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APPLICATION OF THE HIGH TEI.1PERA.TURE C.ALORDf<ETER 

TO TIE DETERMINATION OF THE HK::_TS. OF FORM;._TIOi·T OF Iif;:;.-Sn .hND L:il-Sn ALLOYS 

by 

George R• Bt:.rber, Leo Brewer, LeRoy A. Bromley, and Raleil!'h. L. McKisson 

Abstract 

A methbd has been devised for using the high-frequency induction coil 

as a high temperature calorimeter. The method enables one to determine the 

heat effects produced at high temperatures. The method has been applied 

to the determination of the heats of formation of the alloys NaSn and LiSn. 

'+ 
The average heat of formation (LIH) determj.ned for NaSn is -9,63-0.40 kilo-

calories per mole at 873°K. + 
This value becomes -lO.G-0,6 kilocalories per 

0 
mole when extrapolated to 298 K. The average heat of formation (t'IH) de-

+ 0 
termined for LiSn is -17.57•0.83 kilocalories per mole at 850 K. This value 

becomes -18.62~1.50 kilocalories per mole when extrapolated to 298°K, These 

results are compared with the results of other investigators, 
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APPLICA'1'ION OF TBE HIGH: TErJPBlf:A:'J!'URE CALORli''ETER 

TO TBE DETERMINATION OF THE HEAT OF FORMATION OF Nu~sn A~11ffl· Li~-Sn 

ALLOYS. 

C1eorge R. Barber, Leo Brewer, LeRoy A. Bromley, and iialeigh L. McKisson 

PART I 

Introduction to the lllfork on Na-Sn 

The hif"h freqw:mcy induction coil was first used as a calorimeter by 

1 
Chipmun and Grant • Their equipment consisted of a large silioe. crucible con-

tainin!I' the charge, which was heated in an induction coil. The cover of 

the crud ble v1as provided with a small hole, so that e.ddi tions and sampling 

could be readily performed. An inert o:tmosphere WRS ma:intained by bleeding 

argon into the cavity and letting it sweep out the hole. Iron was placed 

in the crucible and heated to the desired temperature, then weighed samples 

of silicon and iron were dropped into the melt. The iron wns used to estimate 

the heat capacity, The heat effect was calculc'cl:;ed from the heRt capacity 

And the terrpera ture difference. 

The system that Chipman and Grant selected was an excellent choice as 

the temperatures involved were quite high and considerable electromagnetic 

stirring was present. This stirring made for rapid approach to thermal 

equilibrium. The large melt with its heat capacity prevented a great tem-

2 
perature rise, since R relntively small sample was added • Thus the tern-

perature remained in a small range and the heat loss.es could be considered 

quite constant during o. run. The corrections for heat transfer were quite 

1 . 
Chipman and Grant, "The Induction Furnace ns a Hig·h Temperature Colorimeter 
and the Heat of Solution of Silicon in Liquid Iron," Transactions of the 
American Society for l\fetals, 31, 365, (1943), 

2 . ---
The melts consisted of from 65 to 90 pounds of molten iron, into which one 
pound or less of silicon was dropped per addition, 
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small and even though they could not be calculated with great accuracy, 

the effect on th(:J result was small. 

The apparatus used in the present research is similar to that of 

Chipman and Grant in that high-frequency tnduction heating is used. How-

. 3 
ever the melts are much smaller , and consequently the temperature rises 

are greater, and heat losses cannot be considered constant. 

The prim.9.ry purpose of this research was to devise R method of analy-

sis of the tempere.ture-time curves obtained from the apparatus. The secon-

dary purpose of this research was to measure the heat of formation of NaSn. 

The measurement was to be performed by adding wei~hed sodium pellets to a 

molten tin melt, obtaininp: a temperature-time curve, and analyzing this 

curve by the metho<i devised. 

This heat cf formation has bee'n measured by several investirators • 

Biltz and Holverscheit
4 

in 1924 reported the heat of forw~tion of NaSn 

to be eleven kilocalories per mole. This result was obtained by a dif-

ferential solution method, using ferric chloride in about 6N hydrochloric 

acid as the solvent. 
5 

In 1928, Biltz nnd Meyer offered recalculated 

values of the heat of formation, using what they considered to be a better 

heat value for one of the intermediate reactions, and quoted a value of six-

t k .l 1 . l B "lt 6 . th l 1937 een .1 oca or1es per mo e. 1 z aga1n gives is va ue in • 

3
The melts in this research were about 100 g"rams of Sn, to which from 4 
to 10 grams of Na were added per addition. 

~. BU tz and 1r;. Hol verschei t, "Uber die Bildungswarmen intermetall ischen 
Vorblndungen VI, Zinnlogierun~ren. ", Zei tschrift fur anorganische ·und all
gemeine Chemic, 140, 261, (1924). 

5w. Biltz and F. Meyer, ''Uber die Verwandtschaft von Quicksilber zu einiger 
Metallen." Zeitschrift fur anorganische und allgemeine Chemie, 176, 23, ~(1928). 

6w. BHtz, "Uber die Bildungswarme intermetallischen Verbindungen. ", 
Zeitschrift fur Metallkunde, 29, 73, (1937). -.. -
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Kubaschewski 7 , arid Kubo.schewski and Seith
8

, report twelve kilocalories 

per mole for this reaction. Their measurement was direct, the alkali metal 

-~ bein~ melted and poured into the molter tin in an argon atmosphere, and the 

•· 

mixture quickly placed in a large copper-block calorimeter. They calculated 

their rc;sult from the temperature rise of the calorimeter and its heat 

ca pnci ty. 

Ma-ny investigators hs.ve measured heats of formation of various inter-

metallic compounds 1 and others have detived useful facts from theoretical 

consider[\tions. A few references to work of this type are listed in the 

bibliogrnphy, items 10 to 24, pages 69 and 70. 

7 
O. Kubnschewski, "Die Enorl!'etik der Legierungsbildunp.;~ ", Zei tschrift fur 
Elektrochemie, 48, 646, (1942). · · 

8 0~ Kubaschewski -:n,d W. Seith, "Bildune:swllrmen von NichteisenmetaJ.l Legierung. ", 
Zeitschrift fUr Metallkunde, 30, 7, (l938). 
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DESCRIPTIJN oF ;,ppJd{Arrus AND oPERAr IIJG PROCEDURE 

. 9 
The nppnrntus consists of a tw(;nty kilov.ratt spark-gnp converter and a 

·• calorirneter which is surrounded by one of four inducto.nce coils (the heat-

ing coil). The other three coils nre used to adjust the: power dissipated 

in the heating coil. 

The cnlorimeter (see figure 1, page ll) consists of a cylindrical pyrGx 

tuhe which is surrounded by n water jacket; a water cooled copper base which 

supports the zircon stnnd upon which the crucible rests; and a 'head' which 

supports the various devices which pass through pnckinp.; glands into the in-

terior. These devices are the thermocouples, the dispenser, the dispenser-

cooler, the opera tine.; rod, and the flexible drive for the stirrer. Two 

,; thermocouples are used; one, sheathed in a molybdenum tube, dips into the 

melt; the other passes throug:h a copper well to a position near the bottom 

of the dispenser. 

The dispenser (see fi~ure 2, pa,~e 12'1 was designed to be an air-tight 

compartmented container which could be loaded in a dry-box and transferred 

to the calorimeter; thus preventing, to a great e:r:tent, any contact of the 

sodium with oxygen or water vapor. The division of the dispenser into four 

compartments is effected by three pivoted plates which extend across the 

opening and are held in position by cams on the thermocouple well. These 

cnms t:l.re arranged so that rotatinr the thermocouple well in increments of 

90° causes a section to dump its contents onto the trap door forming the 

bottom of the dispenser. This trap door, which is shielded from the 

re.diation of the hot melt by three molybdonl)m plates attached to the bot-

tom, is actuated by a rod passing through the dispenser O[~Vity. The rod then 

9
.1\.jax 20 kw. Convertert Ajax Electrothermic Corporation, Trenton, New Jersey, 
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passes throu~h a packin~ gland in the top, and ends in an eye. Between the 

top of the dispenser and the rod~eye, there is a spring under tension which 

keeps the trap door closed ti?"htly. 'IiJhen it is desired to open the door; 

the operating rod, whose end is hooked; co.n be inserted in the eye and a 

downward pressure applied. The operating rod is also used to rotate the 

thermocouple well by means of an eye in the top of the well. 

The dispenser is enclosed and supported by the dispenser-cooler (see 

figure 3, page ~. This consists of two concentric copper tubes with the 

annular space closed nt each end and supported by a copper tube leadin~ through 

the head. Concentric to, and inside of thi$ tube is a second tube which 

·pusses into the e,nnular space to the bottom and serves as the water inlet. 

Thus, cold water is introduced nt the bottom, swirls up ·to the exit tube at 

the top, and thence up inside the supporting tube to a drain, The dispenser~ 

cooler can be raised or lowered by sliding through the packinp: gland so that 

when an actual addition is to be mnde the dispenser will be ncar the crucible 

and after the addition is completed it can be raised away from the hot cru-

cible and thereby kept cooler. 

The stirring device (see fircure l, page ll, items 3, 12, 20, 24) consists 

of a 28 volt, D. C., 250 RPM. motor; coupled by means of a sleeved flexible 

shaft to the stirrer~ The lower end of the sleeve is cl arnped securely to 

the thermocouple support and provides a sort of bearing for the shaft. The 

flexible shaft is welded to a molybdenum rod which is guided by a molybdenum 

sleeve-bearing supported by the thermocouple well, The end of the rod is 

slotted and fitted with the stirrer blades. 

The crucible is surrounded with two 0.001 inch thick mo.lybdenum shields to 

minimize radiation losses. This thickness of molybdenum heats but very 

little in the high-frequency field
10 

and the outside shic"ld never reaches 
0 '. . 
T~w frequency· is nbout 20,000 cyc'les 'per second~·· 
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dull red heat even thoug:h the inside of the crucibl.;;; be at bright red heat. 

Any desired atmosphere m11.y be used in the calorimeter by using tanked 

gas. In addition, the pipin~r system pormits flow of gas into either the 

top or bottom of the calorimeter. Any desired pressure may be used as the 

~as exit line has a solenoid valve which is operated by a mercury-level con

tact device. By adjusting this contact device, the pressure at which the 

solenoid valve releases is selected. This system cannot be used at present 

when the stirrer is used as there is too ?:reat e. g-as leak be"\iWeen the flexible 

shaft and its sleeve. Ip this case the valve at the tank is set so that 

the gas flow out of the shaft is sufficient to prevent any air's diffusing 

into the apparatus. 

The electrical system i-s indicated on firure ,1, pe.ge 15~ The large 

variable inductance consists of a solenoid two feet in die.meter made of copper 

tubing, with shorting switches arranged as indicated. Power dissipation in 

the heating coil cnn be increas~d by shortin:<C out turns of this coil and 

thus decreasing the total inductance of the circuit. 

The heatinp.- c_oil consists of a twenty-eight turn solenoid, six and one

half inches in diameter. It is arranged on a support so that the coil may 

be raised or lowered to center the crucible in the coil. 

The other two coils make up a tempernture control device. The smaller 

coil, twenty turns on a three and one-half inch diameter, surrounds a water 

jecketed iron vessel in which there is o. few milliliters of water. The 

only openinf" in the vessel is in the bottom at which point a tube filled 

with mercury leads to a pyrex tube fitted with two electrodes. The pressure 

above the mercury in this tube can be controlled by a mercury-bulb and reser

voir c.s shown on the diar;rnm. The two electrodes are part of an electrical 

control system which actuates a reversible motor. 1be motor, controlled 

in part by a time-delay relay, is coupled to the controlled variable inductance 
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coil (twenty turns on an eif-ht inch diameter) such that the length of the 

coil is changed to respond to a change in pressure in the iron vessel • 

With this arrangement of coils and contacts, rt small increase of power 

increc.ses the hent generated in the iron vessel and consequrmtly increases 

its tempern tur~::. This increase in temperature causes nn inc reuse in the 

vapor pressure of the water in the iron vessel and raises the mercury in 

the contnct chrmber. VJhen the contnct circuit is completed the motor, which 

normally decreases the inductance of the controlled variable inductance coil, 

reverses and increases its inductance. This incraases slightly the powor 

dissipated in this inductance and consequently reduces the power dissipated 

in the other coils in the system. This decrease in pov:er lowers the tem

perr\turc and vnpor pressure of the water Gnd ultirne.toly onuses tlH~ mercury 

circuit to break. ;.t this time the motor reverses and the controlled Vl:'.riable 

inductance decreas::s. This decrease results in an increose in power, in

creases the vapor pressure of the 11.~o.ter in the iron vessel, and closes the 

mercury contact. Then the cycLe repeats. The ent:l.re cycle cc.uses e, tem

perature variation in th<C) melt of about 1°C. 

The time-delay relay on th0 motor wns necessary because the system's 

reaction time was too slow. If the motor rc.n continuously it would cause 

the coil to over~correot o.nd no control would be effected. Satisfactory 

oporation is obtained with a relay setting to give o. fifteen second 'on' 

period and n five second 'off' period. 

Thus, this system controls the power dissipntion in the entire high

frequency circuit, and ve,rious levels of power cnn.be maintained merely by 

adjusting the heip:ht of tho mercury bulb. 

To opernt0 t;1e npparatus, one loads the dispenser with wei7,hed quan

tities of sodium, assembles the cnlorimcter, and sto.rts the converter. When 

the tin has melted, the st:i.rrc)r and th-Jrmocoupl8 are sot in place. Tern-
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. 11 
peratures are recorded on th2 mJ.crome:x and v.;hen the system is near the 

desired temperature, the power settinp: and incrc.niental inductance are ad-

justed so that the s'rstem approaches equilibrium. Then the con'3rol device 

is s.?t in operation. Vifhen the temperature of the me 1 t remains constant for 

a few minutes, the temperature of the dispenser is taken and the sodium 

addition made. Before and as soon as possible after the addition, milU.

vol t readings are tab~n on the potentiometer12 to check the values reoorded 

by the micromax. 

When the temperrture has reached its new e1uilibrium, the power mc.y be 

adjusted to yield the desired tempero ture for the next addition. This pro-

cedure is repoatod for all additions. Y~ben the run is completed, the co.lor:i.-

meter is opened and the dispenser examjned to s:]e if 8.11 the pellets were 

added. The melt is removed, ground in the dr;r box nnd anal~rzed. From the 

ann lysis, the amount of sodium vaporized is det,~rm:i.ned. 

111'' Jncro:mnx, 

-----·----·--- -----~ --------
L0eds and Northrup Company, Phi ladelpnio .• 

12p . . t t.' L p rec1s1on po en "1ometer, eeds ~md Northrup Compr~ny, hilndelphin. 
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DERIVATION OF NEVv METHOD OF i;N.i>.LYSIS 

OF TEMPERL.TT.JRE- TIME CURVES 

The principal de.tn received from a run consist of a temperature-time 

curve traced by the Micromax, nnd, in addition, a few points taken on the 

potentiometer as checks. I~ is therefore necessary to devise a method 

of interpret". tion of these curves. Typical curves are shown in figure 5, 

The rnte of heat loss at t@rnperature, t, can be expressed by the fol

. 13 
lowing cquo. ·bon 

(l) 

in which the coefficient for heat transfer by conduotion is combined with 

that for convection. vVhen the system reaches a steady-state temperature, 

t, the thermal enerey lost to the surroundings is equal to the thermal 

energy gained from the high-frequency heating coil. 

The rate of h'~at loss or rain at nny temperature, T, is, 

(T - ·r ) • 
r 

(2) 

The difference in rntes of hec,t loss r•.t Tand t is the net rate of heat 

transfer at T, and is represented by, 

-(qlT- qlt) = q-Ll( (T4- t4) + ;,2(T- t). (3) 

(T4 
- t

4
) may be d d · f (T t' th expan e 1n powers o - 1 , us: 

(T
4

- t
4

)= 4t
3
(T- t) + 6t

2
(T- t)

2 
+ 4t(T- t)

3 
+ (T- t) 4.(4) 

For the cnse in which t equnls 873°K., and (T.- t) is 125°K., the con

tributions to the total of the vnrious terms in the expc,nsion r.re: 80.9%, 

17.4%, 1.66%, r;,nd 0.04,JL For the case in which t equals 873°1L, and (T- t) 

is 50°K., the contributions to the totnl of the vo.rious terms in the ·expo.n-

13 -~ tnble of symbols 
·---·-----· 

~ppears on p, 59. 
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~ion are: 91.8%, 7.9%, 0.3%, and less thnn 0.1%. From the above, it is evi-

. 0 
dent thut if one limits (T - t) to less thQn 125 K., neglecting the lnst twJ 

terms in the expansion will introduce less thnn 2% error. Therefore, an 

allowable substitution for (T
4

- t
4

) in equation (3) is 4t
3
(T- t) + 6t

2
(T- t)

2
• 

Rewriting cquQtion (3), 

-(q - q ) = qJ. €. (4t3 (T- t) + 6t2 (T- t) 2 ) + A2h(T- t). (5) 
·lT lt 1 

The correspondinr equn tion written for nny tempernture ~ T, and tho finnl 

equilibrium temperature, t', is: 

3 2 2 
-(qlT- qlt') ::crfl.{- (4t' (T- t')-t6t' (T- t')) + J1 2h (T- t'). (6) 

Letting v·A
1
€ = B, A

2
h = D, .,.(qlT- qlt') == f, and llT' = (T .. t'), 

equntion (6) becomes, upon rcD.rrang:ing, 

f = (4Bt'
3 

+ D)t'.T' + 6Bt•
2

(L\T 1 )
2

• (7) 

3 2 
Now let (:I:Bt' + D) = P, o.nd let 6Bt' H, then, 

2 
f = Pt,T' + R(llT') • (8) 

If we can avc,luate P nnd R, then f can be calculated for e number of 

(i\'l'') 1 s and· rm f curvo plotted from which one can read values for tho rate 

of heat transfer for the system at any temperature difference. 

The change in convection characteristics and the chPnge in rndintion 

characteristics are considered small for any run, therefore values of P, or 

P', and R, orR', cnlcuh.ted for a portion of the run are representative of 

thG entire run. Thus f values relc,tive to t.ny steady-state temperature may 

be read from the? f curve mentioned abovo when temperature differen9es are 

d t 1 b . f . 1-:l: use as .1e ns1s o compar1son • 

By plotting f (cal./min.) against 9 (min.), one obtains 1uens directly 

represent:ing qu0nt:i.tios of heat. This fact will be used lotcr in the dis-

cussion. 

-::-:------~--·----------------·-·-··---
14For the case of t == 873°K. ::::.nd t

2 
= 890°K,, G cornp~, rison of (f) r; for 

equal values of B, b, and T ', is: for \' 214; ~or t;
2

, 220. The difference 
is less than 3%.

0 
B was taken ns 2 (lo-9,;, D as 0. 0; Emd th.:~ tGmpcre ture 

difference ns 25 K. 
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To evaluate P and R, one can use the cooling portion of the temperature-

time curve beyond po~nt 'a 1 , figure 6, par,e 22, if one assumes this curve to 

approach a theoretical coolinr: curve-type. Then, 

2 
f = P6T 1 + R(llT') ; 

dQ = -f dQ; 

dQ=!wc dT= c dT· 
p p ' 

f = -dQjdg = -C dTjdG; . p 

and dTjdg := -f/C = - (1/C ) (Pi\T I + R(i\T 1 )
2

). 
p p 

Rearranging for inteP.ration, 
(' / -.:.,.__.....,dT. ___ _ 

- .... / .R(llT 1 l + .P(8Tt) 

rdG 
= 1-, c 

,/ p 

Since ~T 1 = (T- t'), d(AT 1 ) = dT. Substituting and integrating, 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

( - l 1 (-!' + R( LiT I ) ) ) "" G/C + c. ( 14 ) 
p n (i\T') p 

Then, solving for G, and rearranginp;, 

g = -CIP ln r(llT I )/(1 + (R/P)llT I~ - ln p + C, (15) 

or, 

-PG/Cp = ln [(t~T' )/(1 + (R/P)6T 1 ·8 + C'. (16) 

If the region of the cooling curve does approach a theoretical cooling 

curve, one obtains a straight line whose slope is (-·P/Cp) by plotting 

ln [(i\T 1 )/(1 + (R/P)L\T' )) against G. Since Rand Pare both unknown, this 

plot cannot be made directly •. However, as a first approximation, one can 

plot ln 6T' vs. G and obtain a value from the slope, from which P can be 

calculated when C is known. This value should be quite close to the cor
p 

15 
rect value of P, if' R is small relative to P , as can be seen in equa-

tion (16). 

Using this value of P, one can solve for B from the definition 

P = 4B(t 1 )
3 

+ D, knowing D (Appendix I). With B, R can be calculated from 

15The calculations sho~· P to be ~bout 10, .and .. R i;o be about (lo-3')~ 
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2 
the relation R = 6B(t') • These approximate values of P and R now permit 

calculation and plottinp.: of ln [(liT' )/(l + (R/P)llT '2 vs • 9 · From the 

slope of the smoothed curve, new values P 1 end R' can be calculated. This 

procedure may be repeated until sufficient accuracy is obtained. The values 

of P and R, necessary for plottin(". the .f curve, are now found. 

It is desirable to be able to extrapolate the cooling curve obtained 

from the experimental data to such time that the (liT) can be evaluated as 

if the reaction had proceeded instantaneously. This is most easily accom ... 

plished by making use of the final ln [ (t>T' )/(1 + (R/P)~T' il vs. 9 curve ob

tained above. Select values of ln (Ct~Ttt)j(l + (R'/P')AT")] from the 

straight line determined by values of the similar expression in (tH '). 

Solve for values of (~T 11 ) and plot the corresponding extrapolated (T)'s 

on the ·r vs. 9 ~raph, as indicated on fi~:ure 6, page 22. If one can obtain 

the e1 correspondinr to an instantaneous reaction, then one can also ob-

tain the accompan~:inr (liT) from the extrapolated curve above. 

Superposing an ideal, instantaneous T vs. 9 curve on a typical T vs. 

fJ curve de.f'ines areas which represent relative heat gains and losses by the 

system. (Areas I~ II, and III on figure 6, page 22..) Those areas in which 

the ideal curve lies above the actual are 'heat gain' areas since the system 

is losing heat at a lower rate than it e:ains heat (T <t, area I); or the 

system, althoup.:h losing heat e.t a hif:her rate than it gains heat, is losing 

heat at a lower rate than the ideal system would, resulting in a net equi-

valent fain of energy (e.rea III). Those areas in which the ideal curve lies 

below the actual curve a.re 'heat loss' regions, because :in this case (area II) 

the system loses heat at a higher rate than it gains heat, resulting in a net 

loss of energy, The proper fl, (G.), for the instantaneous reaction is the . J. 

one for 1Nhioh the heat losses exactly equal the heat ~ains. This G is obtained 

by trial-and-error balancing of Area I plus Area III ar.ainst Area II on an 
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f plot. 

In the construction of the f plot, an f curve should be used which was 

calculated for the system in a completely non-reactive state, for·any other 

f, such as one determined from values of P' and R' for a sodium addition, is 

a function of the rate of reaotion
16

• The only f that is not a function of 

the rate of reaction is the one determined from the molybdenum addition. 

The f plot is constructed by reading (T)'s for values of 9 on the 

T vs. 9 curve, calculatinp: the corresponding (T - t), reading: the values 

for f on the f curve, and plotting the value of f, at the proper 9, on the 

f vs. Q plot, (f plot) fj_ gure 7, page 25. 

Since the units of f are calories per minute, an area produced by 

plotting f vs. Q in minutes represents a quantity of heat. In the ideal 

reaction, there would be no loss or gain of heat by heat transfer because 

of its instantaneous character. It is therefore necessary to choose the 

9. as the El for which the net heat transferred in the actual case is zero. 
l 

The physical significance of the ideal plot is, for convenience in graphical 

calculation, to combine an instantaneous reaction in which equilibrium is 

partially reached with a subsequent reaction period during which equilibrium 

is quantitatively appr9ached. 

Vfuile Area I is bounded, so that it represents a definite amount of 

heat absorbed, Area II is not bounded on the right. The aim is to locate 

the bound of Area Il such that the effective net heat transferred from the 

system (represented by Areas I, II, and III) is zero. 

----·-·-- ·----------~------.,.....,.. 16
The rate of heat transfer, f; at any time, 9; is the sum of two rates, thus: 

fobs·. = f + f . Since we wish to balance heat losses and 
rea~t. heat trans. 

gains due to heat transfer, we must not use an f which may lw:ITe a f in-
react. 

eluded, t 1~cr2:Z'ore, we mu.st use the f determined from the characteristics of 
a molybdenu.:n addition. 



Figure 7. 
f Curve, and f Plot. 
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Now let us consider the temperature-time curve of figure 6, page 22 • 

If the curve beyond point 'a 1 is a typical coolin~ curve-type, which can be 

determined by plottin~ on a ln~T 1 vs. 9 plot, then it is also a part of the 

17 
ideal temperature curve, and, as such, can be extrapolated to the left • 

Since we are transferring the actual T vs~ 9 curve to an ideal curve, there 

:i.s a point on the extrapolated curve which represents the hir.hest tern-

perature that the system would attain tn the ideal reaction. This tempera-

ture is defined by the condition that net heat transfer, at the correspond-

inr time is zero. 

The extrapolated T vs. e curve and the actual temperature-time curve 

18 
partially define a third area, Area III, which, when plotted on an f plot, 

represents a quantity of heat rained by the system. Area III, like Area II, 

is unbounded. Vlhen these two areas are plotted at their respective times, 

as shown on firrure 7, page 25, a unique bounding vertical line can be found 

such that the sum of Area I plus Area III equals Area II. This is exactly 

the condition placed on the 9., and, since the Hne is unique, it determines 
l 

Then the point of intersection of the vertical G. line with the extra
~ 

pola-ted temperature curve defines the temperature which un ideal reaction 

would have attained. The temperature difference between this derived tempera.-

ture and the j_nitia.l steady-state temperature defines a .quantity of heat, 

Q1 , from the relation, 

(17) 

17 The method can be modified to apply where the ideal curve is not approximated. 
18 The ordinates of this a:rea are plotted as the d:i.ff'-'~rence between the f for 
the temperature on the extrapolP.ted curve and the f for the temperature on 
the actual curve. 
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The C that should be used in equation (17) is the C of the system 
p p 

after the sodium has been added. For runs in which multiple additions 

are made, values of C must be calculated for all sodium add1tions but 
p 

the last. This is done by assuminr: that the C for the system at any time 
p 

is equal to 2.C less a factor, F, times the C of all the sodium added 
p p 

after the addition in question. The evaluation of F is presented in 

Appendix II~ 

In the event that the reaction is not complete at this point, and heut 

is being liberated throup:hout the 'coolirig 1 part of the Tvs. 9 curve, an 

estimation of this added heat must be made. 

The criterion for determining whether .the :reactj.on was complete at 

'a' is whether the final slope of the ln [ (t.T ')/(1 + (R/P)6T ')] vs. 9 

plot for a sodium addition is less than tlw corresponding slope for the molyb-

denum addition at t~e end of the run. If the slope is materially less, the 

reaction was not complete at 'a 1 • Any unreacted sodium present at point 

'a' will liberate its heat of reaction before the system reaches its final 

equilibrium temperature. 

At this point in the development, the T vs, 9 curve obtained experimentally 

has been transformed to an equivalent theoretical instantaneous ree.ction 

T vs! 9 curve, and we have accounted fo:r some fraction of the acl.ded sodium 

which can be assumed to have reacted instantaneously to arrive at point C, 

firure 6, page 22. T'ne characteristics of a cooling curve of n completely 

reacted system can be approxinated from the molybdenum addition, in which 

addition no reactive. material is introduced. By passing such a curve throug? 

point 'C' so that its equilibrium temperature at 9 equals infinity, is t'; 

an area is defined (Area IV) which represents the quant:i.ty of heat liberated 

by the remaining fre.ction of the sodium before the system reaches t'. This 

quantity of heat may be determined by plottin~t. the area on e.n f 1 plot, on 
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which, areas are proportional to heat~ Any ordinate of the corresponding 

area on the f' curve is found by subtracting the f determined for temperatures 

on the lower (molybdenum-type) curve, from the f determined for temperatures 

on the upper (actual) curve, both temperatures being taken at the same 9• 

Since it is impossible to measure an area out to infinite time, the area 

can be brobm up into two parts for actual measurement. The direct measure-

ment of area on the f' plot should be extended to some practical limit at 

which time it may be se.fely assumed that the reaction is complete, and that 

the T vs. e curve is an exact cooling curve beyond this limit. The heat 

represented by this measurable area is designated by the syml:)ol QII. The heat 

represented by the erea out to infinite time can be calculated analytically, 

thus: 

dQ == -f de, 

and, 

f :;: P(~T')+ 
., 

R(~T ')"', 

For small (Nr'), 

f == p ( f\T '), 

and, 

dQ == -P(~T') cte. 

From equation (12L when (t.T') is small, 

and, 

.. (dT/dQ) "' (1/C )(P)(t'IT I), 
p 

(d(AT')/df>) == -(P/C )(6T
1

). 
p 

Transforming, and intorratinr, 

r 
= ~~(P/Cp) 

1-

When 9 is taken to be zero, and (i\T 1 ) at e equals (AT') , 
0 0 0 

' 

(9) 

(8) 

(18) 

(19) 

(20) 

(21) 

(22) 
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and 

Let QIII be the heat in question, then, 

dQIII; (dQactual curve -d~theo. curve), 

then, using equation (19), 

dQIII; (-P(AT')actual curve +P(AT I )th )dQ. eo. curve · 

Substituting equation (24) in equation (26) and integrating, 

dQ 

or, 

which, by definition, is set equal to, 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

This simple expression, then, g:ives a means of measurement of the area from 

some point of small (AT')'s to infinite time. 

To account for the heat lost from the system due to vaporization of 

sodium, one must first determine the amount ~f vaporization occurring dur-

ing the particular addition. The total vaporize. tion can be calculated 

from an analysis of the final melt since the extremely low vapor pressure 

of tin prevents its vaporization. The problem then becomes one of deter-

mining the fraction of the total sodium vaporized, that was vaporized in 

the particular addition. 

It is assumed that since sodium has a much lower density than tin, a 

phase of molten sodium tends to cover the tin phase until the sodium reacts. 
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Therefore th~ ratio of dtif~tioh of ~ pa~tichlar addition to the total for 

all additions of a run is used to prd~b~ttoh tHe amount of sodium vaporized 

during the addition. The quantity of heat lost by vaporization is designated 

by the symbol Q
0

, and can be calculated from the known heat required to 

heat solid sodium at the temperature of the dispenser to sodium vapor at the 

temperature of the melt. 

The total amount of heat liberated in any addition is the sum of the 

various Q's as calculated above. The ~H for the reaction, Nacold(s) + 

S~0t(l) . ) NaSnhot(l), is this summation of Q's (:fQ) divided. by the 

moles of sodium added. Then the AH of the reacti.on, Nahot (1) + Snhot (1) ,. 

NaSnhot(l), can be calculated by adding to the AH above the heat required 

to raise the sodium from the dispenser temperature to the temperature of the 

melt, t. 



UCRL-103 

Page 31 
1 . . . . 

SAMPLE CALCULATION' 

The sample calculntion presented is of the third sodiUm addition of 

the first run. The molybdenum addition is calculated first, to find the 

C of the system. . 
p 

Determination of the ~C : 
- - -- - -- -- - - -p 

From the values in table 1, which are plotted on a ln AT' vs. G plot, figure 

9, page 33,the slope is -0.291. 

Table 1, Data for Ln 6T' vs. Q Plot, Run 1, Curve 4, Mo. 

Q fiT' 6T'* 
AT' 

1 + . (R(P)t\T I 

9 2.3 2.3 

8 3.2 3.2 

6 6.1 6.1 

4 11.0 11.0 10•9 

2' 19.6 19.9 19.2 

1.5 23.3 22.8 

1 27.8 26.8 27.1 

0.5 31.0 

0 36.0 

*These values are read from the line drawn throuf'h the 
(6T')'s to extrapolate T's to the 9 1 s indicated. 

In the calculation of~C, the interpolated and extrapolated values 
p 

ofT'* above, which wer{3 read from the line on the 1n LiT' vs. Q plot, 

figure 9, page 33. are plotted on the T vs. G plot, figure 8, page 32, 

and a smooth curve is drawn throurh these points. By balancing the areas 

on the T vs • Q plot as_ if they were on an f plot, the approximate time 

G. and the corresponding l\T can be found. This value of t>.T permits cal-
1 

culation of a L.C • It was found that e. was 0.27 rnin. and !IT was 
p ~ 
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( 614 - 575) or 39.0° C. From heat capacity data {<i ven by K. K. Kelley
19 ~ 

the AH for molybdenum is calculated: 

-3)( 2 2) 6H = 5.69(848- 318) + 0.94(10 848 - 318 + (5. 03) (10
4

)/848 

- (5.03) (10
4

)/318; 

= 3020 + 581 + 59.4 - 158 = 3502.4 or 3.50 kilocal./mole. 

The weir,ht of molybdenum was 25.85 Rrams or 0.269 moles. Then 

rc = (0.269)(3.50)/(39.0) = 0.02414 or 24.14 cal./'G. Using this value 
p 

for :2:C , P can be calculeted; P = (0.291)(24.14) or 7.03. Using the value 
p 

for D, 2. 62, as calculated in Appendix I, page '62, and the value for P, 

F1 is found from the equa.tion, B = (P-D)/4(t')
3 

= (7.03- 2.62)/4(881)
3

, or 

-9 2 . -9 2 
B;; 1.61(10 ). Then, since R = 6B(t'), R = 6(1.61)(10 )(881) or 

R = 0.0075. 

These values of P and R allow the calculation of the (AT')/(l+(R/P)AT')-

column of table l, page 31. These points are plotted ·as shown on figure 9, 

page 33. The slope of the line does not change, and the values of P and R 

were used to calculate an f curve and make an f plot, but since the fl. was 
l 

not changed from its original value, these graphs are not shown. This effect 

is due to the fact that the arec,s are small, and the (t\T')'s are small. 

Cr.lculation of sodium vaporized in Run,l: 
~---------------~----

The mol!1l ratio of tin to sodium from amounts added for the run is equal 

to (22.997)(95.8)/(118.7)(17,97) or 1.033. The molal ratio of tin to 
,I 

sodium from analysis is 1.060. The amount of sodium in the final melt, 

assuming that no tin is vaporized during the run, is (1.033)(17.97)/(1.060) 

or 17.51 frams. Therefore the sodium vaporized is (17. 97 - 17.51) or 0.46 

19
K. K, Kelley, Contributions to the Dat~ on Theoretical Metallurf!y, U. S. 

Department of Interior, Bulletin #371, U, s. Government Printing Office, · 
Washington, D. C., (1934). · 
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gram. This total &mount of vaporization is pro-rated in proportion to the 

time of e.n addition, thus: 

T).me, Curve 1 (20.0 0.8) :;: 19~2 min. 
Curve 2 (23.1 0.6) = 22.5 min. 
Curve 3 . (25 .o 0.1) 24.9 min. 
Total 66.6 min. 

Amounts w.porized in each add-ition are: 

Curve 1, 
Curve 2, 
Curve 3, 

(19.2)(0.46)/(66.6) = 
(22~5)(0.46)/(66.6) = 
(24. 9) (0.46)/(66. 6) 

0.133 gram. 
0.155 rram. 
0.172 gram. 

Actual amounts of sodium added per addition: 

Curve 1, (8,27- 0.133) = 8.137 frams, 
Curve 2, (5.20- 0.155) ='5.045 grams, 
Curve 3, (4.50- 0.172) == 4.328 .e:rnms. 

Calculation of the heat of reaction from Curve 3, Run lt 
--~-------------------------
The weight of sodium added in this addition is 4.328 ~rams. The C for the 

p 

system for this addition is 24.14 cal./ c. The equilibrium temperature for 

0 
this run was found to be 613 C., (t'), and D was 2.62. 

The values of data riven in table 2, page 38 1 for this addition give 

a slope on the ln ~T' vs. 9 plot of -0.108, Using this slope, and the 

value for the C of the system, P is (0.108)(24.14) or 2.61. Then B is 
p 

(P- D)/4(t•)
3

, or when the vE>.lues are substituted, (2.61- 2.62)/4(886)
3 

or -3.60(10- 12 )~ His sB(t•)2 = 6(-3.60)(10""12 )(886)
2 

or -1,70(10-
5

) 20, 

20It is possible for R and ~ to be negative for a sodium addition when 
there is a ~rer• t deal of sodium reactinr: in the latter part of the addition. 
The negative value occurs because the slope of the Tvs. 9 curve is quite 
flat in cases of this type. 
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Table 2, Data for LnA.Ti v~. ~ ~l5t, Run i, Cur~e 3j Na• 

f., ' AT 
liT' 6T" 

1 + (R/P)/IT I 1 + (R•/P' )t~T" 

0.9 0~9 

2.1 2.1 - -
3.4 3.4 

5.3 5.3 

6.4 6.4 

7.6 7.6 7.5 7. 5. 

(3.8 8.8 8.8 8.8 

10.1 10.0 10.3 10.3 

11.6 11.6 

12.8 12.8 

R is very small, the vRlues of (t\T' )/(1 + (R/P)liT I) are prac-

tically the snme as the corresponding values of t.T '• The slope remains the 

same, and P = P', B = B', and R = R'. Values of (t~T")/(1 + (R'/P')6T") read 

from the plot, and the corresponding (fiT")'s, are tabulated in table 2 above. 

The T's calcu19.ted from the (liT")'s are plotted on the T vs. Q plot, figure 10, 

page 36. An f curve must now be plotted from the relation, f = P'liT 1+R'(liT')
2

, 

where P' and R' nre the values from the molybdenum addition. Data appears 

in table 3, page 41. The f plot is constructed using values of (T - t) 

ree.d from the Tvs. e curve to find the correct value off from the f curve, 

and then plottinf" the values of f against the proper Q. This plot appears 

in figure 13, page 40. Ateas are balanced on this f plot as indicated, and 

the 9. is found. At this 9., the ~Tis read, from the T vs. g curve, for 
1 1 

the ideal reaction, and is ll.6°C. at Q, = 9.85 min.; figure 10, page 36. 
1 

The value of QI cnn now be calcul11ted. QI is equal to Cp("T) = (24.14)(ll.ey 



Figure 12. 

f Curve, Run 1, Curve 4, Mo. 



'I 

--. '!' .. , __ --·.:!--. ·. ·,·.: __ ~-.:.~ :_·~_:._;. _ _:_- ; ___ ~_;_._-~ ·:._ .. _~,_,_."--,>!-_.:._-:_=_.-_:_._-__ -, •.. · .. :,_: ·:. :_:_ '·· :_. : __ ;_.~: __ ·: .. -~_-_r_-~_- :~~:~i ·_:, :_ ~_:_t r: __ : __ :-~ _:::: ;:::. ::::!:::: ::::j::· ...... - ~ . ;::: 

::::-:--:-:-: 

Figure 13. 
f Plot, Run 1, Curve 3, Na. 
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Table 3, DG.ta for f Curve, Run i, CUrite 4.; Mo• 

liT' f liT' f 

50 370.0 0 0 

30 217.5 -15 -104.1 

15 107.1 -30 -204.5 

or 280 cnlories. 

21 
Usin~ data from K. K. Kelley , q

0 
can be calculated~ 

Q
0 

= (0.172/22.997) [s.ol(371 - 318) + (5.36/2)(1o-
3

)(371
2 

- 318
2

) + 

630 + 7.50(886- 371) + 23890
22

]. 

= (0.0075)(266 + 98 + 630 + 3863 + 23890) or 0.216 kilocal. 

The calculntion of QII inTolves plotting Rn f' plot. This involves 

plotting (f)'s from the table above, as determinc:d from the (llT')'s of 

area IV, fi~ure 10, page 36, a~ainst the corresponding (9)'s. The result-

ing f' plot is shown in figure 14, pa~e 42. The area was meP.sured and found 

to be 1004 units, at 5/16 cal./unit, which equals 314 ce.lories. 

The calculation of qiii consists of calculating the quantity (~T) from 

the T vs. 9 plot, and substituting in the equation, QIII = Cp(llT). QIII is 

therefore equal to (24.14)(1.2) or 29 calories. 

Q
0 

+ Q1 + QII + QIII = (0.216 + 0.280 + 0.314 + 0.029) or 0.839 kilo-

calories for 4~367 ~rams of sodium. 

(Q
0 

+ Q
1 

+ QII + QIII) = (0.839)(22.997)/(4.328) or 4.458 kilocalories 

per mole. 

Q = (266 + 98 + 3863 + 630) or 4.857 kilocalories per mole. 

· 
21

K. K. KeUey, op. cit., n. 19. 
22

L. Brewer et al, Declnssified Atomic Ener.!Y... Commission Papers, ·MDDC-438-D 

( 1945). 
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- 'I.Q is eqtiel to the /IH for the rr:;b<.ctibnJ 

Na886 + Sn886 > NaSn886' 

and this /IH is ... (4.458 + 4.857) or -9.315 kilocalories per mole. 

For the reaction, 

the /IH from tho third sodium addition is: 

) 
-3 

-9.315- (l - 0.8 (7.5)(886- 873)(10 ), or -9~33 kilo-

cnlories per mole. 



Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

liTo. Na 
Additions 

3 

3 

3 

3 

2 

2 

1 

2 
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TABULATION JF RESUL1'S ON l\Ta-Sn 

Table 4, Summary of Huns nnd Results 

Heat of 
Reaction 

Kcal./mole 

1st - 9.77 
2nd - 10.76 
3rd - 9. 33 

- 8.87 

1st - 9.73 
2nd - 9.30 

Comments 

No stirrer. 
II II 

" It 

Dj_spenser failed 

Vaporization losses excessively high. 

Dispenser failed. 

Third addition incomplete. 

Deflectin~ shield fniled. 

Crucible leaked. 

Vaporization losses excessively hi~h. 

Deflecting shield failed, 

With stirrer. 

With stirrer. 
!I II 

In culculatin~ the final result, the three additions of Run 1 were 

averared, the three additions of Run 10 s.nd .ttun 11 combined were averaged, 

and the avera.R;e of these two averag2s taken as the result. This is indica-

ted on table 5, pure 45. 

Errors were cnlcula ted
23 

for each type of run and it was assumed that 

the same error was present in all runs of the same type. 

23 
Errors were calculated on Run 1, addition 2; and on .ttun 11, addition 1. 
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:Results of Determfnati'On!3, NaSn~ 

Run 

1 

10 

11 

Addition 

1 

2 

3 

Average 

1 

1 

2 

Averaf!e 

Overall Average 

Result 
Kcal./mole at 873°K. 

+ 
-9.77 - 0.77 

-10.76: 0.77 

-9.33 : o. 77 

-9,95 - 0.45 

-8.87 + 1.14 -
-9.73 + 1.14 -

+ -9.30- 1.14 

-9.30 £ 0.66 

-9.63 + 0.40 

An estimation of the heP.t of formation nt 298°K. can be made on the 

basis of the assumption that the change in heat content of the HaSn is 

equal to the change in heRt content of the tin plus 0.8 times the change 

in heat content of the sodium. Vnlues for heat capacities are taken from 

24 
K. K~ Kelley • The 6H so calculated is -10.6 Kcal./mole. 

~2~4----~.------------------------------~~---~----~----~-----~--------

K. K. Kelley, op. cit., n. 19. 
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DISCUSSION OF THE WORK ON Na-Sn 

Although a conclusive proof of the method of analysis cannot be 

olaimed, the fact that an avera~e result from the unstirred run is not far 

different from the average result from stirred runs, an~ the fac.t that the 

final avera~e of the two sets of additions includes two of three individual 

results of each type in its probable error range indicate that the method 

has merit. This number of coincidences is quite improbable~ 

A second indication is that the estimated heat of formation for the 

temperatures at which other investigators have quoted data, is in the same 

range. Table 6, pa~e 47, lists the results of the other investigators. 

The value of -16 kilocalories given by Biltz 25 is the result of a recalcula-

tion of old data using a corrected heats for some of the intermediate reac-

tions. One reaction in particular, 

----.~> FeCl
2 

+ HCl + 6H, 

was changed by a very large factor. In 1924, Biltz and Holverscheit
26 

used 

the value 10.3 kilocalories for the above reaction in 6.3N HCl, and cal-

culated -10.7 for the heat of formation of NaSn. 
27 

In 1928, Biltz and Meyer 

recalculated the old data using a value of 16.0 kilocalories for the above 

reaction. The~r reported -16.0 kilocalories for the corrected value. No 

late data is available for this re~ction, so that a recalculation is not 

pass ible. 

In the solution methods, small errors in either of the heats of solu-

tion whose difference is the desired value, cause a relatively large error 

~~Biltz, op, cit. n. 6. 

27Biltz and Holverscheit, op~ cit. n. 4. 
Biltz and Meyer, op. cit. n. 5 •. 



36 
in the result. In Kubaschewski's experiments a source of error is that the 

paraffin coating the pure sodium would tend to evaporate Rt the hif.!;h tern-

perature of molten NaSn. This would leave the highly reactive surface of the 

melt unprotected. Any oxidation of this surface would directly affect the 

result, tending to increase. the heat of formation. 

Table 6, Summary of Heat of For:matioh Data for NaSn. 

Heat Frob. 
F'orm. Error 

Kcal./mole. Kcal. 

-11 0.528 

-12.0 0.730 

-16 ? 

-9.63 0.40 

-10.6
35 

0.6 

Method 

Diff. 
Sol'n. 

Cal. 

Dif'f. 
Sol'n. 

Cal. 

Cal. 

Temp. 

o K. 

298 

298 

298 

873 

298 

Observer 

Biltz and 
29 

Holverscheit 

'" b l k" 31 
KU USC lOWS 1 

Kubaschewski Rnd Seith 
32 

Biltz~~' and Biltz and 
Meyer 

This research 

This research 

Kubaschewski 
36 

describes a source of error in his procedure, namely, 

that the heat con·::ent of the crucible above the temperature of the calori-

meter is only nppro:ximately known. In addition, th·3 hot crucible will 

lose e.n almost indetermj.nate amount of heat while it is outside the 

calorimeter. 

The results of the present rcseo.rch would tond to be low, as o.ll of the 

2 ~E~timated from data ~iven by ~iltz Rnd Holverscheit. 

30
B1ltz r-.nd Holversche1t, op •. c1t., n. 4, 

31 
CA.l~ulnted fro~ value ~f """6% g:i.ven by Kubaschewski and Seith. 

32
0. r.ubaschewsk~, op. c1t., n. ?. 

33
0.. IC~i;laschewski. and 'il. Soi th, op. cit., n. 8. 

3-i,.~· B~ltz, op. c1~1., n, 6. . _ 

35 ~. ~1ltz and F. beyer~ op. clt., n. o. 

36
l!istlmnted valw::J at th1s temperature, s0o pnge 45. 
0. Kubaschewski, op. cit., n. 7. 
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approximations made in the development resuU ln the neglect of small factors 

whose inclusion would tend to increase the measure-d hent effect. Any in-

crease would be small, probably not over 3~~ of the cEtlcule.ted value or about 

300 calories. 

No de.f'ini te conclusions regarding the accuracy of the result obtained 

by compr.rison with other values is possible except that the results obtained 

in this research tend to be lower than the other results quoted. 

Runs were first made with no stirrer as it was thought thnt the stirring 

caused by the electrom~,gnotic field would be sufficient to keep the melt 

mixed. After several runs were completed, it was evident from tho reaction 

rate thn t stirring would bo necessary. It was also hoped the- t stirring would 

.. 37 
minimize vaporization losses as these were so large in Run 3 and Run 8 that 

the runs could not be used. (A contributory fact to the high vrtporization 

losses was that the temperatures in Run 3 and Run 8 were higher than in Run 1.) 

ThRt stirring did incree.se tho renction rate is evident whon results 

of Run 10 nnd Run 11, Te,ble 7, par-e 4~ are compared with Runs l, 3, and 8; 

and in ad-1ition, w.pori:zc.tion wn.s reduced markedly, 

One asFect of t.he s":;J.r:red runs thCtt was not nnticipnted wo.s that local 

heatinr was apparent] y present. Ti1e location of the stirrer just below 

the thermocouple well is pr-esum'3d to hove caused a flow of reacting melt to 

pass over the thermocouple and raise its temperature ftbove the actual average 

temperature of the melt. No attempts to avoid this type of irregularity 

hcve been made, ns the dimensions of the present calorimeter are such that 

37c · f R 1 omparJ.son 0 cuns , 3, and 
Hun 

1 
3 
8 

8, shows 
A'T. T. 

0 ' 
615 c. 
650 
625 

the following:: 
%Na Vnporized 

2. 42 
22.4 
11.6 
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any other configuration of appP.r::i. tus would necessitate ma~or changes in de-

sign. 

Run 

1 

3 

8 

10 

11 

Table 7, Amounts of Sodium Vaporized in Various Runs. 

Approx. % liTe. V:':lporized 
Av. Temp. 

2.42 

660 22.4 

630 11.6 

660 

640 0 

Av. Time For 
ll.ddi tion 

24 lJin. 

22 

18 

11 

13 

-------~---·------------·---
The dispenser was quit·a errc.tic in its operBtion. This wns attributed 

to the fact thr,t tho sodium pellets were so li~:ht that the plates did not 

always operc.te properly. In addition tho sodium metal is quite soft and 

almost any small force is suff'icient to warp the pellets out of shc.pe so 

' they would wedge themselves in the constrictions in the dispenser. This 

wedging: caused severe.l runs to _be worthless. 

~i. minor difficulty encountered was that the converter ·was, at times, 

difficult to control, and seemed to operate in a stcble manner at only a 

fow power settings. This made it quite difficult to operr.tte at any tem-

perature other thrm the equilibrium temperature for the stable settings. 

The spark-gap W[lS cleaned twice and apper~red to be in p:ood condition each 

time so the peculiarities were attributed to a worn control mechanism. 
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CONCLUShiJ (Ha-Sn) 

A new method of analysis of the tempernturo-time curve has been devised. 

VP.rious types of curves have been obtninc~d for thP. srtme reaction and the 

application of the method has given results which are consistent within 

the limits of probable error. 

+ . 
The heat of formction of NaSn was measured and found to be -9.63-0.40 

0 
kilocalories per mole for the reaction at 873 K. On the basis of an assump-

tion, the heat of reaction wns extrapolated to 2986 K., at which tempernture 

it is estimated. to be -10.6! 0.6 kilocalories per mole. 

,-. 
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Part II 

Introduction to the Work on Li-Sn 

As brought out in the introduction -bo the v·rork on the determination of 

the heat of formation of Na-Sn alloys, the hirh-frequency induction coil was 

38 L . first used as ?. calorimeter by Chipman and Grant about 1943. ·eJ:!oy A. 

w d Bromley patterned such a calorimeter along tho same lines in 1946, inclu -

ing: suitable control features which r.re described in the section on "Des-

cripti.on of Lppnrntus and Operating Procedure". 

Where similar experimental methods have been employed, the reference 

data now available largely fail to present the equations and theoretical 

bases whereby the fine.l results tabulated were obtained. In the work on 

Na-Sn, ~ mathematical method of analysis is derived enabling one to in-

terpret the date. collected using the hir:h-frequency calorimeter. The anc.ly-

tic~:tl procedure evolved and the basic assumptions stated will be found in 

the "Derivation of New Method of Analysis of Temperature-Time Curves" and 

other sections of this report. This deri vntion wr.s used in calculr.ting the 

final rcsul ts tabulr-.ted in the SU!T'Jrw.ry. 

The method does possess definite shol;'tcoming:s. This can be seen from 

the sample calculations included for the Na-Sn determinations. The cal-

culations themselves are long and laborious, especially so until one be-

comes familiar with the method of attack. On the other hnnd, shorteninr, the 

method would of necessity cut down one's accuracy of analysis. 

38
chipm"l.n r.nd Grant, op, cit. n. L 

39
Unpublished work of LeRoy J.. Bromley, Ph.D,, Instructor in Chemical 

Engineerinp.-, University of Californio .• 
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KUbaschewski and Seith
40 

list a vnlue for the heat of formation of 

Li-Sn and, in the absence of arty fl..1.¥ther qb.tti.~ vhlhes determined dsing the 
t 

high-frequency calorimeter will be compi:',red with theirs. 

The real test of the method lies in the consistency of results ob-

tainable. Barring experim::mtal error, if consistent values ce.n be obtained 

from dj.fferent runs in which the reaction exhibited varying rates of reac-

tion, then a real CJntribution hns been made in providing a means of analysis 

for such mensurements. This research endeavors to put the equations to a 

further test~ 

40 . . . . ... 
Kubaschewski and Seith, op. cit. n. 8, 
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TABULATION OF RESULTS ON Li-Sn 

Tcble 8, Summary of Runs and Results 

Run· 

1 

2 

3 

4 

5 

6 

7 

8 

9 

No. of Li 
Additions 

2 

2 

2 

2 

3 

3 

3 

3 

3 

Heat of Rea! tion 
Kce.l./mole 

1st -17.83 

2nd -17.36 

3rd -18.21 

1st -17.09 

2nd -17.1·4 

3rd -17.75 

41 ' 
42Vnlues corrected to ~H 850°K. 

See "Discussion". 

Comments 

Initial hei~ht of molt in cru
cible too low. Temperatures 
obtained were not dependable. 
Stirrer was used. 

Frothin~ occuJ:"red when Li was 
added. Dispenser failed. 
Stirrer was used. 

Stirrer stopped when 1\b was 
added, chan~inr the steady
state temperature of the system. 

Lithium pellet fell on conical 
shield and failed to r-et· into 
melt. Stirrer was used. 

i\H v~lues ca~culnted were not 
consistent. Stirrer was not 
used. 

Instantaneous reaction 

Non-inste.nte.neous reaction 

Non-instantaneous reaction (The 
stirrer was not used in run·e). 

Power could not be maintained 
steady. Oxidation of reactants 
occurred. Stirrer wns not used. 

Oxidation of reactants occurred. 
Stirrer was not used. 

Instantaneous reaction 

Ins ·to. ntaneou s reaction 

Non-instantaneous reaction (The 
stirrer was not used in run 9. 
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As shown ih Table 9} the three additii1h~ for Hun 6 were avreraged and 

similnriy for' the three additions ino.de ifi Ruh 9. The final result tabulated 

is the avera~e of these two mrerar:es. 

One probable t';rror calculation was made. This calculation was based 

on addition 2 of Run 6 which yms a non-instantmJ.eous o.ddi tion, This pro-

bable error was assigned to the calculated heats or reaction for all the 

additions made. A summary of the factors considered in such a calculation 

and their relative m<"l.g:nitudes can be found in the work on l'J"a- Sn. 

Table 9 
Results of Determinat lons, LiSn. 

Run i .. ddi tion Kcnl.JMole nt 850°K 

6 1 -17.83 + 
2.03 

2 -17!36 
+ 

2.03 .,.. 

3 -18.21 + 2.03 ---· 
-17.80 + 1.17 - AverRge 

9 l -17.09 
+ 

2.03 -
2 -l 7.14 

+ - 2.03 

3 -17.75 
+ - 2.03 

-17.33 + 1.17 -
-17.57 + 0.83 - Ove ra 11 "1ve rage 

It is of interest to speculate as to tho heat of re&ction at 298°K. 

Assuminf>: that the change in heat content of LiSn is equal to the change 

in heat content of tin plus cd. ght-tonths of the chn.nge in heat content of 

the lithium,one calculates: 

-6H298 = 17.57 + 0.2 (5.23)
43

"' 18.62 Kcal./:nole. 

Tho totrll ·probo.ble error of this vu.lue is of the order of mn.gnHude. of 1.5 Kcal. 

43 ·-.---.--·~-~-..-·--------------
I,. BTewer et al., c:ip• ctt., n. 22, 
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DISCUSS IOI1 OF T:HFJ VIORK ON Li• Sn 

.. It vJas stated in the i~troduction t6 tn~.s w~rk ort L::i.-Sn thflt the pur• 

pose of the research was to put the mathemP.tical means of analysis pre

viously derived to a real test. The fact that nine runs were made before 

two good ones were obtained is sufficient evidence that there are many 

obstacles to be surmounted before one can obtain good datR worthy of mathe

matical analysis. Extensive preliminary precautions must be taken to in

sure good runs, and even so, exporimental errors oftentimes occur. 

Heats of oxidation of the ree.ctants are very large (e.g., 150 K cal./ 

mole) compnred to the heats one expects in these runs and hence one must 

strive to remove all traces of oxygen durin?; an experiment. .!tuns 7 and 8 

were accompfl.nied by oxidation as evidenced by the frothing of the me 1 t 

following lithium additions. Deterioration of the upper portion of the 

reaction crucible and its surrounding shield provided confirmation. Such 

oxidations can be partially avoided by cle~nin~ all metal and other surfaces 

to remove oxide coatings prior to the time the appar2.tus is assembled. 

Following the assembly, the reaction crucible can be brou~ht to red heat 

while the calorimeter is under vacuum. Adsorbed oxygen and moisture are thus 

removed, the little remaining being in an unrer,cti vo state. Argon 

can then be bled in, the vacuum removed and the~ experiment continued as des

cribed uncle~ the operating procedureo 

In the finc.l runs, the stirrer was not employed. Al thou""h a more uni

form temperature throughout the melt might be oxpoctcd with the use of a 

stirrer (e.g. localized hcetin~ partially eliminnted), the geometry of ·the 

app!:'.ratus was such that best results were obtained when the stirrer was 

not used. The comments listed in Table 8 will bel",r this out. To obtain 

reliable tempere.tures in the rer:ction crucible, e, sufficient height of melt 
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'\ must cover the the:r'mocouple• On the other hand; the quantities of reac

tants rtust be such that the t.T follow:inp.; r; li -phit;m addition must not exceed 

the limits set in the derive.tion4 Using the .~aiorimet(;r e.nd disperiset em

plo~red previously certain restrictions wore placed on the size of reaction 

crucible as can be seen from the above considerc.tions. The resulting- size 

actunlly required WRS such that the stirrer was Gtopped followin~ a Mo 

addition b2cause of insufficient clearance. This produced a new steady

state temperature and made the entire run inco.pable of c2.lculation. 

In run 5, three additions of lithium were mnde and calculated. The 

first two r.dditions gaYe quite lov: results and the last addition gav0 a very 

high result compared to the final avero.ge value tabubted. Such calcqlated 

values lend one to surmise thnt f'. fraction of the lithium peJ.lets were held 

up in the first two nddit:i.ons and that the 11hold-uns" all went in with the 

last addition. Such an occurrence is quite possible. 

In general, the reaction rates in this research were more rc.pid than 

in the case of the NaSn preparations. Also the disponser operation was mu<".h 

better. One would r:xpect this to be th.:; case since lithium, thoue;h less 

dense, has a hipher melting point and is less subject to ~eformation at low 

temperatures thnn is sodium. Consequently, pellets are not as prone to get 

11hung:-up 11 in the compartments of the dispenser. 

Since some of the calcul£\ tions for a gi von 'lddi tion are subject to vary

ing interpretation, p~·.ins W6re taken to put the pro·bablo error on the "safe 11 

side. From the tabulated fin,,l results in Tf'!ble 9 it is evident .that such is 

the cnse since the actual results calculated nre better than the listed 

pro bnble error justifies. 

Of the six additions listed i1'l the final to.bulation of results, there 
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s 
is no discernable trend of values for either instantaneous or non-instun-

tnneous type reactions• 
! 

This in itself lends strong suppbrt to the mn tho-

moticnl pr'ociedhre derived v1hich [ippehtls to v~~:rk equhlly well for either 

reaction type. 
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CONCLUSION (ti~Sn) 

The new method of analysis of temperatuhi.i'bim.e 9titv~s has been given 

another test. The results for both instantaneous an1 non-instantaneous 

type reactions are well within the probable error assigned. 

The heat of formation of LiSn was measured and found to be 17.57 ~0.83 

kilocalories per mole for the reaction at 850°K. The heat of formation was 

0 
estimated as 18.62 kilocalories per mole at 298 K. The probable error is 

of the order of 1. 5 kilocalories at this temperature. Kubaschewski and 

Seith
44 

give a value of 16.8 ~1.0 kilocalories at this same temperature. 

No other reference values are listed. 

The probable error of th:is research is sufficiently large to make the 

reference value and the value obtained from this work consistent if the 

former value is low, and the latter, hip;h~ 

·-------.--------------.,....-~,.._ _______ -~------------
44

Kubaschew::;ki and Seith, op. cit. n. 8. 
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Symbol 

A 

a 

B 

I 

B 

c 

Cp 

~Cp 

c. 
p 

DEFINITION OF StFtiDOIJS 

Definition 

Area, em. 
2 

A point on the curve of Fig. 6. 

Defined as radiation heat transfer coefficient. 
the first approximation to tha. t quantity. 

Corrected vaJxe of B. 

Inte~rution cons~ant; point on curve of Fig, 6< 

Heat capacity of system, ca.l./K. 

Final heat capacity of system, cal./'IC. 

C'rene ra 1 heat ca. pac i ty, cal./' K mole. 

A is used as 
1 

D Convection heat transfer coefficient, hA, (kA/L), ca.L/min./'K. 

d Prefix denoting a differential. 

F Factor defined by: Cn ::: Cp~ + FCp • 4 alloy ~n ·Na 

f Net heat transfer rate, -(qlT ~ qlt), cal./min. 

f 1 plot The. plot on which the heat QII is found. 

g Acceleration of gravity. 

h Convection heat transfer coefficient, caL/c. min. 

he ~at~r~l convection heat tlrQnsfe2 soefficient; 
1n l\·"cAdams forr.nulae, , BTU hr. ft F. 

2 
em • 

l\H Heat of Reaction; heat of formation, cal./mole or kilocalories/mole. 

k Conduction heat transfer coefficient, cal./'C. em~ min./em. 

L Length, .f'eet, in McAdams formulae. 

ln Natural logarithm. 

P Defined as (4B(t 1 )
3 

+D); used as first approxirnat:i.on to this quan
tity. 

pt Corrected value of P~ 

Q Heat; or heat required to raise alkali from the dispenser tem
perature to the temperature t!, cal. 



Symbol 

q 

R' 

T 

T 
r 

t 

t' 
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Definiti.on 

Heat equivalent to the lithium vapofi~~d, cal. 

Heat iiberated by part of th~ non-instantaneous reaction that 
can be transformed to ideal instantaneous reaction and is equal 
to Cp(AT), caL 

Heat liberated by reaction after "instantaneous" portion. Found 
from area en f' plot out to practi.ca.l t:i.rrie limit, cal. 

He::tt liberot"d after practical ti:ne limit of QII. This quantity 
equals Cp (E·i) • 

Rate of heat transfer, cal/m:i.n. 

Rate of heat loss at temperature t, cal/min. 

Rate of heat loss at temperature T, cal/min. 
- 2 

Defined as (6B(t 1 ) ); used as first approximation to this quantii::lf. 

Corrected value of R. 

0 0 
Any temperature, C, K. 

0 
Room temperature, K. 

Temperature of inside turn on molybdenum shield, °K. 

Temperature of outsideturn on molybdenum shield, °K. 

S~ead~r-state temperature before addition, °C, °K •. 

Equilibrium temperature after addition, °C, °K. 

Temperature difference wnich would have been produced if the 
reaction had been instantaneous; or, in the Appendices, any 

0 0· 
temperature difference, C, K. 

Smoothed temperature differences obtained from the lng!IT' )/ 
(l + (R/P)~T')] vs. 9 plots, °C, °K. . 

(llT') Temperature difference, (T- t') at the time corresponding to 
o Q ' oK. 

0 

(liT' )Q Temgerature difference (T - t') at the time corresponding to 
9, K. 



Symb¢,1 

w 
.. 

B 
' 
f 

f' 

/) 
o-

g 

9. 
l. 

g 
0 

UCRL-103 

Page 61 

Definition 

Weight :in moles~ 

Coefficient of volumetric expunsioh.i 

Emissivity of a given surface, no dimensions. 

Viscosity, in McAdams e:eneral equation, lb./hr. ft. 

3 Density; in McAdams general equation, lb.jft, 

Stefan-Boltzmann radiation constant. 

Time, minutes. 

Time for the instantaneous reaction, minutes. 

Reference time in the calculation of QIII" 
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APPENDIX I 

EVALUA r ION OF "D". 

The "D" for the system as used in equation (7) can be represented by 

an equation such as this: 

D =~h.A + 2:kA/L. 

Thus evaluation of all the contributing factors allows estimation of D. 

Assume that: 

1. Except for radiation, natural convection is the principle factor 
~·; 

for heat loss from the sides and top of the crucible. 

2. An argon atmosphere is sufficiently like one of air to justify 

the use of empirical equations for heat transfer in air to calculate natural 

convection losses. 

3. Heat losses through tho thermocouple well and the stirrer are by 

conduction only. 

4. Heat losses throuFh the zircon stand are by conduction only. 

5. Natural convection heat losses are small compared to radiation 

losses so that temperatures of the ol,.ltside shield and base of the zircon 

stand can be estimated using radiation alone. 

The calculation of D, usinr- the above assumptions, follows. 

Calculation of temperature of the outside shield: 

The emissiYity, <( 1 , for an oxidized molybdenum surface is 0.7. 

o-(A(t
4

- T 
4

) = (J"~A(T 4 - T 
4 ) 1 l 2 

rr E:A(T1
4
.- T2 

4
) = crt:'A(T2 

4 
- Tr 

4
) 

Calculating €:, 

; 1 = 0.538. 
(170~7) + ((1/0.7) -1) 
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Solvi.ng~ using T as 300°K.~ tas 875°K., andcancellin?-' areas~ 
r 

0 0 
T

1 
= 780 K., and T2 = 630 K •• Using the latter temperature, and an em-

45 
pirical equation of McAdams , 

h ; 0.28(6T/L) 0
'
25

, 
c 

we i.'ind: ~T = (630- 300) = 330°0. = (9/5)(330) = 594°F.; 

L = 8.-8/(12)(2.54) = 0.289 ft.; and h = 0.28(594/0.289)
0

'
25 

or c 

h = 1.89 B. T, U./hr. ft~ °F.. This value is for natural convection from 
c 

the sides of the outside shield, and expressed in our units~ is 0,0154 gm. 

2 0 
cal./min. em. C •• 

Calculation of natural convection from the top of the crucible: 
-------------------------~-----
Assume this to be equivalent to a horizontal plate at the temperature of 

the melt. McAdams 46 r-ives an approximate equation for air for this type 

of system, 

h = 0.38(~T)0 " 25 • 
c 

/IT= (875- 300) = 575°C.; ~T = (9/5)(575) = l035°F •• 

( 
'Z ).o. 25 T u I 2 0 I. 2 0 h = 0,38 l0o5 = 2.17 B ••• hr. ft. F. or 0.0176 gram-caL1 min. em. C •• 

c 

_£a.!_c~l~ tl_o}l ~_f:_T 1 , the temperature of the. inner horizontal face of the 

zircon stand: 

The k for zircon is 0.005 gm.cal./sec. em~ (° C/cm. L or 0.30 p.:m.cal./min. 

2 o 1 em. ( C1 em.). 

Assume conduction through the zircon wafer (0.3 em. thick) to inner hori-

zontal face and then heat is transferred by radiation from this face to the 

copper stand. 0 
Take the temperature of the top of wafer as 875 K,, then, 

45 
W. H, Mc.Ade.ms, Heat Transmission, Second Edition, (New York), P• 241 • ......-- . 

46Ibid., p. 240. 

J 
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q = (kA/L)(a7s - r
1

) = d~~-:A (i\ 4 " sob4H 
i ' . 0 

L:;.: 0.3 em.; £ = 0.7; substituting and solvinf, Ti = 840 K •• 

Calculation of conduction across gap inside stand: -------------------------
k: 0.035 B.T.U.Jhr. ft: (°F/ft.) = 0,035(60)(0.00413) 

= 0,0087 gm. cal./min. em: (° C/cm.) 

Using the value for k, kA/L = (0.3) (0.3x77X5)/2,8, or 

kA/L = 0.504 gm. cal./min. °C. Since there is a very poor thermal contact 

where the stand meets the copper block, it is estimated that half of the 

above value for kA/L is effective, or kA/L = 0.252 gm. cal./min. °C •• 

Calculation of loss out thermocouple well: ------.-------------- .... ----
The cross-sectional area of the molybdenum well is 0,95 

2 
em •• The length 

to the junction with the copper tube is 15 em.. The area ofl the copper 

tube is 0.30 em~, and its length is 25 em.. The temperature of the end of 

the thermocouple in the melt is 875°K., the temperature of the end of the 

t b . 300° K Th k f 1 bd . 1° 1 /. . 2 
tO C I ) copper u e 1s • , e .. or mo y enum 1s " gm.ca •1 m1n.cm. ~ •1 cm. , 

and the k for copper is 50 gm. cal./min. em: tc/cm • .). Now the ratio of the 

(6T)'s of molybdenl.lm to copper is; 

6TMo/~TCu === kcu Acu LM
0
/kM

0 
.A.Mo Leu= 50(0,30)15/19(0.95)25:;: o.so. 

The overall t.T is (875 - 300) = 575°C.. We want the equivalent length 

0 
of molybdenum which would have a t-T of 575 C. under the same conditions. 

This equivalent length is 3 (15 .o) or 45 em., Using this equivalent 

leng·th, kA/L = 19(0,95)/45 = 0.401 gm. cal. per (min. °C,). 

CAlculation of the loss out the stirrer: 
------------~.....-------

As an approximate value, use an equivalent length of molybdenum shaft of 

45 em.; k is 19 gm. eal,/min. em~ (°C/em. ); and A is 0.495 em~. Then 

k:A/L is 19(0.495)/45 === 0.210 gm. cal./min. 0 c •• 

Now we have the quanti ties necessary to evaluate D. For the runs 

without the stirrer, 
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n = (o.o154)(1lo~s) + (o~oi7~)(i~.6) ~ o.o44 + o.2s2 + o.4ol 

= 1.702 + 0.222 + 0.044 + tH2S2 + 0~401 = 2.621 gm. ca1./min.°C •• 

For runs with the stirrer, 

D = 2.62 + 0.21 ... 2.83 r.m• cal./min. °C •• 

Check of assumption (2), 

47 McAdams gives an expression from which an h can be found for any ge.seous 
c 

medium, 
13 2(.) ( )~.25 

h L/k = 0.548 (C p/k)(~ ~ d[- AT • 
c p' \ 2 

f 
For air, C ll/k is 0.74; for argon, 0.69. For air, o is ct 29; for argon, 

p/ \ 

cr: 40. Fir air, B is 1/T; .for argon it is 1/T also. For air, pis 0.034; 

for argon, 0.042. Then the rati.o of the above eque.tion for air to argon 

is, assuming k's are equal, 

air 
argon 

(0.74)(29)2(0.042)2 = (1.07)(0.725)2(1.233)2 

(0,69)(40)
2

(o.034)
2 

::; (0.86)0 ' 25 :: 0.963. 

The value of 0.963 for this ratio justifies the assumption made, as 

the approximate equations are probably no more exact than 0.96. 

47
Ibid., p, 242. 

-·------------·---------
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APPENDIX II 

EVALUAT!O~ OF 'F' 

Compari ~on of th~ heat capacit:te!!l of 'blft~i'y alloys with their ele-.. ' ., 

ments indi<iates th~~ the molal heat capacity of the alloy is usually 

less than the total molal heat capacities of its constitu~hts6 Using an 
empirical expression for the heat capacity of an alloy, 

c 
Palloy 

:= c 
Pnoble metal 

+ FC 
Pbase metal 

and solving for the factor F, one ordinarily finds values ranging from 

0.75 to 0.9. Since, in this research, a value for F is necessary to enable 

one to estimate the C of the system at various points during a run; a value 
p 

of 0.80 was chosen. Although this value is below the e.verage of the cal-

culated values, one feels justified in its use, at least qualitatively, as 

sodium is more electropositive than any of the other base metals investi-

gated. Furthermore, since the proper value for F in this case is doubtful, 

1 b bl . i d48 a arge pro a e error 1s ass gne • Thus, compensation for this value 

of F is adequate. 

The value of i used in computing probable error is 0.8 ~0.1. 
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APPENDIX III 

SUMMARY OF CALCULATION OF PROBABLE ERRORS (Na-Sn) 

RUU 1, ADDITION 2 • 

. ,
0 

49 
Value of e:. 

p 

A f d . . d50 mount o so 1um vapor1ze 

Value of F
51 

Value of C at beginnin~ of 
additioR 2 

Value of ~T for addition 2
52 

Value of QI (Cp(~T)) 

Value of Q 53 
0 

Value of Q 54 
II 

Value of QIII 
55 

(value of Q
0 

+ QI + QII + QIII) 

Value of Q56 

Value of t\H 
57 

Value of llH
873 

24.14 !3.18 cal~;Pc~ 
+ 0.46 -0.10 gram 

+ 0.80 -0.10 

23.01 !3.20 cal.;oc. 

+ 0 
19.8 -2.85 c, 

+ 
455. -128. cal. 

192. ~55. cal. 

+ 
624 -61. cal. 

+ 
30. -0. cal. 

5. 93 ~o. 74 kilocal./rnole 

4.81 ±0.19 kilocal./mole 

+ 
-10.74 -0.77 kilocal./mole 

+ 
-10.76 -0.77 kilocal./mole 

49 
This value was obtained by taking; maximum and m:i.nimum reasonable values 

for the slope on the lnt:'IT' vs. Q plot, anci calculating: the possible varia
tion in ~C • This variation was averaged to give the probable error. 
50This valu~ was obtained from a consideration of the' errors in weighings 
and in the analysis. 
51

For a discussion of evaluation of F, see Appendix II, p. .66. 
52

This value was calculated by taking the maximum possible deviations of 
the slope on the lnAT' vs. 9 plot and following the procedure outlined on 
p. W to give ·t;vo extreme values of LiT. The average deviation of these 
(llT)'s from the quolt:;ed t-.T was used as the probable error. 
53

This is calculated from the probable error in vaporized sodium, and the 
probable error in heat content values. 
54

Using the slopes mentioned in n. 52 above, the f plot calculation was 
. carried out. The probable error reported is the average of the deviations 
~gom the quoted value. 
· The error in QTIT was estimated to be negligible, since QIII was calculated 

from an exact theo~etical expression. 
56This value was ca1culated from heat capacity data given by }\:.K.Kelley, 
o~. cit.~ n. 19. 
5 This value represents the combination of (Q

0 
+ Q

1 
+ QII + Q

111
) and Q, 
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