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Heat losses which cannot be compensated for and their
contribution to the temperature dependence of caloric
measuring errors in dynamic differential calorimeters !
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Abstract

Because of their sophisticated design, adiabatic calorimeters record the true caloric
properties of a substance. In contrast, the compensation of losses and, thus, the
quasi-adiabatic behaviour of the more common isoperibolic differential calorimeters is
achieved by balancing heat losses.

Based on previously published models, a theory for isoperibolic differential calorimeters
is developed which closely follows the actual measuring conditions. In particular, the
relation between dynamic and static heat losses is addressed, and the limits for the
compensation of losses are indicated.

The investigation has resulted in the recommendation of measuring conditions which, if
closely followed for various temperatures, allow the measuring error caused by non-
compensated losses to be determined with the help of zero-line offsets, without the
necessity of knowing the air gap thicknesses or the heat transfer coefficients that cause the
€rror.

INTRODUCTION

Caloric measuring errors are caused by an undesired heat exchange with
the surroundings. Without the expensive design of better devices, even
adiabatic calorimeters are characterized by heat losses. Because such
apparatus can only be afforded by government institutes and because their
realization requires certain minimum size, isoperibolic differential calori-
meters are used in practice; here, using small samples, quasi-adiabatic
behaviour is approximated by compensating for the losses [1].

However, in the measurement process, complete compensation of losses
is not possible [2], and this may introduce measuring errors as a result.
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These measuring errors are theoretically computed under practical condi-
tions, because this is the only way to separate all of the, mostly complex,
influencing parameters.

However, in general an experimental determination of the individual
influencing parameters is not possible, so that such an error analysis is
inevitably only qualitative in nature.

In order to provide quantitative descriptions of the measuring errors
without knowing the values of the parameters that lead to those errors,
more readily measured parameters are required with which to determine
the measuring error.

These studies are designed to minimize incorrect error indications which,
because exact physical interrelations are unknown, are mostly intuitive in
origin.

PHYSICAL MODEL

The physical model is shown in Fig. 1. The system containing the sample
is on the right side and is identified by the index R and the number (2); the
left side is the reference system, labeled L and (1). Each system consists of
an internal and external part. The right internal part represents the sample
and sample pan, whereas the left internal part represents the reference pan
only. The left and right external parts are the sample holders with the
heating and sensor windings which support the covers of the sample holder
and reference holder. The sample and reference holder are enclosed by a
casing thermostatted at the temperature 7;; only the upper cover of the
block is shown. There is an air gap of thickness d,x between the sample

7 / TU ’

=3 i i x4
TB ,TBE_F‘ . 2 J_ d T he ‘*_‘TB 'TBE
WE(1)I“2 QQZAU (‘” % d WE(Z) lnglwAu(z
n 1 Eowesg || @
=0 Ws(1) 50
TA'TAEJL ] di dir > ! T Tae
W) W N T T T 1] 2 Wel2 w(z)
T=0 1O T=0 T1>0
WS(”’—‘W“)-WAu(” Ws(2)=W(2)—WAU(2)

Fig. 1. Model of the differential calorimeter. T, and Ty are the constant initial temperatures
of the sample holder and reference holder and of the sample holder cover and reference
holder cover, respectively; a,. and a, are heat transfer coefficients; d,;, dgr, dsr, 4,- are air
gap thicknesses; W; is the stored heat power, W the power input, and W, the released heat
power. The index R and the label (2) refer to the right side; L and (1) to the left side
(reference system).
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TABLE 1
Heat coefficients a, and a,. for the 100°C and 700°C

T/°C a,/Wem 2K™! a/Wem 2K™!
100 1.1x1073 23%x107?
700 32x107°? 3.9%x10°°

holder and the sample pan, which corresponds to d; on the left side. The
thickness of the air gap between the sample and the sample pan is dsg. The
air gap thickness between the sample holder and its cover is identified by
d,., which is also the symbol used for the reference system.

The heat transfer coefficients between the sample pan and the right
sample-holder cover and between the reference pan and the left sample-
holder cover are a,z and «, , respectively; the heat transfer coefficients
between the covers of the sample holder and the reference holder and the
thermostatted cover of the casing are «,. for both sides.

The heat transfer coefficients «, and «,. are additive: they comprise
radiation, convection and gas heat conduction.

From an average gas flow and with known values of the kinetic viscosity,
thermal diffusion and heat conductivity, the Nusselt number can be
determined via the Reynolds and Prandtl numbers, using well-known
formulae; this number, in turn, is used to determine the convection
contribution [5]. The heat transfer coefficients a, and a,. for 100 and 700°C
were determined together with the heat transport mechanisms for radiation
and gas flow, see Table 1.

The sample-holder system with the sample-holder cover represents an
indispensible protection of the internal part against heat losses to the
surroundings, without which there would be a drastic increase in measuring
erTors.

Firstly, the sample and reference holder are maintained isothermally at a
constant temperature 7,, then heated according to

T=T,+Kt

with a heating rate of K, to a temperature of T, and again kept constant at
this temperature. Depending on the air gap thickness d,. between the
sample holder and the sample-holder cover, the sample-holder cover
experiences a heating rate K,, where K,<K,; the initial and final
temperature on the sample-holder cover are Ty <T, and Ty < Ty,
respectively; a representation of the appropriate temperature—time profiles
is given in Fig. 2(a) which is also applicable for the reference system. The
heating powers required for these temperature programs are shown in Fig.
1. The powers shown on the left side of each system Wx(1) and Wx(2) apply
to the isothermal retention range for 7 = 7,g; the powers indicated on the
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Fig. 2. Graph of the mathematical solution. (a) Temperature behaviour in the sample and
reference holder, and the sample holder and reference holder cover, respectively. (b) Static
and dynamic heat powers: AW is the input power, AW, the release power, AW; the
isothermal power input at T = T,g, Spyn the dynamic measuring signal, and Sgy a1 the static
measuring signal.

right side of each system W (1), Ws(1) and W,(1), and W(2) , Ws(2) and
W.u(2), respectively, are for the quasi-stationary range for T, < T < Trg.
W(1) and W(2) represent the input power supplied to the internal part of
the system; Ws(1) and Ws(2) are the powers stored in the internal part of the
system; and W,(1) and W,(2) are the powers released from the internal
parts of the system.

The following relationships apply to the isothermal phases

T=T,: W =W,(1) or W =W,(2)
T = Tap: W = Wu(1) or W = We(2)

AW = AW, = We(2) — We(1)

The difference in the power differences for the temperatures 7, and T,g of
the right and left system is defined as the offset V.

V =AW — AW,
Thus, for heating in accordance with the conservation of energy
Ta<T <Tpe: W) =W5(1) + Wau(1)
W(2) = Wy(2) + Wou(2)
and, thus, for the difference
AW = W(2) - W(1) = Ws(2) + Wau(2) — (Ws(1) + Wau(1))
=AWs + AW,
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with

AW = Wy(2) — Ws(1)

and

AW,y = Wau(2) = Wau(1)

The powers stored in the heat capacities of the sample and the pan
determine the size of the dynamic measuring signal Spyn
Spyn = Ws(2) — Ws(1)
= W(Z) - W(l) - [WAU(Z) - WAU(l)]
In contrast to the steady-state losses AEg, the dynamic losses

AW,y = Wa(2) — Wau(1) cannot be determined by measurement; there-
fore, in addition, it is useful to define the signal quantity

SSTAT = W(2) - W(l) - AWE

which can be obtained by measurement and for which, as shown later,
Spyn > Sstat is always valid, see Fig. 2(b).

MATHEMATICAL SOLUTION

The solutions for the parabolic initial boundary problem, which is of first
order, were determined by analysis, and the required parameters K, and Ty
of the external partial system were computed numerically, assuming con-
stant temperature for the sample and pan.

The following solutions result for the right-hand system
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where the following symbols and abbreviations are used:

2%)

oo

d,

dsr
dir=d g + dsr

heat transfer coefficient between the sample pan and
the cover of the sample holder, and between the
reference pan and the reference holder

heat transfer coefficient between the covers of sample
and reference holder, and the isothermal casing

air gap thickness between sample pan and sample
holder, and between reference pan and reference
holder

air gap thickness between sample and sample pan

the total air gap thickness of the sample system
(inversely proportional to the total heat transfer
coefficient of the heat contacts of the sample side,
agr = 1/dr

di. air gap thickness between sample holder and cover of
sample holder, and between the reference holder and
cover of the reference holder

D, thickness of the reference pan

D, thickness of the sample

c specific heat of the sample pan or reference pan

P specific gravity of the sample pan or reference pan

Ay thermal conductivity of the sample pan or reference
pan

C, specific heat of the sample

P> specific gravity of the sample

As thermal conductivity of the sample (A, = Ap)

a, =M J/(picy)

a, =A,/ (chz)

hy =ar/A,

hy =asr/A;

hiy = ase/Ay

hays = asr/A;

a =hyhpD;+ hy+ by

b =D, + (hh,:D3)/6 +0.5[(h, + hy)Dj)

¢c =1+h,D,

d =hyhDy+hy+ hy

e =0.5D35+ (h,D3)/6

g =hhsDi+h +hg;

r =D, + (hh3D})/6+0.5[(h, + h)D7]

s =a/a,

A =ga—hyhua(1+h D)

E =(1/a,)[gb — hyshs(1 + hyDy)e]

+ (1/a))[rd — h3hc(0.5D5 + h, D3/ 6)]
7z =[(T—-Ty/K,|-E/A



W. Poefinecker/Thermochim. Acta 229 (1993) 97-109 103

The indices R and L refer to the right (sample) and left (reference) systems,
respectively.

The parameters used for the computation are

For the sample ¢, =0.4Jg ' K™, p,=10gcm™, D, =1 mm.

For the aluminium pan ¢, =088Jg 'K™, p,=27gem™>, D, =
0.2 mm. The heating rate is 12 K min™".

The air gap thicknesses, heat conductivities and heat transfer coefficients
are given in Figs. 4-6 and Table 1.

The use of the parameters is connected with the almost always applicable
assumption that the heat transfer coefficients a, and «,., and the air gap
thicknesses d,. of the sample and reference system are not essentially
different.

The heat powers for the reference system derive from the terms for the
sample system given above by determining the limit value with d.g — 0 and
D,—0.

Figure 2(b) shows the qualitative graph for the computed differences AW
and AW, , the signal quantities Sy~ and Sgrar, and the offset V. This graph
shows that the power input becomes dependent on time or temperature
if the isothermal power AW, at the temperature 7, before heating or the
offset v, which is easier to measure, deviate from zero, i.e. if the
compensation is easier to measure, deviated from zero, i.e. if the com-
pensation of losses by the reference side is not successful. As shown in the
following, the offset may be positive or negative.

The ideal thermal input power AW, is measured if the following is
applicable for the static and dynamic state, respectively

AW,=AWg=V =0 (static)
AW,,=0 (dynamic)

The deviation of the measuring signal, Spyn = AW — AW,,, obtained
from the ideal power input, is defined as the dynamic measuring error F, i.e.

_ A"VID - SDYN

F
AWp

If the offset V is referred to the readily measurable static power signal Sgrat
(see Fig. 2(b))

| %4
V,=

SSTAT

a specific offset quantity is obtained which, as shown later, is connected to
the measuring error F.
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DYNAMIC AND STATIC HEAT LOSSES

In Fig. 3, the difference between the static losses Wi(2) and the dynamic
losses W,y(2), referred to the static losses Wi(2), is plotted on the left
ordinate against the total heat transfer coefficient a gy and the total air gap
thickness d; z of the right system. On the right ordinate, the static losses
We(2), referred to the ideal power W;p(2), are plotted over the same
abscissae.

Large air gap thicknesses and small heat conductivities result in a smaller
total conductance, so that, in contrast to the case with minute air gap
thicknesses and large heat conductivities, a progressive decrease in the heat
powers W, Wi, W and W, occurs in the given sequence, e.g. for W, see
curves 5 and 7. This means that the power difference Wg(2) — W,(2) also
increases with a reduced total conductance or increases with a growing total
air gap thickness d,y (curves 1-4), where a small heat conductivity
increases the difference only in the case of good contacts, while poor
contacts turn out to be unimportant (curves 1-3). Minor air gap
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We (2) é/" -
%
L .
Wel2) 4
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L z/ \ 410°
; 4
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3 700°C Lx10” 7 100°C L
047 4 A 710
4x107* 4x107° 4x1072 4x10™

Fig. 3. Dynamic and static heat losses. Left ordinate: the difference is the static and dynamic
power losses of the sample system referred to the static power loss; Wi(2) is the static power
loss of the sample system, W,(2) the dynamic power loss of the sample system. Right
ordinate: Static losses of the sample system related to the ideal input power of the sample
system.
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thicknesses and resistances of sample and pan result in a loss difference of
around zero, i.e. the static losses agree with dynamic losses, even with a
finite heating rate K,. In this ideal case, in contrast to real cases, the
temperature rate gradient and heating rate gradient of the sample and
reference system disappears and an exact compensation of losses is
produced, i.e. AW, =0, so that the following is valid

AW = AW; = AW,

Hence, under these ideal conditions the obtained difference signal of the
power output is in exact agreement with the ideal power input of the
sample.

DYNAMIC ERRORS AND SPECIFIC OFFSET

Figures 4-6 show the dynamic error F = (AW, — Spyn)/AWp as a
function of the specific offset V, for various temperatures and air gap
thicknesses d,;, d, r(=d r *+ d3r) and d,.. The parameter of the curves is the
thickness d,; of the air gap between the reference sample holder and the
reference pan. Each curve is represented as a geometric locus for the total
contact heat transfer coefficient a g of the sample system, where all curves
begin at strongly negative offsets V, with the same total contact heat
transfer coefficient ayx, =3.6 X 107> Wcem =2 K™, which is equivalent to a
total air gap thickness d;z of 1 mm. With smaller air gap thicknesses d; g
between the reference sample holder and the reference pan, the agg values

T, =100°C 6
dy,, = 1072mm

dy fmm Ap/Wem'K
1 10" 4
2 2607 4
3 1072 A 107
4 1073 4
5 2x107 4x107°
6 10107 4073

. . \ X -3
-10? -10' -1 -10” 4072 10
— /%
Fig. 4. Dynamic error F = (AW,; — Spyn)/AW;p as a function of the specific offset V; for
100°C, d;-=10">mm, and A\, =4 and 4 X 10> Wem 'K,
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Fig. 5. Dynamic error F = (AW, — Spyn)/AWp as a function of the specific offset V, for
100°C, d,»=10""'mm, and A, =4 and 4 X 10> Wem 'K .
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Fig. 6. Dynamic error F = (AW, — Spyn)/AWp as a function of the specific offset V; for
700°C, d,»=10""mm and 107 >mm, and A,=4 and 4 X 10> Wem™ K™,
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TABLE 2

Relation between the signs of the isothermal differential heat power AW, specific offset V;,
the dynamic error F and the difference between the total air gap thickness d, g for the sample
side and the air gap thickness d,, of the reference side

AW, — §
dir—dy We v, F =W
>0 <0 <0 >0
=<0 =0 =0 = /=<0

are shifted closer together on the corresponding curve, so that for
di»=10""mm, d,;, =10 mm and A, =4 W cm™'K™' (curve 6 in Fig. 6) at
Vi=—-10"2%, the value axgx=34Wcm 2K or dig=10">mm is ob-
tained; in curve 2 (d,, =107'mm) with the same V), only axg=4X
1072Wcem2K™! or dir =0.1 mm is valid.

The curves show negative and positive values for the offsets V; and the
dynamic errors F. They are caused by the differences in the total air gap
thicknesses d r and d,, of the sample and reference side, respectively. This
is shown in Table 2.

Because it seems unlikely that the total air gap thickness d;x of the
sample system is less than the air gap thickness d,; of the reference system,
positive offsets V; will rarely be observed. Positive offsets errors are only
created with F <0.

Figures 4-6 indicate that the dynamic errors F increase, as expected, with
growing air gap thicknesses between the sample holder or reference holder
and the pan, between pan and sample, between sample holder or reference
holder and the covers of sample holder and reference holder and, of course,
with higher temperatures. Curves 1, 2 and 4 in Fig. 6, for instance, show a
drastic decrease in the minimal error from 5% to 0.1% if all air gap
thicknesses are reduced from 0.1 to 0.01 mm.

Because, however, the exact air gap thicknesses and heat transfer
coefficients are not known, a clear assignment of errors to the specific offset
Vi is desirable as the latter is readily determined. This is possible if good
heat contact between the reference pan and the reference sample holder is
provided on the reference side. Then, depending on the contact, the upper
curves, which most of all contribute to an ambiguous dependence of the
error F on the specific offset V;, well no longer be applicable. The residual
ambiguity in the lower range of errors is practically unimportant if the air
gap thicknesses between the sample holder or reference hoider and the
cover of the sample holder or reference holder, respecitively, are smaller
than 0.1 mm, which is usually the case under practical conditions.

Table 3 shows that in these cases, even at 700°C, the ranges of ambiguity
are about AF <0.1%, i.e. they are unimportant from a practical point of
view.
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TABLE 3

Maximum ambiguity AF of the dynamic error F with small specific offsets ¥, for 4,. <0.1 mm

T/°C d, /mm d,«/mm F% Figure
100 <1072 =1x107? =2X107? 4
100 <107 <1x107! <1x107! 5
700 <1072 <1x1072 <1x107! 6
700 <107 <1x107! =4 X107} 6

The error curves shown in Figs. 4-6 are valid for heat conductivities that
differ by three orders of magnitude, where the given heat conductivities of 4
and 4 X107 Wcem—' K ™! were used.

For all heat conductivities, the error curves for increasing negative
specific offsets V; coincide more and more, because with poor heat contacts
on the reference and sample side, the influence of the heat conductivity can
be generally neglected.

Smaller conductivities of the sample result in smaller ranges of the error
curve, because in this case even with very small air gap thicknesses, smaller
errors cannot be obtained, i.e. a lower error limit is established. This case is
represented by curves 5 and 6 in Fig. 4, and curve 7 in Figs. 5 and 6.

If the error curves for all temperatures and contacts, with rejection of air
gap thicknesses above 0.1 mm between the reference sample holder and
reference pan, are plotted together against the negative specific offset, the
curve behaviour of Fig. 7 is obtained which, independent of the heating

10
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\\\ , i
RN 3
'\.\.\
™~
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dy <102 mm e 10!
Ta ?\p/Wcm" k* ¢ \
* 700°C L N
o 100°C 4 '\
x 100°C 2x10°" 0
: ; . 10
-10° -10? 10 -1 -0

‘V1/% —

Fig. 7. Dynamic error F = (AW, ~ Spyn)/AW;p as a function of the specific offset V, for all
temperatures; d,. and A, values for small air gap thicknesses only (d;, <0.01 mm).
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rate, heat conductivity and heat capacity of the sample, provides a
sufficiently explicit correspondence between the error and specific offset.

CONCLUSIONS

This study indicates that the air gaps in all parts of an isoperibolic DSC
apparatus entail essential measuring errors. These errors were determined
exactly with respect to the temperature, air gap thickness, thermophysical
properties of the sample and process parameters. However, these quanti-
ties are mostly unknown, so that these computations are only important in
the qualitative consideration of errors. To enable the determination of
quantitative errors, the non-compensated dynamic heat losses can be
attributed, by means of specific offsets, to static losses. If air gap thicknesses
above 0.1 mm between the reference sample holder and the reference pan
are rejected, the dynamic measuring errors can be adequately represented
as a function of the negative specific offset. Assuming identical heat transfer
coefficients «, and «,. in the sample and reference system, which, actually,
is mostly valid, the errors can be determined as a function of the specific
offset with sufficient explicitness. With smaller air gap thicknesses between
the reference sample holder and the reference pan, the error values also
become smaller (with an air gap thickness d;. of 0.1 mm, to F =0.1%, and
with an air gap thickness d,. of 0.05 mm, to F =107?%).

Because, on principle, the reference pan can always be left in the ref-
erence holder and, in contrast to the sample pan, is not subject to unex-
pected changes, careful positioning should be possible. Then the measur-
ing errors caused by geometric and emission-related changes of the sample
and the sample pan can be easily determined as a function of the specific
offset V,, without knowing the details of these changes. If the constant-
temperature air gaps and heat contact conditions assumed for the
determination are not valid under practical conditions, the defined specific
offset V, should be replaced by the static differential losses AW, and AW
before and after heating to assess the dynamic error. The determination of
these static losses instead of V, is only inconvenient if digital storage of
signals is not possible, a case which rarely occurs nowadays.
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