
Introduction

The instrumentation for the thermal measure has been

developed mainly in the thermal analysis area. In this

area, countless devices have been constructed: one for

every need and with the typical characteristics of the

process that is intended to be studied [1, 2]. In calorime-

try, it is necessary for the energetic process that is in-

tended to be measured to be located in a controlled zone

where the detector system output can be clearly related

to the power and/or energy developed in this zone.

The aim that has been proposed is to measure the

heat dissipations developed in localized zones of the hu-

man body; in this case, the dissipation intended to be

measured is not located in the inner part of the measure-

ment instrument but in the outer part, that is the reason

why the measurement process is out of the calorimetry

standards. However, it has been constructed an experi-

mental prototype whose operating principle is based on

the heat transference by conduction law. Besides, as this

instrument has a thermostat that remains at a constant

temperature, isothermal calorimeters can be included

within the heat conduction [3].

In this paper, it is shown an experimental prototype

and a model that represents acceptably its performance.

It is made a study of the influence of each one of the

parameters of the model on the sensitivity of the

device. The direct application of the sensor is to

measure power variation and energy levels developed

in localized zones of the human body. Finally, it is

indicated the importance that this instrument has in

medical applications and it is made a proposal of

necessary improvements for clinical experimentation.

Experimental prototype

The calorimetric sensor is made up of a TEC1-12704

thermopile of 40×40×5 mm and 127 thermocouples.

This thermopile is located between the thermostat and

a 70×70 mm aluminium plate of 1 mm of thickness

that is leaned on the zone where the dissipation takes

place, i.e., the zone which is intended to be studied.

The system is surrounded by a thermal insulating body.

The thermostat is constituted by a 40×40×5 mm small

aluminium block leaned against a heating plate which

is in contact with a cooling thermopile that reduces the

ambient temperature. The cooling thermopile has an

embedded dissipator with the corresponding fan. In

Fig. 1, it is shown a diagram of the experimental system.

A programmable power supply (Agilent E3640A)

feeds the heating plate that dissipates the power neces-

sary to keep the desired temperature, a simple PID con-

troller determines the power to be dissipated. The tem-

perature is measured by a HP34401A multimeter

through a RTD 100W30 by Omega that is located in the

40×40×5 mm aluminium block. The thermostat temper-

ature remains constant and the oscillations are lower

than 0.01 K in stationary state as well as when a calibra-

tion measurement is being carried out.

The calorimetric signal is directly read by a

HP34401A multimeter (10 nV of resolution). For the

calibration, a constant resistance (77 �) is placed

behind the aluminium plate as it is shown in Fig. 1. A

programmable power supply (HP6284A/59501B) feeds

the calibration resistance and determines the dissipated

power at every instant, other HP3478A multimeter

reads the voltage in a 1 � resistance standard that is in

series with the calibration resistance. All the

instruments are controlled by a computer through the

GPIB bus. The sampling period of the measures is 1 s.

The manufactured experimental device is a

laboratory prototype that is not still suitable for

clinical research. With this prototype, it is intended to

simulate its operation in medical application. In

Fig. 1, it is distinguished between part A which

represents the measuring device and part B which

represents the zone where the thermal process to be
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measured is generated. In medical application, part B

represents a zone of the human body where it is being

developed a process whose calorific energy is inten-

ded to be studied.

Model

For the modellization of the experimental system, it has

been chosen the method ‘at localized constants’ [4],

this method has given good results for explaining the

performance of different calorimeters [5, 6]. The size

of the model is determined with some previous

electrical calibrations, in which it is checked that a

model given by a two-pole transference function is

enough to rebuild the calorimetric curves acceptably.

This is the reason why it is proposed a two-body

model. Figure 2 shows a diagram of the model where

C1 and C2 are the heat capacities of the sensor and the

dissipation zone, T1 and T2 are the temperatures of

each body. P1, P2 and P12 are the thermal conductivities.

T01 is the programmed temperature of the thermostat

and T02 is the temperature in the dissipation

surroundings (inner part of the human body).

Figure 2 shows the model at localized constants

and its relationship with the main elements of the

experimental device which are the sensor (C1) and the

thermostat (T01) represented in Fig. 2 by letters a

and b. In Fig. 2, letter c represents the zone of the

human body where the thermal process to be studied

takes place, for example, the one corresponding to a

tumour. This zone (C2) is in contact with the sensor

through the thermal coupling of the thermal conduct-

ivity P12. It is also in contact, through the thermal

coupling of the thermal conductivity P12, with the rest

of the human body which is at a temperature T02.

The energetic balance for each domain provides

the model equations:
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The power developed is w(t), and the output is

y(t)=k(T1–T01), where k=0.1 V K–1. It is easy to relate

the power with the output through a differential

equation of the type:
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In this equation, the term P2(T01–T02) affects the

baseline that is corrected after carrying out the

measurement. If it is made w*(t)=w(t)–P2(T01–T02),

the transference function can be exposed in the

following way:
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Fig. 2 Model of a calorimetric sensor. a – thermostat,

b – calorimetric sensor, c – dissipation zone, d – inner

part of the human body

Fig. 1 Experimental prototype: 1 – measurement thermopile ,

2 – aluminium plate, 3 – calibration resistance,

4 – thermal insulation, 5 – heating plate, 6 – aluminium

block with RTD sensor, 7 – Peltier element,

8 – dissipator with fan. Part A with all its elements

represents the Calorimetric Sensor and part B the

dissipation zone
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being Y(s) and W*(s) the Laplace transforms of

y(t) and w*(t); S is the sensitivity; �1 and �2 are the

time constants.

Calibration and model identification

The electrical calibration has been the dissipation of a

pulse train of 250, 500 and 100 mW during 500 s each

pulse (Fig. 3). Besides, the dissipation position has

been changed, placing it in different points of the

aluminium plate. For the determination of the model

parameters, it has been used the simplex search

algorithm method by Nelder and Mead [7] using the

software MatLab [8], the error criterion chosen to

minimize was the standard deviation. Table 1 shows

the identification results, i.e., the values of the obtained

model parameters. Depending on the dissipation place,

the coupling P12 ranges from 0.095 to 0.073 W K–1

providing a sensitivity of 112�7 mV W–1. In the

adjustment between the experimental curve and the

calculated, it has been obtained a standard deviation

that ranges between 0.3 and 0.9 mV, the number of

points used in the adjustment was 10800. It has to be

taken into account that the baseline of the experimental

curves has some low-frequency oscillations of �0.5 mV

due to the thermal oscillations of the laboratory.

Results and discussion

The model parameters have been determined. Logically,

the sensor fixed parameters are P1 and C1, the rest of

the parameters are characteristic of the measurement

zone: proximity of the dissipation zone to the sensor

(P12), thermal insulation of the dissipation from the

rest of the human body (P2) and the extension of the

dissipation zone (C2).

If all the model parameters are fixed, it is

observed that the increase of the thermal conductivity

between the dissipation and the sensor (P12) produces

an increase of the sensitivity. Experimentally, the

sensor has been calibrated by locating the dissipation

at different points of a same 7×7 cm2 surface obtain-

ing a sensitivity of 112�7 mV W–1.

A decrease of P2 produces an increase of the sensi-

tivity, i.e., when the majority of the heat goes to the sen-

sor, the sensitivity increases. In this case, the thermal in-

sulation of the dissipation zone to the outer part must be in-

creased. An experimental check of this fact has been carried

out, reducing the thermal insulation between the alu-

minium plate where the dissipation is leaned and the

outer part. The model for this new situation has been

identified by obtaining a value of P2=0.2509 W K–1, the

increase of P2 has produced a sensitivity reduction of

20% (89.4 mV W–1). Moreover, increasing P2 has made

the oscillations of the baseline be bigger due to the term

P2(T01–T02) of the Eq. (2), thus, the oscillations width of

the baseline changed from �0.5 mV (for P2=

0.1880 W K–1) to �1.2 mV (for P2=0.2509 W K–1).

An increase in the mass affected by the dissipation

would produce an increase of C2. The simulation with

this model predicts that an increase of C2 in 100%,

keeps constant the sensitivity S, the first time constant
�1 increases slightly from 116 to 118 s, but the second

time constant �2 would have a relatively significant

increase from 15 to 30 s.

The experimental prototype has intended to

represent the real situation that can take place in a direct

measurement of the human body. The dissipation has

been placed behind an aluminium plate of 1 mm in

thickness, thus representing the surface tissues. The

average temperature of the dissipation zone in stationary

state has some oscillations of �0.02 K, similar to the

ones that the surface of the human body has.

Conclusions

As a conclusion, it can be pointed out that the proposed

model represents acceptably the sensor operation, and

the developed sensor has a promising future in the

medical field. The direct application of the sensor is
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Table 1 Model parameters represented in Fig. 2 and in Eqs (1) and (3). The calorimetric output is y(t)=k(T1–T01) where
k=0.1 V K–1

P1/W K–1 P2/W K–1 P12/W K–1 C1/J K
–1 C2/J K

–1 S/mV W–1
�1/s �2/s

0.2176 0.1880 0.0840 31.5504 4.1690 112 116 15

Fig. 3 Calibration measure



to measure powers and energies developed in localized

zones of the human body but, moreover, it can

provide information about the dissipation extension

through the value of �2.

From the measures carried out, it can be concluded

that the instrument is capable of measuring dissipations

within an area of 50 cm2 around the sensor. For the

final configuration, there is a sensitivity of 112 mVW–1

with an uncertainty of 6%. Taking into account that

the noise of the calorimetric output is �0.5 mV, the

detectable minimum power is 4.5 mW and, to reach

99% of its value, it is necessary a time of

–�1ln(1–0.99)=534 s, what is equivalent to a minimum

detection, in these conditions, of 534·4.5·10–3=2.4 J.

Finally, it is shown that it is necessary to propose

some technique to allow the introduction of an

artificial dissipation in the proximity of the zone to be

measured in order to carry out a specific calibration

for each case. On the other hand, it is also pointed out

that it is essential to simplify the instrumentation

required by the sensor in order to be able to use the

equipment in clinical experimentation.

References

1 W. W. Wendlandt, Thermal Methods of Analysis,

John Wiley and Sons, New York 1974.

2 Handbook of Thermal Analysis and Calorimetry.

Principles and Practice, M. E. Brown, Ed., Elsevier

Science (1998) Vol. 1.

3 L. D. Hansen, Thermochim. Acta, 371 (2001) 19.

4 A. Isalgue, J. Ortin, V. Torra and J. Vi�als, An. Fis.,

76 (1980) 192.

5 F. Socorro, M. Rodríguez de Rivera and Ch. Jesús,

J. Therm. Anal. Cal., 64 (2001) 357.

6 R. Kirchner, M. Rodriguez de Rivera, J. Seidel and

V. Torra, J. Therm. Anal. Cal., 82 (2005) 179.

7 J. A. Nelder and C. Mead, Comput. J., 7 (1964) 308.

8 The MathWorks, Inc. Optimization Toolbox,

version 3.0 (1994).

DOI: 10.1007/s10973-007-8740-1

86 J. Therm. Anal. Cal., 92, 2008

SOCORRO et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


