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CHAPTER I 

INTRODUCTION 

Contemporary technology demands physical property information for 

many new materials. These materials are frequently metallic or non­

metallic solids. When these materials are to be used in any instance 

in which temperature distribution or energy·balances are important, 

the thermophysical properties are required. One of these required 

properties is the heat capacity or specific heat capacity. 

The users of newly developed metallic or non-metallic solids must 

often wait for months or years before values of the heat capacity can 

be obtained from laboratory measurements, Such precise laboratory 

measurements require highly skilled technicians and considerable . time .• 

This investigation was directed towards evaluation and improvement of 

a particular comparative method of measuring specific heat which is 

less precise but adequate for most engineering use. 

Presen;t_ly, the most widely accepted method of measuring the heat 

capacity of solids: in the high temper.ature region is the so-called 

"drop method.," (1)., This procedure involves the measurement of the 

internal energy of a .small sample of .the solid., The sample is heated 

to some temperature above an arbitrary datum temperature (usually 32~F) 

in a furnace and then dropped into an adiabatic calorimetric enclosure~ 

The energy is then determined by measurement of the energy increase of 
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the calorimeter. One of th~-.!!!..~-~J; .. J::.e1i.ab.le-'°ca.1.0-rJ.me.t,e:r-s.~-in.. .. pr.e.~-e.nL.!:!~.e .....:..----·-·--....... ---- . -~..,.,-,___.,.~., 

is the Bunsen ice calor;lll.~!;gr./ (2). This calorimeter is widely 
~.., . .,._, ..... .,,..--.,.-.-:.. .... \~:-==--""-""""" ..... ,, .... ~ 

accepted as the most precise of the present-day calorimetric apparatus. 

Other calorimeters used are the copper block type and various mixing 

types. The difficulty involved in the operation of these types of 

apparatus is the measurement of the energy that is lost to the 

surroundings or absorbed by the calorimetric apparatus. In every 

case, the operation of the calorimeter and the evaluation of the results 

require highly skilled operators. Another inherent difficulty in the 

normal calorimetric methods is the time involved. In order to obtain 

the heat capacity of a sample over a range of temperatures, the apparatus 

must be used at numerous temperature levels. Each time a measurement is 

to be obtained, the sample must be brought to some well established 

temperature in a furnace and the entire system must be brought to 

thermal equilibrium. Such experimental procedures necessarily involve 

considerable time. 

In this report the metho.d of comparative calorimetry was examined 

as follows: 

1. Previous work in the general field (to bring the :reader up to 

date on the method) 

2. A discussion of the theory upon which this investigation was 

based 

3. Discussion of the experimental apparatus developed 

4. Dis.cuss;i..on of the experimental technique 

S. Presentation of the results 
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6. Di.scussion of the results and conclusions with recommendations 

to those who would use the method 



,i 
./ 

CHAPTER II 

PREVIOUS INVESTIGATIONS OF FURNACE CALORIMETRY 

Comparative calorimetry or furnace calorimetry has been of 

interest during the past century. The interest is a result of 

the rapidity with which the heat capacity of a substance can be 

obtained using comparative calorimetric methods. The original 

attempts to use furnace calorimetry were directed toward the use 

of two identical calorimetet·s. (i). The difficulty of construct-

ing two identical calorimeters prompted the development of the com-

parative method using a single calorimeter. The most promising 

approach to furnace calorimetry was described by ·c •. s .. Smith. (3). 

It is Smith's basic method which was used in this investigation. 

Smith describes his new method as follows: 

"Briefly, the new method <C!onsists in placing the specimen with 
its .,E~~-e~!!!.19S2,2..J?_le in a refractory container of low thermal con­
ductivity and placing this in a furnace, the temperature of 
which is maintained a constant amount above or below the 
specimen temperature." 

A little further in his report he says: 

"Alternately c:i. di~ferential couple may be used, independent 
of the specimen couple, with one junction inside and another 
outside the container." 

Figure 1 re.presents the crucible and thermocouple arrangement 

described by Smith. Differential thermocouples located in the wall 

of the crucible were used to control the temperature of the furnace. 

4 
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Figure 1. Smith's Furnace and Crucible 

According to Smith, the constant temperature difference which was 

maintained across the crucible wall could be interpreted as indicating 

a constant energy flow into the crucible. This interpretation was 

based on the assumption that the constant temperature diffe'rence re-

sulted in a constant temperature gradient on the entire outer surface 

5 

of the crucible. With this assumption, analysis consisted of accounting 

for the e.nergy flow into the exterior surface of the crucible. The 

energy would be absorbed in the crucible or the specimen contained. 

This is represented by the following equation: 



, . 

... 

. . . 
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(II .. l) 

where q = the energy flow rate ,through the outer,surface in any 

convenient units 

ms= the mass of the sample 

me= the effective mass of the crucible 

cc.,. the effective specific heat of the crucible 

c8 = the specific heat of the sample 

~t 
~ = the heating rate 

It was then assumed that the o.nknpwn quantities in''equation (II-1) 

.could be determined by experimental heating runs in which the emf 

produced by the differentially CC?nnected thermocouples was .,maintained 
,.«, ·~· 

constant* In order to evaluate q and mcc~,;:the, cruc:Lble was::ftrst, 

operated as indicated with a specimen of well-known specific heat and 

then a second time,with the crucible empty. From the measured heating 

rates obtained, q and mcCc were evaluated over the temperature·range 

of interest. Once these quantities were known, :a;specimen with unknown 

specific heat was placed in the.crucible, and, frc::>m the heating .rate 

obtained, the specific heat was evaluated using ,equation (II-1),. 

Smith applied this method to determine the specific heat of brass 

using copper/ .as a standard material. 'l'his measurement was very 

successful in the temperature range of .l00°F ta, 900l'F. 

The result.a of this .work .encouraged J. P. Rea (4) to do further 

work in this area .. The resuhs of Rea's work, while not conclusive, 

ind.icated that the method held promise a,s .a rapid method of. measuri~g 
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specific heat at higher temperatures,. In his further evaluation of 

Smith's work, Rea used different materials but used the same general 

method of evaluation. 

G. C. Beakley (5) attempted to use the method to determine the 

specific heat at higher temperatures. In his attempt to use the 

method of analysis indicated by Smith, Beakley encountered difficulty. 

It was evident from his work that use of the heating run with an empty 

crucible for evaluation of the constants in equation (II-01) was not 

correct at higher temperatures. This was attributed to the radiation 

effects which were more noticeable at higher temperature. His report 

indicated a method of avoiding the difficulty by using two materials 

with known properties. Basically, equation (II-1) was used twice 

with the value mscs being a knm,,m quantity. With the measured heating 

rates obtained using two standards, he evaluated the two unknown 

quantities mccc and q by simultaneous solution of the two equations 

resulting. By using this modification of the original theory, Beakley 

was able to meas1.1re the specific heat of several materials with fair 

accuracy up to a temperature of 1800°F. Any attempt to prorceed beyond 

this temperature was precluded by the temperature limits of the ~terials 

in his apparatus and by the unexplained effect of the value mccc becoming 

negative at higher temperatures. 

Recently, a comprehensive study of.high temperature furnace calorim-

etry was initiated under the sponsorship of the United States Atomic 
I 

Energy Commission. Initial work on the project was reported by 

M. E. Schlapbach. (6). His thesis reported the design of .a vacuum 
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furnace system for use in comparative calorimetry. A vacuum system is 

well suited for high temperature measurements because (a) energy loss 

from a va~uum enc.losure is small; (b) vacuum furnaces have a small heated 

mass which reduces the furnace control problem; and (c) the furnace 

atmosphere in a vacuum furnace is compatible to many materials at high 

temperatures. Schlapbach's work also included investigation of the 

effect of various heating rates on the accuracy of measurements~ Re­

sults of this investigation were not conclusive, but the furnace system 

was found to be well suited for comparative calorimetry. Subsequently, 

R.· A. Knezek (7) investigated the use of a suitable coating material for 

the samples. The original work by Smith indicated the desirability of 

having surfaces of nearly equal emissivity for the samples and standard 

materials. Because of the interest in using Smith's method in the higher 

temperature region a special coating material was required~ This coating 

material was developed and tested in Knezek's experimental work. Knezek 

also reported a furna,c:e design suitable for comparative lt!alorimetry use 

at temperatures up to 3000"F. 



CHAPTER III 

THEORY OF COMPARATIVE CALORI:METRY 

Since each of the previous investigators of this method of com-

parative calorimetry experienced difficulty, a different method was 

sought. A numerical solution using the IBM 650 computer wa.s made in 

order to determine a mathematical model for the physical system. The 

computer study indicated that the following assumptions fen:' the model 

were valid: 

1. Infinite g.eometry applied would be valid if the control 

thermocouples were. located on. the vertical ce:nte::r line of 

the crucible 

2. The physical properties were constant over a limited 

temperature range 

3. A linear heating rate for the outer surface of th.e crucible 

In the general caseJ an infinitely long hollow tube which is ~ubjected 

to transient heating will have a temperature distribution whklht is 

described by the following expression when the physical properties 

are constant. (18). 

(III-1) 

9 
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Williamson and Adams (8) report that a tube with a constant linear 

heating rat.e of the outer sUJ;-face will have its temperature distri-

but ion dTscribed by the followin~ equation after the initial transient 

effect has subsided. 

a constant (III-2) 

The solution of equation (III-2) is given by Williamson and Adams as 

2 
t =he+ r h + c1 ln r + ~ 

4o: 

The constants in this solution may be evaluated (see Appendix A) 

resulting in 

t 

where t = temperature at any radial distance 

r radial distance 

ri = inner radius 

r 0 outer radius 

e time 

a thermal diffusivity 

~ = 0:)r = r{ 

h = heating rate of the outer surface, a constant 

(III-3) 

In the crucible described, the thermal emf generated by the outer 

wall thermoeouple is maintained a constant amount above the.emf pro-

dueed by the inne.r wall thermocouple. If the thermocouple material 

used has a constant thermoelectric power at all tempera.tures, the 
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differential emf will represent a constant temperature difference .at 

all temperatures. Most thermocouple materials do not have this 

characteristic, but the variations from a constant value are continuous 

and of rather small magnitude. For this reason, the temperature differ­

ence between the two thermocouple locations ic·an be assumed constant 

if a small temperature range is 1::ons:i.dered. If equation (III-3) is 

solved for the temperature at the two thermocouple locations ra and rb, 

the difference between the two quantities obtained will be a constant. 

Equation (9) of Appendix A results from this solution and may be 

transfor.med into the following simple equation if the energy flow fr.om 

the inner wall into the sample is used to replace the quantity 0. 

where. 

C = MR - N (III-4) 

C = the heat capacity of the sample in energy per unit mass 

R - the inve.:rse of the hea.t:i.ng ra.te h 

Mand N = constants dependent on the locations of the thermocouple 

elements, tempe:r.ature difference, and the physical 

properties of the crucible 

A simplified interpretation of the meaning of this solution is 

shown in Figure 2. The three samples shown i.n the figure would have 

continuously increasing heat capacity as the value of R inrc::rea.ses. 

Actually, the plot of R versus t represents the heat capacity of any 

given sample multiplie.d by some .constant at each temperature level.. 

Thus, the determination of the hea.t capacity is reduced to the deter­

mination of a multiplier for the experimentally determined value of 

Rat each temperature of interest. 



Determination of this multiplier is easily accomplished as shown 

in Figure 3. In this figure, points 1, 2, and 3 are the values of R 

obtained from Figure 2 at any given temperature.. Now, if the heat 

, capacity of samples 1 and 3 are known at the temperature in question, 

· the points 1 and 3 may be located.. Examination of equation (III-4) 

indicates that the heat capacity C is a linear function of R; there­

fore, the determination of the heat capacity of sample 2 from the 

measured value of R is accomplished by linear interpolation of the 

measured values of Rand the known heat capacity for the other two 

samples. It may be noted that the units for Rand Care completely 

arbitrary in this procedure and only need to be consistent .. in any 

individual calculation of heat capacity. 

The previous discussion assumes quasi-steady heating or cooling 

of the crucible and sample. In the physical arrangement which must 

be used, the crucible and sample cannot be in perfect thermal contact 

at the sample surface. For this reason, the temperat:ure distribution 

at any given time will be similar to that shown in Figure 4. The 

temperature distribution necessarily has the discontinuity at the 

sample-crucible interface since the energy transfer at this location 

'is accomplished by radiation. If the system is to operate with com­

parable results, the emissivity of the sample surface must be approxi­

mately constant from specimen to specimen. (7). This requires that 

'each sample be coated with the same material. 

12 
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CHAPTER IV 

EXPERIMENTAL APPARATUS 

The experimental apparatus required for this investigation was 

made up of five separate items: (a) the crucible, (b) the samples 

and central sample thermocouple, (c) the vacuum furnace system, 

(d) the control system, and (e) the temperature measuring apparatus. 

Each of these elements is briefly described in the following 

sections. 

A. The Crucible 

The crucible, according to the theory developed, should have been 

an infinitely long tube of low thermal conductivity material which con-

tained an infinitely long cylinder of the specimen material. In order 

to approximate this with finite geometry, the crucible was given a 

length to diameter ratio of approximately four. With this relatively 

short crucible the only section which would act as though it had 

, infinite geometry was the section at the exact center of the heated 

zone. For this reason, the differential thermocouples used for con-

trol purposes were located as nearly as possible in the center section. 

Previous investigators had used lightweight insulating firebrick 

! for the crucible material. In this investigation, several of the 

insulating firebrick available commercially were tried .. These materials, 

although rated as being useful at high temperatures, were not satisfactory 

15 





for the crucible material.. In every case the materials exhibited 

p9or di.mensional stability when subjected to temperatures above 

2500°F. The materit4.l used in the final crucible was a commercial 

castable cement, Norton Company 33-I, which is primarily alumina 

bubblets. This material was passed through a wire screen of approxi­

mately 1/8"'.inch mesh in order to remove any large particles. S.everal 

test heaUng runs for this matertal indicated it was dimensionally 

stable up to temperatures of 3000°F. 

The crucible was cast into the form shown in Figure 5 and 

Plate I. A supporting base for the crucible was lltachined out of 

Armstrong A-28 insulating firebrick. This supporting base served 

to center the crucible in the furnace as well as to support the 

crucible in an upright position. 

Initial operation of the system with the' cr4cible as shown in 

Plate I indicated the need for a shield betlfeen the crucible and the 

furnace element. This was predicated on the observa:t.ion that ·the 

molybdenum.heater operating in the high vaeuum of the furnace was 

plating the outer surf.ace of the crucible with molybdenum. Th~ 

molybdenum evidently migrated into the crucible by molecular 

diffusion and subsequently contaminated the thermocouple wire cas.t 

into the crucible .. In order to eliminate this difficulty, a non­

porous ceramic tube was installed around the crucible as shown in 

Plate II. This ceramic tu~e was a 96% alumina protection tube 

1· 3/4-in .. inside diameter; 2-in. outside diameter, supplied by the 

MeDanel Refractory Porcelain Company. 

16 
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PIATE I 

CRUCIBLE WITHOUT CERAMIC SHIEID 
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PLATE II 

CRUCIBIE WITH CERAMIC SHIELD 
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The control therm6couples were made of 24 gage platinum and 

platinum+ lO%'rhodium 1 thermocouple wire supplied by the Leeds and 

Northrup Company.: :.Eight.individual' thermocouples were tnade by butt 

welding.. .The thermocouples were connected differentially and placed 

in the crucible as shown in Figures 5 and 6. When casting these 

thermocouples in the crucible, care was taken to locate the junctions 

as close to the central plane as possible. It was not possible to 

install these thermocouples exactly in the central plane nor to have 

each of the thermocouples exactly spaced in the crucible .. This 

should not have affected the operation of the thermocouples as con-

trol elements, since each of the thermocouple junctions reacted to 

its own surroundings and, ~herefore, reacted in a manner which main-

tained the constant temperature distribution required by the theory. 

B. The Samples and Central Sample Thermocouple 

The samples used in this investigation were cylinders 3/4-in. 

in diameter and 1 1/2-in. long., . Each sample had a 1/16-in,. hole 

drilled ,ax'ia:lly 3/4-in. deep to receive the central sample thermo-

couple. Two typical samples are shown in Plate III .. These samples 

are tantalum and molybdenum,. One of the samples is uncoated and 

the other is coated with the magnesium oxide co9-ting developed by 

Knezek. (7). 

A central temperature measllring thermocouple was required for 

use in the system. The thermocouple was constructed of 28 gage 

platinum and platinum+ 10% rhodium thermocouple wire. This thermo-

couple wire was threaded through a 1/16-in. double bore insulating 
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PIATE III 

COATED AND UNCOATED SAMPIES WITH CENTRAL SAMPIE THERMOCOUPIE 
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tube made of 96% alumina supplied by t.he McDariel R,e;fr.actory Porcela.in. 

Company,. These tubes were s.ix inches.long and .;;,ere bored with two· 
~~{ ·.· 

0,,015-in., holes. In using this arrarigemen.t for the central sample 
. . . -

thermocouple it was impossible to shield the ther~ocouple junction 
• ' I • 

' ' ' 

' ' 

from the surrounding atmosphere• The materiai u,sed .for thermocouple 

. ..· .... ···•·· .· ...•.. · . , .. I .. 
wire should not have been aff,ected :by the temperatures readied in . . . . . . ' 

this investigation but seyet'al..;£aHU;es were noted/ . Plate IV shows 

enlarged photographs of two such failures~ It is believed that this 

failure· was caused by diffusion of, the sample material into· the thermo.-

couple material when the materials .were in direct contact l · This diffi-

culty was partially eliminated by placing a' small amount of crushed 

alumina in the hole which received the sample thermocouple. This 

alumina was in contact with the thermocouple junction rather than 

the sample material, and therefore, would eliminate the diffusion 

of the sample material into .the thermocouple material~ When a .f.ailure 

occurred it was normally. noted· in the cooling of th~ sample. :rather than 

during the heating run. The thermocouple wires were of a length which 

was sufficient to allow for pulling of th€! wire through the insulating 

tube to form a new junction.. This preca:ution was necessary to avoid 

disturbance of the heating rate curves which might occmr by use of 

thermocouple wi:re from a different melt9 

c. '!'he Vacuum Furnace System 

Since this investigation was originally planned to '.!:'each a tempera~ 

ture of 3000©F, the furnace systei:n was designed for these tempe;satures. 

Su~cess of measurements in.. thi.s method was dependent t?n' having an 
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PIATE IV 

EXAMPIES OF THERMOCOUPIE JUNCTIONS WHICH FAIIED 
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easily controlled furnace element. In order to obtain the most rapid 

response, the furnace system chosen was the vacuum system. Vacuum 

furnaces generally have low mass and are, therefore, easily controlled. 

Another item favoring the use of the vacuum furnace was the compati­

bility of the vacuum with many varied materials,, 

A general outline of the furnace is shown in Figure 7. The major 

parts of the furnace were the enclosure, ceramic insulating shell, 

molybdenum radiation shields, and the molybdenum heater element. 

The furnace enclosure was constructed of a copper tube 6 1/8-in. 

outside diameter, 9-in. long with a 1/8-in. wall thickness. Copper 

tubing was soldered to the outside of the enclosure for cooling water. 

The bottom and top of the enclosure were made of three 1/8-in., thick 

stainless steel plates spaced approximately 1/4-in. apart. 

A ceramic insulating shell 4-in. inside diameter, 5 1/2-in. 

outside diameter, and 7 1/2-in. long was machined from Armstrong A-28 

firebrick. This ceramic insulation shell served to position the 

furnace element as well as to reduce the energy loss from the furnace 

· volume. 

Inside of the ceramic insulation shell a molybdenum radiation 

shield was installed~ This shield was made of a single sheet of 

0.010-in. molybdenum, 6-in. wide and 30-in. long. The sheet was 

coiled and installed inside the ceramic insulating tube. 

The furnace heater element was an open filament design similar to 

that described in reference (6)* It consisted of 18 coils of 0.037-in. 

1 molybdenum wire, wound 12 turns to the inch, 6-in. long., These coils 
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were supported and held apart by two insulating rings of Johns­

Manville JM-3000 insulating firebrick. The element was supported 

1 by resting on the molybdenum radiation shield inside the ceramic 

insulating shield. The heated zone was a cylinder approximately 

3-in. in diameter and 5 1/4-in. long,, 

D,. The Cont:rol System 
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In the operation 6f the system a thermal emf of approximately 0,,35 

millivolts was generated by the eight thermocouple junctions. This 

voltage represented the temperature difference between the inner wall 

thermocouple and the outer wall thermocouple junctions. A control 

system was necessary to maintain this value constant. This system 

had the requirement of slowly increasing the power input to the 

heater element to maintain the constant signal from the differential 

thermocouples" The arrangement of the control system is shown in 

i Figure 8. 

A Leeds and Northrup Speedomax Model H continuous balance recording 

: potentiometer was used for sensing the control voltage. This indicator 

' had a full scale range of 0-5 millivolts, a sensitivity of 0.01 milli­

volts, and indicated the input signal with an accuracy of 0.3% qf the 

scale span. 

The error signal output of this indicator was fed into a Leeds 

and Northrup Series 60 Controller. This unit is normally supplied by 

the Leeds .and Northrup Company in conjunction with their Speedomax 

indicating instruments. The series 60 control unit had an .output of 

! 0-5 milliamperes which was amplified by a Fidelity Instrument Corporation 

magnetic amplifier. This amplifier had -a D. C. output capacity of 





Leeds.and Northrup' 
Speedomax·H-c .. A.T~- ti:!o:rtt::ro.1 Unit 

1to Volt 

1--
1 
I 
I 

- .:.. -, 
l~Ll'/UC_..L.. 

I 
, I 

I 
I 
I 
I 
I 

:..:.. _ _J 

19 °1 

Fidelity 
¥ag,:n~tic -~­
Amplifier 

' 1 1 I , 

- 1 Westin~liousef. 
I sa:turable 

, I Reactor 

I I 
I I I L ____ _r 

IsoiaHon 
,+~an,fil fo,:1;1.111;;~ r --, ' 

r 
11 

'!, 

~¢ Supply.· 

i 

I 
I Figure 8. Power and Control Wiring Diag.ram · 

l 

28 
I 

~ 

qpntt:o,l Ung­
T,herntocou.ples: ·· 

: lteater, Element 





80 volts and 2.5 amperes. The output of the magnetic amplifier was 

used to control a Westinghouse saturable core reactor. This reactor 

regulated the voltage input of 110 volts A. C. to the heater element. 

K. The Temperature Measuring Apparatus 

29 

In order to obtain the temperature-time relationships required for 

the analysis, the central temperature was measured at evenly spaced time 

periods. The temperature measurements were obtained using the platinum 

and platinum+ 10% rhodium central sample thermocouple. The thermal emf 

generated by this thermocouple was referenced to the ice point and 

measured with a Leeds and Northrup Portable Precision Potentiometer, 

No. 8663, at even increments of time as indicated by a Standard Electric 

Company type SM 60 electric stopwatch" The values of the temperatures 

were obtained from the National Bureau of Standards Circular 561 (9), 

reference tables for thermocouples. 





CHAPTER V 

EXPERIMENTAL METHODS 

Inasmuch as this system was entirely different from other 

systems used for comparative calorimetry, the entire apparatus had 

to be developed. The development of the vacuum furnace and the basic 

heater element design was reported in reference (6) .. After the basic 

system was designed, a system for use at high temperatures had to be 

developed and evaluated. At the time this system was being developed, 

it became evident that the sample coating would also have to be de­

veloped. The high temperature furnace and coating material develop­

ment was reported by Knezek. (7). 

After the development work by Knezek, the control system des­

cribed previouslywas installed. With this installation, the com­

pleted system was used as follows: Each individual sample to be 

considered was prepared for the heating run by application of the 

coating .. This coating was prepared in small quantities by mixing 

approximately 25 grams of magnesium oxide powder with 10 milliliters 

of methyl alcohol. After the coating material was well mixed, it was 

sprayed on the sample until a complete covering was obtained,, The 

average mass increase of the sample from the coating material was 

0,,3 grams.. When the sample co.ating had dried, the sample 'Was in­

stalled in the calorimeter crucible and the entire system was 
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evacuated to an absolute pressure of approximately 0.,.2 microns. 

When the system pressure was sufficiently low, the cooling water 

flow to the furnace enclosure was started. .This flow;was adjusted to 

approximately 560 milliliters per minute .. After the cooling water 

was flowing, the controller was turned on and the heating run begun. 

Approximately 1 1/2 hours after the system was started, the 

temperature reached 1200°F. When this temperature was obtained, the 
,\'•i' ~ 

''.· ', ·:\:\.~:f 
central temperature was measured every two minutes. This measurement 

was obtained by carefully adjusting the potentiometer in a manner 

which caus.ed the galvanometer indicator to be zero on the even minute 

increment. This procedure was followed until the central sample 
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temperature reached the maximum temperature indicated for the particular 

run (usually 2600°F). 

Upon completion of a run, the controller was used to cool the sys-

tern slowly to room temperature. This was a necessary precaution to 

avoid thermal stress failures. Normally the heating and cooling process 

for a run required approximately 18 hours. 

Data was taken for one of the standard materials and then the 

material considered the unknown specimen was run1 After the specimen 

data was obtained., the other standard material was runi, In this 

manner, the system required a maximum of two additional heating runs 

to obtain the data required to .evaluate the specific. heat of each 

unknown specimeno 

The data for the high temperature runs is presented in the 

appendix .. Other data was obtained for low temIJerature runs in 





finalizing the system but these values are not considered to be 

valid for the final system,, 't1*refore, they are not included in 

this report .. 
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CHAPTER VI 

DISCUSSION OF THE EXJ>ERIMENTAL TECHNIQUE 

In tJ;ie development of the apparatus ·for comparative ,calorimetry 

the choice of the vacuum furnace was made for the s,everal reasons 

previously indicated; i.e.,, the requirement of low mass, low 

energy loss, and low contamination levels for the materials at 

high temperature. The main difficulty experienced in using the 
· .. 
\--."~,: ,; ., 

high vacuum furnace system was the·evaporation of the sample 

materials.. Each of the sample materials :cl).t;>sen for the inves~.k 
\,~. 

I .. ' ..... 

gation had a very low vapor pres.sure at the tempetatures -i:ised in 

the test. (10),. However, when the system is to be used for new 

materials, the vapor pressure is not likely to be as favorable .. 

In using the system it.would be necessary to estimate the maximum 

temperature for possible measurements by examining the vapor pressure 

characteristics of the constitu¢nt.s of the material under consideration., 

The method used in obtaining dflta for maximum accuraey was to 

make a heating run for one of the standard materials, then .one for 

the unknown specimen, and then to make the heating run for the other 

standard material. fiks procedure was used in accordance with a 

I 
suggestion by W .. P •. White. (1).. It was particularly neaessa:i:-y to 

use this method since the heating runs tended to vary slightly with 

time.. . The experimental p.roc.edure.s eliminated the e;ffe.ct '.o:f the 
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variati9n as imu:h as was practicable. 

In the reduction of the data obtained it was found necessary to 

follow a very definite procedu.re. The data obtained was a set of 

temperature values at even increments of time. These temperature 

values had a variation .due to round-off in the temperature measure-

ments. It was also evident that the values had other noise signals 

in them. The absolute values of the temperatures were not particularly 

important in comparison to the accuracy of the procedure, but the 

irregularitie.s of the measurements had to be removed. For this reason, 

the thermocouples were not calibrated but the following procedure was 

used to obtain the inverse·slopes. 

First the temperature values were smoothed in accordance with 

a numerical procedure indicated by Hildebrand. (11). 

to 
1 = 3 (t_1 +to+ t1) (VI-2) 

1 - i (-t-1 + 2o + St1) (VI-3) 

where to= temperature value at the time of consideration 

tn = temperature value at a time before or .after the time 

of consideration as indicated by the subscript n 

After the data was reduced to the smooth values, the slope of the curve 

was obtained- by numerical differentiation equations presented by Salva-

.dor.i and Baron. (12). 



.. 
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2 ~f) ~t 
. ,6.9 -3t0 + 4t1 - t 2 

2 ~e ~t = t_2 - 4t_ 1 + 3t0 
b.e 

where to = temperature value at the time of consideration 

tn = temperature value at a time before or after the time of 

consideration 

~e = time difference between the time a.t to a.nd at t 
l 

~t = slope at time when t = t 
~e 0 

After the slopes of the temperature versus time curve at ea.ch time value 

and corresponding temperature were determined, the inverse values of 

these slopes were evaluated. In this manner the inverse slope at ea.ch 

smoothed value of the temperature was obtained. To further smooth 

and also to facilitate the use of the data, the inverse slope values 

ere used to obtain an equation of the form R =A+ Bt + Ct2 using a 

least square deviation procedure. (11). Since the data reduction pro-

edure was quite lengthy, it was progrannned for the IBM 650 digital 

·omputer. 

After the data was reduced to the equation form, the inverse 

eating rates for the two standard materials and the unknown specimen 

ere calculated at each lOO"F interval. 'I'hen from the known mass and 

pecific heat for the standards and the known mass of the specimen, 

he specific heat of the unknown was calculated by linear interpolation 

r extrapolation as indicated in the theory. The values of the specific 

eat obtained in this manner were then reduced to the equation form 

p =A+ Bt using the least square deviation method. 





CHAPTER VII 

RESULTS 

The results of the individual heating runs are presented in 

tabular form in Table I. In this table the inverse heating rate is 

represented by the equation R = A + Bt + Ct2 as indicated previously. 

TABLE I 

INVERSE HEAT~G RATE .EQUATIONS 

R = A+ Bt + ct2 
where R is the inverse heating ra,t~ i~ m!f.n.u.tes per 

degree Fahrenheit ' · ~ ·; ··· · 

t i.s. the temperature in degrees Fahrenheit 

Run Identification A B C ; 

TUN 9-3 0.5694 X 101 0.3621 X 10-4 0.5590 X 10-8 
-·TAN 9-4 0.1924 X 101 -0 .. 1152· X 10-3 0..,4673 X 10-7 
.AU;) 9-7 0.5880 X 101 -0.5085 X 10-3 0.1521 X 10-6 
MOL 9-8 0.3126 1 .-0.,2569 X 10-3 0.8565 X 10-7 X 10 
TUN 9-9 0.,2553 X 101 -0 .. 1964 X 10-3 0,.,6812 X 10-7 
TUN 11-12 -0,.6878 X 10,..1 . 0.1660 X 10-3 -0.2840 X 10-7 
MOL 11-5 0,.3009 X 10-2 0 .. 9134 X 10-4 -0 ... 9403 X 10-8 
ALO 11-7 -0. 7652 X 10-l 0.1943 X 10-3 -0.3347 X 10":" 7 
TUN 10-20 0. 9323 X 10:i 0. 7150 X 10-4 -0.4128 X l0-8 
TAN 10•22 -0 ... 5746 X 10 0.1382 X 10-3 -0 .. 1961 X 10-7 
ALO 10-27 0., 7908 X 10-2 0 .. 9946 X 10-4 -0.,9128 X 10-8 
TAN 10-29 -0.3106 X l0-1 0,. 1252 X 10-3 -0 .. 1950 X lQ-7 
TUN 10,-31 -0.,2975 X 10-1 0.1327 X 10-3 -0.2169 X 10.-7 
TUN 11-3 0.,3832 X 10-l 0.,5546 X 10-4 -0_.,2354 X 10-8 
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The samples molybdenum (MOL) and tantalum (TAN) were considered to 

be the unknown specimens •. Specific heat values calculated at each 

100°F and the equation obtained from them are tabulated in Table II. 

TABLE II 

SPECIFIC HEAT VALUES AND EQUATIONS 

Run Identification--MOL 9-8 Run Id.entification--TAN 9-4 

tin °F Cp in Btu/lbm-°F t' in OF Cp in Btu/lbm- OF 

1500 0.0728 1500 0.0418 

1600 01'0732 1600 0 •. 0402 

1700 0;,0738 1700 0.0387 

1800 0.0746 1800 0.,0376 

1900 0.0756 1900 o .• 0379 

2000 o .. 0766 2000 0.0395 

2100 0.,0757 2100 0.0419 

2200 o.o7B8 2200 0.0441 

2300 0.,0798 2300 0 .. 0460 

2400 0,.0807 2400 0,.0475 

2500 0,.0814 2500 0 .. 0487 

2600 0 .. 0821 2600 0.,0493 

Equation Representation Equation Representation 

cP c o .. 05906 + 8.793 x 10-6t Cp = 0.02298 + 9.65 x 10-6t 



-



TABLE II (Continued) 

Run Identification--TAN 10-22 

tin °F 

1500 

1600 
1700 

1800 
1900 

2000 

2100 
2200 

2300 

2400 
2500 

2600 

Cp in Btu/lbm- °F 

0.0396 

0.0417 
0.0435 

0.0449 
0.0459 

0.046(; 

0.0470 
0.0472 

0.0472 

0.0469 
0.0463 

0.0457 

Equation Representation 

.Cp = 0.03425 + 5.345 x 10-6t 

Run Identification--MOL 11-5 

t in '°F 

1500 
1600 
1700 
1800 

1900 

2000 
2100 
2200 

2300 

2400 

2500 

2600 

Cp in Btu/lbm- °F 

0.0742 
o. 0752 
0.0764 
0 .. 0775 

0.0786 
0.0797 
0.0808 
0.0819 

0.0830 

0.0841 

0.0851 

0.0863 

Equation Representation 

Cp ~ 0.05762 + 11.03 x 10-6t 

Run Ideritification--TAN 10-29 

tin °F 

1500 

1600 
1700 

1800 
1900 

2000 

2100 
2200 

2300 

2400 

2500 

2600 

0 .. 0366 

0.0394 
0.0415 

0.0427 
0 .. 0436 

0.0440 

0,.0443 
0.0441 

0.0436 

0.0426 

0.0422 

0,0412 

. Equation Representation 

Cp = 0.03579 + 3.103 x 10-6t 

Run Identification--MOL U-10 

tin °F 

1500 
1600 
1700 
1800 
' 1900 
2000 
2100 
2200 

2300 

2400 

2500 

2600 

Cp in Btu/lbm- °F 

0.,0752 

0.0773 
0.0788 
0 .. 0802 
0.,0813 
0.,0821 
0.0826 
0.0829 

0 .. 0831 
0,.0829 

0.,0827 

0 .. 0823 

Equation Representation 

Cp = 0.06858 + 6.034 x 10-6t 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

'I'he data for the individual heating runs as shown in Tables III 

through XX indicate the change in total time required for a given 

material when the heating run was repeated. This change in the total 

+ heating time for some of the runs amounted to approximately - 3%. It 

was noted that if a sample was run twice, one run after the other, the 

change in heating time was negligible. The change in heating time for 

a given sample invariably became larger when several other heating 

runs were made between the runs to be compared. It is believed that 

this slow change in the system was the result of contamination of the 

thermocouple wires in the crucible. As noted before, this effect was 

largely eliminated by running the standard materials and unknown 

spe,:imens alternately. 

In determining the reproducibility of the method, the several 

results ,are plotted in Figure 9. These were obtained for the two 

materials molybdenum and tantalµm since these two materials have very 

low vapor pressure and would not tend to evaporate at high temperatures 
-..;,' • I 

under the low pressure of the system. An examination of the curves 

indicates that the system reproduced the results within t 6% when 

compared to the average value. The largest variation was indicated 

for the tantalum, which is a material of .low specific heat. For a 
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material with higher specific heat, molybdenum, the reproducibility was 

"!:3%, · .again compared to the average. 

Figure 10 indicates the value of the specific heat ~btained for 

tantalum (.this is the least square fit of the three aforementioned 

runs) compared with two values obtained from the literature .. The curve 

above the values obtained in this investigation were reported by Gold­

smith et aL (13) and the lower values were reported by K. K~ Kelley. (14) .. 

Since each of the investigations.was considered to be reliable, it was 

not possible to -choose either set of values as being absolutely correct~ 

For this reason, it was not possible to determine the absolute accuracy 

of the specific heat value obtained for tantalum in this investigation. 

Figure 10 also indicatas the value of the specific heat of molybdenum 

obtained in this investigation (again this is the least square fit of 

all the data used for the three curves in determining the reproducibility) 

compared to the literature values reported by Goldsmith and Kelley. At 

lower temperatures, the values obtained in this investigation, when 

compared to the average of the two literature values, indicate a 5% 

variation. The variation at high temperatures is approximately L2% .. 

It was believed that this variation may have resulted from a different 

composition in the sample used and the samples used in the investigations 

in the literature. 

Any evaluation of the absolute value of the specific heat by this 

method depends to a very large degree .on the use of good property in­

formation for the two standard materials ... In order to eliminate this 

difficulty as much as possible the two standards used in this investi­

gation were tungsten and Al203 (synthetic sapphire).. The s.ample of 
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tungsten was obtained from the Fansteel Corporation.., Its composition 

and the composition of the other specimens are presented in the appendix. 

Tungsten was chosen as one of the standard materials for two reasons: 

one, this material has very consistent specific heat values reported 

in the literature, and two, the material has a very low specific heat 

which eliminated excessive extrapolation in the evaluation procedure,. 

The specific heat values used for the material in the evaluation of 

the specific heat were obtained from K. K .. Kelley's work. (14). A 

comparison of these values with the values presenteq. by Goldsmith et 

al .. (13) showed very close agreement .. The second standard material, 

Al2o3 or synthetic sapphire, was donated to the Oklahoma State 
' •• : ':I~ .. ,...-: 

University by the Linde Air Products Company for use in G .. C. Beakley's 

investigation. .This material was recommended by the Calorimetry 

Conference (U .. S.) as .a standard fo'r interc-0mparison of caiorimeters 

at high temperatures .. (15). The values of the heat capacity of this 

material were obtained from the equation presented by Furukawa ·; .( 

. \). 

et aL (15). This equation was indicated by reference (15) to be 

valid, up to 1200°K, which is somewhat less than the temperatures which 

this investigation covered.., Th~ extrapolation of the Furukawa equation 
. I 

up to 1500°C was indicated by Dr. '1' .. B. Douglas 1(16) of the National 

Bureau of Standards as probably the most r~liable information avail-

able at the time of the investigation., It should be noted that 

Dr,. Douglas and his co-workers are presently engaged in measuring the 

heat capacity of Al2o3 up t.o 1500°C and these values should be avail-

able for any future investigation., 
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In the reduction of the experimental data obtained in this investi­

gation, it was necessary to use the smoothing and least square deviation 

fitting techniques described previously •. Such an analysis was necessary 

due to the difficulty of obtaining the inverse slope of the temperature­

time data. The raw data had such large noise signals (when compared 

to the changes in temperature from data point to data point) that 

coherent slope evaluation at each data point was impossible. Since 

the values of the inverse slope were obtained from the least square 

deviation fit, it was felt that specific heat values should be treated 

similarly. Figure 11 shows the individual calculated specific heat 

values plotted for one molybdenum run and also the least square fit 

straight line representation. The g~ntly curving trend of the data 

point plot is typical of the results obtained. It is believed that 

these values should not be used in this form since any extrapolation 

would result in specific heat values which are not reasonable. 

If a material which undergoes a change of phase is evaluated by 

this method, the reduction of the data cannot be accomplished as herein 

indicated .. Originally, this method was TI;ot designed to be used in 

the cas·e where a change of phase occurs, but other investigations 

indicated the possibility of using the method under these condi-

tions. (3) (5). Since the smoothing procedure indicated would mask 

the phase change, it would be nec·essary to change the method of 

analysis radically. It is recommended that materials with phase 

changes be .av9ided if possible, but if they are unavoidably involved, 

the slope evaluation would normally be most tractable by numerical 





0,090 

0.085 

gf . 
:S 0.080 

10.075 
i . i 0,070 

i O.Q65 
Cll 

0.060 

·-__,, 
--rs- ... 

s~~it~T 11.o~ l--Y-~ 
.., I 1ltl;£>R1! ~ ... 

1,1.t,.)!.C•-l->--i---

l--6'--->-_,,,_ -(!) 
' 

I 

( 

19 20 21 22 23 ·24 25 26 27 28 29 30 31 

Te~perature 0 R 

Figure 11. Specific Heat for Molybdenum 
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differentiation of the raw data and smoothing graphically.. This 

procedure was used by Beakley (5) in order to evaluate the results 

of his investigation. 

When this method is applied by other investigators, it is be-

lieved that several things can be done to improve the accuracy and 

upper temperature limit .. These items are (a) use of better materials 

and (b) modification of the size .. At the time this work was done the 

best materials available were used, but new materials are always 

being developed .. The crucible material used in the future could be 

improved if a material which has the required dimensional stability 

and also has a: lower heat capacity per unit volume can be obtained,. 

The comparative method depends on thechange in the heat capacity 

for that volume occupied by the sample and the crucible,. If the 

crucible contributes a small amount of the total, the inverse heating 

rate curves for samples of differd.ng heat capacity will be further 

displaced from each other. This will improve the accuracy of the 

method,, Another material used in this investigation which will be 

improved in the future is the thernJlcouple material.. The platinum and 

platinum + 10% rhodium thermocouples used were susceptible to con.-

tamination.~ At present, there .is considerable effort being made to 

obtain a material which will be superior to these materials for high 

temperature measurements- Of the materials under investigation, the 

platinum-rhenium system appears to offer the most promise.. (17). 
)" 

Any improvement in the thermo'couple material used in the controlling 

thermocouples will improve the accuracy of the method and perhaps 
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allow the extension of the upper temperature limit. 

The second item which might be changed to improve the .. accuracy 

of the method is the size of the heated zone in the furnace. .In the 

theory developed the crucible tube was assumed to be infinitely long, 

but the system developed had a crucible with a 1/d ratio of 4 .. It 

is believed that the system accuracy would be improved by increasing 

the 1/d ratio. Since the external diameter of the crucible cannot 

be decreased very much without losing the control signal, the 

length should be increased. 

As a final analysis of the method, it can be said that the 

method as developed was accurate enough for most engineering cal­

culations of the present. The time involved in obtaining the 

specific heat of any given material was a maximum of 48 hours or 

a minimum of 36 hours. This compares with several weeks required 

by most other methods; however, the other methods will be more 

accurate,. 
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APPENDIX A 

A PARTICULAR SOLUTION OF EQUATION (III-2) 

Williamson and Adams (8) indicate the solution of equation (III-2) 

for the quasi-steady condition of linear heating or cooling of an in-

finitely long hollow tube to be 

Introducing the boundary conditions 

t = he at r = ro 

and 

gives 

Solution of (1) and (4) for C1 and~ gives 

C 1 

5,0 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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Introducing c1 and c2 into (1) 

r2h ih 
t = he + - + ( r. 0 - _1._) 

4o: l. 20: 
r 2h r 2h ln r - _o - ( ,,, .. ) 1 ri>" - ~ n r 0 4o: c:.(1, 

(7) 

Simplifying equation (7) 

(8) 

Now consider the temperatur.es t and tb in t.he crucible wall at radii a 

From Fourier's equation for heat flow: 

q -kA dt 
or 

at the inner wall 

= -kA dt) qr=::~. ~ 
l. or r=r. 

l. 

Substitution 0 from (11) 

b.t h 2 2 
= 4o: (ra - rb) 

= -kA 0 

into (9), 

:t'iq 1 ra 
kA 

n_ 
rb 

(9) 

(10) 

(11) 

~~h 1 ra l. n_ 
:-2a rb 

(12) 

.For the enclosed sample which absorbs the energy transferred through 

the inner wall 

dt 
-q =Wede= Wch (13) 



Introducing this into equation (12) for q, 

r2 
i 

2a 
ln ;: + hWc (:! ln ::) 
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(14) 

Now, since 6t is maintained constant experimentally, the heat capacity 

of the sample may be_ evaluated as 

~2 2 
2 

. ra;b) ri ra 
6t 2a' ln rb 

We = 
er· r) h ...2:. ln 2:. (r. ra) l. ,ln r Ak rb . ~- . . b 

(15) 

Or: 

(16) 

Where 

M= 6t 

(ri r~) -ln-
Ak rb 

@i-4), _ ri ra 

N = 4o: 2o: rb 

(! r ) ~ .ln r: 

1 R=-
h 
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TABLE III 

TEST DATA FOR TUNGSTEN RUN TUN 9-3 WITH A CONTROL EMF OF 0.25 MILL!VOLTS 

?otentiometer 
Reading 

(mJ.11 ivolts) 
= 

11 
22 
33 
43 

.54 

6. 
6. 
6. 
6. 
6 
6 
6 

6. 
6. 
7. 
7 
7. 
7. 
7 
7 
7 
7 
7 

,64 
.75 
85 
96 
07 

. 17 
27 
38 

.48 

.58 

7 
8 

8 
8 

8 
8 

8 
.8 

8 
8 

8 
9 

9 
9 

9 
9 
9 
9 
9 
9 

9 
9 

10 
10 
10 
10 
10 
10 
10 

10 
10 
10 

.67 

.78 

.88 

.97 

.07 

.17 

.26 

.36 

.45 

.55 
' .64 

.73 

.82 

.91 

.01 

.10 

.19 

.28 

.37 

.46 

.ss 

.64 

.73 

.82 

.92 

.oo 

.09 

.18 

.27 

.35 

.44 

.53 

.61 

. 70 

. 78 

( 

Temperature 

(OF) 

1266.3 
1285. 2 
1304.0 
1321. 0 
1339.7 
1356. 7 
1375.3 
1392.1 
1410,5 

) 1428.9 
1445.6 
1462.2 
1480.5 
1497.0 
1513.5 
1528.2 
1546.3 
1562.6 
1577. 3 
1593.5 
1609.7 
1624.2 
1640.4 
1654.8 
1670.9 
1685. 3 

J 1699.6 
1713. 9 
1728. 2 
1744.l. 
1758.3 
1772. 5 

1786.6 
1800.7 
1814.8 
1828.9 
1842.9 
1856.9 
1870.8 
1886.3 
1898,7 
1912.S 
1926.4 
1940.1 
1952.4 . 
1966.1 
1979.9 
1992.0 
2005.7 

I 
2017.9 

Time 

(minutes) 

2 
4 
6 
8 

10 
12 
14 
16 
18 I 

20 
22 
24 
26 
28 
30 
32 
34 

. 36 
38 
40 
42 
44 
46 
48 
so 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 I 74 
76 l 78 
80 I 82 
84 
86 
88 
90 
92 
94 
96 
98 

100 
I 
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Potentiometer 
Read in . - g 

(millivolts) 

10.87 
10.95 
11. 04 
11.12 
11.20 
11. 29 
11.37 
11.46 
11.54 
11. 63 
11. 71 . 
11. 79 
11.87 
11. 95 
12.03 
12 .11 
12.19 
12.28 
12.36 
12.44 

12, 5.2 
12.60 
12.68 
12,76 
12.84 
12.93 
13.00 
13.08 
13.16 
13.24 
13.32 
13.39 
13.47 
13.54 
13,61 
13.68 
13.76 
13,83 
13.90 
13.98 

14.05 
14.12 
14.19 
14.27 
14.34 
14.41 . 
14.48 
14.55 
14.62 
14.6') 

·, 

Temperature Time 

(Of) (minutes) 

2031.5 102 
2043.7 104 
2057.3 106 
2069.4 108 
2081.4 110 
2095.0 112 
2107.1 114 
2120.6 116 
2132. 7 118 
2146.2 120 
2158.2 122 
2170.2 124 
2182.2 126 
2194.2 128 
2206.2 130 
2218.2 132 · 
2230.2 134 
2243.6 136 
2255.6 138 
2267,6 140 

2279.5 142 
2291. 5 144 
2303.5 146 
2315.4 148 
2327.4 150 
2340.9 152 
2351. 4 154 
2363.4 156 
2375.3 158 
2387.3 160 
2399.3 162 
2409.8 164 
2421. 8 166 
2432.3 168 
2442,8 170 
24 53. 3 172 
2465.3 174 
2475.8 176 
2486.3 178 
2498.3 180 

2508.9 182 
2519.4 184 
2529.9 186 
2541. 9 188 

·25s2.4 190 
2563.0 192 
2573.S 194 

2 584. l 196 
2 594. 6 198 
2605.1 200 





TABLE IV 

TEST DATA·FOR TANTALUM RUN TAN 9-4 WITH A CONTROL EMF OF 0.25 MILLIVOLTS 

Potentiometet' · Tempet'ature Time Potentiometer. Temperature · Time 
Reading Reading 

(millivolts) (OF) (minutes) (milHvolts) (OF) (minutes) 

' 6.11 1266. 3. 2 10.94 2042.1 102 

6.22 1285.2 4 11.03 2055.8 104 

6\,34 . 1305. 7 6 11.11 2067.9 106 
6.45 1324.4 6 11.20 2081.4 108 
6.56 1343.1 10 11. 28, 2093.5 110 
6.67 1361.8 12 11.37 2107.1 112 
6.78 1380.3 14 -11.46 2120.6 ·p4 

6.89 1398.8 .16 11.54 · 2132.7 116 

7.00 1417.2 18 11.62 2144.7 118 
7.10 1433.9 20 ' .11.70 21:56. 7 120 
7.20 1450.6 22 U.79 2170.2 122 

7.31 1468.9 24 11.87 2H32.2 124 

7.41 148'i.4 26 11.96 2195;7 126 

7.52 1503.6 28 12.04 2207.7 128 

7.62 1520.0 30 12.12 2219.7 no 
. 7. 72 1536.4 32 12.20 2231. 7 132 \, 

7.82 1552.8 34 12.28 2243:6 . 134 

7.92 : 1569.1 36 12.37 2257 .1 . 136 

8.02 1585.4 ' 38 12.45 2269.1 . 138 

8.11 1600.0 40 12.53 2281.0 140 

8.22 ,1617.8 42 12.61 2293.0 ·142 

8.31 1632.3 .' 44 12,69 2305.0 144 

8.41 1648.4 46 12. 77 2316.9 146 
8.51 1664.5 48 12.85 2328.9 148 
8.60 1678.9 50 12.92 2339.4 150 
8.70 1694.8 52 13.00 2351.4 152 

8.79 1709.2 54. ,13.07 2361. 9 154 

8.89 1725,1 56' 13.15 2373.8 156 

8.98 1,739.3 58. 13.22 2384.3 158 

9.07 1753.5 60 13.29 '2394.8 160 

9.17 1769.3 62 · 13.37 2406.8 162 

9.26 1783.5 64 13.44 2417.3 164 

9.35 1797.6 66 13.52, 2429.3 166 

9.45 1813.3 68 13.59 2439.8 168 

9.54 1827.2 70 '13.65 2448.8 170 

9.63 1841.3 72 13. 72 2459.3 172 

9. 72 1855.3 74 13. 78 2468.3 '' 174 

9.81 1869.3 76 ' 13.85 2478.8 176. 

9.90 ,1883.2 78 13.92. 2489.3 '178 

9.99 1897 .1 . 80 : . 13.98 2498.3 . . 180 

10.07 . 1909.4 82 14.05 2508.9. 182 

10.16 1923.3 84 14.12 2519.4 184 

10.25 1937.1 86 14.19 2529.~ 186 

10.34 · 19J50.9 88 14.25 2538.9 · 188 

10.42 1963.1 90 14.32 2549.4 190 

10.51 1976;8 92 14.39 2560.0 192 
10.60 1990.5 94 14.45 2569.0 . 194 
10.68 2002.7 96 14·, 52: 2579.5 196 

10. 77 2016.4 98 14.58 2588.6 198 

2030.0 100 ' . 14. 64>' 25.97.6 200 
10.86 
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TABLE V 

TEST DATA FOR SYNTHETIC SAPPHIRE RUN ALO 9-7 WITH A CONTROL ll:MF' OF 0,25 MILLIVOLTS 

Potentiometer Temperature Time Pol:entiometer Temperature Time 
Reading Reading 

(millivolts) (OF) ·(minutes) (millivolts) (OF) (minutes ) 
6.14 1271. 5 ..., 2 11.07 2061.8 \ 130 
6.23 1286.9 4 11.14 2072.4 . 132. 
6.32 1302.3 6 . 11. 21 2083.0 134 
6.41 1317.6 8 11.27 2092.0 136 
6.50 1333.0 ' 10 11.34 2102.6 138 
6.59 1348.2 12 11.41 2113 .1 140 
6.68 1363.4 14 U.48 2123.6 142 
6. 77 1378.5 L6 11.54 2132.7 144 
6.85 1392.l 18 11.61 2143.2 146 
6.94. 1407.2 20 11.68 2153.7 148 
7.02 1420.6 22 · 11. 75 2164.2 150 
7.10 1433.9 24 11.82 2174.7 152 
7.18 1447.3 26 11.88 2183.7 154 
7.27 1462.2 28 11.95 2194.2 156 
7 ,35 1475.5 30 12.02 2204.7 158 
7.44 1490.4 32 12.09 2215.2 160 
7.52 1503.6 34 12.16 2225.7 162 
7.60 1516.7 36 12.22 2234.7 164 
7.68 1529.9 38 12.28 2243.6 166 
7.76 1543.0 40 12,35 2254.1 168 
7.84 1556,l 42 12.41 2263.1 170 
7.92 1569.1 44 12.48 2273.6 172 
8.00 1582.,1 46 12.54 2282.5 - . 174 
8.08 1595.1 48 12.60 2291.5 176 
8.15 1606.5 50 12.66 2300.5 178 

·8.23 1619.4 52 12.73 2311.0 180 
8.31 1632.3 54 12.79 2319.9 182 

I' 8.39 ., 1645.2 56 12.86 2330.4 184 
8.47 1658.0 58 12.92 2339.4 186 
8.54 1669.3 60 12.98 2348.4 188 
8.61 1680.5 62 13.03 2355.9 190 
8.69 1693.2 64 13.09 2364.9 192 
8.77 1706.0 66 13.15 2373.8 194 
8.84 1717.1 68 13.22 2384.3 196 
8.92 1729.8 70 13.28 2393.3 198 
8.99 1740.9 72 13,34 2402.3 200 
9.07 1753.5 74 13.40 2411.3 202 
9.14 1764.6 76 13.46 2420.3 204 
9.21 1775.6 18 13.51 2427.8 206 
9.29 1788.2 80 13.57 2436.8 208 
9.37 1800.7 82 13.63 2445.8 210 
9.44 1811. 7 84 13.68 2453.3 212 
9.51 1822.6 86 13.74 2462,3 214 
9,58 1833.5 88 13.79 2469,8 216 
9.66 . 1846.0 90 13.84 2477,3 218 
9. 72, 1855.3 92 13.90 2486.3 220 
9.80 1867. 7 . 94 13.95 2493,8 222 
9.87 1878., 96 14.00 2501.3 224 
9.94 1889 .4 98 14.04 2507.4 226 

10.02 1901.8 100 14.09 2514.9 228 
10.09 1912.5 102 14.14 2522.4 230 
10.16 1923.3 104 14.18 2528.4 232 
10.23 1934.0 106 14.23 2535.9 234 
10.30 1944.8 108 14.27 2541. 9 236 
10.37 1955.4 110 14.32 2549.4 238 
10.44 1966.1 112 14.36 2555.5 240 
10.51 1976.8 114 14.41 2563.0 242 
10.58 1987.5 116 14,45 2569.0 244 
10,65 1998.1 118 14.50 2576.5 246 
10.73 2010.3 120 14.54 2582.5 248 
10.80 2020.9 122, 14.59 2590.l . 250 
10.87 2031.5 124 14.63 2596,1 252 

. 10.94 2042.1 126 . 14.67 2602.1 254 
11.00 2051,2 128 
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TABLE VI 

TEST DATA FOR MOLYBDENUM RUN MOL 9-8 WITH A CONTROL EMF OF O. 25 MILLIVOLTS 

Potentiometer · Temperature Time Potentiometer Temperature · Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6.12 1268,0 2 11.10 2066.3 100 

6.25 1290.3 4 11.18 2078.4 102 

6.37 1310.8 6 11. 27 2092.0 104 
6.49 1331. 3 8 11.36 2105.6 106 
6.61 1351. 6 10 11.44 2117. 6 108 
6. 72 1370.2 12 1L53 2131. 2 110 
6.84 1390.4 14 11. 61 2143.2 112 
6.95 1408.9 16 11. 70 2156.7 114 
7.06 1427.3 18 11. 79 2170.2 116 
7.17 1445.6 20 11.87 2182.2 118 

' 7.28 1463.9 22 11. 95 2194.2 12d 
7.39 1482.1 24 12.04 2207.7 122 
7.50 1500.3 26 12 .13 2221. 2 124 
7.61 1518.4 28 12.21 2233.2 126 
7. 72 1536.4 30 12.30 2246.6 128 
7.83 1554.4 32 12.38 2258.6 130 
7.93 1570.7 34 12.46 2270.6 · 132 
8.04 1588. 6 36 12.54 2282.5 . i34 
8.14 1604.8 38 12.62 2294.5 ·· 136 
8.25 1622.6 40 12.70 2306.5 138 
8.35 1638,8 42 12.78 2318.4 140 
8.45 1654.8 44 12.86 2330.4 142 
8.55 1670.9 46 12.94 2342.4 144 
8.65 1686.9 48 13 .. 02 2354.4 146 
8.75 1702.8 50 13.09 2364.9 148 
8.85 1718. 7 52 13.17 2376.8 150 
8.95 1734.6 54 13.24 2387.3 152 

9.05 1750.4 56 13.31 2397.8 154 
9.15 1766 .. 2 58 13.39 2409.8 156 
9.25 1781. 9 60 13.46 2420.3 158 
9.34 1796.0 62 13.53 2430.8 160 
9.44 1811. 7 64 13.60 2441. 3 162 
9.59 1827. 2 66 . 13.67 2451.8 164 
9.63 1841.3 68 13.74 2462.3 166 

9.73 1856.9 70 13.81 2472.8 168 
9.83 1872.4 72 13.87 2481. 8 170 

9.92 1886.3 74 13.94 2492.3 172 
10.02 1901. 8 76 14.01 2502.8 174 
10.11 1915.6 78 14.07 2511. 9 176 

10.20 1929.4 80 14 .12 2519.4 178 

10.29 1943.2 82 14.18 2528.4 180 
10.38 1957.0 84 14.25 '2$38.9 182 
10.47 1970.7 86 14. 31 . 2547.9 184 

10.56 1984.4 88 14.37 2557.0 186 
10.65 1998.1 90 14.42 2564 .. 5 188 
10.74 2011.8. 92 14.48 2573.5 190 
10.84 2027.0 94 14.54 2582.5 192 
10.93 2040.6 96 14.60 2591. 6 194 

11.01 2052.7 98 14.66 2600.6 196 
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TABLE VII 

TEST DATA FO.R TUNGSTEN RUN TUN 9-9 WITH A CONTROL EMF OF 0.25 MILLIVOLTS 

Pot;ndoineter Temperature Time --i1 · Potenti.ometer Temperature Time 
Reading . ~ h~~ 

(millivolts). (OF) (minutes) jj {mUlivol~s) (OF) (minutes) 
,==--=~--==-=="·-- . --=si==---"-""'-'-".. - . 

6,09 1262.9 2 11.08 2063.3 96 
6.21 1283.5 4 11.17 2076.9 98 · 

6.34 1304.0 6 11. 27 2092.0 100 
6.46 1326 .. 2 8 11,36 2105,6 102 
6.58 1346.5 10 11.45 2119 .1 104 

6.70 1366.8 l2 11.55 2134.2 106 
6.82 1387 .o 14 11.64 2147.7 108 

6.93 1405.5 16· ii 11. 72 2159.7 110 

7.05 . 1425.6 18 11.82 2174.7 112 
. 7 .17 1445.6 20 11.91 2188,2 . 114 

7.28 1463.9 22 11.99 2200.2 116 

7.40 1483,8 24 12.08 2213.7 118 

7.51 1501. 9 26 12.16 2225.7 120 
7.63 1521.7 28 12,25 I 2239.2 122 
7.74 1539.7 30 12.34 2252.6 124 
7 .85 1557.7 32 12.43 2266.1 126 

_ 7 .95 1574.0 34 12.51 2278.1 128 
8.06 1S91. 9 36 12.60 2291.5 130 
8.17 1609.7 38 12.68 2203.5 132 
8.28 1627.5 40 12.77 2316.9 134 
8.39 1645.2 42 12.85 2328.9, 136 
8.50 1662.9 44 12.93 2340.9 138 

8.61 1680.5 46 13.01 2352,9 140 
8. 71 1696.4 48 13.09 236.4.9 142 
8,81 1712 •. 3 50 13.17 2376.8 144 
8.92 1729,8 52 13.25 . 2388,8 146 

9.02 1745.6 54 13.32 2399.3 ~48 

9.12 1761.4 56 13.40 2411.3 150 

9.22 1777. 2 58 13.48 2423.3 152 

9.32 1792.9 60 13.56 2435.3 154 

9.43 1810.1 62 13.64 2447.3 156 

9.53 1825.8 64 13. 71 2457.8 158 
. 9.63 1841.3 . 66 13.78 2468.3 160 

9,73 1856.9 68 i1 13.85 2475.8 162 
9.83 1872.4 

I 
70 /· 13.92 2489.3 164 

9.93 1887 .8 72 I 13.99 2499.8 166 
10.02 1901.8 74 I 14.06 2510.4 168 
10.12 1917.2 76 I 14.12 · 2519.4 . 1.7() 

10.22 1932.5 78 ! 14.19 2529.9 172 
10.32 1947.8 80 i 14.26 2540.4 174 
10.42 1963.1 82 ii 14.33 2,'.550.9 176 
10.51 1976,8 84 I 14.39 2560.0 178 

10.61 1992.0 86 14.46 2570.5 180 
10.70 2005.7 88 

I 
14.53 · 2581.0 182 

10.80 2020.9 90 14.59 2590.1 !84. 
10.90 2036.1 92 'I l4.65 2599.l 186 

10.99 2049.7 94 Ii 
I! 
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TABLE VIII 

.. · . 
TEST DATA FOR SYNTHE-rIC SAPPHIRE RUN ALO 9.-17 WITH A CONTROL EMF OF 

0. 25 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature 
· Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) 

· 6.09 1262.9 2 10.88 2033.0 
6.19 1280.1 ··. 4 10.96 2045.2 
6.30 1298,9 6 11,05 2058.8 
6.40 1315 .. 9 8 11.13 2070.9 
6.51 1334.7 lO 11.21 2083.0 
6.62 1353.3 12 11.29 . 2095.0 
6. 72 1370.2 .li4 11.37 2107.1 
6.83 1388.7 16 11:45 2119.1 
6.93 1405.5 18 11.53 2131. 2 
7.02 1420.6 ,· 20 11.61 2143.2 
7.13 1438.9 22 11. 70 21.56. 7 
7.23 1455.6 24 11.78 2168.7 
7.32 11~10.5 26 11.86 2180.7 
7.42 1487.1 28 11.94 2192. 7 
7.52 ·1503.6 30 12.02 2204.7 
1.62 1520.0 32 12.09, 2215.2 
7. 71 1534.8 34 12.17 2227.2 
7 ,81 1551.2 36 12.25 . .2239. 2 
7.90 1565.9 38 12.33 2251..1 
7.99 1580.5 40, 12.41 2263,1 
8.09 1596.7 42 12.48 2273.6 
8.18 r' 

1611,3 44 12.56 2285,5 
8.27 1625.9 48 ' 12'. 63 2296.0 
8.37 1642.0 48 12.70 2306.5 
8.46 1656.4 50 12.78 2318.4 
8.55 1670.9 52 12.86 2330.4 
8,64 1685.3 54 12.94 2342.4 
8.73 16.99. 6 56 13.02 2354.4 
8.82 1713.9 58 13.10 2366.4 
8.91 1728.2 60 

.-
13;17 2376.8 

9.00 1742.5 62 13.24 2387.3 
9.09 1756.7 64 13.31 2397.8 
9.18 1770.9 66 13.38 2408.3 
9.27 1785.0 68 13.46 .· 2420.3 
9.36 1799.2 70 13.53 2430.8 
9.44 1811. 7 72 13.61 2442.8 
9.53 1825.8 -. 14 13.68 2453.3 
9.62 1839.8 76 13.75 2463.8 
9. 70. 1852.2 78 13.83 2475.8 
9.78 1864.6 80 13.90 2486;3 
9.87 1878.6 82 13.97 · 2,496.8 
9.96 1892.5 8.4 14.04 2507.4 

10.04 1904.9 86 14.11 2517.9 
10.13 1918.7 88 14.18 2528.4 
10.21 1930.9 90 14.25 2538.9 
10.29 1943.2 92 14.32 2549.4 
10.37 1955.4 94 14.39 2560.0 · 
10,46 1969.2 96 14.46 2570.5 
10.54 1981.4 98 14.52 · 2579.5 
10,63 1995.1 100 14.58 2588,6 
10.71 2007.2 102 i4.65 2599.1 
10.80 .2020. 9 . 104 
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· Time 

(minutes) 

106 
108 
110 
112 
114 
116 
118 
120 
122 
124 
126 
128 
130, 
132 
134 
136 
138 
140 
142 
144 
146 
148 
150 
152 
154 
156 
158 
160 
162 
164 
166 
168 

: 170 
172 
174 
176 
178 
180 
182 
184 
186 
188 
190 
192 
194 
196 - 198 . 
200 
202 
204 
206 





TABLE IX 

TEST DATA FOR SYNTHETIC SAPPHIRE RUN ALO 9-22 WITH A CONTROL EMF OF 0,25 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6.03 1252.6 2 10.95 2043.7 108 
6.14 1271. 5 4 11.03 2055.8 110 
6.25 1290.3 6 11.11 2066.3 112 
6.36 1309.1 8 11.19 2079.9 114 
6.46 1326.2 10 11.27 · 2092.0 116 
6.57 1344.8 12 11.35 , 2104.1 118 

6.68 1363 .4,. 14 11.43 2116.1 120 
6.78 1380.3 16 11.51 2128.2 122 
6.88 ) 1397.1 18 11.59 2140.2 124 
6.98 1413.9 20 11.66 2150.7 126 
7.09 1432.3 22 11. 74 . 2162.7 128 
7.19 1448.9 24 11.82 2174.7 130 

., 
7.29 1465.6 26 I 11.89 2185.2 132 
7.39 1482. l 28 11.97 2197 .2; 134 
7.49 1493.6 30 12.04 2207.7 136 
7.59 1515.1 32 12.12 2219.7 138 
7 .68 1529.9 34 12.20 . 2231. 7 140 
7.78 1546.3 36 12.27 2242;2 142 
7.88 ', 1562.6 38 12.35 2254.1 144 
7.97 1577.3 40 12.42 2264.6 146 
8,07 ,, 1593.5 42 12,50 2276,6 148 
8.16 1608,l 44 12.58 2288.5 150 
8.26 1624.2 46 12.65 2299.0 152 
8.36 1640.4 48 12.73 2311.0 154 
8.45 1654.8 50 ,12.81 2322.9 156 
8.54 1669.3 52 12.88 2333.4 158 
8.62 1682.1 54 12.95 2343.9 160 
8.71 1696.4 . 56 13.02 2354.4, 162 
a.so 1710.8 5~ 13.09 2364.9 164 
8.89 1725.1 60 13.17 2376.8 166 
8.98 1739.3 62 13.24 2387.3 168 
9.07 1753.5 64 13.31 2397.8 170 
9,,16 1767.7 66· 13.38 2408.3 172 
9.25 1781.9 · 68 13.45 2418.8. 174 
9.34 1796.o 70 13.52 2429.3 176 
9.43 1810, 1 72 13;59 2439.8 ,178 
9.52 1824.2 74 13.65 2448.8 ·· tao 
9.61 1838.2 76 13. 72 2459.3 · 182 
9.69 1850.7 78 13.79 2469,8 184 
9.78 1864.6 80 13.86 2480.3 

' 
186 

9.87 1878.6 82 13.93 2490.8 188 
9.96 1892.5 84 13.99 2499.8 190 

10.05 1906.4 86 14.05 2508.9 192 
10.13 1918.7 88 14.11 2517.9 194 
10.22 1932.5 90 14.18 2528.4 196 
10.30 1944.8 92 14.24 2537 .4_.,- -- -- 198 

' 10.38 1957.0 94 14.30 2546.4 200 
10.47 1970.7 96 14.37 2557.0 · 202 
10. 55 1982. 9 98 14.42 2564. 5 · 204 
10.64 1996.6 100 14.48 2573.5 206 
10. 72 2008.8 102 14.54 2582.5 208 
10.80 2020.9 104 14.60 2591. 6 210 
10,88 2033.0 106 14.65 2599.1 212 
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TABLE X 
. . . 

TEST DATA FOR SYNTHETIC SAPPHIRE RUN ALO 10~15 WITH A CONTROL !!MF OF 0,35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading '" Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes\ 
6.02 1250.8 2 10.14 1920.2 146 
6,08 1261.2 4 10.19 1927.9 148 
6.15 1273,2 6 10.25 1937.1 150 
6,22 1285,2 8 10.31 1946,3 152 
6.28 1295.5 10 10,37 1955,4 154 
6;35 1307.4 12 10,43 1964,6 156 
6.42 1319.3 14 10.49 1973.8 158 
6,48 1329.6 16 10 .• 56 · 1984.4 160 
6,54 1339.7 18 10,62 1993,6 162 
6.61 1351,6 20 10:69 2004.2 164 
6,67 1361,8 22 10;16 2014,8 166 
6,73 1371,9 24 10,82 . 2023.9 168 
6,80 1383,7 26 10,88 2033,0 170 
6,86 1393.8 28 10,9.$ 2043.7 17Z 
6,92 1403.8 30 11.01 2052,7 174 
6,99 1415.6 32 11,08 2063.3 176 
7.04 1423,9 34 11.14 2072.4 178 
7,11 1435,6 36 -11.20 2081,4 180 
7.17 1445,6 38 11.26 2090,5 186 
7.23 1455,6 40 11.33 2101,1 184 
7.29 1465,6 42 11.39 2110.1 186 
7.35 1475.5 44 11,45 2119.1 188 
7.41 1485,4 46 11,51 2128. 2 190 
7.48 1497.0 48 11,58 2138,7 192 
7.54 1506.9 so 11,64 2147.7 194 
7.59 1515,l 52 11,70 2156,7 196 
7,65 1525,0 54 11.76 2165,7 198 
7.71 1534.!I 56 11:8.2 2174.7 200 

j 7.78 1546,3 58 11.8a 2183.7 202 
7.83 1554.4 60 11,94 2192.7 204 
7,90 1565,9 62 12.00 2201.7 206 
7.95 1574.0 64 12.06 2210.7 208 
8,01' 1583,8 66 12.12 2219,7 210 
8.07 1593,5 68 12.18 .2228, 7 212 
8,12 1601,6 70 12,241 2237,7 214 
8.18 1611.3 72 12.30 ' 2246,6 216 
8,24 1621,0 74 12,36 2255,6 218 
8,29 1629,1 76 12.42 2264.6 220 
8,35 1638,8 78 12,47 · 2272,1 222 
8.40 1646,8 80 12.53 2281,0 224 
8,46 1656.4 82 12,59 . 2290.0 226 
8,51 1664.5 84' 12.64 : 2297,5 228 
8,,57 1674.1 86 12.70 . 2306,5 230 
8,62 1307,4 88 12.76 2315.4 232 
8.67 1690,0 90 12.82 2324.4 234 
8,73 1699,6 92 12,87 . 2331,9 236 
8.78: 1707,6 94 .12.93 2340,9 238 
8,83 1715,5 96 12,98 I 2348,4 240 
8,89 1725,1 98 13,041 1 2357 .4 242 
8,94 1733,0 100 13,10 2366;4 244 
8.99 1740,9 102 13,16 2375;3 246 
9.04 1748,8 '104 13,22 2384.3 248 
9,10 1758,3 106 13,28 . 2393,3 250 
9,15 1766,2 108 13,33 2400,8 252 
9,20 1774,0 110 13.40 2411 3 254 
9,25 1781.9 112 q,46 2420;3 256 
9,31 1791,3 114 13.52 2429 .• 3 258 
9,36 1799.2 116 13.58 2438.3 260 
9,42 1808,6 118 13.64 2447,3 262 
9.47 1816.4 120 13,70 2456,3 264 
9.52 1824.2 122 13,76 2465,3 266 . 
9,57 1832,0 124 13,82 2474.3 268 
9,62 1839.8 126 ll.89. 2484,8 270 
9,67 1847 ,6 128 13,95 2493,8 272 
9.72 ' 1855.,3 130 14,01 2502.8 274 
9,77 \ 1863,l 132 14.0.7 . 2s11:9 276 
9.83 1872.4 134 14.14 2522,4 278 
9,88 1880,1 136 14.20 2531,4 280 

. 9,93 1887,!I . 138 14,27 2541.9 282 
9,99 1897,1 140 14.33 2550.9 284 

10,04 1904,9 142 14.40 2561.5 286 
10,09 1912,5 144 14.47 2572 •. 0 288 

14.53 .2sa1.o 290 
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'!:ABLE XI 

'J:ES'J: DA'J:A FOR 'J:!JNGS'J:EN RUN '!:ID!. 10-20 :WI'rll A CONTROL .~. OF O ;35 b!ILLIVOLTS 

Potentiometer ·· Temperature 'time Potentiometer .Temperature 'l'ime 
Reading Reading 

(millivolts} (OF) (minutes} (millivolts) (OF) (minutes) 

6.04 1254.3 2 10.72 2008,8 88 . 
6.16 .l274. 9 '4 10.81 2022.4. .90 

6.28 1295.5 6 10,90 2036,l 92 

6.40 1315.9 8 10.99 2049;7 '94 \ 

6,52 1336.4 io 11,08 2063;3 96 
I. 

6,64 . 1356, 7 12 11.17 . 2076.9 · 98 
6.76. 1376.9 14 11.26 2090.5 . 100 

6;88 . 1397 .l 16 11,35 2104,l 102 

6.99 1415;6 18 11.43 2116.l 1M 

7.,10 1433.9 20 11.52 • 2129,7 · 106 

8.21 •. 1452.3 . 22 11.61 . 2143,.2 108. · 

7.33 1472,3 24 11.70 2156,7 110 

7.44 · 1490, l 26 11.79 2170,2 112 

7.55 1508,5 28 11.89 2185,2 114 
7.66 1526.6 30 11,98 2198,7 ll6 

·7,77 1544.6 32 12;07 · 2212,2 118 

7.88 1562,6 34 12.16 2225.7 120 

7,98 1578.9 36 12.25 2239,2 122 

8.09 1596.7 38 12;34 2252,6 ·. 124 

8.20 1614.6 40 12,43 2266~1 .. 
: 

126 

· 8.31 1632.3 42 12.52 2279,5 128 

8.41 1648.4 44 12.61 2293,0 130 

8.52 1666,1 46 . 12.70 . 2306,5 132 

.8,62 168.2.l 48 12,79 2319,9 134 

8.72 1698;0 . 50 12,88 2333.4 136 

8.82 .1713.9 52 12.96 2345.4 138 

8.93 1731,4 54 13.05 2358 •. 9 .140 

9.03 ;L747, 2 56 13,14 . 2372,3 142 , 

9.14 1764.6 58 13.23 230·5.8 144 

9,25 1781;9 60 13.31 2397,8 146 

9.36 1799.2 62 · 13 .• 40 2411,3 148 

9.48 1817 .9 64 13.48 2423.3 150 

9,59 · 1835. l 66 13,57 2436,!I . 152 
'·. 

154 9.70 1852.2 68 13.65 2448,8 

.9,82 1870,8 70 13, 74 i 2462,;_3 · ·· 15(, 

8,93. '1887 .8 . 72 13.82' . 2474,3 ,158. 
•. 

10.04 1904,9. . 74 13.90 2486,3 . 160 

10;14 1920 •. 2 76 13,99 24?9,8 162' 

10.25 · 1937, l 78 14.07· 2s1.t.;9 · 164 · 

10.35 .. 1952.4 80 14,15 2523,9i' ·. / 166 · 

10.45 1967,7 82 14;23 253.5;9. 168 ,: ·:· 

10.54 1981.4 ·. · 84 14.3.l 2547:,9 ·po 

10.63 1995.l 86 14~39 '2560,0 '172 
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TEST DATA FpR TANTALUM RUN TAN 10-22 WITH A.CONTROL EMF OF 0,35 MILLIVOLTS 

Potentiometl;!r Temperature Time Potentiometer Temperature · Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6,03 1252,6 2 10.93 2040.6 94 
6.15 1273,2 4. 11.03 2055.8 96 
6,28 1295,5 6 11.11 2067.9 98 
6.41 1317.6 8 11.20 2081.4 100 
6.59 1339.7 10 11.29 2095.0 102 
6,66 1360.l 12 11.39 2.110.1 104 
6.78 1380.3 14 11.48 21'23.6 106 
6,90 1400.5 16 11.57 2137.2 108 
7.02 1420.6 18 ll.66 2150.7 110 
7.14 1440.6 20 11. 75 2164,2 112 
7.25 1458.9 22 11.84 2177, 7 114 
7.37 1478.8 24 11,92 2189,7 116 

7.48 1497,0 26 12.01 2203.2 118 
7.60 1516,7 28 12.10 2216.7 120 
7.71 1534.8 30 12.18 2228 •. 7 122 

7.82 1552,8 32 12.27 2242.2 124 
7 .93 · 1570.-7 34 12.36 2255.6 . 126 

8.04 1588,6 36 12'.45 2269.1 128 
8.15 1606.5 38 12.53 2281.0 130 

8,26 1624.2 40 12,62 2294.5 132 
8,37 1642.0 42 12.70 2306.5 134 
8.48 1659.7 44 12.79 2319.9 136' . 

8.58 1675.7 46 12.88 2333.4 138 

8.68 1691.6 48 12.96 2345.4 140 
.8.79 1709.2 so 13.04 2357.4 142 
8.89 1725.1 52 13.13 2370.8 144 
8.99 1740.9 ~4 13.2l 2382.8 146' 

9,09' 1756.7 56 13.29 2394.8 148 
9,19 1772,5 58 13,38 2408.3 150 
9,30 1789,8 60 13.46 2420,3 152 

9.40 1805.4 62 13.54 2432.3 154 

9,50 1821.l 64 13.62 2444.3 156 
9.60 1836,7 66 · 13_. 70 2456.J 158 
9,69 . 1850,7 68 0.78 2468 ,3 160 
9.79 i866.2 70 13.86 2480.3 162 

9.89 1881. 7. 72 13.94 2492.3 164 
· 9.99 1897.1 74' 14.02 2504.3 166 
10,08 1911.0 76 14.10 2516.4 168 
10.18 19.26.4 78 14.18 2528 .4 · 170 
10.27 1940,l 80 14.26 2540.4 172 

10.36 1953,9 82 14.35 2554.0 174 
10.46 1969,2 84 14.43 2566.0 176 
10.56 1984.4 86 l4,.50 2576.S 178 

10,65 1998..1 88 14.58. 2588, 6 180 
10,74 2011.8 90 14,66 2600,6 182 
10.83 2025,5 92 
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TABLE XIII 

. . 

TEST DATA FOR SYNTHETIC SAPPHIRE ·RUN ALO 10-27 WITH A CONTROL EMF OF 0,35 MILLIVOLTS 

Potentiometer · Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6.00 1247.4 2 10.71 2007.2 112 
. 6.10 1264.6 4 10.79 2019.4 114 

6.19 1280.1 6 10.86 2030,0 116 
6.29 . 1297.2 8 10,94 2042.1 118 
6.39 1314,2 10 11,02 '2054.2 120 
6.49 1331,3 12 · 11,09 2064,8 122 
6.59 1348.2 14 11 .• 16 2075.4 124 
6,69 1365 .1 16 11.24 2087,5 126 
6, 78 1380,3 18 11.32 2099,5 128 
6.87 1395.4 20 11.39 2110,l 130 
6.96 1410.5 22 11.47 2122.1 132 
7.06 1427.3 24 11,54 2132.7 134 
7.15 1442.3 26 11.62 2144.7 136 
7.24 1457.3 28 11.69 2155.2 138 
7.33 1472.2 30 11.76 2165.7 140 
7.42 1487.1 32 11.84 2177, 7 142 
7 .51. 1501. 9 34 . 11,91 2188 ,2 . 144 
7.60 1516.7 36 11.98 - 2198,7 146 
7.69 1531. 5 38 12.06 2210,7 148 
7.78 1546.3 4o 12.13 2221.2 150 
7,87 : 1561.0 42 12.20 2231. 7 152 
7.95 1574.0 44 12.28 2243.6 154 
8.04 1588.6 46 12.35 2254.1 156 
8 .13 1603.2 48 12,42 2264,6 158 
8,21 1616,2 50 12.50 2276,6 160 
8.30 1630.7 52 12.57 2287 .o 162 
8,39 1645.2 54 12.64 2297.5 164 
8,47 16 58, 0 i56 12.71 2308,0 166 
8.55 1670,9 58 12.78 2318;4 168 
8,63 1683.7 60 12.85 2328.9 170 
8.72 1698.0 62 12.92 2339.4 172 
a.so 1710,8 64 12.99 2349.9 174 
8,88 1723.5 66 13.07 2361,9 176 
8.97 1737.7 68 13.13. 2370,8 178 
9.04 . 1748,13 70 13.20 2381,3 180 
9,13 1763,0 72 13.27 2391,8 182 
9.21 1775,6 74 13.34 2402.3 184 
9.29 1788,2 76 13.41 2412.8 186 
9.37 1800.7 78 13.48 2423,3 188 
9.45 1813,'3 80 13.55 2433,8 190 
9.54 1827.2 82 13.62 ?444.3 192 
9,62 1839.8 84 13.68 2453.3 194 
9,70 1852,2 86 13.75 2463,8 196 
9.78 1864,6 88 ', 13.82 2474.3. 198 
9.86 1877 .o 90 13.88 2483.3 200 
9.93 1887.8 92 13.95 2493.8 202 

10.01 1900,2 94 14.02 2504.,3 204 
10.09 1912.5 · 96 14.09 2514.9 206 
10.17 1924,8 98 14.16 2525.4 208 
10,24 1935,6 . 100 14.22 2534.4 210 
10,32 1947.8 102 14,29 2544.9 212 
10,40 1960,0 104 14 •. 36 2555.5 214 
10,48 1972.2 106 14.42 , 2564.5 216 

. 10.55 198.2. 9 108 14.48 2573.5 218 
10,63 1995.1 110 
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TABLE XIV 

TEST DATA FOR TANTALUM RUN TAN 10-29 WITH A CONTROL EMF OF 0.35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6,09 1262.9 2 10.82 2023.9 94 
6.20 1281.8 4 10.90 2036.1 96 
6.32 1302.3 6. 11.00 2051. 2 98 
6.44 1322.7 8 11.09 2064.8 100 
6.56 1343.1 10 11.18 2078.4 102 
6,67 1361,8 12 11,27 2092,0 104 
6.79 1382.0 14 11.36 2105,6 106 
6,90 1400.5 16 11.45 2119.1 108 
7.01 1418,9 18 11.54 2132.7 110 
7.12 1437.3 20 11,63 2146.2 . 112 
7.23 1455.6 22 11.72 2159,7 114 
7.34 1473.8 24 11.81 2173.2 116 
7.45 1492.0 26 11.90 2186.7 118 
7,56 1510. 2 28 11.98 2198, 7 120 
7.66 1526,6 30 12.07 2212.2 122 
7 .77 1544.6. 32 12.16 2225.7 124 
7.87 1561.0 34 12.25 2239;2 126 
7.97 1577.3 · 36 12.34 2252,6 128 
8.07 1593.5 38 12.43 2266,1 130 
8,18 1611.3 40 12.52 2279.5 132 
8,29 1629.1 42 12.60 2291.5 134 
8.39 1645.2 44 12.68 2303.5 136 
8.50 1662.9 46 12.77 2316,9 138 
8,60 1678,9 48 12.86 2330.4 140 
8,70 1694.8 50 12;95 2343.9 142 
8,80 1710,8 52 13.03 2355.9 144 
8.90 1726.6 54 13.12 2369.3 146 
9.00 1742.5 56 13.21 2382,8 148 
9.10 17::i8,3 58 13.29 2394,8 150 
9 •. 20 1774,0 60 13.38 2408,3 152 
9.29 1788.2 62 13.47 2421.8 154 
9,39 1803. 9 64 13.55 2433.8 156 

. 9.49 1819.5 66 13.64 2447,3 158 
9.59 1835.1 68 13.72 2459.3 160 
9.69 1850.7 70 13.80 2471.3 162 
9.78 1864,6 72 13.89 2484,8 164 
9.87 1878.6 74 13.98 2498 .3 166 
9.97 1894.0 76 14.06 2510.4 168 

10.07 1909.4 78 14.14 2522.4 170 
10.16 1923.3 80 14.22 2534;4 172 
10.26 1938.6 82 14.30 2546.4 174 
10.36 1953.9 84 14.39 2560.0 176 
10.45 1967.7 86 14.47 2572.0 178 
10.54 1981.4 88 14055 2584 .1 180 

10,64 1996.6 90 14.63 2596.1 182 

10.72 2008 .8. 92 
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TABLE XV 

TEST DATA FOR TUNGSTEN RUN TUN 10-31 WITH A CONTROL EMF OF 0.35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6.07 1259.4 2 10.io 1929.4 86 

6.19 1280 .1 4 10.29 1943.2 88 

6.30 ·. 1298.9 6 10,38 1957.0 90 

6.41 1317.6 8 10.47 1970.7 92 

6.52 1336.4 10 10.56 1984,8 94 

6. 63, 1355.0 12 10,64 ;l996.6 96 

6.73 1371. 9 14 10.72 2008.8 98 

6.84 1390.4 16 10,81 2022.4 100 

6.95 1408.9 18 10.90 2036, l 102 

7.05 1425.6 20 10.98 2048.2 104 

7.15 1442.3 22 11.06 2070.3 · 106 

7.26 1460.6 24 11.15 2073.9 108 

· 7 .37 1478.8 26 11.24 2087.4 110 

7.47 1495.3 28. 11.33 2101.1 112 

7.58 1513.5 30 11.41 2113.1 114 

1;68 1529.9 32 11. 50 2126,6 116 

7. 77 1544.,6 34 11.57 2137.2 118 

7.87 1561.0 36 11.65 2149.2 120 

7.97 1577 .3 38 11. 74 2162.7 122 

8.07 1593.5 40 11.83 2176,2 124 

8.17 1609.7 42 11.95 2194.2 126 

8.27 1625,9 · 44 12.03. 2206,2 f28 

8.36 1640.4 46 12.11 2218.2 130 
8,46 1656,4 48 12.23 2236.2 132 

8,56 1672.5 50 12.32 2249.6 134 

8,65 1686,9 52 12.41 2263,l 136 

8'. 75 1702.8 54 12.49 2275.1 138 

8,84 1717.l 56 12.57 2287 .o 140 

8.94 1733.0 58 12.65 2299.0 142 

9,03 1747.2 60 12.73 2311.0 144 

9.12 1761.4 62 12.82 2324.4 146 

9.22 1777,2 64 12.90 2336,8 148 

9.31 1796.3 66 12.99 2349,9 150 

9.40 1805.4 68 13.06 2360,4 152 

9.49 1819. 5 70 13,14 2372.3 154 

9.58 1833.5 72 . 13.23 2385.8 156 

9.67 1847.6. 74 13.30 2396.3 158 

9.76 1861.5 .76 13.39 2409,8 160 

9,85 1875.5 78 13.46 2420.3 162 

9.94 1889,4 80 13.54 . 2432.3 164 

10.02 1901.8 82 13.62 2444,3 166 

10.11 1915,6 84 
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TABLE XVI 

TEST DATA FOR TUNGSTEN RUN TUN 11-3 WITH A CONTROL EMF OF 0.35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) ~~:'!"l!~-- (millivolts) (OF) (minutes) 
' 

6.21 1283 .5 2 10.75 2013.3 90 

6.35 1307.4 4 10.84 2027.0 92 

6.49 1331.3 6 10.94 2042.1 94 

6.60 1349.9 8 11,03 2()55.8 96 

6. 72 1370.2 10 11.13 2070.9 98 . 

6.83 1388.7 12 11.22 2084.5 100 

6.95 1408.9 14 11.31 2098.0 102 

7.05 1425.6 16 11.39 2110.1 104 

7,17 1445.6 18 11.48 2123.6 106 

7 .28 1463.9 20 11.58 2138.7 108 

7.40 1483.8 22 11.66 2150. 7 Uo 
7.51 1501. 9 24 11. 77 2167.2 112 

7.62 1520.0 26 11.86 2180.} 114 

7.73 1538.1 28 11.94 2192°;'7 116 

7.84 1556,1 30 12.03 2206.2 118 

7.95 1574.0 32 12.12 2219.7 120 

8.04 1588. 6 34 12,21 2233.2 122 

8.16 1608.l 36 12.30 2246.6 124 

8.25 1622.6 38 12.40 2261. 6 126 

8.34 1637.l 40 12.49 2275.1 128 

8.45 1654.8 42 12.58 2288 ~5 130 

8.54 1669.3 .44 12.66 2300.5 132 

8.65 1686, 9 46 12.76 2315.4 134 

8.73 1699.6 48 12.84 2327.4 136 

8.85 1718.7 50 12.94 2342.4 138 

8.94 1733.0 52 13.02 2354.4 140 

9.05 1750.4 54 13.12 2369.3 142 

9,14 1764.6 56 13.21 2382,8 144 

9.23 1778.8 58 13.29 2394.8 146 

9.32 1792;9 60 13.38 2408.3 148 

9.42 1808.6 62 13.46 2420.3 150 

9.51 1822 .6 64 13.54 2432.3 152 

9 .• 61 1838.2 66 13.62 2444.3 154 

9. 71 1853 .8' 68 13. 72 2459.3 156 

9.80 1867.7 70 13.79 2469.8 158 

9.90 1883.2 72 13.88 · 2483.0 160 

9.99 1897.1 74 13.95 2493.8 ,l62 

10.09 1912.5 76 14.02 2504.3 164 
\I' 

10{19 1927.9 78 14.'10, 2516.4 166 

10.29 1943.2 \ 80 14.18 2528 .4 .168 

10.38 1957 .o • 82 14.n 2541. 9 170 

10.48 1972.2 84 lli.34 2552.4 172 

~0.57 1985. 9 86 14.43 2566.0 11,, 

10,66 1999.6 . 88 
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TABLE XVII 

TEST DATA FOR MOLYBDENUM RUN MOL 11-5 WITH A CONTROL EMF OF 0,35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6,02 1250.8 2 10,83 2025.5 100 

6.13 1269.8 4 10.91 2037.6 102 
6.25 · 1290.3 6 11.00 2051.2 104 
6.36 1309.1 8 11.09 2064,8 106 

6.48 1329.6 10 11.18 2078 .4 108 
6,59 1348.2 12 11.27 2092.0 110 
6.70 1366.8 14 11.35 2104.1 112 
6;80 1383.7 16 11.44 2117 .6 .. 114 

6.90 1400.5 18 11.53 2131.2 116 

7.01 1418.9 20 11.61 2143.2 . 118 

7.12 1437.3 22 11.69 ,2155.2 120 
7.22 1453. 9,./ 24 11. 78 2168.7 122 
7.33 '1472.1 26 11.86 2182.2 124 
7.44 1490.4 28 . 11. 95 2194.2 126 

7.54 1506.9 30 12.03 2206.2 128 
7.64 1523.3 32 12.11 2218. 2 130 
7.74 11539.7 34 12.20 2231.7 132 

I 

7.84 1556.1 36 12.28 2243.6 134 

7.95 1574.0 38 12.37 2257.1 136 
8,05 1590.3 40 12.45 2269.1 138 
8.14 1604.8 42 12.54 2282.5 140 
8.24 1621.0 44 12.62 2294.5 142 
8.34 1637.1 46 12.70 2306.5 144 
8.44 1653.2 48 12.79 2319.9 146 

8.54 1669.3 50 12.87 2331. 9 148 

8.64 1685.3 52 12.95 2343.9 150 

8.73 1699.6 54 13.03 2355.9 152 

8.83 1715 .5 56 13.11 2367,8 154 

8.92 1729.8 58 13 .19 2379.8 156 
9.01 1744.1 60 13.27 2391.8 158 

9.11 1759.9 62 13.35 2403.8 160 

9.21 1775,6 64 13.43 2415.8 162 

9.30 1789.8 66 13.51 2427.8 164 

9.40 1805.4 68 

I 
13.59 2439.8 166 

9.49 1819.5 70 13.67 2457.8 168 

9.58 1833.5 72 

I 
13.75 2463.8 170 

9.68 1849.1 74 13.83 2475.8 172 

9. 77 1863 .1 76 13.91 2487.8 174 
9.86 1877 .o 78 13.98 2498.3 176 
9.94 1889 .4 80 14.06 2510.4 178 

10;04 1904.9 82 14. lLf 2522.4 180 

10.12 1917.2 84 14.22 · 2534.4 182 

10.21 1930.9· 86 14.29 ,2544.9 184 

10.30 1944.8 88 14.36 2555.5 186 

10.39 1958.5 90 · 14.44 2567.5 188 

10.48 1972. 2 92 14.51 2578.0 190 
10.57 1985.9 94 14.59 2590.l 192' f' 

10.66 1999.6 96 14.96 2600.6 194 
10.74 2011.8 98 
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·TABLE XVIII 

TEST DATA FOR SYNTHETIC SAPPHIRE RUN A1.JJ 11-7 WITH A CONTROL EMF OF 0.35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature Time 
Reading Reading 

(millivolts) (0'.I!') (minutes) (millivolts) (OF) (minutes) 

6,01 1249.l 2 10.75 2013.3 116 · 
6.12 1266.3 4 10.82 2023.9 118 
.6,23 '1286, 9 6 10;89 2034;6 120 · 
6.33 1304.0 8. 10.97 2046.7 122 
6.42 1319.3 10 11.03 2055,8 124 

· 6.52 1336.4 12 11.10 20.66.3 126 
6,62 1353.3 14 · 11.19 2079.9 128 
6.11 1368,5 16 11.27 2092.0 130 
6.80 1383.7 18 11,34 2102.6 132 
6.90 1400.5 20 11.42 2114.6 134 
6.99 1415.6 22 11.49 2125.l 136 
7.08 1430.6 24 11.55 2,134.2 138 
7.17 1445.6 26 11.62 2.144. 7 140 
7.26 1460.6 28 11.69 2155.2 142 
7,35 1475.5 30 11.76 2165,7 144 
7.45 1492.0 32 11.82 2174.7 146 
7,53 1505.2 34 U,90 2186. 7 148 
7.62 1520.0 ·36 11.97 2197:2 150 

. 7 .• 70 1,533.2. 38 12.05 2209.2 152 
7.78 1562,6 40 12.12 2219.7 154 
7.87 ·1561.0 42 12.19 2230,2 156 
7.96 1575,6 44 12.25 2239.2 158 
8.04 1588.6 47 12.33 2251.l 160 
8.12 1601.6 48 12.40 2261.6 162 
8.20 1614.6 50 12.47 2272.l 164 
8.29 1629.l 52 12.54 2282.5 166 
8.37. 1642.0 54 12 .• 61 2293;0 168 
8.45 1654.8 56 12,68 2303.5 170 
8.53 1667.7 58 · 12.75 2314.0 172 
8,61 . 1680, 5 60 12.82 2324.4 174 
8.70 1694.8 62 12.89 2334.9 176 
8,77· 1706.0 64 12,96 2345.4 178 
8.85 1718.7 66 13.03 . 2355. 9 180 
8.93 1731.4 68 13.10 2366.4 182 
9.01 1744.1 70 13.16 2375,3 184 
9,09 1756,7 72 13.23 2385.8 186 
9.17 '1769.3 74 13.30 2396.3 188 
9.24 1780.3 76 13.37 2406.8 190 

' 9.33 1794.5 78 13.44 2417,3 192 
9.40 1805.4 80 13.51 2427.8 194 
9.48 1817.9 82 13.57 2436.8 196 
9.55 1828,9 '84 13.64 2447.3 . 198 
9.63 1841.3 86 13,71 2457.8 200 
9.70 1852.2 88 13.78 .2468,3 202 
9,78 1864,6 90 13.84 2477.3 204 
.9,85 1875,5 n 13.91 2487.8 206 
9.93 1887.8 94 13.98 2498,3' 208 

10.00 1898.7 96 14.04 2507.4 210 
10,08 1911.0 98 14.11 2.517.9 212 
10,15 1921.7 100 14.18 2528.4 214 
10.23 1934.0 102, 14.24 2537.4 216 
10.30 1944.8 104 14,31 2547.9 218 
10,38 1957.0 106 14.37 2557.0 .220 
10.45 1967.7 108 · 14.44 25f.?.5 222 
10.53 1979.9 110 14.50 2576,5 224 
10.60 1990.5 112 14,57 . 2587.l 226 
10,67 2001.2 114 14,63 2596 •. 1 228 
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TABLE XIX ( 

TEST DATA FOR MOLYBDENUM RUN MOL 11-10 WITH A CONTROL EMF OF 0,35 MILLIVOLTS 
t ' . ' 

1: 
Potentio111eter · Temperature Time Potentiometer Temperature · Time 

Reading Reading ·, 
(millivolts) (OF)· . (mii:lu tea) (millivolts) <OF). (minutes) 

5,96 1240.5 2 10.81 2022.4 °104 
6.08 1261,2 4 10,89 2034.6 · . 106 
6,19 1280,l 6 10.98 2048.2 108 
6.30 . 1298.9. 8 11.06 2060 • .3 110 
6.42 1319.3 10 11.14 2072.4 . 112 
6.52 1336.4 12 11. 22 ' 2084.5 114 

" 

6.63 1355.0 .· 14 . 1L3Q 2096.5 116 
6.74 1373.6 16 · 11.31! 2108.6 118 
6.85 1392.1 18 . 1L47 2122.1 120 

· 6,95 1408,9 · 20. 11.55 2134.2 122 
7.06 1427.3 22 11,63 2146.2 · 124 
7.16 1443.9 24 .. 11.71 2158.2 126 
7,.26 1460.6 26 11, 79 2po.2 128 
7.36 ~477 .1 28 11.87 2182,2 130 
8.46 1493,7 30 . 11.95 2194.2 132 
7,57 1511.8 32 12.04 · 2207.7 134 
7,66 1526.6 .34 1,2.11 2218;2 136 
7,76 i543.0 36 12.19 2230.2 · 1.38 
7.86 1559.3 38 12.27 2242.2. 140 
7.95 i574.0 40 12.35 2254.1 142 

. 8.05 1590,.3 42 12.43 2266,l 144 
8,14 1604.8 44 12.51 2278.1 146 
8.24 1621.0 46 12.5.9 2290,0 148 
8.34 1637,1 48 12.67 2.302.0 150 
8,44 1653.2 50 12.75 2.314.0 152 
8.53 1667.7 52 12.83 2325.9 154 
8.62 1682.1 54 12.91 2337.9 156 
8.71 1696.4· 56 12.99 2349.9 158 
8.81 1712.3 58 13.07 2361. 9 160 
8,90 1726,6 60 i3.15 2373.8 162 
8.99 1740.9 62 13.22 2384.3 164 
9.08 1755.1 64 13.30 2396.3 166 
9.18 1770.9· 66 13.38 2408,3 168 
9.26 1783.5 68 1.3.45 2418.8 170 
9.35 1797.6 70 13.53 2430.8 172 
9.44 1811.7 72 13.60 2441.3 174 
9.54 1827.2 74 13.68 2453.3 176 
9.62 18.39.8 76 13.76 2465.3 178 
9,71 185.3.8 78 .13.83 2475,8 180 
9,80 U167;7 '80 13.91 2187 .8 . 182 
9.88 1880,l 82 ·1.3,98 2498.3 ' 184 
9;97 1894.0 84 i4:o6 · 2510.4. 186 

10.06 . 1907.9 86 · 14.13 2520.9 188 
10.14 1920.2 88 14.21 . ,' 

2532,9 190 
10.23 1934.0 90 14.28 · 2543.4 192 
10.31 1946,3 92 ( 14,36 2555.:S 194 
10.40 1960,0 · 94 . 14.4.3 2566.0 196 
10.48 1972.2 96 14.51 2578 ,.0 198 
10,56 1984.4 98 14;59 2590.1 200 
10.65 1998.1 100. i4,66 2600.6 202 

10.73 2010.3 102 
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TABLE XX 

TEST DATA FOR TUNGSTEN RUN TUN 11-12 WITH A CONT~OL EMF OF 0.35 MILLIVOLTS 

Potentiometer Temperature Time Potentiometer Temperature · Time 
Reading Reading 

(millivolts) (OF) (minutes) (millivolts) (OF) (minutes) 

6.03 1252.6 2 10,78 2017 .9 98 
6.15 1273.2 4 10.87 2031.5 100 
6.27 1293.8 6 10.96 • 2045.2 102 
6~39 1314.2 8 ll.04 2057,3 104 
6.50 1333.0 10 11.13 2070.9 106 
6.62 1353.3 12 11.21 2083.0 108 
6.73 1371. 9 14 1L30 2096.5 110 
6.85 1392.l 16 11.38 2108.6 112 
6,96 1410.5 18 _ 11.47 2122.1 111+ 
7.07 1428.9 20 11. 56· 2135.7 116 
7.18 1447.3 22 11.64 2147 • .7 · 118 
7.28 1463.9 24 11.72 2159.7 120 
7.38 1480.9 26 11.81 2173.2 122 
7.49 1498 .. 6 28 11.90 2186, 1 · 124 
7.60 1516.7 30 11.98 2198.7 126 

7.7.0 1533.2 32 12,06 · 2210. 7 128 
7 •. 80 1549.5 34 12.14 2222~7 130 
7.90 1565.9 36 12.23 2236.2 132 
8.00 1582.1 38 12.32 · 2249.6 134 . 
8.10 1598.4 40 12.40 2261.6 136 
8.20 1614.6 42 12.48 2273.6 138 
8.30 1630.7 44 12.56 2285.5 . 140 

8.40 1646.8 46 12.64 2297.5 . 142 
8.50 1.662, 9 48 12.73 2311.0 144 
8.59 1677 .3 50 12.81 2322.8 146 
8,69 1693 •. 2 52 12.89 2334.9 148 
8.78 1707.6 54 12.97 2346.9 150 

. 8.88 1723.5 56 13.05 2358.9 152 
8.97 1737.7 58 13.14 2372.3 154 
9.07 1753.5 60 13.22 2384,3 156 
9,16 1767.7 62. 13.30 2396.3 158 
9.26 p83.5 64 13.38 2408.3 160 

9.35 1797.6 66 13.46 2420.3 162 
9.45 · 1813.3 68 13.54 2432.3 .164 
9.54 1827 ,2 10 13.62 2444.3 166 
9.63 ·1841.3 72 13.70 2456,3 168 
9.71 1853,8 74 13.78 2468,3 170 
9.81 1869,3 76 13,86 2480,3 172 
9.90· 1883.2 78 13.94 2492.3 174 
9.99 1897.1 80 14.02 2504.3 176 

10.08 1911.0 82 . 14,10 2516A 178 

10.16 1923.3 84 14.18 2528.4 180 
10.26 1938;6 86 llf.25 2538,9 182 

10.35 1952.4 88 14.33 2550.9 184 
10.43 1964.6 90 14.41 · 2563.0 186 
10,52 1978.3 92 14.48 .. · 2513,5 188 
10,61 1992.0 94 14,56 2585,6 190 
10,70 2005.7 96 14,64 2597.6 192 
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APPENDIX C 

CALCULATION OF SPECIFIC HEATS 



TABLE XXI 

EVALUATION OF THE INVERSE SLOPES 

I ·2 -6 T2 -6 jr T ,x 10 R T X 10 R 

!(OF) (OF2) 
minutes 

(OF) (oF,2) minutes 
OF OF 

I RUN TUN 9-.3 ltlJN TUN 9,. 3 

1150.0 2 .. 25 0.1675 1500 2.25 0.1238 
I 

1600 2.56 11600 2 •. 56 0 .• 1638 0.1292 
I . 

I 
I ' 

:1100 2.89 0.1631 1700 2 .• 89 0.1346 

' 11800 3.24 0.1655 
I· ···-

1800 3·.24 0.1402 

11900 3.61 0.1709 1900 3.61 0.1459 
I 
I 

12000 
I 

4.00 0.1794 .2000 4.00 0.1517 

.j2100 4.41 0.1909 2100 4.41 0.1576 
I 

12200 4.84 0.2054 2200 4.84 0.1636 
I 
12300 5 .• 29 0_,,2230 2,300 5.29 0.1698 

12400 5.76 0.2437 2400 5.76 0.1760 

'12500 6.25 o .. 2673 2500 6.25 0.1824 
I 
12600 6.76 0.2940 2600 6.76 0.1889 
I RUN MOL 9--8 RUN TAN 9 .. 4 
l1soo 2.25 0.1.200 1500 2.25 0.1247 

11600 2.56 0.1208 ·1600 2.56 0.1277 

luoo 2.89 0.1.234 1700 2.89 0.1317 
i 

·11800 3.24 0.1277 . 1800 3.24 0.1364 

11900 
I 3.61 0.1397 1900 3.61 0.142.2 

12000 4.00 0.1414 
I 

2000 4.00 o.1489 

.12100 4.41 0.1509 2100 4.41 0.1566 
I 

~200 
4.84 0.1620 2200 4.84 0.1651 

·300 5.29 0.1749 2300 5.29 0.1746 

. 12400 5.76 0.1894 2400 5.76 O:o 1851 

}soo 6.25 0.2057 2500 6.25 0.1965 

·. /2600 6.76 0.2237 2600 6.76 0.2087 
I 
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TABLE··)QCI ,.(Cont'd) 

EVALUATION OF THE INVERSE SLOPES 

T T2 X 10-6 R T T2 X 10-6 R 

(OF) (oF2) minutes (OF) _ (oF2) m:i,nutes 
OF OF 

RUN.TUN 9-9 RUN MOL 11-5 
11500 2 .• 25 0.1140 1500 2.2,5 .1189 

!1600 2.56 0.1154 1600 2.56 .1251 

!1100 2.89 0 .1183 1700 2.89 .1311 
i 
11800 3.24 0.1225 1800 3.24 .1370 

3.61 0.1280 1900 3.61 •. 1426 11900 
I 
\2000 4.00 0.1350 2000 4.00 •. 1481 
I 
12100 4.41 0.1433 .2100 4.41 .1534-

i 
4.84 12200 

I 
0.1529 2200 4.84 .1584 

i 
12300 5.29 0.1639 2300 5.29 .1633 
I 

I 
12400 
I 

5.76 0.1763 2400 5.76 .1681 
I 
12500 6.25 0.1900 2500 6.25 .1726 

12600 6.76 0.2052 2600 6.76 .1769 
I RUN TUN 11-12 RUN ALO 11-7 
I 

!1500 
I 

2.25 .1163 1500 2.25 01396 
I . 
1160d 2.56 .1241 1600 2.56 .1486 

11700 2.89 .1313 1700 2.89 .1571 

3.24 .1380 1800 3.24 .1648 11800 

11900 3.61 .1441 1900 3.61 .1718 

2000 4.00 .t496 2000 4.00 .1782 

·2100 4.41 .1546 2100 4.41 .1839 

2200 4.84 .1590 2200 4.84 .1889 

2300 5.29 .1628 2300 5.24 .1933 

2400 5.76 .1660 2400 5.76 ,1970 

i2500 6.25 .1687 2500 6.25 .2000 
i 
12600 6.76 .1708 2600 6.76 .2024 
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TABLE XXI (Cont'd) 

EVALUAT.ION OF THE INVERSE SLOPES 

T T2 X 10~6 R T r2 X 10-6 R 

i(OF) (0F2) mi,n.utes . (OF) (OF.2) minutes 
I . oF OF I 
I 

RUN TUN 10-20 RUN ALO 10-27 
I 
poo 2.25 .1073 1500 2.25 .1366 
! 
~600 2.56 .1132 1600 2.56 .1437 
I 

! 

~700 2.89 .1189 1700 2.89 .1506 
I 
I 
I 

!1.800 3.24 .1246 1800 3.24 .1574 
I 
~900 3.61 .1302 1900 3.61 .1639 

kooo 
I 

4.00 .1358 2000 4.00 .1703 

boo 4.41 •. 1413 2100 4.41 •. 1765 
I 
I 

~200 4.84 .1466 2.200 4.84 .1825 
I 

! 

boo 5.29 .1519 2300 5.29 .1884 

r400 5.76 .1571 2400 5.76 .1940 

r::: 6.25 ,1623 2500 6.25 .1995 

6.76 .1673 2600 6.76 ~.2048 

I RUN TAN 10-22 RUN TAN 10-29 
boo 2.25 .1957 15oq 2 .• 25 .1129 
I 

1600 . I 2.56 •. 1134 1600 2.56 .1193 

boo 2.89 • .1208 1700 2.89 .1254 
! 
~800 3.24 .1278 1800 3.24 .1311 

f900 3.61 .1343 1900 3.61 .1364 

. fOOO 4.00 •. 1405 2000 4.00 .1413 

2100 4.41 • .1463 2100 4.41 .1459 

1200 4.84 .1517 2200 4.84 .1500 

.f300 5.29 .1567 2300 5.29 01537 

. ~400 5.76 .1613 2400 5.76 .1.566 
I 

6 .• 25 .1655 t::: 2500 6.25 .1601 

6.76 .16.93 2600 6.76 .1626 
I 
I 
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TABLE XXI. (Cont'd) 

EVALUATION OF THE INVERSE .SLOPE$ 

T T2 X 10 ... 6 R T T2 X 10-6 R 

(OF) (oF2) minutes (OF) (oF2) minutes 

I 
OF oF 

I 
RUN TUN 10-31 RUN MOL 11-10 I 

I 
~500 2.25 .1205 1500 2.25 .11.97 
I 
t600 2.56 .1270 1600 2.56 .1285 
I 

I 
I 

t700 2.89 .1332 1700 2.89 .1365 

800 3.~4 .1388 1800 3.24 .1439 
I 
[900 3.61 .1441 1900 3 .. 61 .1506 
i 
I 

2000 4.00 •. 1489 2000 4.00 • .1565 
I 

I 
2100 4.41 .1533 2100 4.41 ~1617 

~200 4.84 .1572 2200 4.84 .1662 

r300 5.29 .1607 2300 5.29 .1700 

2400 5.16 .1638 
! 

2400 3.76 .1130 
I 

ksoo 
I 

6.25 .1664 2500 6.25 .1754 

~600 
I 

6.76 .1686 2600 6.76 .1770 
I RUN TUN 11-3 I 

~500 2.25 .1161 
I 
f600 2.56 .1209 
I 
poo 2.89 .1256 
I 

~800 3.24 .. 1305 

~900 3.61 .J.3.51 

2000 4.00 .1398 

.~100 4.41 .1443 
I 
I 

i200 4.84 •. 1488 

.15.34 poo 5.29 
I 

.~400 5-. 76 .1578 
I 

~500 6.25 .1622 

k6oo 6.76 •. 1665 
! 
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TABLE XXII 

DETERMINATION OF THE SPECIFIC HEAT 'OF TANTALUM 

-~----------------·---------~------- ----~------------------------------

A B C D E F G H I J 
Temperature R.rAN - R.rUN 'RALO = RrUN B/C CALO = CTUN DX E CTUN CT4N Weight cp = !! 

OF minutes minutes Btu"'gm Btu=se BtU""fil!!; (gm) Btu I 
bF 'OF lbm=OF lbm- F lb ,.JoF lbm-oF m 

FROM RUN TAN 9-4 USING STANDARD RUNS TUN 9-3 AND ·ALO 9-7 

1500 +.0009 .04.37 +.0206 5.3.23 +.110 7.479 7.589 181.5 - .0418 
1600 -.0015 .0346 -.0434 5.349 -.232 7.527 7.295 181.5 .0402 
1700 -.0029 .0285 -.1018 5.362 -.546 7.575 7.029 181.5 .0387 
1800 -.0038 .0253 -.1502 5.369 -.806 7.624 6,818 181.5 .0376 
1900 -.0037 ~0250 -.1480 5.375 -. 796 7.670 6,874 181.5 .0379 
2000 -.0028 .0277 =.1011 5.373 -.543 7. 720 7 .177 181.5 .0395 
2100 ... 0010 .0333 -.0300 5.364 -.161 7.768 7.607 _ 181.5 .0419 
2200 +.0015 .0418 +.0359 5.352 +.192 7.814 8.006 181.5 .0441 
2300 +.0048 .0532 +.0902 5.335 +.481 7.862 8.343 181.5 .0460 
2400 +.0091 •. 0677 +.1344 5.314 +. 714 7.913 8.627 181.5 .0475 
2500 +.0141 .0849 +.1663 5.294 +.880 7.959 8.839 181.5 .0487 
2600 +.0189 .1051 +.1798 5.267 +.947 8.007 _ 8. 954 181.5 .0493 

FROM RUN TAN 10-22 USING STANDARD RUNS TUN 10-20 AND ALO 10-27 
1500 -.0016 .0293 -.0546 5~323 -.291 7.479 7.188 181.5 .0396 
1600 +.0002 .0305 +.0066 5.349 +.035 7 .52'7 - 7 .562 181.5 .0417 

_1700 +.0019 .0317 +.0599 5.362 + .. 321 7.575 7 .896 181.5 - .0435 
1800 +.0032 .0328 +.0976 5.369 +.524 7.624 8.148 181.5 .0449 
1900 +.0041 .0337 +.1217 5,.3J,5 +.,654 7.670 8.324 181.5 .0459 
2000 +.0047 .0345 +.1362 5.373. + .. 732 7.720 8.452 181.5 .0466 
2100 +.0050 ~0352 +.1420 5.364 +.762 7.768 8.530 181.5 .0470 
2200 +.0051 .0359 +.1421 5.352 +.761 7.814 8.575 181.5 .0472 

· 2300 +.0048 .0365 +.1315 5 0 3,35 +.702 7.862 8.564 181.5 .0472 
2400 +.0042 .0369 +.1138 5.314 +.605 7.913 8. 518 181.5 .0469 
2500 +.0032 .0372 +.0860 5.294 +.455 7.959 8.414 181.5 .0463 
2600 +.0020 .0375 +.0533 5.267 +.281 8.007 8.288 181.5 .0457 

--.:J 
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TABLE · :XXIl .. (Continued) 

DETERMINATION OF THE SPECIFIC HEAT OF TANTALUM 

A B C D E F G 
Temperature RrAN = 8.rUN RALO ~ RtUN B/C CALO .. CTUN D x E CTUN 

OF minutes minutes Btu...,gm Btu=wn 
OF '°F lbm.,;'°F lbm="F 

FROM RUN.TAN 10=29 USING STANDARD RUNS TUN 11=3 AND ALO 10-27 

1500 ... 0032 •. 0205 -.1561 5.323 - .. 831 7.479 
1600 ,....0016 .0228 -~0702 5.349 -.375 7.·527 
1700 · .... 0002 .0250 -g,.0080 5.362 -.043 7.575 
1800 +.0006 .0269 +.0223 5.369 +.120 7.624 
1900 +.0013 .0288 +.0451 5.375 +.242 7.670 
2000 + .. 0015 .0305 +.0492 5.373 +.264 7.720 
2100 +.0016 .0322 +.0497 5.364 +.267 7.768 
2200· +.0012 .0337 . + .. 0356 5.352 +.190 7 .814 

. 2300 +.0003 .0350 +.0086 5.335 +.046 7.862 
2400 -.-0012 .0362 -.0331 5.314 -.116 7.913 
2500 -.0021 .. 0373 -.0563 5.294 -.298 7. 95·9 

· 2600 .... °'0039 .0383 -.1018 5.267 -.536 8.007 

H I 
Cr,AN Weight 

Btu=~ 
lbm- F 

(gm) 

6.648 181.5 
. 7.152 181.5 
7.532 181.5 
7.744 181.5 
7.912 181.5 
7 .. 984 181.5 
8 .. 035 181.5 
8.004 181.5 
7.908 181.5 
7 .737 181.5 
1.u61 181.5 
7.471 181.5 

J 
C = H 
p I._ 

Btu 
lblli~OF 

.03-66 

.-0394 

.. 0415 

.0427 

.0436 

.0440 

.. 0443 

.0441 

.0436 

.0426 

.0422 

.0412 

-..J 
as 





TABLE XXIII 

DETERMINATION OF THE SPECIFIC HEAT 'OF MOLYBDENUM 

A B C D E F G H I J 
Temperat<-1,re ~O:t, "' ~'TIJE . RALO ..;,:RTUN B/C CALO F' CTUN D x E CTUN CMOL Weight C - H -p-y 

OF minutes ·r minutes Btu-8m Btu-gm Btu .. gm Btu (gm) dF OF lbm- F fbm.,.OF lbm-OF lbm.;.oF 

FROM RUN MOL 9-8 USING STANDARD RUNS AIJJ 9-7 AND TUN 9=9 
··--

1500 +.-0060 .0535 +. 1121 5.323 +.597 7.479 8,076 110.9 .0728 
1600 +.0054 .0484 +.1116 5.349 +.597 7.527 8.124 110.9 .0732 
1700 +.0051 .0448 +.1138 5.362 +.610 7.575 8.185 110.9 .0738 
1800 +.0052 .0430 +. 1209 5.369 +.649 7.624 8.273 110.9 .0746 
1900 +.0057 .0429 +.1329 5.375 +.714 7.670 8.384 110.9 .0756 
2000 +,0064 .0444 +.1441 5.373 +.774 7. 720 8.494 110.9 .0766 
2100 +.0056 .0476 +.1176 5.364 +.774 7. 720 8.494 110.9 .0757 
2200 +.0091 .0525 +.1733 5.352 +.928 7.814 8.742 110.9 .078-S 
2300 +.0110 ,0591 +.1861 5.335 +.993 7.862 8.855 110.9 .0798 
2400 +.0131 .0674 +, 1944 5.314 +1.033 7.913 8.946 110.9 .0807 
2500 +.0157 .0773 +. 2031 5.294 +1.075 7.959 9.034 110.9 .0814 
2600 +.0185 .0888 +. 2083 5.267 +1.097 8.007 9.104 110.9 .0821 

fROM RUN MOL 11-5 USING STANDARD RUNS TUN 11-3 AND ALO 11-7 

1500 +.0027 .0235 +.1149 5.323 +.612 8.091 7.479 110.9 .0730 
1600 +.0042 .0278 +.1511 5.349 +.808 8.335 7.527 110.9 .0752 
1700 +.0055 .0315 +.1746 5.362 +.936 8.511 7.575 110.9 .0767 
1800 +.0065 .0343 +. 1895 5.369 +1.017 8.641 7.624 110.9 .0779 
1900 +,0075 .0367 +.2044 5.375 +1.099 8.769 7 .610 110.9 .0791 
2000 +.0083 .0384 +.2161 5.373 +1.161 8.881 7.720 110.9 .0801 
2100 +.0091 .0396 +.2298 5.364 +l. 233 9.001 7.768 110.9 .0812 
2200 +.0096 .0401 +. 2394 5.352 +l. 281 9.095 7.814 110.9 .0820 
2.300 +.0099 .0399 +.2481 5.335 +.1.324 9.186 7.862 110.9 .0828 
2400 +.0103 .0392 +.2628 5,314 +1.397 9.310 7.913 -110. 9 .0839 
2500 +.0104 .0378 +.2751 5.294 +1.456 9.415 7.959 110. 9:' .0849 ---J 

---J 
2600 +.0104 .0359 +.2897 5.267 +l.526 9~533 8.007 110.9 .0860 





TABLE XXIII (Continued) 

DETERMINATION OF THE SPECIFIC HEAT OF MOLYBDENUM 

A B C n E F,. G H I J 
Temperature RMOL = RrrUN RALO = RrrUN B/C CALO= CTUN D x E CTUN CMOL Weight cp = !i 

I 
OF minutes minutes ~ Btu=gm Btu=Bm (gm) Btu 

OF OF lbm=°F lb -°F lbm=°F lb -°F m m . 
FROM RUN MOL 11=10 USING STANDARD RUNS TUN 11=12 AND ALO 11=7 

1500 +.0034 .0233 +. 1459 5.3.23 +o. 777 7.479 8.256 110.9 .0752 
1600 +00044 00246 +.1789 5.349 +Oo957 7.527 8.484 110.9 .0773 
1700 +.0052 ~0258 +02016 5.362 +1.081 71575 8.656 110.9 .0788 
1800 +.0059 .0268 +.2201 5.369 +l.182 7.624 8.806 110.9 .0802 
1900 +.0065 •. 0277 +. 2346 5.375 +L 261 7.670 8.931 110.9 .0813 
2000 +.0069 ,0286 +.2412 5.373 +L296 7.720 9.016 ll0.9 • 0821 
2100 +.0071 .0293 +,2423 5.364 +l.300 7.,768 9.068 110.9 .0826 
2200 +.0072 .0299 +, 2408 5.352 +1.289 7.814 9.103 110.9 00829 
2300 +.0072 .0305 +.2361 5.335 +1.260 7.862 9.122 110.9 .0831 
2400 +.0070 .0310 +. 2258 5.314 +1.200 7.913 9.113 110.9 .0829 
2500 +.0067 .0313 +,2140 5.294 +Ll22 7.959 9.081 110.9 .0827 

.2600 +.0062 .0316 +. 1962 5.267 +1.033 8.007 9.040 110.9 .0823 

·, 
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APPENDIX D 

SPECIFIC Hi?;AT DATA I'OR ·:csrn: S:'I'A1'iDARD MATERIALS 



A 
T 

(OF) 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

TABLE XX.IV. 

SPECIFIC HEAT OF SYNTHETIC SAFPHIRE (AL203) FROM THE EQUATION PRESENTED IN REFERENCE 15 
-~ 

= 
B C D E F G H 

T 148.57 - 3.421 X 10-3 X B 20,409.6 Cp = C - D Cp = 0.239 x E Weight · CALO= F x G 
B 101. 94 

(OK) .·Abs.~J. Btu (gm) Btu-gm 
~K ... mole lbm,.:.l:JR lbm.;,.oR 

1088.9 144.84 18.74 126.10 •. 2956 43.26 12.802 

1144.4 144.66 17.83 126.83 .2973 43,26 12.876 

1200.0 144.46 17.01 127.45 ~2987 43,26 12.937 

1255.5 144.27 16~26 128.01 .3000 43.26 12.9~3 

1311.1 144.08 15.57 128.51 ._3012 43.26 13.045 

1366.6 143.89 14.93 128.96 .3023 43.26 13.093 

142.2 •. 2 143.70 14.35 129.35 .3032 43.26 13.132 

1477.8 143.51 13.81 1.29. 70 .3040 43.26 13.166 

1533 .. 3 143.32 13.31 130.01 .3047 . 43. 26 13.!97 

1588.9 143.13 12.84 130~29 .3054 43.26 13.227 

1644.4 142.94 12.41 130.53 .3060 43.26 13. 253 

1700.,0 142.75 12.00 130.75 .3065 43.26 13.274 

-..J 
\0 





TAEt.E ·xxv' ' 

SPECIFIC HEAT 'OF TUNGSTEN FROM THE EQUATION PRESENTED IN REFERENCE 14 

T T Cp = 5.74 + 0.76 x 10""3 x B C = C Weight CTlJN = D x E p 
183.92 

(OF) (OK) CAL Btu 
(gm) 

Btu~gm -
"i< .. mole lbrri=oR lbm-oR 

1500 1088.9 6.568 .03571 209.4 7.479 

1600 1144.4 6.610 .03594 209.4 7.527 

1700 12.00.0 6.652 .03617 209.4 7.575 

1800 1255.5 6.694 .03640 209.4 7.624 

1900 1311.1 6.,736 .03662 209.4 7.670 

2000 1366.6 6. 779 .03686 209.4 7.720 

2100 1422.2 6.821 .03709 209.4 7.768 

2200 1477 .8 6.863 .03731 209.4 7.814 

._2300 1533.3 6.905 .03754 209.4 7.862 

2400 1588.9 6.948 .03778 209.4 7 .• 913 

2500 1644.4 6.990 .03800 209.4 7.959 

2600 1700.0 7.032 .03823 209.4 8.007 
00 
0 





APPENDIX E 

COMPOSITION OF SAMPLES 

Molybdeqµm 

Mo,----------99.9% 

Fe-----------0.005% maximum 

C-----------0.003% maximum 

Tungsten 

W-----------99.9+% 

~03----·-------0. 02% maximum 

Tantalum 

Contaminates 

c--- - -·------0. 005% 

02-----------0.014% 

Fe-----------0.004% 

c~-----------o.oso% 

W-----------less than 0.02% 

Mo-----------less than 0.003% 

Si-----------less than 0.02% 

Ti-----------less than 0.02% 

Synthetic Sapphire 

This sample was supplied by Linde Air Products 

Company and was essentially pure Al2Q3 • 
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APPENDIX F 

SYMBOLS 

q Energy flow rate 

m Mass of the sample 

c Specific heat 

t Temperature 

e Time 

o: Thermal diffusivity 

r Radial distance 

h 
dt 

Heating rate dS 

dT 
Temperature gradient - evaluated at the inner wall 
of the crucible dr 

C Heat capacity 

M Constant ~ependent on crucibl~ properties 

N Constant dependent on crucible properties 

R h . 1 Inverse eating rate, h 

w Weight per unit. length 

SUBSCRIPTS 

s Sample 

c Crucible 

o Outer radius 

i Inner radius 
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APJ>ENDIX G 

SYSTEiY! DETAILS 
I 

A,. The Cruc.ible 

The crucible required for the investigation was cast from Norton 33-I 

castable cement .. It was necessary to prepare this crucible without any 

taper to the sides so a mold made with no draw was necessary. This 

mold was pr.epared by making a paraffin patte.rn as shown in Figure 12. 

The :mold itself was made out of plaster of ~ris and the paraffin 
r 

pattern was removed by innnersing the mold and pattern.in hot water. 

After the pattern was melted out the mold appeared as shown in 

Figure 13. A wax core was prepared in the shape ·shown in Figure 14 •. 

This core was inserted in the hole at the bottom of the mold with 

the core extending 1 3/4-inches up into the mold. This formed the 

sample cavity in .the final crucible. 

After the mold was prepared the thermocouple c·ontrol elements, 

formed into the basket-like configuration shown in Figure 6, were 

inserted into the mold and positioned using a two ring positioner as 

shown in Figure 15. The purpose of this device was to maintain the 

thermocouple wires entirely inside of the completed crucible • 

. The Nor.ton 33-I cement was prepared for use by passing the 

,cement as received through a wire screen of approximately 1/8-inch 

mesh. This removed any large particles. Mixtures of this mater.ial 
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Figure 12. Paraffin. Patt.ern 
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· Figure 13. Plaster. of Par.is Mold 
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Figure 14 •. Paraffin Core 
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Figure 15~ Two Ring Thermocouple Positioner 
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with water were poured into the mold slowly and the positioner was 

withdrawn as the mold was filled. ·Before the mold was filled com­

pletely, the firebrick base was fitted in place and then the casting 

was :completed,.. 

The crucible was removed from the mold by placing the entire 

mold in a furnace and .raising the temperature to approximately 

12000.F ... Tliis caused the plaster of l>aris mold to fracture and it 

was easily removed., 

B., l'he Central Sample Thermocouple 

A thermocouple to measure the central tempe.rature of the sample 

was not available ·connnercially. This small diameter thermocouple 

element was constructed by th.reading 28 gauge thermocouple wires 

approximately 20 inches long through a six inch ceramic double bore 

insulating :tube., These tubes were obtained from the McDanel Re­

fractory Porcelain Company,. Preparation of the :thermoeouple junc·tion 

'Was accomplished by welding the two leads together and. pµlling the 

junction snug against the bottom of the protection tube,. This tube 

was of sufficient length to -extend into the sample from the outside 

of the furnace enclosure., 

·c. The Vac.uum Furnace System 

The vacuum system and the original furnace enclos.ure were des:cr.ibed. 

in reference (6) but the internal portion of the furnace was modified 

as shown in. Figure 16.. .The main modifications consisted of the fur-

nace portion and the manner of leading .the power and control thermocouple 





; 1--4 D ·
1
- ---

Babcock and Wilcox K-30 Furnace-Lid 

Babcock and Wilcox K-30 
Heater Support Ring 

Molybdenum Heater Element 

Bab.coek .and Wilcox K-30 
Heater Support Ring 

I 

0.,.010" x 40" Molybdenum Sheet 
Coiled - Radiation Shield 

Armstrong A-28 Ceramic Shield 

Norton 33-I Crucible Top 

Norton 33-I Crucible 

Armstrong A-28 crucible Bas·e 

Figure 16... .Furnace D.etails 
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PIATE V 

INNER ENC I.OSURE 

90 



leads out of the furnac:e enclosures,. In the original design the 

power leads ·came out through the removable top of the furnace 

enclosure,. In the final system, the power leads were carried out 

through the side of the .enclosure near the top as shown in Plate V,. 

Also the thermocouple control leads were carried out through the 

enclosure near the bottom of the c:ontainer., 

) 
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