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Heat Aow In adisbuatle calorlmeters of varous ahapes and materials ia desgribed in
From these aguations it is dedueed that in the
intermittent heating method the hest exchange between the calorimeter and she adiabetic
gliicld due to transients at the berinning and énd of the heating pericd can be mades fo cangel.
The remeining heat exchenge i the aame for intermfttent or eontinuons heating mechods
and ¢ah bw treated ae the aum of efacts due to gradients set up h{ehrat flow (L) from the

tering of inear partial diferentlal equations,

ghield to the environments and [2) from tiwe shislil abd ealorimeter
pectively.

retures of the ahield And calorimeter, res

aters (0 raise the tem-
The Grst offeet can e sceountad for

¥ measurements duriuyg forn and after perioda in intermittent calorimetry ana by varying

the heating rate in continuons calorimetry,

be aeoounted for by measurements with the empty calorimeter.

Undor cectain eouditiots the epeohd effact can

YVariation In bhesting rate

fails a4 4 test for the magiitude of the second eficet.

1. Introducton

Standard maicrials for heat ecapacity measure-
ments have now been used widely enouglh to show
that different observers obtain data with aystematic
differencea nol aseribable o varintions in samples.
Well-gstablished technigues for measuring electrical
anarey and temperature differences are accurate
encugh that the most likely source of the differeoces
iz in accounting for heat exchange bhetwcen the
calorimeter and its surroundings. A review of the
ideaa on which auch calorimetry is commonly hased
therelore seems bo be in order.

Heat flow in calorimeters is commonly analyzed | rimeter measured at a more remote time.

In prineiple, an adiabatic calorimeter is one in
which heat 1 eonfined io the calorimeter asoally by
surronnding it with an adiabatic shield maintsined
ot the tempersture of the calorimeter. In practice
temperature gradients in the calorimater and shield
cause a neb lest exchunge during the experiment.
The hont exchange during an experiment is com-
monly accounted tor by the use of measuraments ab
other Lime=. In the intermiltent hesting method,
for example, besl gorcections to the energy mpug
during the axperimeni depend on drift rates and
Leat transfer coefficlents measnred with no energy
mpul and on the heat capacily of the empwhea.].o-

B #5-

using Newton’s Cooling Law. The calorimeter and | sumptions and approximations implied in  such

its sorroundings are treated a2 mothermal bodies and
the heat irapsler between them wns proportions]l to
the differences in their temperatures. e comatant
of Rmpurtiunality ia the integral for all tha radiation
and conduction processes, which con properly be
lurnped together only U the =zame¢ temperature
diffcrence applies to all of them. To satisfy this
model, stress is laid on making the surfaces iso-
thermal. The model iz usually sbandoned at this
point Lo consider the temperature gradients. The
attempt is often mada to locata temperaturs sensing
alements to aversge the tempersture over the aur-
face. The consideration of gradients also requires
congiderationr of the variation in heat  trensfer
coeffictents over the surface, and some calarimeters
uee feparate iemperature measurements to ascount
lor surface radistion and for lesd conduction. The
accurary of calorimeters designed using this model
hinges on the intuition and experience of ths designer
in going bavond the model to allow lor the effect of
temperature gradients. & good example of how this
method can land to wrong conclusions is the use of
the heating rate to demonstrate that the surface ia
adequately mothertmal.

corrections and the experimentsl eonditions necessary

to insarc their validity need to be reviewed for

Eussible gources of the discrepancies in heat capacity
abu.

Varintion of the healing rate iz a tlme-honored
test [or adiabatie calorimeters [1-11, 22]7 Tt
recognizes that there are amall temperature differ-
encea on the surlace of the calovimeter snd adialatic
shield durng the heating period. A lower heatin
rate will decrease the temperature diferences an
the eorresponding rate of heat exchange between tha
ealorimeter and ehield.  If the same heat capaeily is
obzerved at very different heating ratkes, it 13 some-
times argued that the difference in heat exchanga
and henee the heat exchange itsell nust be negligible,
This line of ressoning bas been challenged 1712] on
ihe ground that it fails to consider the lime required
for an axperimentl. Since heat capacity is a [unetion
of temperatuare, comparisong inust be made over tha
game temperature interval. Exeept for lranzient
offects, the surface temperaturs differences and the

1 Figunes In hyaekons dndisale the liesaluee refapences at the ensl ofithia peper.
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corresponding rata of heat exchange are &Epmxi—
mately proportional to the heating rate, but the time
r+e!uquimc{3 tﬂﬁat throngh a given temperature interval
is inversely proportional to the heating rate. Since
the net heat exchange is the product of the rate of
heat exchange and che time, it i= practically the
same for all heating rates. ‘This uoknown net heat
exchanpe rmust be aceounted for Ej}]' making it the
gamoe N the experiments with the full and the empty
calorimeter. S

Starting with the partial differential equations
dezeribing the heat flow in & calorimetric apparatus,
the mathematical analysis in the present paper will
show that the transient effects, which weaken the
qualitetive argument [12], ean be made to cancel for
each experiment. The heating rate test for iso-
thermal surfaces myst then fail and the difference in
the unknown heat exchange between measurements
with the full snd the empty calorimeter muest ba
admitted as a esuvse of systematic deviations,

2. Statement of the Problem
2.1. Qualitative Description

The problem 1s to deseribe mathematically the
heat flow in & calorimetric apparatus and to see what
conzequentes can be deduced. The experiment will
first be described gualitatively. A celorumeter is
swrrounded by sn imperfect ndisbatic shield. The
temperature difference between the two is sensed at
one or more points, ueually with & thermopile. The
temperature of the shisld us obzerved at thess points
iz controlled to be equal to that of the ealorimeter.
The treatment includes any supperts, leads, and gas
between tha physical shield and the envirgnment,
which ia taken to be at constant temperature,

The teraperature of the calorimeter is observed
during the mitizl equilibriwm period until its rate of
change hacomes very small and constant within the
lirnits of observation. The initial temperature of
the experiment is then taken, Constant power is
then supplied to the celorineter for a measured time.
The power is turned off and, after the rate of change
of the calorimeter temperature again becomes con-
stant, the final temperatyre iz taken.

Ususally tharate of change or “drift’" of the calorin-
eter temperaturs in the equilibration periods is not
zero, indicating that the teanperature of the adinbatic
shield is not perfectly matched to that of the calorim-
eter even when the controlled temperature diference
ig zern, The heat exchaoge indicated by thiz tem-
perature change will be reforred to subsequently ag
the “zero heat leak.”

Whenever heat iz supplied to the calorimeter or
the adiabatie shield, it must fow from the heater to a
surface where it is lost to other surfaces or ta some
volome where it raisez the temperature. This heat
sets up gradients throughout the body which have
components along the surface.  Since the tempera-
ture of the calorimetsr and shield can be obaerved at
only & relatively few points, it follows thet the
observed temperature differs from the average over
the surface. Consequently, thers i heat axchange

betwean the calorimefer and the shield whenever
power is supplied to either of them, even though the
controlled tem turs difference i3 zero. It i
posaible and often practicable to distribute heaters
and thermocouples to malke thie heat exchange amall.
It does not at:ﬂpaar ogaible to aatisfy exactly the
requirements that a

be distributed ec as to generate at emch point at
equilibriun the heat lost from that point to the en-
vironment and that the same distribotion shonld
supply both heat lost and heat required to raise the
shlelild} temperature during the heating period without
adients along the surface. Such an exsct distri-

ield hester, for emmﬁnle, should ..

utinn will be even more Jiffieylt H 1t nust take nto |

account the veriation in heat capacity of the com-
ponents when the apparatus is used over & consider-
able temperature range.

It iz also mpparent from working with thess
calorimaters that some time ia required after turning
on the heater before all parts begin to heat at the
gsame rate apd that gome time 1z required after
turning off the calorimater for the temperature to
come to equilibrium. The mathemsatical treatment
must take these transients into account.

2.2. The Differential Equations

The method of treating the prehlem is (1) 1o set
up the differential equations and boundary eondi-
tiong for heat Aow in the calorimeter and the adia-
batic shield, making s minimum nuwmber of assump-
tion=; (2) to u=e the principle of superposition, which
atutes that tha sum af solutions to a linesr differential
eguation is also & solution, in order to show the

cauzses of the termperature gradients; (3) to indicate -

the nature of tha selutions and show frem them how
the hent loss depends on the heating rate and other
factors.

Throughout the dizcuzsion it should be kept in
mind that we are analyzing the appsratus for a hent
loals correction which is & =mall pert of the totol begt
added in an experiment. We can therefore vsa ap-
presimations which aifect the beat lenk by only a
amall percentage of itself. To obtain Inear eque-
tiong, the approximationz are made that the heat
cupagities per unit volume, the heat transier coeffi-
oenita, and the thermal conduactivities of all materials
in tha calorimettic apparatuz sre independent of
temperature over the small temperature interval of
the expariment. These approximations are ituplied
in most ealorimetry, in which the temperature rise
during the reaction or heating pariod ia eorrected for
heat leakk om the basis of observations in fore and
after periods. During phase transilions in the
sample, where two phuses are present in changin
amounts, this approximation may not agply, E
proposal for overcoming this difficulty is discussed
in see. £.2. Heat teanafer by convection i= arsumed
neghgible.

ha differantial eguation for heat flow by condee- -

tlon and its solution are treated by several authors
[13, 14, 15]. Tha method followed here of subati-
tuting a sum of solutions is discussed in some detail
by Boley and Weiner [14].
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Temperature and Heating Rate Symbola:

T—the temperature distribution as a function
of time and position. The seale is
arbitrary, but 1t can be thought of as=
the Kelvin temperature.

Ty=tha observed initial temperature of the
thermometer in the calorimater at tha
titue the heater power is turned on.

T—final observed caforimet.er termperature,
corracted for zero heab lesk.

Tur=constant tetnperature of the environment,
excluding supports, leads, and gas which
are at different temperatures dus to
conduction from shield.

J—=the temperature distribution due o heat
exchange between the shield and jts
environiment, which caoses the “zero
bient lpalk.” sec, 2.1,

f=the tomperature distribution due to the
quasi-steady state zet up by coostani
powar in the calorimater heater.

r and r*=tha initial and final transient. temperature
distributions.

ﬂ,_zralia a,clt: change of temperature due to beat
eak,

fi=rate of change of temperature due to con-
atant power i the calorimeter haater.

Subseripts:

%, §, & difarentiate the verious regions of the ealo-
rimeter and shield under disrussion.
i designates the heater wire regions in which
hont 13 penerated,
¢, ¢, ¢ refer to calorimeter, shield and enviromment,
respectively.
ton refets to the psrticular position st which s
contro] temperaturs is taken.

Other Symbols:

P—power. P.=constent for & given experiment;
F,. containg transient teermns.
¢=heat.
(’=heat capacity per unit volime.
h=radiation heat trensfer coefficient fin dimen-
sions power-— [area]?.
Ke=thermal conductivity.
{=time. }I{‘The heater i3 turned on at {=0, off st
£=t_f.
A=area ol 1 region of the calorimeter or shield.
A,=sunr of aress of shield regions which exchange
heat with celorimeter snd environment.
V=volume.
o=Stelan-Boltzmann radintion constant.
a=uabsorptivity.
e==emissivity.
die=1 when i=w, 0 when t==w. ([Kronecker delin.
Makes power tarm gero except i heater

Wire,}
o7 T 27T
PGt tas

i——-t.hc partia] derivative in the direction outward
9% from and perpendicular to the surface of the
tth region.

Because calorimeters are mude up of 8 vardety of
materials, the snalysis muet trest them as composad
ol a number of hormogeneous regions. The discus-
gicn will therefore treat a ﬂnarefl ith region of the
calorimeter or shisld which 13 1o thermal contact
with one or more jth reglons and may radiate to one
or more kth regions igeﬁlm Fth region is trunsparent.

The experiment to be described is ona with & con-
stant-tempersture environment (e, an ice bath)
and with a zero heat leak whach is observed te be the
same belore and alter the heating peripd. Thia
vondition is likely to ba ohservad when the heat leak
iz small and the frautinual chiange in the tempersture
difference betwoon the shiald and the envirgnment =
small. The differential equations and the varicus
boundary and initial conditions sre shown in table 1.
The overall tempernture distribution T’ satizfies the
equations in eolumn II. The aguation for heat
conduction, IT-4, 12 discusgsed by Carslaw and Jaerer
[13] snd by Boley and Wainer [14]. The equation in
this form uses the approximation that the thermal
conductivity is constant, The terms in P, and F, in
squations I[-A allow for power generstion in the
repions of the heater wires and are zero ¢utside those
regions.  In the calovimeter heater, P, is indepandent
of time during the beating period and zero otherwise.
It is assemed that the power is developed uniformly
over the volume of the wire so that the power per
unit, volume is just the total power divided by the
total volume of the wire. The shield power F, 1= not
constant because it is affected by the requirement
that the controlled temperature difference betweon
the shield snd calorimeter be zero. The expression
for the shield power is therafore derived from the
requirement that enetgy ia conserved and consists
of the power uzed to reize the shield temperature
plus the net power lost to the calorimeter and to the
envirinmnent.

Tha general boundary condition, equation IT-B,
incledes conduction from the ith region to the jth
region. If the jth region i3 {ransparsnt, as in &
apace filled with a pas, the eguaetion allows for
radiation through that region to one or mors kth
regions.  The radiation term is integrated over all
kth regions, including the ith regien. If the th
region ig surrpunded by opague jth regions, the
radiation heat transfer coefficient A, is zero; if
tha jth region is cvacuated, the thermal conductivity
K, i3 zero and the continuity condition =1, is
not required. This equation spphes to all regions
of the caloriineter and shield and governs the heat
transler between them (cf., sec. 3.2). Tha equation
talea into pocount the geomebrie variation of the
temperature, the thermal conductivity and the
radistion eoefficients; i.e., Newton’s law of cooling
iz not assumed to govern heat transfer between the
caloriineter and the adiabatie shield. The radiation
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heat tranafer coefficient An is derived from tha
Blefan-Boltzmenn equalion ? [15, Vol. I).

Where leads, supports, or pag are in tharmal con-
tact with the eonstant-temperature environtnent, the
boundary condition at the surface of contact 1s
elmply

T.="1h (1}

The initial eondition at t=0, [I-C, sliows for the
termperature distributions due to the zero haat leak
in the various regions of the calorimeter and shiehd
just before the pawer is turned on in the calorimeter

aaber. :

To facilitate the snalysia, the experiment is con-
giderad in two parts—the heating period and the
final equilibration period. A second “ipitial’’ sondi-
tien, 11-I), 3= therelore included for the time #, when
the calommeter heater 1s turned off. This tempera-
tura distribution muet inelude (1) the #; which are
atill present at time ¢ dus to or redquired e raise
the temperature of the celonmeter and shield; (2}
the general inerasae in tewperature due to rates of
change of the calorimeter temperature 8y and 5 due
reapectively £6 heal exchange with the environiment
and to constant power during the heating period ; (3]
the nat contribution of the initisl transient which, at
i, 18 maerely a small constant 7, added to the tem-
perature at each point in the calorimeter and shield.

2.3 T ture Distribotion Due to Heat Laak,
%nt Power, and a Transient

In order to assess the effectz of different surface
tempernture distribution during the heating and
equilibration periods, it iz desirable to congider the
overall temperature distribution T, as & sum due
partly to heat exchange with the envirenment and
partly to power flowing in the calorimeter and the
shield to raise their temperatures. With the approx-
imation that the thermal econductivity, the heat
capacity per unit volume and the heat transler
coefficients are independent of temperature over the
smnall tempersture mse of the experiment, the sgqua-
tions in columm I, table 1, are hinear in T and ita

! The applicellan of e radiatho lew to this Es.muﬂm xnse spperenily hoa
ot Ieern el dowin explcicly.  We xa0mme LhAL pilrltics, cmimivities, and
the micab teroperalube do net chenge Glgolfcantly duriog the eoperiment. and
thut Lhe cephoand i0 the Apparatua whare redlation ks 1m1ﬂ-urumr. e pompsleicly
emclosed lry Surlacss of the calorimeeter, the adialistic shikeld, oc the ¢n vironment,
A Trwtlbe fyy (propozilomel bo IA&‘.I of the radirtion cmitied hy n diffcrentinl
s e o A dEFiked Oy, 3ome Lo B direct path amd mmnrtil‘;_mﬂurtlm from gther
surinses ERC IS Lo 3paie.  That whieh goes b{ Bn Inglimeet plb s mflected
hy Lbe ather sarfaced dependent on thell absorpiivities but ook en Ghedc tt'll:u;lrm-
rures.  Binillady, a raction Iﬂ emitted hy fAr strikes 44, pnd the aet hent
tumgker by Fadiadlon Py from 4.4 o dAz 15 ghven by the countion

Fli=ena /T a1 =anatmr Tidd,
whree v isthe emilasivily zeod oy B Ehe aboorptivily of aursce 44y for radlsfon
from snrinee 4., albeWwing fok the fact thet most of thie rediaton s pefacted
ane or mare Umes Teefore driking 4.4+ and arrleed st varlous angles, The equa-
thon o=t hnld at all ket tewes, abd, when T =Ty Fppmuet be equal to zeee
from the secondl Jaw of theonadyusabe.  The mrﬁmnw o the emperabars
must thepefore he #goed nhd thi bet radlation may be wrilten

Proeagyn il T4 = i1,
Tang the apprasimaton ke onoll Ti— T |14], abe obtaing
Py =wapeafn T2 [ Ti= Tent Ay =hael Ti— Tl s

‘Thie eruatlon bea the ame i as MNowton's lovw of poaling, hut [L sppdics o
dlffecentlal areap amd Tadlacion only_
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derivatives. The T; may therefore ba written &s a
gum of solutions [14, pp. 201 and 231]. For the
calorimeter during the heating period

Tu=Lu+ Azt 48+ G-t ret Tu-— {2}

The temperaturc where the control thermocsuple
ia attached to the shield is controlled to equal the
t.ernﬂernture T ane where the thermocouple i attached
to tha calorimeter. The temperatures in the shicld
are measured Telativa to this eontrolled tamperature
s0 that T, is given for the heating period by the sum

Tﬂ: LJ::+ chm: + ﬁLI + ﬁ iz + ﬂcnm: + ﬁ!ﬂ + Tu + Tooms + -"-rrl:l
(8}

The boundary and initial eonditions ITI-B, IV-B,
V-B, table 1 are not quite complete as shown,
Whera the}y ihvelve T;—?'z and derivatives with re-
spect bo the normal, the terms in ¢, 7 and control
temperatures do not appear when both the ivh and
kth regions are in the ecalorimeter, the shield, or the
environment. But, for heat transfer between the
calorimeter and shield or between the shield and
environtnent, these terms pust be retened, as n
qui’&:ﬁj and (6. (See note, tabla 1.}

hen the operations indicsted in columo JT arae
performed on these sums the various terme aan ba
separsted a8 in colomns IIT, TV, and V. The three
sets of equations can be asscciated respectively with
the observed zero heat leak which exists throughout
the experiment, constant power in the calorimeter
during the haatingh period, and traneicots sllowing
for the transitions between equilibration and hesting
periods.

The term &, i3 the temperature distribution lor the
quezi-zteady =tate {14, p. 201] due to the constant
power input in tha calorimeter during the beatin
perivd. It satiefies the equatione in eclumm IV,
table 1, and i= & function of geometrie variables only.
Where tha boundary conditions involve the tempera-
ture of the environment, &: 18 zero for radiation and
2, ia zero for conduction, since the environment ten-
perature does not contmin these terms (ef., eqgs (1}
and {61}, 1t can be verfled by differenfiation and
substitution in the equations t, if 4, i= the Lem-
perature distribution and Sy the fle&ting rato for a
power P, md, i3 the temperature distnbution and
w8 the heating rate for mP,; i.e., the quasisteady
gtute temperature gradient and the heating tete aro
directly pm?ortiunnl to the calorimeter power.

Tao allow for the transienie in going from the equil-
ibration conditions 1o heating conditions snd the
reverse, the transient terme r, and 77 are included.
These terma make the sumes in aﬁs (21 and (3) satisfy
the imtial conditions IT-C and II-D when the cualo-
rimeter heater power 12 turmed onsnd off. Whare the
boundary mncﬁ?ions invalve the temperature of the
environment, ry s zero for radiation and v, is zero for
conduction sinee the environment temperature does
not contain these terms {cof., »qs (1) and (6)). The
two transients, one, r, when the power s twned on
nrd ote, #*, when it is turned off, satisfy identical
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sets of equationsz, except [or their imitial conditions,
¥-C and ¥-I¥, which are aqual but of op#x-situ sign.
Considering the final transient r* & function of
{—1;), it is appurent [rom substituting im the equs-
tiong of eolumn ¥ that, for cqual mupnitudes ¢ of
{¢—tr) and ¢,

(4}

Tha term g ia the slow change of the calorimeter
temperature due to the zera heat leak. It 13 equal
to the net power teansferred between the calorineter
and the shield during the egquilibration periods
divided by the heat capacity of the calomimeter.
Tt muy he either positive or ne%&tive dependin
largely on the relative locations of the heater an
control thermocouple on tha adiabatic shiald. The
term S i= the rate of rise of the calorimetsr tempera-
ture due to constant power in the calorimeter heater.
It ie aqual to the sum of this power and the small
power Sowing [rom the shield due to surface tempeara-
tare distributions ¢ set wp during the heating period
divided hy the heat capacity of the calommeter.

The term L, is the “zero heat leak"” temperature
digtribution, due to gradients produced in the shield
by heat transfer to the environment. As & ocon-
sequence of eq {1}, eq I11-B, table 1 takes & slightly
di%t«l"ﬂ'nt form when the regions j or £ are the envi-
ronment. For radiation to the environment, the
relation i=

ar,,
an,,

+L hed ToeFois— Lioe—Ty— (Bt B)EMA  (5)

— Mgy =r{a).

K,

-, gf;;+ f hal Lo Lo)dA

where integration over the & repions does not include
the environment. For conduction, where leads,
supports, and gas are in thermal contact with the
envirenment,? the boundery conditions reduce to
the conatant temperature on the surface:

L{;+Lm¢+ﬁﬂt+ﬁLt+Tﬂ'=Tl:l' (ﬁ}

In ege {5} and (&), the tarm fuf, which has elsewhere
bean associated with eonstant power input to the
calorimeter, iB inecluded becavse it increszes the
tetnperature difference for redistion between the
shield and the environment and the value of L, at
condiuction boundaries. These quentities cause the
heat flow from the shield, which sets up the zero
heat leak temperature distribution.

1 The nadigminsht of leads, sapports, emd g58 to khe shleld 18 ecbiteary, botk
canyvenlant,  Thelr Inelusbon WiCh the enviconment wonuld reguire discirson ol
enwlronment wmpeyature digteibutions 83 well A3 30 enyviroDment sarfaoe ot
oabatatl lemperatare.  Tnoa tence, wa are evsding the question of whers L
burumdarl=s of the calofimews and elield see Joceled.  Por oxamipde, & kel wire
‘tetweet, (e AbbeLL al U calorLmater will uaoally eornducs mest Bway e both
af thems dwring the heating perlod Lo aome woknowD pard of the wire where the
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apeoEny Wwithitl thia “ourieee™.  The socueacy of B calorimatey then dependa
ol bavlng L same “sorface” S0 messirements 'wlth the cRlorimeter il aod
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To satisfy the obszerved condition thab the zero
hoat leak ia the same in the initial and finul agquili-
bration periods, the effect of the incresse in tempera-
ture on oL, /On,, must be negligible. The effect of
(#c+B:)¢ must therefore be undetectably small and
theee terms are neplected in_column III, table 1.
To this spproximation, the L, nre independent of
time.

3. Interpretations of the Eguations

2.1, Tha Thermal Traneients

Good practice in adiabatie calovimetry is te make
epsuremeniz with the calorimeter foll and empiy
{or with large and =mell samples} reproducing the
gradients on the surfnces of the calonmeter and
ghield in order to allow lor the unknown heat transfer
during the heating period. But placing a sample
in the calorimeter alters the time required for heat to
reach the surface, =0 that the transients for the full
calorimeter differ from those for the empty. This
effect is more easily visualized by reference to an
example. Figure 1 i an idealized crosa secilon
through a calorimeter consiating of conxiel cylinders.
For sm:iplicit}', it i3 assumed that heat frapnsfer is
hlj{' solid eonduction only. Hest then flows from
tha heater slong the vanes to the container wall,
through the contect region ta the calorimeter
surface, If the temperatura for control is mersured
at one point on the zurface of the eglorimeter, then,
during the heating period, another point on the
surface will be ot a somewhat different temperatura,
Duwring the equilibration pericd, the tem ture
difference between these two points will be very
small. Dwuring tha transiant od, the temperature
difference goes rotn one condition to the other, but
the time raquired must depend on the thermal con-
duetivity and heat capacity of tha samapla.  During
the initial transient, the curve for the empty calorim-
eter might resemble the zmpty-slow curve {fig. 2],
for zome heating rata 5. ]ifythe heating reto iz
28y, the time and geomsetric dependence ara un-
changed and the amplitode 12 doubled, as i the
empty-Tast curve.
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FigUkE 2. Schestatic of femperature difference belween fiwo
pornts on ihe purface of e calorimeter or @ function of fine
Jor different heating rater ond londiny comdilions,

It the calorimeter is now filled with & material
of high heat capacity and low thermal mnduntivitir,
the time for hest to reach the surfaca will be greatly
inerensed. With the wsssumption that all heat
reaches the surfaces by wey of the contact regions,
the temperature difference between two points will
ultimately come to the same valuea for the same heat-
ing rate. " For & heating rate of 8 in the (ull ealorim-
gter, the full-slow carve might be obtained, and, for
28, the full-fast curve. Evidently the curvea for
the empty calorimeter do not compensate for the
curves for the full calorimeter. That no errer
results from this diffsrence is due to compensation
of the final transient for the initial transient in
each experiment. This compenzation will be shewn
in the next section.

From aq ¥Y-B an explicit equation for ry, like that
for Ly (eq (6}), can be writien to show that the
transients depend on conduction paths to the con-
stant-temperature environiment. If the ealorimeter
ia to reach egquilibium quickly, these eonduction

aths must be shotrt or of low heat capacity eapecially
or peor tharmal condectors.

A.2. The Thakunown Heet Loss Doring the Heating
Pericd

It is now poseible to draw concluzions regerding
the total heat exchange between the celonmeter
and the shield during sn experiment. Using the
definition of thermal conductivity and inbegraiin
gver the enhire calorimeter surface and the time o
tha experiment, including the final equilibration
periad, the tatal heat loss £ from the calorimeter is

Ir ai‘ﬁ{e‘l_Lle_I_Tte]
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Obaervations of the zero heat leak in the finul equili-
bration period are continuwed until the time ¢ &t
which the transients are no longer observable.

The experiment is arcanped =0 that r and «
become constant and equal to r, at a time &<t
It was showh in sec. 2.3 that, for equal megnitndes
g of fand f—~1f, r{e)=—+"{¢). Their integrals up to
t ara therefore equal and opposite and make no net
contribution to g,

Thae quantities remaining in eq (7} are independent.
of time, zo0 that the time integration may be per-
formed to obtain

Abit1a) J' oL,
Q i.r 4, Kl'r an!; dA +'E:r A, K:l’r a’ﬂf._- dﬁ'
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The last integral is simply the zero hert leak mulii-
1Ellieui by the time elapsed hetween the initial and the

nal temperature rea 'n§s. This integral is evaluated
from determinations of @ over a timed interval
during the equilibration perioda. The remaining
unkonown heat lesk is that due to gradients set up
dueing the heating period.

The hent exchange due t¢ 7, is included for gen-
erality, but ite practical effect is negligible. It js
the net effect of the initial transient on the celorim-
eter temperature, & small constant addad to the
temperature at all points in the calorimeter. Since
the shield control will change the shield temperature
to allow for 7, the direct effect on the calorimeter
ia zero. The slght changs of r, in the shield-to-
environment temperalure difference prodoces a
much smaller effect than that dre to the temperature
rise during the experiment.

An estimafe can be made of the maximum effect
of 7., assummyg that all of the peady 1 cent
geatter In heat copacity data for AlLO, obtained by
various exgerimanters iz eaused by variation in heat
exchange due to the & during the heating period.
This sentter correzsponds to 1 percent of the temper-
ature riga fafr. The eifect of 7., & related to that of
8 by the ratio of its "titne conetant” to £, the length
of the heating period. The zero heat lesk would
have to be quite large for 1 percent of it to be impor-
tant.

Since the first term containe ¢, the amount of heat
exchange depends on the length of the hesting period.
It might appear te ba possible to evaluate the integral
by observing the apparent heat capacities as &
function of ¢, carrected for the zero hest leak. Tha
Tallacy in this reasening is easily demonstrated. Tha
time ¢ uired to heat through the temperaturs
range Ty— T, {corrected [or zero heat jesk) over which
comparison is made ia given by the equation

T~-T
="t "0 9
=5 {8}

Combining [8) with (9), the unknown part of the
heat exchange is seen to be independent of the heating
rate ginca increasing the power by a {actor m incrasses
Be, &, and r by the same factor. The unknown heat
exchangs 1z proportional to the temperature rise in an

]

experiment, independent of the time of the heating
period, It cannot be separated from the true heat
cuﬁf;:it}r by changing the heating rate.
is conclugion contravenss the common practice
of varying the heating rate to demonstrate that
Letnpersture differences on the surfaces of the calornini-
etar and shield ara negligible, aa has rometimes bean
asgerted {7, 22]. The conclusion i3 borne out by
measurements in this laboratory [12].  Observed
heat capacities af one-hall the usual heating rate
with the awm-u.ﬁea of the other date Lo 1 part
in 25000, although the temperature differences on
both the calorimeter and shield surfaces were eal-
culated andfor observed to be aboul eoe-tenth of &
degree.

2.3, The Zero Heat Leak and Parasitic EME's

The zero heat leak, which is due to temperature
distributions =et up by heat lost fromn the adiabatic
ghiald, is present throvghout the experiment. The
present analysias iz based on the obsarvation that the
rate of chanpe of the calorimeter ternperature is the
sgme in the initisl and final equilibration periods.
It is conceivable that such an observation might be
due to comnpens=ation of incressed heat transfer and
increased heat capacity of the calorimeter, hut the
experiment provides a direct check on the latter,
For a small correction, ss the zero heat leak should
he, the ordinary wariations in heat capacity with
temperature can be ignored.  The correction for the
ohserved constant rate 13 simply the rate times the
time elapsed between the initial and final tempera-
thre re inEs, and, for approxumately constant heat
eapecity, the correction iz equally well applied to
tha temperature vise or, after multiplication by the
hesnt capacity, to the energy lermn.

There is nothing in the equations to indicate the
aigm of the zero heat leak, and, in most apparatus,
heat probably lows from the ealorimeter at scrne
points and to it at others. The net effect depends on
the relative locations of the shield heater and the
contrel couple il there i2 no parasitic emf in 1he
contrel circoit.

A constant parasitic emf in a lead of the control
thermocouple can be taken into account by adding
& corresponding cometant temperature difference to
Lyoue (808 (5) and (6}, and ITI, table 1}. Whatever
chanpes the parasitic emf induces in the L, persist
throughout the experiment, and the proper correction
ig mads hased op gEEﬂl"Fﬂt-iﬂIlﬂ during the equilibration
periods.

The same reasoning applies to an intentional con-
stant offset in the control apparatus. Accordingly,
o error ia introdueed when the confrol peoint e
deliberately shifted to make the observed tempera-
tura change doring the equilibration period zero. This
techuigue can be uaed to make tetnperature messure-
ment essier {366 sec. 6.13. Omne should not be
deceived that gradiente on the calorimeter are olimi-
nated by this techmigue; it i3 merely a shift of the
distribution on the shield relative to the distribution
on the calorimeter to balance the ameall heat flow to
the calorimeter aganat the heat flow from it.
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4. Calorimeters With Temperatuve-
Controlled Envircnment

When it 18 desicable to eliminate the sifeet of g4
on the gero heat leak or when 8, is large snough to
cauze difheulty with the temperature measurement
it ia feasible to reduce them %}r providing & heated
suvironment controlled about a degree below the
tamperature of the shiald [5, 12, 18, 17]. This tech-
nigue i eapecially useful at hipher temperatures
where the heat transfer coeflicients are large.

Since the snvirooment has & dynamic temperature
variation in this case, the effect of the temperature
gradients {rom the various sourcea must be considered
and allowance made {or various envirenment ruate-
riale. The envirenment tempersture will now be
controlled relative to some point on the shields where
tha temperature ia T, and will have temperature
distributions due to heating up and due to loss to the
environment through the thermal insulstion. The
tempernture of tha ith region of the environment e
given by the equation

TI: = Tn-_-"-‘i T+L1u +L¢nl
+ﬂ;¢+'ﬂw+fu+rcuu+{ﬁﬂ+ﬂ'] E:| ':10:]

where AT 13 the controlled difference between the
poitit= on the shield and oo the environment where
the thermocouple junctions are located. This ex-
pression for 7 combined with equations II-B,
table 1, pives the heat flow te the environment from
cach point on the shield;

bTu ﬁ[L,d-I-ﬂ,,—l—r_f,]l
By~ =
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_LEEHE_ETF_ENH'F_ T Tegme— (4 Tl)ms [ 1 1}
where gas regions are now arbitrarily ;I:;a.rt of the
snvironment. On opaqus conduckion boundaries,

Ti=Fpt 0t 7 is equation does not now
contain ﬂxplicitiy the g term which caused the
variation in the zaro heat leak, but the correspondi
expression for ihe heat loss from the controll
envirenment will contein @&, Consequently, the
validity of the approximation that incressing the
environment fempersture by S beas 8 negiigible
effect. on the zero heat leak must atill be verified by
obzervation.

When eq {11} is separated into & sum it bacomes
apparent that all the transienta depsnd on the
tranzientz of the snviropnient. Whether these -,
have & negligible effect on the shield tomperatura
distributien is subject to observation. A large en-
vironment insulated with a considershle mass of
material may so extend the equilibrium time that
obzervations of the apparent zere heat leak will
eontain contributions from the transients. It is not
necessary 0 weait for the environment trangients to
dia out if the zero heat leak iz negligibly affected by

the amall variations in the environment tempera-
turs, an effect observed with sn adiabatic calonmeter
operated up to 400 *C in this leboratory [1Z]. In
constant heating calorimeiers (sec. &) the tempern-
ture of the contrelled environment ean be made
equel to thet of the adisbatic shield, so that, except
for stray thermoelectric emfs, the zero heat lenk
depends only on ihe small effect on the shield of the
gradienta in the environment. This effect has been
ohserved to he negligible in a low-temperature
calorimetar [11],

Two experimental checks on the environment are
available, The obvioua one is to look for the varia-
tion in & zero heat lesk after the calorimeter power .
ia turned off. If the lesk is constant, either the 7,
are short or bave neglipble effect on the shield.
Another test is to increase the controlled tempern-
ture difference hetween the shield and environment
by an amount larger than the most unfavorsble
eetimate of the quasi-steady state tempernture dis-
tribution o the environment, &, I the zero heat
leak is not affected by this cl;s:\gﬁ, it. should be
independent of the transients in the environment
becauee their maximum valoe i3 just 8.

8. Continuous Heating Calcrimaters

In the continuons heating mathod, data are taken
without an equilibration period. Measurements sre -
begun after the transient terms, column V, table 1,
have bacome negligible. The observed heat capacity
(o 18 related to the power input to the calorimeter
by the equation

oL,
Qg

T [ 1% )

Cunr=pot [, Eu(Set5i)aa. a3
Only two terma appear under the integral becauze the
nortnal derivatives of the other terme {og {20 are
zero. Integretion is over the entire calerimeter
surface 4,. This equation =tates that the power

ing to raise the temperature of the calorimetor is

iminished by Iosses due to (1) gradients et up by
power supplied from the shield to the envirooment
and Eﬂ gradients sat up by power supplied to raise
tha orimeter and 9 ialg temperatures. [t was
ghown in sec. 3.2 that the power ferm and the &,
integral in eq {12} are directly proportional to the
heating rate. If measurements of . are made at
two hesting rates and plotted against heating rate,
the intercept for zero heating rate will give the heat
capacity correcied for ihe zero hest lesk., The
intercept method of determining the zere heat lesk
agsmnes that the various paramneters affecting the
zerg heat leak are constant between series of experi-
ments. Thus, if there 1= & gradient across an n-
homogeneity in a thermocoupls lead wire producing
an offset in the shield conirol, the assumption is that
the zame gradient is present in both series of messure-
monta, e deternunation of the gero heat lesk by
initial and final equilibration experiments assumes tha
constancy of such effeets over & shorter periad.

Theoretically, then, there iz no basis for choice
between the two methods of constant heating rate
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sod alterhating equilibration with heating. The
choice of methad depends on practical matters, such
as contral problems, the nature of the sampls, and
© the length of time conditiohs can be expected to
remain suffieiently constant to yield significant zero
heat leak data.

6. Design and Testing of Adiabatic
Calorimeters

Heveral conelusions can be drawh regardibg testi
and conetroction of cwlorimeters, some of whi
support practices in design and testing arrived at by
less ganeral methods.

5.1, Temperature Measurement Ermor

- Becanze of femperature varations dus to the zers

hest leak, the thermometer for making sbsolute
tenipersture measurements in the calonmeter will in
generel not he 30 lorated as to obtain the averape
tenmperature. The error may be appreciable where
the aheolute temperature s unportent, as in the
deternnation of the temperature at which pheas
changes occur. Even if the observad calorimeter
tempersture s constant, the absolute temperature
may siill be in error due to heat flow into one part
of the calorimeter and out from another {see. 3.3).
In heat capacity measuremnents, if the heat ek
temperaiure disiributions £, are constant through-
out the experiment, the region in which the tem-
perature is measured will bear the same relationship
to the average over the calorineter before and after
the heating period. The errors cancel for each indi-
vidual experiment. Lt follows that the location of
the sensing eleisent in the calorbnetsr does not affact
the heat capoeity redults, in agreement with Sturte-
want [v7], elthough the messured hest cepacity will
corpeapond to a temperaturs shightly different from
the observed temperature, When the zero heat leak
15 observed to change between the initial and final
equilibration perieds the teinpersture messuramant
errors do not cancel exuetly.

It appears possible to realize a net pain in the
precision and perhaps in the aceursey of tempera-
ture mensurement if the shield conirol is offset to
male the observed temperature constant and the
hest wlich entars the calorimeter at one part of the
surfnce 1 by-pussed around the sample and ther-
momeher, as sugeested In the next aection, to that

art of the surface where it leaves the cslarimetor,
Buch construction might also reduce the possibility
that o redistribuilon of the phasss dwring protrected
purity determinations might altar the temperaturs
of the thertnometer ragion relative to the tempera-
ture of the interface between the phases.

&.2. Comection for the Unknown Heat Exchangs

In the nsual good practice, the heat capacity of
sample iz obtalned aa the diffarence between the oh-
sorved Leat capacities of the empty and the foll calo-
rimeter, This method allows not only for the heat
capacitiea of the various regions of the calorimeter,

but ulso for the vnknown heat exchange, lnsofar as
it ig the same in the two experimenia. 8 tenpera-
ture distnbution in the regions of the calonmeter
heater and the sample and these regions between and
adjacent to tham will be especially altered, bacausa
the hestor supplies much rmore hewt for the same rate
of tempernturs change in the experiments with the
full calorimeter than it does in the experiment with
the empty calorimeter. If any of these regions is
part of the calorimeter surface, data for the empty
calorimatar cannot provide an exact correction. In
reneral, loading the =ample directly against a thin
cuter calorimater wall will alter the nnknown heat
axchange,

It has been shown above that the transients, which
are different for the full and empty calotimeter,
nevartheless do not contribute to the unknown heal
exchange. The data on the empty calorimeter
would therefore make an exmet corvection for the
unknown heat exchenge if only the 8, on tha surface
of the culorimeter could be made independent of
the 2, for the saompla and hester, sesvming the 8,
are tha same for experimenta with the empiy and
full calorimeter.

It is apparent from condition IV-B, tabls 1, that
for heat transfer hy conduetion only, the 2, depend
on the geometrical distribution of the 8, and 0F,/3n..
If there is mterposed, between the surface of the
calorimeter and the spmpla plus henter, a jth region
in whieh the geometrical functions §; and 38,/dn, are
not affected by the sample snd heater, thep, other
things being equal, the #; on the surface will be
identical in the messurements on the full and empty
calorimeter. A jth region made of & perfect com-
ductor satisfies ﬂzm requirements because all deriva-
tives of #, are zera and ¢; 13 constunt over the region,
Anothet way to make the surface independent of
the sample and heater is to interpose a jth region
which has nearly & point contact with the th region.
The geometric temperafure distribution is then
exactly defined. Of course, the control temperature
must be sensed in or outside thi= jth region or
8ne Will Do affectod by the heater and sample.

Sinee the error we eook to avoid 1 smell, 1t may be
pozdible to approximate closely encugh one or hoth
of these arrangements. Figure 1 i8 a sketch of
such a design. The contact regiops ara small and
of & good conductor. The sample region is con-
nected to the calorimeter surfuce only througlh the
contact region. If direct heat flow from the sample
rogion to the surface (e.g., by radiation) ia significant,
snother thin metallic surface may be interposed io
carry this heat back to the contact region. The
simii‘ar srrengement on the adiabatic shield serves
to make the mner metel surface of the shield mde-
pendent of variations in tha anvironment.

The control temperature is ehown messured at the
celorimeter contact region. Compared to & ther-
mmneter or thermopile distributed over the surlaces,
thia arrangemsant would give o guieker response and
perhaps make control essier or better. [t is also
subject o a larger ercor if the heat transfer coefhicient
changes between measurements with the empty and
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full calorimeter. The integral effect of the heat
tranafer coefficient can be checked experimentally
by offsatting the shield control at equilibrium.

Calorimeters have been reported {12, 18] which
approxinate such & design. The calorimeter sur-
face is made of thin metal insulated by shielding or
evacustion from the sample and hestar regons
except [or & limited Topion of direct metallic contact.
In one of these calorimeters, the observed heat of
vaporization was not affected by the amoant of
fluid in the calorimeter; that ia, the heat leak from
the outer wall wes independent of the liquid level
and was properly aceounted for in the beat lenk
corvection bazed on data obtained at equilibriun,

Tu test the offieacy of such a design, the thermal
cliaracteristics of the sample region may be changed
by ehanging the amount of =ample, itz distribution
m the ealorimeter, or ita effective thermal eonduc-
tivity. Agreement of the date for heat capacity
wonld be & test of the independence of the tempers-
ture of the surface from that of the sample and Leater.
The value of the test would depend on how greatly
one couvld exapgerate the effects of loading. Loading
the colorimeter in zsuch a way #s to produce the
maxintuin asyintuetry shovld provide a rather severs
teat.  Possibly comparing compaet with loose
semples or evacusted with heliun-filled samples
might provide & good test where gns ndsorption is
not a problem. Chapging the effective thermal
conductivity of the aample by substituting a fine
powder for large erystals may not provide a good
teat. Small differences in observed heat copacity
of fine and coarse samples have been ascribed to
surface effects [19]. Reproducibility of the data is
8 nacesgary condition ito shew that the sorface
temperature distribution 1= reproduced, but it
dla::frestnut rule ouf the possibility of compensating
effects.

6.3. Variation in Heating Raks az a Test

One of the variables which a celorimetriat hag gt
his control ig the hesting rate of the calorimeter.
It seems obvious from the expenmental point of
view 1o zee if a4 different hesting rate will give
different results, and this test has been used by
numerols experiimentalisis [1-11, 22).  For calorim-
eterz which have the properties described in this
paper, the observed heat capacity, corrected for the
zern heat leak, is independent of the heating rate
(Bae, 3.2.).

The possibility remaing of using the variation in
heating rate to test the assumptions made reparding
the environment temperatore, the shield control,
the zero heat lenk, the thermal properties, and the
deecay of transients, Evenifa mﬁtiﬂn can ba shown
between the heating rate and the firet three of these,
direct cheervation appears to be & more sensitive
and useful wmethod. 1t is the author's opinion that
few cases will be found in which the effects of the
temperature variation in thermal properties will be
revegled by varying the heating rate. The ampli-
tude of transients is proportionsal to the heating
rate, s0 thet variation of the rate should give infor-
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mation about transients. Tt may be questioned
whether thiz technique will discover transients that
are not observed in the equilibration periods.

In continupus healing celorinetry, vacying the *
heating rata can ba used to establizh the time at
which  transient afecta become negligibla, The
titng response of the system is fixed, but the ampli- -
tude of the transients (r and »*) is proportiomal to
the heating rate. If two experiments ara atarted
frosn the same “rest’” temperature hut one at double
the uvsual rate, the effect of the transientz will be o=
donhled. By observing the tima at which the two
retes pive the same results, one ean select & safe
"warm-up” period.  In intermittent celorimetey, of
courge, the transients are observed directly in the
equilibration periods.

7. Conclusions

The treatment of adigbatic calorimetars in this
paper Bssumes that the eonvironment provides a -
constant-temperature surface, that heat capacities,
thermel conductivities, and heat transfor coefficients -
are independent. of temperature over the temperature
rign of t.rm experiment, that deviations of the shield
confrol are nepligible, that the ealorimeter power ia
constant during the heating period, that the zero
heat leak iz congtant and that transients have become .
negligible when the final temperature i observed.

Tt is possible to check by observation or by calenla-
tion trom observations all of these gquantities, The
approximation of temperature-independent. thermal -«
properties, which makes the partial differsntial equa-
tions linear, is impliad in nearly all calorimetry, in
which the heal obzerved i corrected for heat ex-
change during the henting pericd on the basis of
vbeervations ﬁuring fore and after periods,

Under these conditions, the heat flow aquations
can be reduced to & aumn of solutions satielying the
varions boundary conditions and interpretable in
terme of tangibla physical quantitiea. In thiz way, -
it 1= poasible to analyze the causes and affects of

radients sat up by the calorimeter and shield heaters.

he heat exchange between the calorimeter and the
shield due to the transients st the beginning and
end of the experiment caneel for each axperimant.

The unknown heat trensfer due to the temperature
distribution set up during the heating period cannot
be detected by var;'in% the heating rate, but with
proper preeputions in the design, data for the empty
calorimeter can be uzed to make a very good cor-
rection forit.  ‘The validity of tha correction dependa -
on the reproducibility of the gradients between
pxperiments with the full and empty calorimeter.
This reproducibility aifects the accuracy of the
neagurements ; variations produce a systematic arror
which cannot be determined experimentally,
though experiments with varying sample size and
distribution may be used to indicate that the error’
iz snall.

In intermittent heating, the time required for the
transients to decay is best observed in an equilibra
tion period following heating at the maxmum rata =
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possible, which results in the maximom amplitude
of the transients. For experimenta in which the
transient contribulion to the terperatore measure-
mentz iz nogligible it iz velid to use data for the
empty calorimeter taken &t one rate to corcect date
for the [ull calorimeter token at another rate.
Within tha limitations imposzed by uncertainties in
the zero heat leak, the rate of heating can thercfore
be solecied to soit the observer's convenisnce in
making the power aod temperature messurenients
or maintaining temperature control. This flex-
ibility is especially useful when the sample under-
goee & change of state.

Since the zero heat leak depends on the locations
of the control temperature sensing elements, an
arbitrary offeet of tﬁz contrels to maka this hest
leak zero mtroduces no error in the calorimetry.
This technique may be used to facilitate caleulations,
temperature measurament, or observaiions of pro-
tracled processes in the calorimeter,

To permit more thorou study by readers
reports on calorimeters intended for the most carsful
work might well inelude, in addition to measure-
ments on Calorimetry Conference samples [20, 21],
data taken over that part of the temperature range
whare the lLeat transter coefficient is large on (1)
the zero heat lesks and their vanation with tirme,
temperature, and the heating rate of the preceding
heating period, (2) the overall coefficient for heat
tranegfer batween the calorimeter and the shield
determined for both the Wl and empty calorimeter,
and (3} the affect of changing the controlled tem-
perature diffarence hetween the shield and the
environment.

The author i= indebied to Maxine Rockodl, H. W.
Flieger, and M. L. Reilly for discussions of several
R‘;inta of mathematics and physics, and to D L.

artin for comments on the manuseript.
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