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Quantitative contactless photothermal monitoring of drying
in foodstuff materials

. Delgadillo-Holtfort,® B. K. Bein, and J. Pelzl
Experimentalphysik Ill, Festkperspektroskopie Ruhr-UniversiteD-44780 Bochum, Germany

E. Correia Da Silva
Institute de Fisica Gleb Wataghin, UNICAMP, 13083-970 Campinase, F3aulo, Brazil

(Presented on 26 June 2002

In this work a quantitative method for the study of drying in foodstuff systems is presented. This
study relies on the fact that changes in moisture content influence the effective thermal transport
properties of porous or fibrous materials. Here, we analyze frequency dependent thermal wave
signals recorded on the basis of infrared detection at several drying states by considering that the
foodstuff system is not perfectly opaque at the surface. The consideration of transparency allows an
asymptotic linear analysis that gives direct information about combinations of optical and thermal
parameters. This therefore simplifies a further theoretical numerical approach for the signals within
the scope of a two-layer model. Under the condition of constant optical properties at the system
surface and neglecting the moisture dependence of thermal diffusivity in comparison with changes
induced upon the thermal effusivity, the number of effective parameters necessary to follow the
drying progress reduces to two: the thermal diffusion time at the drying surface layer and the
thermal effusivity of the bulk. ©2003 American Institute of Physic§DOI: 10.1063/1.1523131

I. INTRODUCTION II. EXPERIMENT

The foodstuff system under consideration was a German
7 i ) sage of the type known as “rotwurst, Pommersche art”
content are of basic importance in the production of fOOd'(“bIack sausage, Pommeranian stylethat consisted of a
stuff. Ripening processes and roasting that are accompanigffixiure of ingredientgswine meat, liver, blood, and bacon,
by drying are processes that have to be monitored in produgeveral spices, and ascorbic acid as a preserVatale
tion processes on an industrial scale. In previous experimerstuffed into the skin of natural swine intestine and smoke
tal work on foodstuffs, textiles? and construction materiafs, dried afterward. It was bought in an ordinary supermarket in
we already explored the possibility of determining the mois-the usual plastic wrapped package. The caducity date indi-
ture content and the distribution of its depth in different typescated 15 days after purchaggithout opening under usual
of materials by means of thermal wave measurements usir§frigeration storage conditions, although this sort of sausage
noncontact frequency-dependent infraféR) detection. i§ known for its long preservation under dry sForage condi-
In this work a study is presented which provides adgj-tions. The sample was left exposed t_o the air and_kept _at
. . . N . room temperature for the whole experiment and during this
tional information for quantitative interpretation of the dry-

. . o . time bacteriological spoilage due to microorganisms was not
ing processes in foodstuff materials investigated by Conven\'/isually observed
tional frequency dependent IR radiometry. Compared 10 A geries of photothermal signals were recorded at differ-

pulsed optothermal transient emission radiomé®J TER)  ent times during drying for the sausage whose skin showed a
that relies in addition on the optical hydration depth prdfile, well defined thin transparent homogeneous redianss of
the conventional method provides pure thermal informationmoisture content was systematically controlled by weighing
which is most suitable for strongly heterogeneous soft matebefore and after each photothermal measurement.
rials. In the porous or fibrous materials investigated here the Infrared photothermal radiometry in a reflection configu-
effective thermal transport properties change if the space béation with a focal lens arrangement was used to investigate
tween different fibers or the pore space in the dry matrixthe photothermal response of the samples. The experimental
material either contains air or is partially filled with water €duipment consisted of an infrared detedtrdson infrared
and water vapor. In these materials heat diffusion can add'r!15D12'M204'502M'$Dand an ar%on—mn IaseLworklrjgl_ath
tionally be supported by the diffusion of water vapor. our@" operating power o 500.mW, whose monochromatic '9 t

. N (514 nm was modulated with the help of an acousto-optical
method of analyzing the progress of drying in foodstuff :

. .~ modulator (Laser Components LMO080in the frequency

samples that are partially transparent at the surface is illu

i Sr'ange of 0.4—410 Hz. Details of the measurement system
trated here for the particular case of European sausage. and its performance are published elsewlfere.

For calibration and analysi€o be discussed nexthe
dElectronic mail: delgadillo@ep3.ruhr-uni-bochum.de signal of a reference sample of glassy carbon of well-known
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thermal and optical properties was recorded under the same 040 T
measurement conditions as the sample to be investigated. |
This calibration procedure, consisting of reference-to-sample T
signal normalization, a procedure known(aample inverse
normalization, allows one to eliminate the influence of tech- 035
nical parameters and the frequency characteristic of the I
system?

I1l. SIGNAL ANALYSIS Qw 030 - )
For signal analysis we consider a one-dimensional theo- ;ET I
retical description of the inverse normalized photothermal = [

amplitude S;1=S,ef(f)/85amp,4f)for the solid translucent 025

sample and the reference. It yields the following frequency t=0 ]

8]
o 09h

dependent relation that is governed by the thermal and opti- A 24h

cal properties of the sample and referentes: é gg-g: |

R 7440 |

Sfl(f*]-/z)—me 020 PP BTPRTEr BTN | ...1....T.L..|...

" (el 7€) et 005 010 015 020 025 030
(f/Hz)"?
(1+ Jamflap®+ wa/aﬂz)samMe n
X : FIG. 1. Inverse normalized ampli i

> 2 .1 plitudes with glassy carbon as the reference
1+ VamtlaB®+2mt] af)res of the thin transparent sausage skin region measured at the drying times

. .. i i 2 —-1/2
Here the parameters and e denote the thermal diffusivity ndicated and represented by the quartity“S,( )/ Seamp f) vs 1 for
high frequencies. The lines represent the best fits to the expression given by

and effusivity, respectively. Parametg is the optical- Eq. (2).

absorption constang the emissivity, and the heat-conversion

efficiency » gives the fraction of incident radiation trans-

formed into heat in the sampleeference for the determination of the parameters of the second layer
For a reference material that is a perfect absorber, abulk). As a further simplification, changes induced by varia-

least in comparison with the optical translucent sample undefions in moisture content upon thermal diffusivity within the

consideration, Eq(1) yields the following linear expression pulk are neglected. This assumption merely expresses the

for the high frequency limit for the functioh™ 2571 (f %) ajready observed fakthat the effects of moisture and poros-

that is, moreover, only dependent on the thermal and opticaty on the thermal conductivitik and on the heat capacity per

parameters of the sample: volumepc manifest themselves more strongly in the effusiv-
f_1/28;1(f_1/2)~[p0/(§ﬁ)] | ity, e=+kpc, than on the thermal diffusivitya=k/pc,
sample

where the changes induced may possibly compensate. With
the simplifications introduced the only independent param-
+ﬁ(e/§)samplg_l/2- (2)  eters to be obtained numerically by means of a two-layer
™ model are the thermal effusivitgg of the bulk and the ther-
Here, parametef just summarizes the produétE ez of the  mal diffusion time rs=(d?%/ )¢ of the surface drying layer
emissivity and heat-conversion efficiency. of (in principle, unknown thicknessdg. Figures 2 and 3
Figure 1 shows the photothermal signal amplitudesshow the amplitudes and phases obtained from inverse nor-
Ssampi f) for the drying sausage measured at the indicatednalization with respect to the signal of the fresh sample of
times during drying normalized inversely with respectthe thin transparent sausage skin measured at the drying
to the signal amplitude obtained for glassy cart®g(f) times indicated(shown by symbols together with corre-
and plotted as the quantity f~¥?S '(f 2  sponding theoretical curves obtaineshowed by lines
=125 (f)/Ssampi f)as a function off ~*2 for high fre- The amplitudes in Fig. 2 are plotted as a function of
quencies. The linear behavior of E) is fulfilled by the  1/\/f which is proportional to the penetration depth. As can
experimental data in the frequency range of 12.8—205.0 Hbe seen, in contrast to in previous results of the progression
for all drying states. From the slopes and the intersectionsf drying'? there is no recognizable decrease in the pattern
with the abscissa of the linear fifgnes in Fig. ) one obtains between the inverse normalized signal amplitudes, corre-
the combined quantitiefspc/({B) Jsampie@Nd €/ {) sampie fOr sponding to diminishing moisture content at high and me-
each drying state. Their ratio yields the optical and thermatlium frequenciessurface region However, in the right part
combined quantity ﬁﬁ)samp,e Because these values are of the plot (bulk region all inverse normalized amplitude
obtained in the high frequency limit, they can be considereaturves show a tendency to decrease over the drying time.
to correspond to parameters of the surface layer. In order tdnother manifestation of this signal trend at the bulk region
reduce the number of independent fitting parameters bothan also be observed in the leftmost part of the plot in Fig. 3
surface parameterss and Bs are kept for our further two- for which the common phase versy$ representation was
layer numerical approach for the signals during drying. Theadopted. Figure 3 yields evidence that, with the exception of
resulting surface thermal parameters are used as referenabe curve corresponding to 1777 min of drying time, the
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FIG. 4. Ratio of the bulk effusivity during drying to the initial bulk effu-
FIG. 2. Experimenta(symbol$ and theoreticallines) inverse normalized  sivity (closed circlesand thermal diffusion time of drying the surface layer
amplitudes with respect to the signal of the fresh sample of the thin tranststarg of the thin transparent sausage skin region as functions of the drying
parent sausage skin region at the drying times indicated and relative moigime. The trends are emphasized by the dashed lines.
ture conten{rmc).

surface layer increases approximately 24.1% above its initial

phase maxima increase during the progression of drying. value after three days of drying when tendency towards
The numerical results for the thermal effusivity of the @Symptotic behavior seems to begin. An asymptotic trend is
bulk and the thermal diffusion time of the drying surface also obseryed for bulk effu_swlty progression after the same
layer obtained by means of our theoretical approach ar@mount of time, around which a reduction of about 37.5% of
graphically summarized in Fig. 4. The ratio to the initial bulk the initial bulk effusivity is reached. This diminishing ten-
effusivity of the bulk effusivity at different drying times dency agrees with our previous observatlong qf these effects
eg(t)/eg(t=0) (closed circle together with the drying of the. mmgture content upon thermal effusivity in several
time dependent thermal diffusion time of the surface Iayermate”alé_
7s=(d? a)g (stars is presented. It is evident that over the
time of drying the thermal diffusion time of the surface layer IV. CONCLUSIONS AND OUTLOOK
registers a continuous increase, whereas equally continuous In this work quantitative characterization of drying in a
diminishing of the bulk effusivity progressiopg(t)/eg(t  foodstuff system was achieved by thermal depth profiling
=0) takes place. The rising trend o§=(d?/a)s indicates  analysis for optical translucent systems. To this end the
growth of the surface layer. The thermal diffusion time of theasymptotic behavior of inverse normalized signals at the
high frequency limit was used to determine combined quan-
tities of optical and thermal parameters for each drying state.

i T T dme e For further numerical approaches for the signals during dry-
© 09h 996% ing, the optical parameters are kept fixed and the resulting
Q 2 iz thermal parameters for each drying state are used as the val-

sl <+> gi'i: 2‘;;2 Z.L ues of the thermal properties of the drying surface layer of a

APhase / deg

0.1

FIG. 3. Expeirmentalsymbolg and theoreticallines) phases of the inverse

(f/Hz)"?
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two-layered system. Further simplification consisting of
keeping constant the bulk thermal diffusivity during drying
finally allows one to reduce to two the number of additional
free parameters that need to be obtained: the bulk thermal
effusivity and the thermal diffusion time of the surface layer.
These parameters, determined by using an approach of both
experimental signal amplitudes and phases, give a quantita-
tive impression of the progression of drying in two different
surface and bulk system regions.
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