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SECTION I. INTHODUCTION

The detalled investiiatlon of the varliation ol specific
heat with temperature is of great lmportance lfor & proper
understanding of the so0lid state of matter, Together with
other experimental measurementa 1t offers & direct expori-
mental check on theories of the internal energy of subatances.
Tables of sapecific heats are also of ilntereat in thermody-
namlcs. It iz the purpose of these experiments o measure
the specilic heat at oconstant prassure of two of the alkall
halides, potassium bromide and potassium lodide.

The theory of the aspecific heat at oconstant volume of
monatomic sollids was first worked out on the basls of the
guantum theory by Einatein and Debye. This work ia
summarized by Seitzl, Dorn® extended the theory to include
crystalline solida, o regarded these as bein; composed of
many similear groups of atoms, the groups belng spaced
uniformly in any given direction, He found that the wmotion
of corystalline groups as wholes could be well desoribed by
& Debye function, In addition to thisz motion there are
other vibrations which can bs thought of as being due to
the vibratlon of atoma within groups, theae being independent

of atoms in other groups, Ior each of these modes 8 tearm in
the energy of the Linastein form 1s used, The resulting

equation reduces at high temperatures to the Dulons and
Petlit law,
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The theorles of Zinsteln, Debye, and Born were based
upon the agsumption that the lorcea involved are linear, or
that the snergy 1s glven by a quadratioc expreaslon, :t'
migcht be expected that at hirher temperatures, where the
vibrations are more violent, the force expression may
contain terms of higher power than one, amdl that thls would
change the ener:;y dependence upon the temperature and thus
that of the specific heat, Schroedinge® attacked the high
temperature problem Ly generallising the Hooke's law lorces
used previously by an expresslon,

-/ux+/“9:"+/4"7:3+'-- (1)
so that the vibrations of the atoma thus become anharmonic,
The results of the calculatlion yleld Ior the apecifio heat
at hlgher temperatures,

e‘:: CV(/1‘0<T) (2)
where c,, 1s the specific heat of the Dulong and Fetlt law.
The quantity, < , is equal to the diffeaerence of two terms,
of which the positive term depends upon the coefficlent of
x®, and the negative term upon the coefficlent of x>, Thus
the additive term may be either posltive or negative,

The quantity of theoretical Interest s the apecifiic
heat at constant volume, oy, wheroeas axparimentaily the
guantliy generally measured is s the specific heat at
constant preasure. Theae two are related by a thermody-
formulat as follows

- g’
Cp“ CV—- TV-f,— (5)



where o« is the coelficlent of linear thermal expansion,
and /3 is the compressibllity, Thus mesasurements of p
together with linear expansion and compressibility yleld
valuea of ¢, which can be compared with theory.

The exparimental ra#ulta of ap#@ifiﬁ heats at high
temperatures are meagre and often inagourate due to the
dirffloulties of measurement. It has nnt yet been
detormined for certain what the shape of the o, curve at
high temperatures actually la.

Suken and DennotiP found that cy drops below the Dulong
and Petlt value Jor Nall at higher temperatwres. However
this result 1s based on the calculatlon of compressibilities
by linesar extrapolation Ifrom the room temperature values,

Hunter and 5iegel® have used the values of iuken and
Dannohl together wlith thelr own cxperimental data Ifor the
compresslibllity and found that for XaCl the curve actuslly
does keop approaching the 3F value, not dipping down,

The experlmental values of thse thermal expanslion at
hizh temperatuwres ars presumably falrly accurate, It 18
uncertainties in the values of speciflic heats at conastant
pressure, and of compresalbllities whisch introduce the

unoertalnty in the results for oy.



SECTION XX, METHOD

-,

The 1ce calorimeter used in these experiments is a
aultabla Instrument for the aocurate measurement of snthale-
ples at hiph tempoeratures. 3aslcally the loe calorimster
conslatas of & vessel contalining water in the center of
which ls a hollow well, The wa%ter in the vesssel has an
interface with a quantity of meproury whleh 1ls lead into
the vesgsel thru a tube Irom the outside, An lce mantle ia
farmed about the woll, and the whole apparatus ls lmmersed
in an 1ce bath, Vnen the heated sauple i1s dropped into the
woell, some of the lce mantle 1s moelted, resulting in a
decrease ln the volume of the contents of the vessel. There-
Ifore & certaln amount of mercury la drawn into the vessel,

By welighin; %the wmercury intake one can determine the heat
given of't Ly the sample in terms of the specific volume of
the lce, vyq, the specilic volume of ihe water vy, the denslty
ol the mercury dy, #nd the latent heat of fuslion of the water
L, by use of the relation,

L
K> =i o (0

% 13 the calibration factor of the calorimeter, the ratio

of heat input to w&kss of mercury Intake. The denslty of
lce, wiilch was thought at one time not to be accuratsly
reproducible, waa careiully astudlied by Cinnings and
Corruccini? of the National Bureau of Standards, They
determined 1ltas value accurately, and also established the
fact that 1lts density 1s constant,



The advantages of tho ice calorimeter are that no
temperature measurling device or electrlcal lngtruments
need e used with it 1f its calibration factor is constant,
and when 1t 1s properly used with an 1ce bath its heat leak

1s very amall.



SECTION IIX, DESCRIPTION O THE APPARATUS

1. Ice Calorimeter

A sectlonel view of the lce calorimeter of the same
type as used by DeCa Ginnings® is shown in I'iguwre 1. The
centrel well, W, into which the heated ssmple is to be
dropped 1s & monel c¢ylinder cut into twd sections divided
by the gate, U,

The purpase of this gate 1s to digalpete into the
outer ice bath, I, heat radisted down the well from the
hot furnace above., It consists of a flat hollow braas
cylinder with & tight itting copper gate inside it., The
axlis of the pate 1ls vertical, and 1t can be rotated about
thls axis. liormally the gate is in such a poslition sgo that
it intercepts radlation coming down the woll I'rom the
furnece, Vhen & sample 13 to be dropped into the well, the
cate is rotated by the shaft, £, so that the hole in the
gate (of seme size as the well) allows the capsule to fall
thru, This hole is tear shaped so that when the gate 1a
rotated to closme the opening, the auspending wire of the
capsule is caught in the corner of the tear and any heat
conducted down the wire from the furnace ls thus dissie-
pated, The gate 1s made of copper and 1s chromium plated,

The bottom part of the well has 22 finsg, i, &z shown
to conduct heat gquickly to and from the water in the inner

container. These fins are made of copper, are circularly
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10
shaped with twoindentations to allow room for the lines 2
and C, These Iins are separated by spacers which 11t the
central well snugly. The bottom 12 spacers are of copper
and the remainder of brass, They are soldered to the well
with tin, except for the bottom fin which 1s herd soldered
to the well and then tin plated, The entire assembly
congisting of central well, flins and spacers was coated
with tin using a soldering iron,hot dipped in tin and then
aelectroplated with tin., Jxperience has shown that this
combination forms the leasat porous coating.

Tube C, ol stalnless steel, tin plated, allows 002
g&s or helium to bse passed thru the central well to keap
moisture from condensing there., A4 flow of 002 was kept
moving thyu C and the well at all times by running & tube
from & Dewar [lask contalning dry ice to the line C,
Stalnleas ateel tube T, L, and E forms a passageway Ior
the mercury irom the well of mercury inside the inner jar
to the beaksr h, This tube was tin plated, except for
the portlion which dips into the mercury which was coated
with Aplezon W wax,

The inner Jjar, J, is of pyrex ;lass, and itas upper
end (down & distance of ons inch) was ground by using
abrasive so &s to rit the brass Iitting B snugly. The jJar
was thorouphly cleaned with KOii, Hﬁoa, and chromic acid

cleaning solution before assembly. It is cemented in place

in the fitting 3 with Aplezon ¥ wax, This brass fitting
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was coated with tin on its under side so thut the water in
the inner jar was exposed only to tin, mercury and a small
area of Aplezon wax ¥,

The outer jear, K, is similliar except }arggr &8s shown,
It is supported by & brace attached to fitting A (not
shown), and is cemented into fitting A with Universal Hed
waxe.

The ifnner jar is fllled with air Ifree dlatlilled water
O {described later) and with clean distilled mercury.

The whole apparatus is surrounded by the 1c¢e bath I
frogen from distilled water, This bath was kopt at a leval
L in the glass bell jar N. The whole bell jar was surrounded
by bats of Styrofoam insulation (not shown).

The mercury aystem ol the calorimeter consisted of the
beaker of mercury i, valve V, caplllary tube L', stainless
stesl tube T, stalnless steol bulb U, stainless steel tube
¥, stainless steel tube ¥, and well of wercury inside the
loner jar, He. As lce freezes or melts on the fins i,
mercury is pushed out of the ocalorimeter, or sucked into it
Ifrom the beaker . The bulb U acted as a trep for water in
the mercury line, or for alr which got into the line acci=-
dently; this trspped water or alr could be pushed out of the
aystem by Ifreeszing more 1ce on the Ilins. The valve V, of
stainless steel, could be used to control the flow of
mercury; when it was closed the beaker I could be removed

for weliszhing. In later experiments, the valve V was
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removed Irom the aystem, the capillery E' belng connected
to beaker k with glass capillary (0.8 mm dlameter).

The metal parts of the calorimeter were soft soldered
tosethar, except Ifor places which would be exposed to the
distilled water of the inner jar which were soldered with
pure tin, The lass caplllary 5' was attached o the
mercury line T with Aplezon wax VW, The mercury came in
contact only with water, stainless steel, Aplezon W wax

and pyrex glassa.

2. Desoription of the Furnace

Flsyure 2 shows & cross seoctlonal view of the Iurnace.
The central cora of the furnace is about 28" long and
about 1 1/4" in dlameter, thus alfording a satisfectory
ratio of length to dlameter., A maln heater winding runs
the entire length of the core, and to keep temperature
gradlents to & minimum, at least 1n the center portion of
the furnace, separate top and dottom heater windings are
alao included, The currents in the three windings could
be varied aseparately to allow for lossas ol heat out the
enda of the furnace.

The maln winding is wound on an alundum core A,
Alundum 1s & refractory material capable of withstanding
hizgh temperatures and does not reect with platinum, The
end windings were wound on the alundum core 3, All
windings were of platinum, 90% - rhodium 10%, no 30
wire. The aample to be heated L3 suspended in the
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sentral core of the furnece, C, Fepzlon D is fllled with
alundum powder and reglon ¥ with dlatomaceous sarth, E lg
another alundum oylinder used to contaln the powder. The
outside of the furnace conslats of gelvanized sheest iron,
G, and the top and bottom of the furnace are held togsther
by the tie rods, . On top and bottom of the lfurnace are
transite plates, J, and iron plates, XK. The cores cone
taining the heaters can be removed from ths furnace, and
are held in plece by the lavite fitiings ¥ (machined and

baked), and the iron rings, L.

It was found that the central core of the furnace
had & rough surface which when rubbed ;ave off & fine
alundum powder, which must be kept out of the calorimeter
below. Thus a stainless steel (type 304) lining, not ghown,
fitting the inner alundum core snuzly, was placed inaide
the furnace. It was hard soldered to & stainleas steal
ring which was screwed to the iron ring L. 7The stainless
steel lining served the additional purpose oi cutting
down conveotlon currents, which ocourred before due to the

porosity of the alundum cores.

35« Thermocouple Assembly
The temperature of the capsule when it was suapended
in the furnace was measured as followa, The furnsce was

lirned with & stainlegs steel tube fitting the alundum core
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of the furnace snugly. The euxillary steel tube herd
soldered to its hottom end was fitted to the tube of the
calorimseter well with & one inch sylphon hellowa, At the
midpoint of' the furnace a Zube of Inconel was mounted, It
was five inches long, 1/16" wall, and Iitted the steinless
stoel tube anusly, Thres thermocouples (each couple
platinum to platinum 90%, rhodium 10%) had their junctions
mounted in this Inconel ring. One couple wag fastened at
the center of the rin;, and the other two at top and botiom,
each two 1inches from thes center, 7The Jjunctions were attached
to the Ipconel rins by the use of fabricated lichrome V
serawe which screwed Iinto the Inconel ring from the inside.
The Jjunctlons of the couples were thus on the inalde of
the ring. The maln coll current and that ol the two end
heaters were adjusted until the three couples read approxi-
mately the same to within 0,56° C thus creating & nearly
lsothermal reslon within the Iriconel oylinder, The six
wires from the thermocouples were led out of the furnace
and into an lce bath in a Dewer flask constituting the
cold junction, Inslide the furnace the pairs ol leads
wore lead osut thru double bors ceramic ilnsulating tubling
made by the McDanel refractory company. These served the
double purpose of insulating the wires, and protecting them
from ;ases In the furnace, and contamination by evaporation
from orne wire onto the other. The wires were then led into

pyrex plass tubes Inserted into the i1ce bath, Lach tube had
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an inch or so of Eg in 1t. Copper wires wore then fed into
the mercury so &s to make contact et 0° C with the platimmm
wires, These slx copper wires were then led to the potentie
ometer, which could select any one thermocouple by & switche
in; arrangement. The potentiometer was & Leeda and Horthrup
Werner type capable of reading to 0.1 microvolt.

The thermocouples were certified by the Dureau of
Standardas before use, The standard cell used with the
fenner potentiometer weas & Yeston and had been certified
by the Hatlional Jureau of Standards, Another certified cell
was kept a8 & reference,

4. Vacuum System

A vacuum system was requlired which would aserve three
purposes: to evacuats the calorimeter end mercury line,
to rill the calorimeter with alre-free distilled water, and
to bo used to rill the capsule.

A standard pyrex glass vacuum system was used., The
backing pump wap & Megavaci the diffuaion pump & Cenco
mercury pump., There was & mercury darometer in the aystem
which could be used to estimate pressures roughly, and as
& valve, A MolLeod ;ape was incliuded in the systen for
measuring pressures accurately, and a thermocouple aze
was later added to facllitate leak hunting. Between the
¥oLeod zage and the system to be evacuated was & vapour
trap which was llled with a dry ice acatone mixture while
the mercury diffusion pump was operating. OGlass stopoocks
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(vacuum type) were used in the system with Dow-3ilicone
stopoock rease, L4Lttached to the vacuum system was the
glass aysbtem used lor preparin, alr-ifree water. It con-
slated of a flask into which triply distilled water was
placed with a connectlion leadling: to another wvaocuum pump,.
This flask was also connected by . lass tublng to the vaocuum
syastem, and the whole by & jlass tube to the calorimetor.
The method of evacuating and £1l1ling the calorimeter with

water 1s desoribed later.

5« The Drop System

The method of controlling the drop of the capsule from
its position in the furnace into the ¢alorimeter ls 1llus-
trated in Iigure 3. A steel tube A three feet long, one
inch o.d., and 1/16" wall was mounted on top of the furnace
with its axis in line with the axis ol the furnace. There
was & metal plug C on the bottom of this tube with & 1/32"
hole exactly centered. A steel plummet & was machined to
it inslde the steel tube anugly, so that 1t could fall
free inslide the tube when released, Holss were drilled in
the sides of the steel tube so that the plummet underwent
essantlally f'ree fall, except for the last four inches where
braiing took place due to the air trapped by the plummet in
its fall 1ln the bLottom part o»of the tube where there waere no
holes. A wire (llchrome V, 3 & S cage 32) was attached to
the bottom of this plummet. It ran thru the hole in the
bottom plug of the tube, thru a hole in the lavite plug on
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top of the furnace, ¥, and had the capsule and the cone
vectlon shield asaembly attached to its lower end., A
string 3 was attached to the top of the plummet which ran
up the tube and over a pulley mounted on the top end., Thus
by pulling on the strin; the plummet, wire and capsule
could be ralsged into the proper place in the furnace. Thaen
when it was desired to lower the capsule into the calorimeter
the string was cut, and the assembly fell until the plummet
hit the bottom of the tube. The length of wire was adjusted
80 that the capsule would then be in the proper place in the
calorimeter C, Tests have shown that the time of fall 1is

fairly constant using this mechanism,

6, Capsules

There were several practical problems involved in the
deaizn of the capsules used I'or holding the samples., The
material ol the capsule had to be hard snough so that a
cutting edge capable of cuttinga metal gasket could be
obtained; the capsule muat be chemlically inert with the
sauples runi 1t must have considerable mechanical strength;
1t must be light enough so that its specific heat does not
mask that of the ssmple; it must be shaped on the outside
80 &8s to touch the calorimeter well over as much area as
posslble; and 1t must be capable of prolonged exposure to
hizh temperatures without undue oxidatlon and without any

scallng. nilchrome V, &n alloy ol Driver Harris Company
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containing about 80 Ni and 20% Cr was used,

The capsules weore machined under the direction of D.H.
Long of Tageral't Corporation, Lancaster, Pennsylvanla, and
their fabrication presented & machining problem due to the
extreme hardness of Nlichrome V, The capsules were 1 7/8"
lons over-all, The body of the capsule, oylindrical in
shape, had wall thickneas ol about 0.012". The bottom of
the capsule waa about 0,01l5" thick. The top of the body
was tireadsd with 32 threeds per lnch, aud & cutting sdge
machined on the top of the body. The ocap ol the capsule
was threaded to {1t orn the body so that lta outside was
flush with that of the body. A gold ;asket of 0,010"
thickriess was used,

T™he over-all weli ht of the capsule and ;asket was
approximately 15 grams, The methiod of {illing the capsule
with & gample 1s given later,

7o HKlectrical VWiring of the Furnace

The ocurrent thru the heater coils of the furnace was
adjuated manuelly. Three veriacs and s system of reslstors
were used, Power for the furneace was supplied by a Sola
constant voltage transiormer of 2000 va capacity. One
variac controlled the current thru the main winding of the
furnace, Another veriac controlied the current thru the
end heaters. A third variac in the line from the Sola
transformar controlled the voltapze to the other two variscs

so that the total current could be varled with sne control.



SBCTION IV, PROCEDUNE

1. FLlling the Calorimeter with Water

Two liters of triply distilled (in & ;lmas still)
water were placed in the rlask provided for that purpose
in the vacuunm system already described., This flask had a
vacuum valve above and below the water. 7The top valve when
open connected thru ;lass tuding to & vacuum pump. #hen
this pump was turned on the pressure above the dlstilled
water was reduced, and the dissolved air in the water then
escaped from the water until 1lts partial pressure was equal
to the preasure provided by the pump, less than I om of Hg.
The upper valve was then cloaed off, . lving a flask of
diastilled alr-free water., Meanwhlle the vacuum asystem
connected to the [lask thru the bottom valve had been evacu~
ated. Thias asystem had been connected to the merocury line
of the calorimeter, so that as the system was evacuuated,
the mercury line and inner Jjar of the calorimeier were also
evecuated. The uaual tests were used to lnsure that &
ti:ht vaouum gystem existed, After the system had been
evacuated, & valve connecting 1t to the calorimeter was
closed, and the valve underneath the distilled water flask
was opened, The alr-free dlstilled water thus Iflowed by

gravity into the calorimeter,



2e¢ Iireezing the Ice kantle

After the calorimeter was illed with air-Iree dlg-
tilled water as desoribed, some dry ice was introduced into
the central well of the calorimeter. The water in the inner
Jar was thus cooled and lce atarted to form around the fln
agsombly. This farced water back out of the caloriueter
thru the line H, Myure 1. Yhen the fins had been completely
covered with lce, and as large & mantls as was possible with-
out cracking the jar was formed, the tip of the capillary
dipping into the bealker ol mercury, E, Figure 1, was broken
off. At the same time, the capilliary line £ was amt off,
Then as the lce mantle was melted, meroury was drawn into
the aystem replacing the water, &t this point the line to
the distilled water flask could be disconnected as there
was a layer of mercury on top of the water and thus no
dancer of contaminating it with air, A quantity ol mercury
was thus drawn Irom the beaker L into the wmercury well, i,
inslde the inner Jjar. 3y repeating the mantle Ireezing and
melting, the desired quantity of mercury could be drawn into
the welle. Three Ireeszings were required Iln practlce, iach
freezing of the mantle required about 1 1/2 to £ hourse.
%hile the Ireesing and melting waa in progress ice water at
about 28° C was kept in the loe bath jar, I, iigsure 1. W%hen
the required amount of mercury was drawn into the reservolr,
a final mantle was Irozen around the fing, and the calow-

rimeter was ready for measurements., In this conditlion, the
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distilled alr-free water in the calorimeter had mercury ba-
tween 1t and the outside beaker K, Thus heat introduced in-
to the well, ¥, would be re; istered by the weight ol the
mercury drawn in.

During this process & flow of dry’ﬁaa was pasgsed thru
the tube C with the intent of keeping moisture Ifrom cone
densing inside the well, COp gas, dried by passing thru &
Pulg trap, was kept flowing thru the well, ¥, at all times.
A convenlieont source of Cca zas was from & supply of solid
CO0p kept in & Dewar flask.

After the mantle was frozen, the lce water was syphoned
from the bell jar which was then fllled with orackoed lce.
The whole apparatus was surrounded by blocks of Styroform

insulation {not shown in ¥igure 1.

B3e Filling the Capsule

The capsule containing the sample and an inert atmose~
phere had to be alir tight., A cutting edge was turned on
the capsule so0 that 1t would seal into a ;old gasket, The
sample was placed in the capsule ss follows. The capsule,
capsule top contalning gold sesl, and the sealed sample
{of X% or KI) was placed into a ;lass tube, 4 inches in
diameter and a foot longe. Kubber glovea were fitted over
the ends of the tube aso that the contents of the tube could
be manipulated by hand without exposure to the atmosphere.
Froviously the g lass tube had been {illed with gms dried

over PgOg. The sample was then placed ln the capsule, the
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cap screwed on, and the capsule lmmedisately transferred to
a vacuwm system in which the vacuum was lmmedlately reduced
to about & mm of nercury. Since the cap was on loosely the
zas in the capsule was pumped out, Then helium gaa was
admitted to the portlion of the vacuum gystem contalning the
sample so that the capsule was filled with helium, The
capsule was removed and the cap tightened down with a wrench,
Thus the capsule was gealed contalning the water free sample
and helium atmosphere., The capsule and conterts were welghed,
Since B leak in the ;asket would cause & change in the
weli ht of the contents of the capsule, reweizhing it wonld

check if the _asket were ti ht,

4. Neagurements of IZnthalpy

The lce mantle was prepared as already described., If
measurenents were to be mude soon therealter 1t was necessary
to premelt & little of the mantle close to the well, W, to
obtain a water connectlon to the water outside the mantle.
This precaution was not neceasary 1f the mantle was allowed
to atand, over nlght for example, since 1in this case very
fine filaments thru the ice Ifrom the fin side to the water
side developed, These were evidently filled with water and
allowed a path for water flow when melting started,

After the mentle was I{rogzen and premelited tho heat leak
was tested. Thls waa done by two methods. In the first place,
the valve, V, I'lpyure 1, was closed and the position of the

mercury level at E!' was watched, Ti:is cepillary had been



calidbrated previously by adjusting the mercury in 1t to
various levels, and welpyhin, the amount of mercury in the
beaker. Thus small changes in mercury could be read on the
caplllary tube E' and larger chan;es by welghin; the beaker
R, The second method,eliminating the valve, was used princie
pally, The valve, V, was removed and & caplllary ;lass
tubing leadin to the beaker K put in its place. A rubber
tube was attached to the top of the caplllary tube ', a
s8lizht suctlion applled to 1t, and the beaker K withdrawn,
Then the marcury in the caplllary tube directly above the
beaker was drawn up to & prescribed level, and readings of
the level of the mercury in the tube L' were talken as before,
with the difference that the mercury on the right was kept
at a definite level. This method which dlspensed with the
valve, which had proved troublesomes, worked satlislactorily
in practice., The levels of the mercury in the capillarles
was measured with travellin. microscopes.

After the heat leak had settled down to & feirly
constant value the calorimeter wus ready for measureuments.
The heat leak was found to be approximately 0.4 to 0.9
ocalory per hour, Variestions in heat leak wore attributed
to molstwre in the well., Imwring this time the ice hath I
was kept at the level L, melted water bein; drawn Irom I
by a syphon.

Leanwhlle the capsule containing ths sample hed been
pullied into the proper place in the lurnacs, namely half

way up. The position of the capsule in the furnace wag
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checked on each run by inserting a ceramic tube up from the
bottom until it touched the bottom of the capsule. The
capsule thus was suspended in the middle of the isothermal
re;ion of the Inconel ring previously descoribed. The maln
coil current of the furnace and the currents in the two end
heaters could be manipulated ao that the three thermocouprles
in the furnace indicated the aame temperature, giving rise
to & four inch isothermal region in the furnace., The read-
ingzs of these ocouples were held as close together as
possible by manipulating verliacs feedin; the three colls,
and the whole temperature kept at a fixed value by manipu~-
lating & veriac feedlin; all three colls at once, It wasg
found that the temperature of the furnace could be held to
about 0.1°% ¢, and the gradients kept at or better than 1/4° ¢
por inch,

Zmpty capsules were kept at the desired temperature at
leaat 3/4 of an hour, filled capsules at least 1 1/4 hour.

The furnace was rotated about 1its vertical axis so
that 1ts core was llined up with the calorimeter well %, The
tube of the Ifurnuce and the calorimeter well were joined by
& sylphon bellows. See Figure 3,

Vhen the heat leak was ateady and whon the capsule had
been held in the furnace the prescribed len:th of time, the
strins holding the capsule was cut,

Thus the plumb, the Nichrome V wire, and the capsule
on Lts bottom end dropped down until the capsuleo was at the
proper place Iln the calorimeter, This fall has been
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described. 4As the capsule reached 1ts bottom position in
the furnace, (soe Il ure 3), the sate was closed. The _sute
was open about two seconda for each Arope.

As the capsule gave up 1its heat to the calorimeter, ice
nelted and meroury was drawn into the system from K. The
levels of the mercury belore and after the run at E' were
noted, &long with the weiyhts of the beaker H, so that the
smount of mercury drawn in could be found,

For all runa recorded in the data the lce mantle was
checked for intactness after esach run.

A total of 93 runs wes made. The 1ce mantle was re-
I'rozen after approximatsly 50 or so grams of mercury were
drewn in. Thus several runs, of small heat sxchange, could
be wade on one mantle, whereas the mantle had to be relrogen
ai ter eachi run ior those of high heat tranafer,

Runs were made with the smpty capsule, and with the
capsule contalning the sample, and by subtracting these
values; alter makin: corrections noted later, the heat
velues ior the seample alone could bLe determined, Thia
method eliminates all experimental errors which are the
saze for the two Cas68,

In order to callbrate the calorimeter, runs were made
with synthetic sapphire (AlpOx) obtained from the Linde Alr
Producta Company. 7The specific heat of this material, which
forms a suitable standard substsnce for calorimetry, haes

been carefully investigated by D.C, Glnnings and H.J,



Corruceini® of the Xatlonal Duresu of Standards. The
results of this callbration are contalned in a Universlty
of Heryland (1951) N.5. thesls by Ueorge L. HauverdO,

The pure samples of KBr and KI used were obtained from
the Harshaw Chemlcal Company, Cleveland, Ohlo.



SECTION V. DATA

Data for the runs on the empty capsule, cepsule
containing Kir, and capsule contalning XI are listed in
tables I, II, and 11X, The masses of mercury are
corrected for buoyancy., Also, sinee the amount of helium
in the empty aaaiad'eapuula was greatar than the amount in
the capsules contalning the sample by an amount aqual to
the volume of the sample, correctlons were made for this
difference. The wel:ht of the gold gaaket in each case was
the same. The welghted mean of the mercury mass readings
is listed in the tables for each temperature., The detalls
of the wel:zhting are piven by G.Ee Hauverlo. Two lactors
wore considered in the welghting: the steadyness of the
heat leak, and the magnitude of the gradient in the furnace
in thes nelghborhood of the capsuls, Welights of 8:1,

5:1 and 10:1 were used. For example, 1f for two different
runs, both pradients were equally zood, but one heat lemk
was conslderably worse than the other, and the one gradient
rether poor (that is large), & wel ht of 1:10 was used, Of
the 36 runs included in the data, 7 means were welpghted
means, while in the remainder the masses averaged were
welizhted equally. It was found that in the lster runs as
technique improved there was little need for waighting,.



Table l. Data on Bmpty Capsule
Tomparature Yaans of Hy Welghted
(sg) sorrected nean
I'or buoyanoy {am)
()
338,4° 10.5688 10,3579
10.3579%
10,3572
468,7° 14.5504% 14,5652
14,.5664%
830,3° 17.0604% 17,0706
17 00222
56847° 19.1244% 19,1531
19.1674%
673,5° 22,4605 28,4685
726.1° 24,6049 24,6039
24,6029
Eagss of capsule, c¢cap, gold asket
helium (sealed’’ - ’

Deviation

Lrom

Inside volume of capsule

Outglde volume of capsule

o
-

L
L

Xasses marked ® were wolgzhted

7.48 om®
9.65 om®

Cm)
«0069
«0000

- «0008

- tmﬁa
0012

~.GO3.1
«O116

- 4OBB7
«0143

«0010
-*.OOIQ

18,2400 gm
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Table II, Data on Kir
g Mgt em  oeitien s
fana Holtam (=) ()
content (im)
3335.4° 15,9035 16,0017 - .0082 5.6438
16,0129 «0112
15,9985 - Q0R8
630,3° 26,3688 26,3492 +0190 90,8787
26,3475 -« 0017
26,3320 -.0172
728.1° 37,9067 37.8840 .0227 13,2801
37,8938 «0068
37.8771 - 0069
37.8583 -« 0BET
Mags of capsule + helium + Kir R 28,3263 m
Kaas of capsule corrected for buoyancy 2 28,3356 o
Kass of capsule B 1B.2468
¥aass of hellum + XKir 2 10,0868 gm
¥aags of Kir 8 10,0882 gm



Table III, Data on KI

Temperature Mass of Hg Mean Deviation Mass of
oC corrected for from Hg due to
buoyeancy and Mean KI
helium content (gm) (em)
(gm)
335.4° 14,7124 14.7266 0.0142 4.3687
14,7409
458,7° 20,7587 20.7455 0.0132 6.1803
20,7323
588,79 27,1489 £27.1402 0.0027 7.9871
27,1376
673 .50 31.7109 51,7109 0.2424
Magas of capsule + hellum~+ KI 28,8520 gm

Mass of capsule-+ helium +XI (corrected for buoyancy) 28,8592 gm

Kass of capsule

Mass of helium +XI

Mass of KI

18.25565 gm
10.6037 gm
10,6030 gm



SECTION VI. METHOD OF THEATIKG DATA AND RaSULTS

The values of merowry intake for each temperature were
converted to heat values by multiplying by the callibration
factor of the calorimeter, 64,638 cal/¢m of mercury. The
resulis were then divided by the mass of the samples of
Er and KX, ylelding the enthalpy per i ram lor each tempeore
sturo with reaspect to 0° C,

It hes been common practice in thermodynamical calouw
lations to represent the specific heat of substances above
room temperatwre by equatlions in power series fom,

o, = & + br + orl,
However 1t has beon found that such expressions may not
accurately represent the facts at hizher temperatures where
for many substances the specific heat ls then nearly a
1inear function of the temperature,

In the case of KI the data supplies valuesof enthalples
a2t five tempearatures. It was declded to calculate twd ana=-
lytic expreasions lor different temperature ranges, a cublc
equation (quadratic for the specific heats) for temperatures
below about 400°, and e quadratic equation (linear for ape-
clfic heats) for temperatures above thet value, The conw
stants ol these equatlons were determined by direct calou-
lationa. The data uaed are:



a2

Tampgraturu Enthalpy
c ol 2
o 0
333 04 26,616
458,.7 374,650
588,7 484,736
O75.5 56,345

Uge of the first four values was made to determine the coefl-
Ficients ol the equation,

EH=a + bt + ot® + at®
Thess coefliiclents wore found to be
8 = 03 b=0.,068781l3 o©=0.000080207; 4 = «0,000000083281
The resulting equation for the speclific heat, obtained by
direct differentiation 1is,

op = 0.065731 + 0.0001204 t — 0,00000015984 t¥  (11)
The speciflc heat is in cal/;m/deg., This equation was used
ror temperatures up to 400° C,

The last two valuep in the table above, together with
the value of the specific heat at 400° found from equation
(11) were used to obtain an equation for H,

H= @& + bt + ot
and the coefflclents thus caloulated were:
& = -2,88246; b = ,088893; o = 0,0000030357.
Thus for temperatures above 400%, the equation found for the
spocifllc heatas was:

Cp = 0.085893 + 0,0000060714 ¢t (12)

In the cease of KiXr the data ylelded the following values
for the enthalpy:



T%mpgrature Enthalpy
C cal/im
0 o
333.4 36,160
830.,3 50 .463
728,41 85,108

The conatanta for & cuble equation I'or the enthalpy were
found from these vsluea to be:

8 =03 b= 104783 o = 0,000006426; 4 = ~0,0000000014006
and the resulting aquatlion for the specific heat:

6, = 0.,10478 + 0,000012652 t = 0,0000000042015 t&  (13)
Bquations (11), (12), and (13) were then ussd to calculate

the following valuas of apeciflic heats:

Temperature Speciflic heat at conatant pressure

Qo » 2&' m/degz

{International

scale of ;9272 Edr I
300° »1083 JO8747
400P » 1003 L08632
5009 «1102 08893
600° «1110 08954
675 ,5° LOB0G8
700° 1117
7307 «1119

Thoese results are plotted in Crapha I and II.
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Graph I. Specific Heat at Constant Pressure of KEBr
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Graph II

Specific Heat at Constant Pressure of KI
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SECTION VII, DISCUSSIOH OF ERSULTS

An 1dea as to the reproduclbility of the results for
the enthalpy is gsiven by the deviations Ifrom the mean of the
mass of mercury readings given in Tables I, II, and III,
The average deviations for all the readings is about 0.05%.

The apparatus was callibrated by G.l, HauverliO by
making measurements on Al,0,. The enthalpy and specific
heat of this material have been carelully investigated by
DeCe Zinnings and HeJ. Corruceini® of the Natlonal Bureau
of Standards. Hauver calibrated the apparatus by adjusting
the temperatures of his data so that his enthalpy fligures
s reed with those of Glnnings and Corruccinl,. These asuthors
clalm an sccuracy for their results on the enthalpy of Algﬁs
of 0.2%. They have taken account of & number of systematic
errors which cause uncertalnties in the results., Some of
these srrors &re now llated.

The calibration factor is uncertain by an amount of
about 0.02%. The capsule loses a fairly large quantity of
heat Iin 1ts drop from the furnace into the calorimeter,
Since the heat lost by the empty Iallling capsule, and that
lost when the capsule contalned a sample 1ls not the same at
@ ;iven temperature an error is introduced, which wlll
probably not exceed about 0.03%. Once having been oxldized,
the capsule apparently did not change wel;zht a great deal,

This factor weaz therefors eliminated by welghing before esch
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set of runs, The changes in room temperature durin; the
courae of & run were small enough so that chenges in the
density of the mercury in the capillery line duse to this
cauge lntroduced & very amall error, Iuoyancy e?rrectiona
to the wel hts have already been taken account of, The
effect of heat leak was accounted for in each run, by
plotting & graph of heat leak before and after the run,
and estimating the smount of mercury disappearing from
this cause whille & run was in progress. %“hen the hot
capsule 1s in place in the bottom of the well therse is a
coertain conduction upwards. The amount of heat loat from
the calorimeter in this way will bo extremely small slnce
the well is & poorly conducting material, and the top
gpacers are of brass, also poorly conducting. In addition
the well 1s tempered its entire length by the ice of the
inner Jar, a dlstance of some smeven lnches. lio corrsction
wasn applied Ior thls loss because it was go smell and lte
amount not known. There will be a certaln amount of heat
loss up the well by convection and radiation. 7o reduce
these effecta two shlelds of platinum foll, of the same
dlameter as the capsule wers mounted on a 2-inch platinum
wire one~half Iinch spart, mounted between the top of the
capsule and the llichrome V suepension wire (see ri,ure 3).
Lxperiments had shown thet this effectively reduces the
heat losa by convectlon to practically zero. The heat loss

by radiation is small, and these shields reduce it still
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further. The Venuer potentiometer had been certiflied by
the Bureau of 3Standards before use, and it was checked
azainat 1ts certifled atandard coll before each reading,.

The calorimeter syatem has & certaln elasticity, while
for accurate memsurements 1t should be quite rigid, If the
mercury level in the line. E}, Flgure 1, assumes different
poaitions as mercury 1isa déaunvin this dlfferance in head
may change the readings. This effect was overcome by
adjusting the mercury levels in the tube E' to approximstely
the same value belore and alfter a run,

Wnhen the yzate C (Flgure 1) ias open to allow the capsule
to fall luto the ocalorimeter in the course of & run some
heat will be radliated from the furnace into the calorimeter,
To make thls the same for the empity and full capsule runas,
the gate was kept open for the same length of time for all
runs, about two seconds,

e to the method by which the apparatus was ocalibrated,
the uncertalnties In the results lor enthalples will be equal
to those of the Dureau of Standards data on 3120a plus devie
ations from the meun of mercury readings of the present
experiment, The factors which Influence the ascuracy ol the
measurements mentloned above are aelfectively the sanme for the
runs using the Aly,0sz &s for those with XK&r and KI. Thus the
values of the enthalplies in the presert experi-
ments are presumed accurate to within 0.40%.

The uncertalntiy in the values of the speciflc heats will be
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lar;er, Calculating the slopes of the two worst enthalpy
curves found by using the two extreme temperature values
indicates an uncertainty of about 0.8%. This figure refers
to the aversage specilic heet over this temperature range,

The uncertaintlies of the speclfic heata at the upper and
lower temperature velues will be larger becsuse ¢f the Alffle
culty in determinin; the slope of & curve near lts end,

It was found that the samples, Kir and KI reectsd chemi-
tally with the Hichrome V capsule when the former were heated
above their melting points. There was no evidence o reaction
below the meltling poilnts. All the data jlven in this report
were cathered before the Xir and KI sanples were heated above
thelr melting polints.

The results of these experiments ylelding S, cannot be
compared directly with theory as indicated previouslye Howe
aver the peneral shape of the curves 1s similar to the
behavior of many substanceas which have been measured previe
aaslyll, and in partlcular to the results for HaCl of Hoth
and Zertrsm®™® the only one of the alkall halldes inown to
have been measured before, at hish temperatures,

Maznust® lvea a value of the specific heat of X atd
100% C of 0,1078 cal/;m/dey with an error of 2%. 7The present
expoerimonts yleld a result of 0,106l at thls temperature,.

As mentloned before there ls no data avallable for Kior
and KI on compressibllities at high temperatures, sand there-

fore direct comparison with the Dulon; and Petit values of
162829
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apecific heat at conatant volume cannot be made, 'The proceas
of extrapolating from room tamperature has besen shown to be
very misleading in the case of LaCl by Hunbter and Siag&lﬁ.

In the case of KX, the Dulon; and Petlt value for the
specific heat at constant volume ias 00,1008 cal/gm/deg. Thus
the results of these esxperiments show that o is groater
than ¢, at 300° C by about 7%; at 700° C by about 11%. For
Kl the Imlong and rFetit value 1a 0,0723 cal/mm/des. 'Thus
‘the measured value of o, is higher than this amount by lef
at 300° C; at 600° C by 198, It ls hoped in the near future
to make measwrements on the compressiblilitles of XI andé Ely
which when ugsed with existing data on the coefficlent of
expansion can be uged to compare the results of the present

experiments with thaory.
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