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Introduction

The traditional Fourier heat conduction equation implies an
infinite speed of propagation of the thermal wave, indicating that
a local change in temperature causes an instantanecus periurba-
ton in the temperature at each point in the medivm, sven if the
intervening distances are large. To consider the fnite speed of
wave propagation, a damped wave model is proposed in the lit-
erature by using a variety of ressonings and derivations. Hts de-
velopinent is presented in desall in the review articles by Joseph
and Preziesi (1989, 1990}, According to this formuiation, the
heat fiux equilibrares 1 the imposed iempersture gradien: via a
relaxation phencmenon characierized by 2 thermal relaxation or
thermai characteristic time, From the point of view of heat trans-
fer in materials with nonhomogensous inner stmctures such as
biological materials, the thermal characteristic ime can be de-
fined as the time necessary for accumulating thermal energy re-
quired for propagative heat wansfer o a particular point i the
medivm (Kaminski, 19903, The value of this characteristic time
is of imporiance sinoe conduction processes that ocow for time
periods of the order of the thermal characteristic time may exidbit
significant non-Fourier behavior,

Muny studies in the literatire have considered mathemationl
solutions to a variety of problems vis hyperbolic conduction
models (Joseph and Preziosi, 1989, 1999; Wiggert, 1977; Kim
et al,, 15%0; Rastegar, 1989; Kar =t a1, 1992}, Thennodynamic
vaiidity of the hyperbolic sguations and the range of parameters
where non-Fourier considerations are important have also been
recently considered (Lavine and Bai, 1994; Vedavarz 21 20,
19942 b). The thermal characteristic time for meat products was
estimaied 1o be on the order of 20~-30 seconds (Kamineki, 1990)
but its valuve has not been measured. In addition, no work i
reported that directly validases the hvparbolic nature of heat con-
duction in biclogical materials by comparing experimentally ob-
served temperature or flux distributions with the nos-Fourier pre-
dictions. Recently Tzou (1992} compared the wave solution for
the temperature rise induced by a propagating crack tip in steel
with the experimental results obiained by Zehnder and Rosakis
{19911 1o conclude the wave nature of heat conduction.

Four different experiments are reporied here for different kinds
of boundary conditions. The temperature histories of thermocon-
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The objective of this paper is 10 present experimental evidence of the wave nature of
heat propagation in processed mear and to demonstrate thai the hyperbolic heat con-
duction model is an accurate representation, on o macroscopic level, of the heat con-
duction process in such bivlogical material. The volue of the characieristic thermal
time of a specific materigl, processed bologna meas, is determined experimentally. As
& part of the work different thermophysical properties ave also megsured. The measured
femperature distributions in the swnples ave compared with the Fourier resulis and
significant deviation between the two is observed, especiaily during the initial stages |
of the sransient conduction provess. The measured values are found to match the theo-
retical non-Fourier hyperbolic predictions very weil. The superposition of waves oc-
curring inside the mieat sample due to the hyperbolic nature of heat conduction is also
proved experimentaily. '

ples embedded in the samples are recorded and the experimental
resuits show instantanecus jumps in temperatures when the heat
waves reach the thermocouples, The phenomenon of superposi-
tion of waves occurring due to two heat waves approaching each
other from two sides is verifieh Both addition and subtraction of
waves is observed. By comparing the experimental temperatures
with theoretical predictions, the hyperbolic model is shown to be
a valid macroscopic representation of the heat transfer in bio-
logical materials. The corresponding therma! charactesistic time
is found to be approximately 16 seconds. This large value of the
charactenstic time has significant implications in the modeling
of many bio-heat ransfer processes, especially in those that ocour
for short durations such as laser surgery.

Eaperiments Conducted

The value of the thermal characteristic time 7 can be caloulated
theoretically for solids such as metals and dielectrics when the
dominamt heat carriers are either electrons or phonons { Asheroft
and Menmin, 1976; Vedavarz ¢t al., 199%4a). While there is no -
experimental method to measure the thermal characteristic time
directly, the value for processed meat and other bio-materials can
be found by measuring the thermal diffusivity and the penetration
tirne. The penetration time, 2,, is the time reguired for the thermal
wave 1o reach the specified Jocation x, within the roedium. This
implies that the velocity of the propagating wave can be deter-
mined as follows:

v (1)
'

By knowing the wave velocity, the value of v can be determined
from the {ullowing relation (Kaminski, 1990): '

T (23
v
Here o = i/ pC, where o is the thermal diffusivity, » the thermal
eonductivity, p the density, and C the specific heat. To calculate
she thermal characteristic fime for the processed meat, x, o, €,
and v are to be measured.

The values of the different thermophysical parameters ascer-
tained experimentally, including their uncertainties, are shown in
Table 1. Thermal conductivity is determined by measuring the
steady-state axial terperature gradients across cylindrical metal-
lic bars of known thermal conductivities between which the sam-
ple is inserfed. The temperature distribution is kept one dimen-
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sipnal by insulating the outer cylindrical surfaces of the bar and
the sample. The specific heat of the sample is measured by a
Differential Scanning Calorimeter ( Du Pont Instruments, Module
210 attached with 9900 computer model) over the temperature
range of 5 o 30°C. The density is measured by measuring the
mass of the sample by a sensitive mass balance and the volume
of the samiple. ‘

“The data acquisition (Model, HP 3457A ) used is set on 0--0.1
¥ range with 5% digits resolution, implying least count of 1 uV,
which corresponds 0 0.025°C when a T-type thermocouple is
‘wsed, The data acquisition is calibrated against a function gen-

erator to study s response compared 1o the various applied

pulses. Different pulses such as square wave and sinusoidal are
applied and the output of the data acquisition is found to match
well with the input signel of the function generator, which is also
observed with an oscilloscope. All experiments use copper-con-
stantan { T-type) thermocouples having wire diameter of 8.127
ram (005 in.) and a bead diameter of approximately three times
the wize diameter. The thermocouples are individually calibrated
against an alcohol-in-glass thermometer (having +0.05°C un-
gertainty ), which ensures an accuracy of 20.15°C.

The four different experimental configurations and their
boundary conditions are schematically depicted in Fig. 1. The
processed meat (bologna ) samples are in the shape of finite cyl-
inders of approximately 10 cm (4 in.) diameter. The samples are
well insulated on all sides {excep! on the planar sides, which are
ir contact with each other) to prevent any radial beat flow. Ade-
guate pressure is applied to ensure that perfect contact is estab-
lished between the thermocouples and the samples and between
the different contacting samples. High thermal conductivity
grease is applied at the interfaces of contacting samples io elim-
inate the effect of thermal contact resistance. The thermocouple
beads are also coated with thermal grease to enhance contact.
The thermocouples are inserted radially so that the leads follow
an isothermal path to minimize conduction losses. All the ther-
mocouples are connecied (o a computerized data acguisition sys-
tem. The samples that need 1o be cooled for establishing different
initial temperature conditions are refrigerated along with the in-
sulation and the embedded thermocouples to prevent any thermal
inertia effects at the initial stages of the experiment. Each exper-
iment is conducted a minimum of dwee times and the data are
reported for one since the deviation between different russ is
not phenomenclogically significant and the experimenis are
repeatable. It is ensured that sufficient iime elapsed between
sach experiment so that no tempersture gradients are present in
the sample.

As a validation of the experimental setup 2nd data collection
and processing, two identical aluminum samples { whose dimen-
sions are the same as those of the meat samples) at different
temperaiures are brought in contact with each other. The mea-
sured temperature profiles match the Fourier predictions within
the experimental uncertainty of the thermocouples { +0.2°C).

Bxperiment L. This experiment is conducied to show that

_ heat waves take a finite time to reach a particular point inside the

Table 1 Experimeniafly measured propertios of processed maeal

Table 1, Experimentally measured propersies of procsssed meat.

Variable Value Linits
Theemal conductivity x D80 00 WioK

Density p 12304 19 kghm?
Specific heas © 4.66 % D0 gk

Thermal diffusivity & 4?2 02107 o

meat sample contrary to the instantaneous heat propagation as'
predicted by the Fourier model. Two identical meat samples al
different initial temperatures are brought into contact with each
other. One sample is refrigerated (6 8.2°C and the other is at room
temperature of 23.1°C. Thermocoupies are embedded in the cold
sample and in the room temperature sample at distances of 6.6
and 6.3 mm, respectively, from the interface of comtact, Ther-
mocouples are aiso placed at the interface of the two samples.

Experiment 1. This experiment is performed to demonstrate
the wave superposition phenomenon {addition) occurring when
two waves traveling toward each other meet within the sample.
Three samples are brought into contact, two large refrigerated
ones a1 8.5°C and one thin room temperature sample of 17.4°C,
50 that the thin roomn temperatire sample is sandwiched between
the two large refrigerated ones, The room temperature sample,
which is between the two cold samples, is much less in thickness
than the cold samples to ensure that the heat wave has sufficient
amplitude even after iraversing the entire thickness of the thin
sample. Thermocouples are placed at the interface of the cold,
and room temperature sarnples, as well as inside the samples.
The thermocouple inside the room temperature sample is at a
distance of 3.8 and 5.7 mm from the top and bottom cold samples,
respectively.

Experiment T7l. This experiment is aiso performed o show
wave superposition {subiraction) by using a setup similar 1o that
in the previous experiment, but with initial iemperatures selecied
to cause wave subiraction in the middle sample as opposed o
wave addition in the previous experiment. The three samples
arranged in the large-thin-large sequence are initiajly at 24.1°C,
14.3°C, and 6.2°C, respectively. The thermocouple inside the
middle sample is 41 3 distance of 3.2 and 7.2 mm from the top
and bottomn interfaces, respectively.

Experiment IV. This experiment also shows that heat waves
have finite propagation speed {cf. Experiment I). A cold meat
sampie is brought into contact with a warm constant iemperature
aluminum plate as depicted in Fig. 1{&). The sample along with
the insulation is first refrigerated to 8.1°C, which is Jower than
the temperature of the constant temperature plate maiptained at
28.2°C. The temperature of the plate is controlled by circulating
a coolant through a pipe network attached to the back of the plate.
The coolant lemperature is matntained by a constant temperature
bath. Thermocouples are placed within the sample at distances
of 6.6 and 14.0 mm from the coptacting surface, and at the con-

€ = specific heat T = temperature x = nondimensional space coordinates
- d =* hondimensional thickness v = propagation wave velocity Y = gradient
Do dimensional thickness x = space coordinate .
" Mios = dimensional thermal contact con- x, = specified location Subscripts
T ductance @ = thermal diffusivity ¢ = cold temperature sample
g = beat flux { = nondimensional time f = Fourier
Q = nondimensional heat flux 8 = nondimensional temperature i = initial
R = nondimensional contact resis- i = thermal conductivity m = medium temperature sampie
tance p = density r = room temperature sample
{ = ome + = thermal characteristic fime ref = reference temperature
£, = penetration time '
Jowrnal of Heat Transter AUGUST 1885, Vol. 117 / 868
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files for the specified expenments are given as {Uarslaw and
Izeger, 1938) :
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Uy ==

Tor = Towe (IV3, {3}

. 7+ T
T = ~S—= (M), {7}
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Results and Discussion

¢ The results of the experiments described sbove offer compel-
ling evidence of the wave nature of heat conduction in processed
~meat (bologna). The fact that a finite time cccurs before the
thermocouples embedded within the media register any temper-
atire deviations, and that the temperature changes abruptly, in-
dicate a wave behavior of the conduction mechanism in such
matesial. These phenomena are clearly evident from the experi-
mental data of Figs. 2-5. The superposition phenomenon of
‘waves, which occurs due o two hest waves approaching from
each other, is also experimentally verified as shown in Figs. 3(a)
{addition of wave amplitudes) and 4 (subtraction of wave am-

plitades)... .. .
- The value:of thermal characteristic time 7 has been evaluated
experimentally by noting the instant 7, at which the imposed tem-
‘perature boundary condition causes the thermocouples focated at
%, o display. a Sﬁgniﬁcam deviation {i.e., greater than its nacer-
tainty) from ihe initial temperature. Equation { 1) then determines
the propagation velocity v and, along with the values of ther-
mophysical parameters of the sample, the thermal characteristic
timne'is obtained via Eq. (2). The uncertainty in the thermocouple

doumal of Hest Transfer

reading is =0.2°C, and the comesponding uncertainty in the they-
mocouple position and time readings are 0.3 mm and 0.5 second,
respectively. The thermal time constant of the thermocoupie is
on the order of G.03 second {Figliola and Beazley, 1921 Using
Egs. (13~(2)and applying the uncerlainty analysis, the value of
7 obtained is in the range of 1317 with an uncertginiy o :
seconds {13.6 percent). The resuits of the various exper

time £, 4 showed temperature jumps Jess
tent £,, 2 showsed largs lrregniar
showed no jump in iemperain

The theoretical hyperbolic curve:
craied by the method of characioris

-5 hove been gen-
: i the mesn valug of
the experimentally determined values of 7, along with the other

measured properiies presented jo Table Z. The theorsticgd
Fourier qurves shtained via Hos. {5)
The results for BExperimont | are shotvn |
The experimental temperatire profile
bedded in boih the cold and room temperai
strong non-Fourier behavior, in case of Experim
of the thermoeouples inside the room empera
the interface of the cold and room femperaiure
poried in Figs. 3a) and 3{5;. The experim
thermogouple in the middie samnple, Fig, 3
temperature jumps associgted with ihe two wa
inated from the two interfuces.
cannot be explained by classic
sible if the heat propagatic
a manifestation of the addition of the w
waves via superposition. Afier the heat wave
reaches the point where the thermocouple is plac
jump in lemperaiure, but the heat wave from the <
wot reached the point. The temperature then contmues 10 ing
until a second jump in jemperature lakes place when the |
wave from the other end of the sample reaches the point where
the thermocouple is placed inside the room temperature sample.
After that, the temperature continues to rise due to the combined
effect of two waves. The result of the thermocouple placed at the
interface of the cold and room temperature samples is shown in
Fig. 3(b). The interface teroperature attains the intermediate tem-
perature (T, + 77,)/2 at the insiant of contact and stays constant
at this value until the wave generated by the other interface
reaches it At that instant the temperature exhibits a sharp jump
and subsequently varies i accordance with hyperbolic wave pre-
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Fig. 4 Experimenisd resulls of nondimensions! iemperature versus time
for Exparimernt i}, for thermocoupie at x = 3.2 and 7.2 mm from intarface
of room tempersture and cold lemperahre sampies, respectively
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Fig. 50 Experimental results of nondimensional iemperaiure YEIsuS
timne Tor Experiment I, for thermocoupie atx = 14.0 mm

dictions. Results similar to Fig. 3(a) for the thermocouple em-
bedded in the middie sample are obtained by Experiment 113, the
difference being the subtraction of waves due to thé superposition
of a positive and a negative amplitude wave. These experimental
results, presenied in Fig. 4, cannot be explained via Fourier the-
ory and are matched only by the hypesbolic non-Fourier model.

Experiment 1V, which is different from the previous ones by
virtne of the different technigue for introducing the jump bound-
ary condition, is examined in Figs. 5(a) and 3(b). The previous
experiments relied on the contact between different temperature
meat samples (o establish the required boundary condition, while
Brxperiment 1V yses an aluminum plate that is mainiained at a
constant temperatare via a fiow cirenit. in Fig. 8{a) for Expen-
ment IV, there is a difference between the experimental data and
the theoretical hyperbolic beat condustion curves for the ther-
mocouple 3l x = 6.6 ma. The main problem with this experiment
is the inability of the cooling mechanism to instantaneonsly attain
a constant interface temperature between the meat sample and
the aluminum plate. During the initial phase of the experiment it
is found to be 4 5°C less than the setl constant plate temperature.
Bul as time increases, the interface lemperature attains that of the
specified constant temperature aluminum plate. The experimental
data and the theoretical hyperbolic curve maich for the thermo-
coaple at x = 14.0 mm as shown in Fig. 5(h). This is because

§72 7 Vel 117, AUGUST 1885

Tehie 2 Experimentally messured valuss

Tate 2. Experimentally weesured values,
Ezpt T £ & %

# (i) (o) {se0s)
I i 5.3 in room tempatume sample &7 is8
2 6.6 i cold wmperanme sample 7% 158
hed 1 4.5 frots top cold samyple, 1st jump 443 15.3
%7 from boroen ool sample, 2nd jamp 3% 151
z 9.5 from top cold sample at interfage 9 133
m 1 3.2 from room mmptrature sample. 18t jump ¥ 145
7.2 from cold temperanure serple, Zad jump 76 158
jd i 6.8 from aluminum plate ii] 1338
2 14.0 from aluminum plate 145 5.1

Matn Valie of o 155 £ 2.1 seconds (unctrinty =& 13.6%).

the initial deviations of the surface temperature from constant
temperature conditions have a lesser influence on the thermocou-
ple further away from the interface due 1o larger elapsed time as
compared to the thermocouple closer to the surface. This is in
contrast' to Experiments 1, Ik and 11} where the theoretical and
experimental curves are betier matched due to the fact that the
interface temperature atiains a constant value virtually instanta-
neously at contact since both cold and warm samples have the
same thermal properties. However, the results of the two ther-
mocouples in Experiment 1V also show abrupt jumps in temper-

ature and the value of  obtained from these jumps matches that

of the previcus experiments. The resulss of Experiment IV are
being presented to show that different techniques vield similar
results, '
Some possible mechanisms affecting the interpretation of the
results within the context of traditional Fourier analysis ave ex-
amined nexi. The first is the consideration of thermocouple efror,
The conservative estimate of uncertainty in the temperature mea-
surement is =0.2°C {indicated by the ervor bars of 0.4°C in the
corresponding graphs) and that in the ime s 0.3 second. Since
the measured iemperature jumps are consistently much higher
than the uncertainty {except for thermocouples placed at large
distances from the boundaries where the jump is approximately
twice the uncertainty), thermocouple error can be ruled out as a
source of the observed trend. In additon, the thermal Gme con-
stant for the thermocoupie is approximately 0.05 second. A sec
ond comsideration is the effect of thermal contact resistances
within a Fourier framework. The jump in tomperature that 1akes
place inside the sample may appear to oconr due io thermal con-

0.80 S T e e i I e e
Effect of Thermal Contact Besistance on Fourler Profiles

S Experimental Data (Expt }(pz £.3mm)
’ Fourier with Contact Resistancs 7

OAG

0.30 |-
inoraasing Non-dimansionat

Pesistance B

R =000 R

0.01

0.33 -1

Q.50

1.00
2.00.

£20

Non-dimensional Tamparalure

R N ] )

10 15 g4 2% Fi
ton-timensional time {t! T)

Fig. 5 Effects of thermal contact resistance on Fourier profiles fbr ter-
mocoupie at £ = 6.3 mm, for Experiment i
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Fig. 7 Results for Experiment ¥ for o thermocouple ot x = 5.3 mm in
oo tempersture sample for two raw pork meet semples in comact {sim-
Har to Experiment §j

tact resistance at the interface. Figare € shows the effects of ther-
mal contaet resistances on Fourier profiles for one such thermeo-
couple position at x = 6.3 mm for Experiment L. The theoretical
Fourler profiles for the case of two semi-infinite medivrm in con-
tact with each other having a thermal contact resistance at the
interface are generated using the solution given as {Carslaw and
Jaeger, 1959)

9 2eﬁc§§%} - exp(% + E’m) etfe {"ﬁ: + ﬁ} .8

where

R w5 s | (%)
J;;hum!

‘nondimensional contact resistance and B the di-
ontact conductance (inverse of thermal contact resis-
tance ), The results for a given thermocouple location of this so-
lution for Vérious nondimensional contact resistances and the ex-
nial 1esults shown in Fig. 6 depict the fact thay the Jump
erature that oceurs inside the sample cannot be explained
ol contact resistance at the interface.

paper demonstrates experimentally that the macroscepic

of the'ransient heat conduction processes in biologi-
aterials is accurately described by a non-Fourier damped
ve model rither than a Fourier model. While the actual mi-
croscopic. description of the conduction processes may be rep-
Ore complicated models, the present hyperbolic

non-Fourier description is appropriate for describing macroscop-
icatly the transient conduction processcs in provessed meat.

The definitions of the measured thermophysical properties re-
quired by the model, such as density, specific heat, and thermal
conductivity, remain unchanged from their classicat definitions
and their magnitudes are obtained by the standard iechnigues.
The values of the thermal characseristic time required by the
model are obtained by using these thermophysical properties,

The resulis and findings presented in the paper have a tremen-
dous impact o the modeling and prediction of bio-heat fransfer
and lay the foundation for further analyses thas will yield better
predictive tools for heat and mass transfer processes in complex
biological systems. The use of the hyperbolic model of heat con-
duction, along with the measured values of the thermal charae-
teristic time, for analyzing heat transfer in processed meat {bo-
logna) shows significant difference “from taditional Fourier.
based results. This indicates that the use of iraditional analyses
may not be accurate for modeling and predicting heat transfer
phenomena in bio-systems. Further research is needed 1o analyze
different kinds of materials. such as the resulis presented in Fig.
7 for raw pork meat (Experiment V), o establish the effecs of
hyperbelic conduction in practical applications.
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