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Abstract

The experimental analysis of conventional conduction calorimeters shows excellent reproducibility
and relevant systematic errors in comparison with thermodynamic values established via adiabatic
calorimeters. Two examples: a DSC and a liquid flow device are schematically analyzed. When an
increased accuracy will be obtained the positional effects on the experimental set-up and on the mea-
surement process need to be modelled. From experimental measurements realized on the Xensor liq-
uid nano-calorimeter representative models can be built. To evaluate the reliability of measurement
routines, established from experimental basis, several different dissipation structures inside the
working space can be simulated. Two experimental configurations related to drop to drop reaction
and to continuous mixing are modelled via RC approach. The RC formalism is extended to evaluate
the carried energy effect produced by the continuous inflow/outflow of reactants in the mixing
enthalpy chamber.

Keywords: accuracy, conduction calorimeter, Fourier equation, heat and mass transfer, mixing
enthalpy, models, simulation

Introduction

The actual applications of isothermal conduction calorimeters [1, 2] and of tempera-
ture programmed devices as ATD or DSC requires an improved sensitivity to com-
pensate the extremely reduced mass of the samples. The miniaturization process is
fuelled by the technological needs to reduce the quantity of new synthesized and ex-
pensive substances. Manufactured by Xensor, the liquid nano-calorimeter is one of
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the available sensors on the market [3]. When an appropriate box is built, the device
operates as a non-differential calorimeter in, for instance, isothermal conditions. Ap-
propriate covers and auxiliary equipment permits several microdevices for analytical
characterization. The working surface (as a nose detector of gas mixture [4]) is close
to 15 mm2. The working volume is situated under 20 �L in integral enthalpy measure-
ments, i.e. via drop to drop mixture [5] or via continuous mixing [6].

The volume reduction and the thin film deposition methods in flat surfaces in-
duce auxiliary problems related to heat flux detector. The main problem, a common
problem in the available devices, relates the heat flux integration: From the 4� ste-
reo-radians surrounding the sample or ‘reacting volume’, the surface covered by the
detector is practically zero [7, 8]. The device furnishes reproducible results but the
extremely lower detected surface is the origin of inaccurate results. In fact, the device
works mainly as a sensitive sensor not as an integrating heat-flux-meter. This particu-
lar situation suggests that improved formalisms need to be developed. In general, the
use of specific thin films as detectors in host-guest reactions is a common method us-
ing, for instance, resistance or electrical measurements [9–11] but the quantitative
difficulties are a subject of permanent interest.

The general target of this series of connected papers entitled ‘Identification of mi-
cro-scale calorimetric devices’ relates the search of justified experimental approach to in-
creased accuracy in conduction calorimeters and in programmed temperature devices**.
In the paper I, the positional effects in a classical DSC device are visualized, an experi-
mental approach to the free Xensor device is outlined and the shape factor is introduced
[7, 8]. In paper II a 2-D model, describing the experimental behavior, is built [12]. In pa-
per III [13], the 3-D device is experimentally analyzed, the rate effects studied and practi-
cal rules to determine the enthalpy results are proposed.

The main content of this paper is twofold. In the first one, a partial analysis centered
on standard manufactured device shows that the Xensor micro-devices behavior is simi-
lar. For it, in a DSC with detection situated in bottom flat surface of the crucible, the z-co-
ordinate effect is visualized. Also, by means of a set-up devoted to the liquid mixtures,
the dependence response with the volume rate and the type of liquid is displayed. In the
second one, centered on modelling, two RC models [1, 14–20] corresponding to the
Xensor devices and related to mixing enthalpy evaluation are built. The practical target of
a representative model relates the simulation of different 3-D dissipation in the available
‘reaction’ volume: i.e. the z-effects, the 3-D dissipation and the volume rate actions. The
preliminary values of the parameters characterizing the heat transfer model are optimized
using a classical Marquardt approach [12, 21, 22]. The model permits an evaluation of
Shape Factor effects and/or of the geometric actions related to the dissipation position. A
roughly generalization permits the inclusion of the energy transfer induced by mass flows
in the heat transfer formalism.
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** A cooperative research program is established between the authors to analyze the behavior of flat
detectors (in particular, the Xensor device) via experimental measurements and appropriate
simulation. The main target relates an accuracy improvement in energy measurement traceable to
Joule dissipation. Subsequently, practical rules modifying the sensitivity value of the manufacturer
heater will be established.



Classical effects on conventional devices

The difference among the thermodynamic values and the energy measured in conduc-
tion calorimeters in the old [23] and in actualized counterparts [24] is a classic prob-
lem that requires permanent attention. For instance, some of the difficulties that pres-
ent two conventional measurement systems are visualized. They are based on the
detection of the heating flow that is exchanged between the ‘reaction’ area (i.e. the
crucible or the reaction chamber) and the surroundings. Two types of classical de-
vices are used with particular effects in the energy measurements. The first one, a
standard DSC device (TA Instrument 2910 MDSC V4.3 B) (Fig. 1) usually destined
to measure the latent heat in first order phase transition, to analyze the glassy transi-
tions and to determine the temperature effects on the specific heat. The device shows
remarkable effects with the distance between the detectors and the heater: in a
solid–solid phase transformation (some effects related to martensitic transformation
are presented in reference 7) or in Joule effect in a resistance (Fig. 2). In other words,
the sample thickness plays a relevant effect on the energy measurements: more so-
phisticated calibration process is necessary when more quantitative results are re-
quired. In particular, in phenomena with distributed energy dissipation ‘different’ of
the standard phenomena (as, for instance, In melting) used in calibration procedures.
The second one, a liquid flow calorimeter (flow isotherm microcalorimeter TAM
2277-204 by Thermometric AB) working in isothermal conditions shows changes in
sensitivity related to volume rate and liquid type (Fig. 3). The two examples are rep-
resentative of the flat detector systems: there is a relevant dependence with the dis-
tance to the detector, with the thermal properties of the material and, in the case of
systems of continuous flow, with the flow rates.

In DSC device (Fig. 1) two standard Al crucibles are modified. Inside the cruci-
ble, a Pt-resistance is embedded inside a cellulose shell and situated under (resistance
‘bottom’) or over a shell of epoxy (resistance ‘top’). Series of Joule pulses (using 352
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Fig. 1 Left: outline of the standard DSC device (TA Instrument 2910 MDSC V4.3 B);
a – reference crucible; b – sample crucible; c – thermocouple wires; d – pro-
grammed temperature block. Center: schematic structure of used crucibles in
Joule measurements. Two types of heaters are prepared: with the Pt-wire in the
bottom (lower z-distance) and in the top of the crucible (higher z-distance).
W: wires for Joule pulses; C: crucible covered by an Al foil; S: epoxy shell;
R: Pt-resistance wire and cellulose isolation. Right: photograph of the resistance
preparation in the crucible bottom. ‘Paper’: two sides of gummed cellulose shell



and 448 �W) are dissipated in each crucible. Always the used temperature rate is
0.5 K min–1 and the temperature domain is situated between –10 and 80°C. The posi-
tion effect is determined dividing the energy measured (the device is calibrated via
the classical In melting) by the furnished Joule effect. Some dispersion is observed
for different runs and complete repositioning of the crucibles (under 5%). High rele-
vant differences are related with the z-position of the heater Pt-resistance (Fig. 2
right). Homogeneous dissipation in low conducting materials (Fig. 2) suggests a
mean difference close to 30% (similar to absolute differences observed in [23]).

The calorimeter (flow isotherm microcalorimeter TAM 2277-204 Thermomet-
ric AB) is designed to determine the mixing enthalpy from the output signal in steady
state: The ‘reaction’ dissipates constant power. For instance the molar mixing
enthalpy, associated to constant flow rates of the pure liquid components, produces a
constant calorimetric signal in steady state. The absorbed heat power Wabsorb, related
with the thermodynamic enthalpy change (�HM) and the molar rate of the two com-
ponents (A and B), could be represented by,
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Fig. 2 Left: series of calorimetric signals related to two different dissipated Joule pow-
ers in the crucibles. Right: changes induced by the heater position (z-coordinate
effect) via four independent series of measurements: mounting and dismounting
and using different crucibles

Fig. 3 Cell support and spiral tube in the differential ‘flow isotherm microcalorimeter
TAM 2277-204 (Thermometric AB)’. h – position of the manufacturer’s heater;
arrows a – situation of the detector by a semiconductor thermocouple plate
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The device also permits the evaluation of the excess molar partial enthalpies
and/or of the apparent relative molar enthalpies. For instance, via dissolution or dilu-
tion processes respectively. In these measurements, the liquid accumulates in the cell
so that their contents grow progressively. The steady state measurement method re-
quires a continuous flow of the two components. In the device, the mixture is carried
inside the tube twisted around the cell. The detector (a semiconductor thermocouple
plate) is located in the central part of the spiral pipe. See the squared zone indicated
by the arrows a in Fig. 3.

The sensitivity in flow calorimeters depends on diverse factors [25–27]. In the
first place, the effect produced by the volume rate. The position of the detector in-
duces an increase of the sensitivity as the flow rate increases and the mixture is car-
ried out more close to detector. Increasing flow rate, the sensitivity arrives to a maxi-
mum and, after, decreases progressively: a part of the components doesn’t have time
to react inside the tube close to the detection area. Also, the flow transports some un-
measured energy directly to the external surroundings. The representation in function
of the heat capacity rate provides a more reduced dispersion. The similar behavior of
the experimental data shows the especial relevance of the dC/dt value. Other parame-
ters (viscosity or effects of the interface energy) maintain some differences for each
substance. The signal to noise ratio in measurements given in Fig. 4 is relatively
lower situated between 40 to 320 (i.e., between 32 to 50 in dB scale).

Experimental devices and symmetry constrains

The experimental devices studying the drop to drop ‘reaction’ and the mixing
enthalpy via continuous mixing are outlined in Fig. 5. Both systems, based on the
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Fig. 4 Left: flow volume rate effects on sensitivity (mV/W) for three mixtures using
the �HM from the literature values: � – benzene+cyclohexane [28]; o – cyclo-
hexane+hexane [29]; � – water+methanol [30]. Right: sensitivity (mV/W) vs.
the heat capacity rate (dC/dt) for the same mixtures



Xensor chip, are described elsewhere [5–10]. Several Pt-resistance in different posi-
tions, liquid contents and volume rates (in chamber analysis) determines the experi-
mental output signal vs. time or DSC curve related to each configuration [10] corre-
sponding to a well determined input (i.e. a Joule step or Heaviside signal).

The chamber, associated to continuous mixture, is square shaped as the Xensor
free detector. The liquid volume has cylindrical symmetry. The Joule study is real-
ized mainly via straight coils in Pt wire (diameter 0.8 mm). Indeed, the complete sys-
tem has squared symmetry: a quarter is sufficient to describe the complete ‘Joule’ be-
havior. As a first approach, a cylindrical sector also shows the main sensitivity char-
acteristics: the radial and the z-axis effects. In true measurements (mixing enthalpy
studied by liquid flows) the quaternary symmetry is broken and a more complete
model is necessary. When the liquids are introduced simultaneously via, for instance,
the T-shaped system [13] or an inlet of coaxial tubes, the representation needs at least
a half of the device: a mirror symmetry, induced by the privileged axis imposed by
the inlet-outlet plane, can be used. The simplified geometry of drop to drop reactions
suggests the use of cylindrical symmetry or, for more detailed actions in Joule mea-
surements, the representation by a quarter of the system.

The Fourier approach: RC models in the 3-D configurations

The decomposition of a 3-D system in N finite domains each one at uniform tempera-
ture Tj, with Cj heat capacities and Pjk thermal couplings between elements and Pj to
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Fig. 5 Schematic representation of devices based on Xensor Liquid nano-calorimeter
LCM 2524. In the outlined configuration each set-up works in ‘static’ situation
heated by resistance and a quarter can represent the system. Left: drop to drop
reaction. Bottom left: drop with a Pt-resistance (spring shape) with squared sym-
metry (enlarged from a). Right: example of chamber for continuous flow mix-
tures. A and B: inlets; AB: outlet. Bottom right: the cylindrical shape of the
liquid chamber, the squared shape of the plastic chamber and of the Xensor de-
vice and the spring shape of Pt-resistance establishes a global squared symmetry
in Joule measurements. W, W’: electrical wires



external surrounding temperature T0, permits a classical treatment. The instantaneous
energy balance furnishes a system of linear differential equations:

W C P T T P T T j Nj j
j

jk j k j j
k j

d

d
� � � � � �


�

T

t
( ) ( ); , ,...,0 1 2 (2)

For an experimental device with thermopairs, the experimental output (or DSC
curve) can be represented by a sum of temperature differences (one for each pair). Each
output (or DSC curve), related to a particular dissipation distribution in l elements (with
l–N), implies the appropriate convolution as is described elsewhere [15–20]. In the calo-
rimetric output are included: the l dissipation positions in the domains k k k1 2

* * *, ,... l and the
n thermopairs (m m m1 2

* * *, ,... n) each one in two temperature domains corresponding to warm
and to cold junctions. The DSC curve is represented by a sum of convolutions (in time
coordinate) or a sum of products in Laplace coordinated by:
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The operator £–1 is the inverse Laplace transform: shifts from the Laplace coor-
dinate p to the time coordinate t. In Laplace coordinate, the W p

k * ( ) relates the dissi-
pated power in one of the k* elements and the TF

k * (for all detectors) reads,
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The kSeebeck coefficient converts the temperature units to an output voltage (i.e.
from K to V). The T

m warm

t in k
*

*

( )

( )� (p) and the T
m cold

t in k
*

*

( )

( )� (p) are, respectively, the ‘temperature’

(in Laplace coordinate units: K s) in the warm and in the cold junctions for each ther-
mocouple m* associated to a heat power pulse (�(t) a Dirac signal of 1 J) only dissi-
pated in each k* position. The equations are coherent with the experimental reality: a
universal transfer function doesn’t exist: the dissipation is not produced in only one
point of the crucible. In the linear domain of the system, each position of the dissipa-
tion contributes independently. The formalism allows the influences that produce
each dissipation element on the total output: each dissipating element contributes
with a particular transfer function that relates the dissipation place with the detector
system. Usually, the detector system is an invariant of the experimental set-up. The
model can be numerically solved via software packages of linear systems. Dividing
by Cj, the temperature derivatived reads,
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Using T0 as the temperature reference, the previous equation can expand to:
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Defining the vectors T, dT/dt and B and the matrix A by:
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The formalism can be written with the state vector structure as:
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Standard numerical methods as, for instance, Matlab with appropriate linear
toolbox, agree very well with the state vector representation. From the calculated
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The two formalisms, solving via the TF and the appropriate convolutions (F in
Table 1) or, directly, via the state vectors (ML in Table 1), are completely equivalent.
Using a model with high number of elements, the numerical constraints related to
truncation and error propagation can produce similar pattern (Table 1) but, also, a lit-
tle bit different results (observed differences under 5%).
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Table 1 Sensitivity values in relative scale (reference: chip heater and ethanol) calculated and
experimental for each available heater: chip heater and Pt-resistance in bottom, medium
or top position. Homogeneous: calculated value when a homogeneous dissipation is pro-
duced inside the chamber. F: estimated using transfer function and convolution. ML:
calculated by state vectors

Chamber contents
Chip
heater

R: bottom R: medium R: top Homogeneous

EtOH (experimental 1.000 0.788 0.677 0.562 –

EtOH (calculated F) 1.000 0.823 0.717 0.673 0.771

EtOH (calculated ML) 1.000 0.814 0.669 0.609 0.743

H2O (experimental) 0.949 0.791 0.752 0.670 –

H2O (calculated F) 0.980 0.823 0.748 0.719 0.785

H2O (calculated ML) 0.975 0.857 0.785 0.757 0.821

Symmetries: the tool for complexity reduction

The symmetry permits more sophisticated treatment with minor number of elements.
Using N elements is possible to build a model similar to the 3-D structure as, for in-
stance, a drop on the Xensor working chip surface. In the drop surface heat losses to
surroundings need to be introduced and, obviously, the sensitivity (or detected signal)
is related to the heat fraction between the detected heat vs. the heat lost [7]. This ratio
depends on the relative position of the dissipated heat: more close to warm junctions
or more close to the external surroundings [7, 31]. The situation is similar for the flow
device. In static configuration, the chip, the cover and the heater can be modelled by
only one quarter of the complete device. See, in Figs 6 and 7 the element distribution
in drop (N=38 in shells D, Cb, Cm and Ct) and in flow chamber (N=56 in shells E, D,
Cb, Cm and Ct).

The model needs the creating the network of the elements and, subsequently, the
determination of the heat capacities and thermal couplings with the neighbour ele-
ments. For instance, in the angular sector (�) of thickness h represented in Fig. 8 three
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Fig. 6 Outline of the RC models (N=38). A: one quarter of the drop scheme (drop and
chip working surface); B: front view with one of the vertical grid shells of drop
(Ct, Cm, and Cb) and D (silicon working surface and rim). Right: associated num-
bers of the simulated heat capacities



thermal resistance (inverse of the heat loses coefficient P) are searched: in radial, in
axial and in z-direction. For each element the center of symmetry is estimated and
each thermal resistance is evaluated between the centers of neighbour elements. For
instance, the three thermal resistance values associated to the complete ‘a’ element
(between the opposite surfaces) in radial, in axial (for lower � values) and in the
z-axis direction read,
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Starting from the network, each volume furnishes the heat capacity and the geomet-
ric characteristics allow determining the values of the thermal couplings. The used basic
data have been obtained of [28]. Once basic model is built, it is possible to carry out adap-
tations and improvements. The chamber system can be reorganized with two shells of
type D and only two of the type C. Using this last possibility the liquid is distributed in
three vertical more homogeneous layers E, Db, Dt, Cb and Ct (N=62).
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Fig. 7 Outline of the RC models. A: chamber for continuous mixing (a quarter). a – liq-
uid contents; b – chamber in Plexiglas; c – silicon working surface and rim;
d – connection to chip device protection package; B: front view with one of the
vertical grid shells (Ct, Cm, Cb, D and E with 56 elements). Right: allocation of
heat capacities reference numbers in level Cb, D and E

Fig. 8 Outline of network established in a sector of � radians with thickness h. * – cen-
ter of the elements; a – used element for thermal resistance evaluation (see, text)



The representative model for the chamber increases their complexity when the
symmetry decreases to mirror symmetry or, eventually, to describe the complete de-
vice. For instance, when an actual mixture process will be simulated.

Comparison between experimental and simulated results

Starting from the model outlined in Fig. 7 and of the values of the thermal properties
of the Table 2 the output signals (DSC curves) related to a Heaviside step have been
calculated. From the DSC curve the sensitivities are evaluated and compared with the
experimental observations (Table 1). Also, the behavior of two different liquids has
been simulated (ethanol and water) inside the working chamber (Fig. 9). The qualita-
tive behavior of the model is coherent with the experimental curves. In particular, the
model permits a prediction of the sensitivity for any dissipation configuration. In the
Table 1, the relative sensitivity has been calculated when a homogeneous power is
dissipated in the complete liquid volume. The simulation allows the evaluation of the
shape factor. It is necessary to divide the calculated sensitivity when the dissipation is
carried out with the space distribution of interest for the calculated value obtained
dissipating in the chip heater.

Ethanol and water after a Marquardt fit

To obtain an approach to the behavior that visualizes the dynamic effects of the mass
flow, the parameters of the ‘static’ system are optimized by means of the Marquardt
method [33] and the experimental observations corresponding to the ethanol and wa-
ter have been used. The methodological approach is described in the paper II [12]***.
The Fig. 9 shows a satisfactory coherence between the ethanol and water measure-
ments and each particular fit: the thermal parameters of the device box need to be fit-
ted to each fluid.

From static models to rate effects simulations: Extended RC
models including the energy flow carried by mass transfer

The liquid flow transports energy. Each volume element used for the RC description is
influenced by the permanent exchange of mass (Fig. 10). In the time interval dt there are
an input and output of mass with the neighbouring elements: an energy exchange not in-
cluded in the RC formalism. Two working hypothesis permit a roughly approach:

J. Therm. Anal. Cal., 71, 2003

AUGUET et al.: MICRO-SCALE CALORIMETRIC DEVICES 961

*** The approach to physical parameters (�12� describing the two-dimensional device and for general
information �33�) is realized via fitting of experimental data: an adapted Marquardt method has been
used. The method (a non-linear fit), estimates the dependence of the squared error (difference between
experimental and calculated points) with each researched parameter (ai). The ai represents ‘free’
parameters to be fitted: i.e. the heat capacities, the thermal couplings, the heat losses, the time delay,
and so on.
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1) The volume from the element i–1 acquires the temperature of the element i.
With this hypothesis it is not necessary to consider that the energy is transferred to the
next element.

2) The energy transfer can be represented by a Newtonian term. The net heat
power (Wi–1�i) given by the liquid flow transferred from the i–1 element (at Ti–1) to
the i element (at Ti) can be represented by:

W k c T T kP T Ti–1 i i–1 i i–1,i i–1 i

d

d
� � � � ��

V

t
( ) ( )* (11)

The inflow of the liquid volume (dV/dt from the i–1 to the i element) induces a
net input of energy in the element i related to the temperature difference between the
actual element (i) and the previous element (i–1) [21, 26]. The appropriate auxiliary
and non-symmetrical couplings (Pi–1,i

* ) permits a qualitative visualization of the vol-
ume rate effects. At reduced values of flow rates, the adapted formalism can be
solved as the RC analogy. The actual simulation uses a rough approach: only a quar-
ter of the device. More reasonable flow simulation needs, at least, a half of the device.
The k parameter (k�[0, 1]) represents the effective percent of the transferred energy
via the mass flow. Figure 11 shows the qualitative evolution of the simulated sensi-
tivity vs. the volume rate. A preliminary comparison between calculated values and
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Fig. 10 Schematic outline of the mass (or volume) transfer in the element i. In the time
dt the same volume dV enters in the i-element from the element i–1 (at Ti–1)
and, also, it is transferred to the element i+1 at temperature Ti

Fig. 9 Output signals (experimental and calculated DSC curves) vs. time for different
heaters relative to chip heater sensitivity: –– – experimental and x – calculated.
Chamber contents: ethanol (left) and water (right). 1 – chip resistance; 2 – heater in
bottom position; 3 – heater in medium position; 4 – heater in top position. Some
filtering ripple appears in the fast part of the experimental chip heater signals



experimental measurements (for instance, Fig. 7 in [13]) suggest that the k value do
not overcome 0.40. The actual rough observations suggest that part of the mass trav-
els without heat transfer and, in coherence with flow devices (Fig. 4), without suffi-
cient time for appropriate mixing.

Conclusions

The positional effects (z-dependence) in conventional DSC devices are extremely im-
portant with lower thermal conductivity contents. Differences between measured and
dissipated energy, up to 30 to 50% and dependent of crucible contents, can be ob-
served. The effects of volume rate in standard flow isotherm microcalorimeter are in-
cluded inside an uncertainty close to �4%.

Several complex RC-models can be built to describe the 3-D working systems
(in static behavior) used in Xensor devices: drop to drop and continuous flow mix-
tures. The response of the models shows the main particularities of the experimental
devices: squared (or radial) symmetry dependence and big z-effect if the heater (or
the internal dissipation) is separated from the silicon surface. Eventually, the model
can be fitted for a better match with experimental measurements using the standard
Marquardt approach. From the model is possible to evaluate the shape factor for each
heating type configuration.

In flow measurements the heat and mass transfer induces relevant effects in the sys-
tem not included in the classical heat transfer equations. For instance, the energy dissi-
pated in the reaction can be directly transferred to the outlet: The RC models are extended
to include the relevant heat transfer effects related with the mass-flow. In the actual level
of the formalism the analysis does not include the effects related to the true advancement
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Fig. 11 Sensitivity changes vs. the volume rates (simulation), related to resistance posi-
tion and to k values. 1 – chip heater; 2 – resistance situated in the bottom of the
chamber; 3 – situated in the middle of the chamber; 4 – heater on the upper part
of the chamber. + – k =1.0; x – k =0.1



of the reaction, i.e. related to the particularities of the reactants and to the actions induced
by the low mixing between two ‘laminar flow’ of reactants.
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