the 
large contain ers t o the a tmosphere. 

Other NBS Publication 

Journal of Research 67 A (Phys. and Chem.) , No.4 (July­
Aug. 1963), 70 cents. 
Symmetry splitting of equivalent sites in oxide crystals and 

related mechanical effects . J . B. vVachtman, Jr. , I-I. S. 
Peiser, and E. P . Levine. 

Relaxa tion modes for trapped cryst al point defects. A. D . 
Franklin. 

A note on t he galvanomagnetic and t hermoelectric coeffi­
cients of t etragonal crystalline materials . W. C. 
H ernandez, Jr., and A. H . Kahn. 
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Photolytic bc hav ior of sil ver iod ide. G. Burley. 
Correlation of muscovite sheet mi ca on the basis of colol", 

apparent optic a ngle, and absorption spectrum. St. 
Ruthberg, M . W. Barnes, a nd R. If. Noyce. 

Thermodynam ic properties of magnesium oxide and beryllium 
oxide from 29 to 1,200 °1C. A. C. Victor and T. B. 
Douglas. 

H eat exchange in adiabatic calorimet ers. E. D. West. 
Preparat ion of a nh ydrolls sin gle crystals of rare-earth halides. 

N. II. Kiess. 
A phase study of the system: oxalic acid/acetic acid/water ; 

its s ignificance in oxalic acid crystal growth. J . Strass­
burger and J. L. Torgesen. 

Wavele ngth calibrat ions in the far infrared (30 to 1000 
microns) . K. N. R ao, R. V. dc Yore, and E. K . Plyler. 

On th e fourth order Hamiltonian of a n asymmetric rotor 
molecule of orthorhombic symmetry. Wm. B. Olson and 
n . C. Allen, Jr. 

Measurement of the thickness and refractive index of very 
thin films a nd the optica l properti es of sllrfaces by ellipsom­
etry. F. L. McCrackin, E. P assaglia, R. R. Stromberg, 
and n. L. Steinberg. 

Color phenom ena associat ed with en ergy transfer in after-
glows and atomic flames. A. M . Bass and H . P . Broida. 

Journal of Research 67 A (Phys. a nd chern .) , No.5 (Sept.­
Oct . 1963) , 70 cents. 
R eduction of space groups to subgroups by homogeneous 

strain. II . S. Peiser, J . B. vYachtman, Jr. , and R . W. 
Dickso n. 

High-temperature thermodynamic function s for zirconiu m 
and unsaturated zirconium hydrides. T. B. Douglas. 

H eat of oxidation of aqueous sulfur dioxide with gaseo us 
chlorine. W. H. Johnson and J. R . Ambrose. 

Thickness of adsorbed polystyrene layers by ellipsometry. 
R . R. Stromberg, E. P assaglia, and D . J . Tutas. 

M elting temperature and change of lamellar thickness with 
time for bulk pol yethylene. J. J. Weeks. 

Precise coulometri c titrations of potassium dichromate. 
G. Marinenko and J. K. T aylor. 

R esolution limits of analyzers a nd oscillatory systems. 
E dith L . R . Corliss. 

Synthesis, purification, and physical properties of seven 
twelve-carbon hydrocarbons. T . IV. :vrears, C. L . Stanley, 
E. L. Compere, Jr., a nd F. L. Howard. 

R eactions of polyflu orobenzenes with nu cleophilic reagent s. 
L. A. Wall, W . J. Pummel', J . E. Fearn, and J . M. Anto­
nucci. 

Journal of Research 67B (Math. a nd Math. PHys.) , No. 
3 (July- Sept. 1963),75 cents. 
R emarks on hypo-elasticity. C. Truesdell. 
Error bounds in t he poi ntwise approxi mation of sol utions 

of elastic plate problems. J. I-I . Bra mble and L. E. P ayne. 
Effect of error in measuroment of elastic constants on the 

solutions of problems i ll classical elasticity. J. H . Bramble 
and L . K P ayne. 

Eigenfunctions of t he f3 configuration. J. C. Eisenstein . 
Zeros of first deri vatives of Bessel function s of the first kind, 

J ;'(x) , 21~n~51, O~ x:S; lOO. G. W. Morgenthaler and 
H . R eisma nn. 

Journal of Research 67D (Radio Prop.) , No. 5 (Sept.-Oct. 
1963),70 cents. 
Ionospheric VHF scattering near th e magnetic equator during 

the International Geo ph ysica l Year. ll. Co hen and K. L. 
Bowles. 

R adio pulse propagation b y a refl ection process at the lower 
ionosphere. J . R. Johler . 

Field of a hori zontal m agnet ic dipole in the prese nce of a 
magnetoplasma halfspace. G. Tyras, A. I shimaru , and 
I-I. M. Swarm. 

Reflection of VLF radio waves from an inhomogeneous iono­
sphere. P art II. P erturbed exponential model. J . R. 
Wait and L . C. Walter s. 

Collisional det a chment and the form a tion of a n ionospheric 
C region . E. T. Pierce. 

Magnetic torques and Coriolis effects on a magneti cally 
suspended rotating sphere. J . C. Keith . 

R adiation field characteristics of lightning discharges in the 
ba nd 1 kc/s to 100 kc/s. W. L . T aylor. 

Low-frequency radio propagation into a moderately rough 
ea. I) . F. Winter. 

VLF superdirective loop arrays. E. W. Seeley. 
Curves of gro und proximity loss for dipol antennas (a di gest). 

L. K Vogler a nd J . L. Noble. 
Ob ervations and results from t he "hiss recorder" an instru­

ment to continu ou ly observe t he VLF emissions. J . M. 
Watts, J . A. Koch. a nd R. M . Gallet. 

Intluence of a sector gro und screen on the field of a vertical 
antenna, J . R. Wait and L . C. Walters, NBS Mono. 60 
(Apr. 15, 1963), 25 cents. 

Refractive indices and densit ies of aq ueous solut ions of invert 
sugar, C. F . Snyder and A. T . H attenburg, N BS Mono. 
64 (June 7, 1963), 15 cents. 

R adiobiological dosimetry. R eco mm endat ions of the Inter­
national Commission on radiological units and measure­
ments, NBS H andb . 88 (Apr. 30, 1963), Supersedes parts 
of !la ndb . 78. H andbooks 84 through 89 will completely 
replace H78, 25 cents. 

Quarterly radio noise data, June, July, August 1962, W . Q. 
Crichlow, R. T . Disney, and M. A. J enkins, NBS T ech. 
Note 18- 15 (Mar. 1, 1963),45 cents. 

Quarterly radio noise data, September, October, November 
1962, W. Q. Crichlow, R . T . Disney and M . A. J en kins, 
N B S Tech. Note 18- 16 (June 10, 1963),60 cents. 

Mean electron density variations of the quiet ionosphere, 
November 1959, J . W. Wright, L . R. Wescott, and D . J. 
Brown, N BS T ech . Note 40-9 (Apr. 22, 1963),35 cents. 

Mean electron density variations of t he quiet ionosphere, 
December 1959, J . W. Wright, L . R . Wescott, a nd D. J . 
Brown, NBS Tech. Note 40-10 (Mar. 24, 1963). 35 
cents. 

The error rates in multiple FSK systems and the signal-to­
noise characteristics of FM a nd PCM-FS syste m5, H . 
Akima, N BS Tec h. Note 167 (Mar. 25, 1963), '10 cents. 

Bibliography on atmospheric aspects of radio astronomy, 
including selected r eferences to related fi elds, VY. N upen, 
NBS Tech. NoLe 171 (May 1, 1963), $2.00. 

T ables to facili tate t he determination of t he ferrimagnetic 
resonance line width of non-metallic magnetic materials, C. C. 
Preston and W. E. Case, NBS T ech . Note 173 (Apr . 15, 
1963), 25 cents. 

CW'ves of ground proximity loss for dipole antennas, L . E. 
Vogler and J . L. Noble, NBS T ech. ~ote 175 (May 20, 
1963), 30 cents. 

An interpolation procedure for calculating atmospheric band 
a bsorp tions from laboratory elata, L. Droppleman , L. R . 
Megill , and 11. F. Calfee, ~BS Tech. Note 178 (June 3, 
196;»), 20 cents. 

Relative power tr ansmission characteristics of t he car and 
skull from hearing t hreshold data, K L. Smith, Proc. 
Fourth Intern. Co ngr. on Acoustics, Part I , Paper I-I 48 
(Copenhagen, D enmark, Aug. 21- 28, 1962). 

Polymer r esearch at the U.S. National Burea u of Standards, 
Part I, G. M. Kline, SPE J. 19, No. 3, 278-283 (Mar. 1963). 

Polymer research at t he U.S. National Burea u of Standards, 
Par t 2, G. M. Kline, SPE J. 19, No.4, 403- 408 (Apr. 1963). 

Radiation and t he world we live in, L. S. Taylor, lladiology 
80, No.3, 358- 368 (Mar. 1963). 

Natw-al and synthetic rubbers, E. J . Parks and F . J . Linnig, 
Anal. Chem. 35, No.5, 160R- 17811 (Apr . 1963). 

D egradation of polymers, L. A. Wall and J . H . F lynn, Rubber 
Chem. T echnol. XXXV, No.5, 11 57- 1221 (Dec. 1962) . 

Chemical and magnet ic enhancement of perturbed lines in t he 
violet spectrum of CN, H. E. Rad ford a nd H . P . Broida, 
J. Chem. Phys. 38" No.3, 644-657 (F eb . 1, 1963) . 

Profiles of Stark-broadened Bla mer lines in a hydroge n plabma, 
W . L. Wiese, D. R. Paq uette, and J . E. Sola rski, Phys. 
Rev . 129, No. 3, 1225- 1232 (F eb. 1, 1963). 

Low-temperatw-e thermometry, Ie D . Timmerha us, Book, 
Applied Cryogenic Engineering, ed. R. W. Va nce, ch. 4 , 
60- 103 (John Wiley & Sons, Inc., New York , N.Y., 1962). 

Magnetic s usceptibilit ies and dilution e ffects in low-spin d4 

complexes : Osmium (IV), R . B. Johannesen and G. A. 
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Candela, Inorg. Chern. 2, 67- 72 (1963). 
Standards and t he microwave profesbion, J . M . Richardson, 

IRE Tra ns. Microwave Theor y and Tech . MTT- 10, No.6, 
413-415 (Nov. 1962). 

Delay time of polar-cap blackout and its relation to decay 
t ime of geomagnetic disturbance, C. S. Warwick, J . 
Geophys. Res. 68, No.5, 1561- 1562 (Mar. 1, 1963). 

Electrolytic conductance of ammonium dihydrogen phosphate 
solutions in the saturation r egion, J. L. Torgesen and A. T . 
Horton, J . Phys. Chem. 67, 376-381 (1963). 

Determination of so urce self-absorp tion in the standardization 
of electron.cap t uring radionuclides, S. B. Garfinkel and 
J . M. R. Hutchinson, Intern. J . Appl. Radiation and 
Isotopes 13, 629- 639 (1962). 

Standards for t he 70s, W. A. Wildhack, Ind. R es. 5, No.3, 
15- 20 (Mar. 1963). 

Nuclear orientation, E. Ambler, Book, Methods of Experi­
mental Physics 5, sect. 2.4.2.3, 196- 214 (Academic Press 
Inc., New York, N.Y., 1963). 

The ionosphere over Antarctica, W. R. Piggott and A. H . 
Shapley, Antarctic Research, Geophysical Mono. 7, p. 111-
126 (1962). 

Mean first-passage times and t he dissociation of diatomic 
molec ules, K . E . Shuler and G. H. ·Weiss, J . Chem. Phys. 
38, No.2, 505- 509 (J an . 15, 1963). 

The personal side of a r esearch proiect, A. T. McPherson, J . 
Wash. Acad. Sci. 53, No.3, 63- 66 (Mar. 1963). 

\Vavelengths, energy levels, and pressure shifts in mercury 
198, V. K aufman , J . Opt. Soc. Am. 52, No.8, 866- 870 
(Aug. 1962) . 

On the isomeri zation of isobutyl radicals, J . R. McNesby and 
W. M . J ackso n, J . Ch em. Phys. 38, No . 3, 692- 693 (Feb . 1, 
1963) . 

The electrophoretic mobility of asphaltencs in nitromethane, 
J . R. Wright and R. R. Minesinger, J. Colloid Sci. 18, 
223-236 (Mar. 1963). 

A suggestion for improving forecasts of geomagnetic storms, 
Y. Hakura an d J . V. Lincoln, J. Geophys. R es. 68, No.5, 
1563-1564 (Mar. 1, 1963) . 

Observation of a 6300 A arc in France, America, and Austra­
lia, F. E. Roach, D. Barbier, and R . A. Duncan, Ann. 
Geophys. 18, 390-391 (Oct.-Dec. 1962). 

Intercomparison of national roentgen and gamma ray ex­
posure-dose standards, H. O. Wyckoff, A. AlIisy, G. H. Aston, 
G. P . Barnard, W. Hilbner , T. Loftus, and G. T aupin , 
Acata Radiol. 1, No.1 , 57- 58 (Feb. 1963) . 

X-ray microscopy of polymers by point projection, S. B. 
Newm an , Mod. Plastics <10, No.7, 165- 179 (Mar. 1963) . 

E lectric fi elds in the ionosphere an d t he excitation of t he red 
lines of atomic oxygen, L . R. Megill , M. H. R ees, and L . K. 
Droppleman, Planetary Space Sci. 11, 45- 56 (Jan. 1963) . 

Microwave spectrum and stru cture of difluoramine, D. R . 
Lide, Jr. , J. Chem . Phys. 38, No. 2, 456- 460 (J an. 15, 1963) . 

International geophysical calendar for 1963, A. H. Shapley 
and J. V. Lincoln, J. Geophys. Res. 68, No.4, 1157- 1159 
(Feb. 15, 1963). 

Infrared absorpti on spectra of carbon suboxide and malonoti­
t rile in solid argon m atrices, L. L. Ames, D. vVhite, and 
D. E. Mann, J. Chern. Phys. 38, No.4, 910- 917 (F eb. 15, 
1963) . 

Interactions matrix elemen t in a sh ell model, U. Fano, F. 
Prats, and Z. Goldsmith , Phys. R ev. 129, No . 9, 2643-2652 
(Mar . 16, 1963). 

Electron impact ioni zation of atomic hydrogen, S. Gelt man, 
M. R. H. Rudge, and M. J . Seaton, PIOC. Phys . Soc . 81, 
Pt. 2, No . 520, 375- 378 (1963). 

U.S. pa r t icipation in international standardization, A. T. 
McPherson, ASTM Mater. Res . Stds. 3, No.4, 310- 311 
(Apr. 1963) . 

Effective diffusion constant in a polyelectrolyte solution, .T. L. 
J ackson and S. R . Coriell, J. Ch ern. P hys . 38, No.4, 959-
968 (F eb . 15, 1962). 

E lectron attachment coefficients of some hydrocarbon fl ame 
inhibitors, T. G. Lee, J. Phys. Chern. 67, 360- 366 (1963). 

The m easurement of moisture boundary layers a nd leaf 
transpiration with a microwave refractom eter, D. M. 
Gates, M. J. Vetter, and M. C. Thompson , Jr. , Nature 
197,1070- 1072 (Mar. 16, 1963) . 

N uclear resonance and the h yperfin e fi eld in dilu te a lloys of 

nickd in iron, R. L. Streever, L. H. Benn ett , R. C. La 
Force, and G. F. Day, J. Appl. Phys. 3<1, No.4, p t. 2, 
1050- 1051 (Apr. 1963) . 

The history of Pt 27, E. Wichers, Book, Temperature, Its 
Measurement and Control in Science and Industry 3, pt. 1, 
259- 262 (Reinhold Pub!. Corp. , New York, N.Y., 1962) . 

Some causes of resonant frequencv shifts in atomic beam 
machin es. 1. Shifts due to other frequencies of excita­
tion, J. H . Shir:ey, J. Appl. Phys. 3<1, 783- 788 (Apr. 1963). 

So me causes of resonant frequen cy shifts in atomic beam 
machin es. II . The effect of slow frequency modulation 
on the Ramsey line shape, J . H . Shirle~', J . Appl. Phys. 3<1. 
789- 791 (Apr. 1963) . 

On the dependence of absorption coefficients upon the area 
of t h e absorbent material, E. D. Daniel, J . Acoust. Soc. 
Am. 35, No.4, 571- 573 (Apr. 1963) . 

The ro le of the In ternational Union of pure and applied 
chemistry, E. Wichers, J . Chern . Doc. 3, No.7, 7- 1] (1963L 

Note on a subgroup of the modular grou p , lVL Newman and 
J. R. Smar t, Proc. Am. Math. Soc. 1t, No. 1, 102- 104 
(Feb. 1963). 

The orthobaric densit ies of parahydrogen, derived heats of 
vaporization and crit ical constants, H. M. Roder, D . E . 
Diller, L . A. \Veber, and R. D. Goodwin , Cryogenics 3, 
16- 22 (Mar. 1963) . 

Melt ing pressure equation for t he hydrogens, R . D. Goodwin, 
Cryogenics 2, No.6, 1- 3 (Dec. 1962) . 

Isotopic fractionation of uranium in sandstone, J . N. Rosholt, 
W. R . Shields, and E. L. Garner, Science 139, 224- 226 
(J an . 18, 1963). 

The total electron c0l1tent of th e ionosphere at middle lati­
t ud es near t he peak of the solar cycle, R. S. Lawrence, 
D. J . Posakony, O. K. Garriott, and S. C. Hall, J. Geophys. 
Res. 68, 1889- 1898 (Apr. 1, 1963). 

Present status of our knowledge of atomic transition proba­
bilities , W. L. Wiese, Proc. Tenth Colloquium Spectro­
scopic Intern ., pp. 37- 56 (Univ. of Marylan d, College 
Park, Md., 1962) . 

Rubber and rubber p rodu cts, vV. P. T yler and lVL T ryon , 
Book, Industrial and Natural Products and Noninstru­
mental Methods, 6th ed., Standard Methods of Chemical 
Analysis HB, ch. 43, 2146- 2226 (D. Van Nostrand Co., 
Inc., New York, N. Y., 1963). 

The information and oxidation of high-area carbon films, 
V. R . Deitz and E. F. McFarlane, Proc. Fifth Carbon 
Conference II, 219- 232 (Pergamon Press, Inc., London, 
England, 1963) . 

Pure substance and measurement, E. Wichers, Mater. Res. 
Stds. 1, No.4, 314-315 (Apr. 1961) . 

The specific heat at constant volume of parahydrogen at 
temperatures from 15 to 90 OK and pressures to 340 atm, 
B. A. Younglove an d D. E. Diller, Cryogenics 2, No.6, 
1- 5 (Dec. 1962). 

Radiation detectors, L . Costrell, Science 139, No. 3558, 899 
(Mar. 8, 1963). 

Electron spin resonance of gamm a-irradiated cellulose, R. E . 
F lorin and L. A. Wall, J . Polym er Sci. 1, Pt. A, 1163- 1173 
(1963) . 

Fundamentals of measurement, A. G. McNish, Electro­
Technol. 53, 113- 128 (May 1963). 

Optimum estimators of the parameters of negative exponen­
tial distribut ions from one or two order statistics, M. M . 
Siddiqui, Ann. Math. Stat. 3<1, 117- 121 (Mar. 1963). 

E lectron microscopy studies of t he surfaces of magnetic 
recording media, F. Nesh and D. B. Ballard, IEEE Trans. 
Audio AU- 11, No. 1, 15- 18 (J an. 2, 1963). 

Kinetics of the acid-catalyzed hydrolysis of acetal in water­
acetone solvents at 15, 25, and 35°, R . K. Wolford, J . Phys. 
Chern. 67, 632- 636 (1963). 

Crystallographic changes with t h e substitution of aluminum 
for iron in dica lcium ferrite, D. K . Smi t h, Acta Cryst. 15, 
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