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Study on thermal wave based on the thermal mass
theory
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The conservation equations for heat conduction are established based on the concept of thermal mass.
We obtain a general heat conduction law which takes into account the spatial and temporal inertia of
thermal mass. The general law introduces a damped thermal wave equation. It reduces to the
well-known CV model when the spatial inertia of heat flux and temperature and the temporal inertia of
temperature are neglected, which indicates that the CV model only considers the temporal inertia of
heat flux. Numerical simulations on the propagation and superposition of thermal waves show that for
small thermal perturbation the CV model agrees with the thermal wave equation based on the thermal
mass theory. For larger thermal perturbation, however, the physically impossible phenomenon pre-
dicted by CV model, i.e. the negative temperature induced by the thermal wave superposition, is
eliminated by the general heat conduction law, which demonstrates that the present heat conduction

law based on the thermal mass theory is more reasonable.

thermal wave, thermal mass theory, non-Fourier heat conduction, CV model

In the classical theory of heat transfer, the law estab-
lished by Joseph Fourier, a French physical and mathe-
matical scientist, in 1822 is basicly used to characterize
heat conduction'"!

q=—kVT, (1)

where ¢ is the heat flux, 7 is the temperature and £ is the
thermal conductivity. The Fourier’s law leads to a para-
bolic and diffusive governing equation for the tempera-
ture field, which implies that the propagation velocity of
a thermal perturbation is infinite. For normal conditions,
the Fourier’s heat conduction law agrees with the ex-
perimental results very well. However, with the rapid
advancement of modern experimental technologies, the
Fourier’s law is found to fail in ultralow temperature and
transient heat transport processes, where the thermal
perturbation propagates like waves and with finite ve-
locity. It is called thermal wave!®!.

Tisze (1938)1* and Landau (1941)™ respectively pre-
dicted the possible wave-like heat propagation in helium
IT with finite speed, which is similar to a sound wave

induced by pressure perturbation. This effect caused by
the thermal pertubation is called “second sound”. Sev-
eral years later, Peshkov!® validated the prediction in his
famous experiments. He measured the velocity of the
thermal wave propagation in helium II about 19 m/s at
1.4 K, which is one order of magnitude less than the
speed of sound in helium II. Brorson et al.””! measured
the interval of thermal pulses passing through metallic
films and confirmed the existence of the thermal wave.
However, the experimental meansurements on the ther-
mal wave phenomenon were quite rare due to the tre-
mendous technological difficulty.

In order to interpret the thermal wave phenomenon,
Cattaneo in 1948™ and Vernotte in 1958 modified the
Fourier’s heat conduction law respectively

q+r%:—kVT, ©)
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in which ¢ is the heat flux, VT is the gradient of tem-
perature, k is the thermal conductivity, ¢ is time and 7 is
the relaxation time which is usually less than 107" s.
Eq. (2) is just the well-known CV model. The governing
equation for temperature fields based on CV model can
be written as

—+r—T:aV2T, (3)
ot

where a=k/pc, is the thermal diffusivity. Since the equa-
tion is hyperbolic, the propagation velocity of a heat
perturbation becomes finite. The thermal energy trans-
port is predicted as wave propagation by the CV model
rather than diffusion by the Fourier’s law. As the realxa-
tion time, 7, is very small, the CV model of eq. (2) can
reduce to the Fourier’s law, i.e. eq. (1), for normal con-
ditions. When the heat flux varies very fast (e.g. a laser
heat pulse), however, the characteristics of wave propa-
gation will dominate the thermal transport process.

Many theoretical analyses and numerical simulations
on transient heat transport based on the CV model have
been performed by many reserachers, such as Xu and
Guo[lo], Antaki[“], Cho and Juhng[m, Fan and Lu[m, and
Zhang et al.", Tang and Araki'"”! put forward a method
for measuring the thermal relaxation time. Recently, Bai
and Lavine!"® and Kérner et al.l'”! pointed out that the
CV model might result in a physically impossible phe-
nomenon of negative temperature during thermal wave
superpositions.

The derivative of heat flux to time in the CV model
essentially means the variation of heat flux is later than
the establishment of temperature gradient, which implies
thermal inertia. In 1917 Nernst!"®! predicted that thermal
oscillations could be caused by the large thermal inertia
in good thermal conductors at low temperature. In 1931,
Onsager''”! indicated that the Fourier’s heat conduction
law had neglected the time for the heat flux to accelerate,
which also implied the inertial effect of heat conduction.
Actually the inertia is characterized by the mass of an
object, though thermal energy is traditionally incompati-

20722 ihtroduced

ble with mass. Until recently, Guo et al.!
Einstein’s mass-energy relation to phonon gas theory
and proposed a new concept called thermal mass. In the
theory of thermal mass, the mass of thermal energy is
equal to the ratio of the thermal energy to the squared
speed of light in vacuum. They established the conserva-
tion equations for the motion of the thermal mass based

on Newtonian mechanics. Thus, the wave-like effects on

heat transport could be investigated based on these con-
servation equations. In this paper, the thermal wave
phenomenon is studied by establishing the governing
equations based on the thermal mass theory. The derived
heat conduction equation is normally a damped wave
model. Numerical simulations on the thermal wave
propagation are then performed, and the results show
that the thermal mass equation can conquer the physical
drawback of the negative temperature in the CV model.

1 Governing equations for thermal wave
based on thermal mass theory

According to the Einstein’s theory of relativity, the mass
and energy of an object are equivalent through the mass-
energy relationship. In the theory of thermal mass>* %%,
the equivalent mass of thermal energy can be defined by
the mass-energy relationship. The thermal mass density

can be written as

c, T
Pn= pc; ’ “)

in which p; is the thermal mass density, o is the mass
density of the object, ¢, is the specific heat, and ¢ is the
speed of light in vacuum. When there is a temperature
gradient in an object, heat flows from high to low tem-
perature, which indicates that the thermal mass drifts at
a certain velocity. The velocity of the thermal mass can
be derived by the heat flux

qn = Pyt 0t g = pc,Tuy, 6]
where g, =g/c* is the thermal mass flux, u, is the

drift velocity of the thermal mass and ¢ is heat flux. The
heat conduction can then be investigated using the gov-
erning equations for the motion of thermal mass like in
fluid dynamics.

Consider a one-dimensional heat conduction in a
uniform conductor as shown in Figure 1. The continuity
equation for the thermal mass is as follows

%_{_% 0

=0. 6
o 0Ox ©)
Substituting egs. (4) and (5) into eq. (6) gives
oT 0Oq
—+—=0. 7
. (7)

Eq. (7) is actually the conservation equation of ther-
mal energy, which is equivalent to the continuity equa-
tion for thermal mass.

For the differential element as shown in Figure 1,
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Figure 1 Schematic of the transport process of the thermal mass.

there are a driving force dF, induced by pressure differ-
ence, a resistant force dF, blocking the motion of the
thermal mass, and an inertial force dF; counteracting the
thermal mass acceleration:

dp, dr
dF, == 24V =2pp,c,~—dV, sa
dF, = =G,u,p,dV (8b)
D
dF; Z—(phuh)dV _[ 2out) +u, Xpity) dv, (8¢)
Dt ot Ox

where yis the Griineisen constant. The resistant force is
proportional to the drift velocity of the thermal mass
with the linear coefficient ¢,. The inertial force is deter-
mined by two parts: One is the temporal inertia caused
by the variation of the thermal mass velocity with time;
the other is the spatial inertia arising from the accellera-
tion of the thermal mass long a spatial distance. Accord-
ing to the Newton’s second law, dF=dF,+dF,, we can
obtain
a(%tuh) Tuy, 8(,12,;(14,,) =-2)pyC, aa_i =Pty (9)
This is just the momentum conservation equation for

the motion of the thermal mass.

With the inertial force being neglected, eq. (9) re-
duces to the Fourier’s heat conductoin law. When the
inertial force can not be neglected, the Fourier’s law
breaks down, which is often called non-Fourier heat
conduction. From this point of view, the Fourier’s law
reflects the balance between the resistant and driving
forces of the thermal mass.

Neglecting the inertial force, we can rewrite the mo-
mentum conservation equation as

27/cva—T+§huh =0. (10)
Ox
According to the Fourier’s law, it follows that
2y pre,
g = TP (11)

Considering egs. (4), (5), (9) and (11), we can obtain

T T
q+r(a—q+uha—qj—ruh e, )+uh ope,T)
ot ox ot ox

T (12)
ox

where 7= a/(2yc,T) is the characteristic time. For nor-

mal conditions, the characteristic time is on the order of
10°—10" s, the same order as the relaxation time in
the CV model. The thermal wave phenomenon becomes
dominant only if the variation rate of the heat flux is of
the same order. Different from the relaxation time in the
CV model, the characteristic time here represents the
medium resistance imposing on the thermal mass and is
determined by the physical properties and temperature
of materials. Eq. (12) is just a general heat conduction
law based on the theory of thermal mass because the
derivation of the equation does not have any assump-
tions. The general law is a hyperbolic equation, which
introduces a damped wave equation of temperature. The
first term on the left of eq. (12) represents the resistant
force, the right of eq. (12) represents the driving force,
and other four terms represent the inertial forces.

The four inertial force terms in eq. (12) can be classi-
fied into two parts: one represents the temporal inertia of

the heat flux and temperature: 70g/ot and

7w, 8(pc,T)/t | ; the other represents the spatial iner-
tia: zu,dg/ox and ru,[u, 0(pc,T)/ox]. By comparing
eq. (12) with eq. (2), we can find that the present general
heat conduction law will reduce to the CV model when
the spatial inertia of the heat flux and temperature and
temporal inertia of temperature are all neglected. This
indicates that the CV model only takes into account the
temporal inertia of the heat flux. This simplification is
acceptable for the CV model when the temperature gra-
dient is not very large. Contrarily, the effects of the
temporal inertia of the heat flux and temperature become

so significant that the CV model breaks down and the
general law should be applied.

2 Numerical simulations on thermal wave
propagation

Consider one-dimensional thermal wave propagation as
shown in Figure 2. The lengths of the simulated system
in the y and z directions are infinite. The length in the x
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Figure 2 Schematic of thermal wave propagation.

direction is L. The initial temperature in the system is
uniform, i.e. 7y. After the initial time, the temperature of
the left and right boundaries falls down to a lower tem-
perature, T,. Thus, the thermal perturbations at the two
boundaries will result in two thermal waves propagating
and superposing inside the object.

2.1 Numerical method for CV model
For simplicity, dimensionless units are used

t*zuzt/a, x*zux/a, T*=T/T0,

where v=+a/z, {, x and T" are the dimensionless
time, coordinate and temperature, respectively. Substi-
tuting the dimensionless parameters into eq. (2) together
with eq. (7), we get the dimensionless equation of heat
conduction based on the CV model:

*

T Lo _ o’T"

ot ol (13
The initial conditions can be written as
7" (x",0)=1, a—T:(x"‘,O)zo, (13b)
ot
and the boundary conditions are
770, =T"(1,t) =1+ 4, (13¢)

where A=(T, -T))/T,.

The closed equations for solving the dimensionless
CV model numerically can then be obtained by discre-
tizing eq. (13a) using central difference for spatial dis-
cretization and backward difference for temporal discre-
tization.

2.2 Numerical method for thermal mass equation

Since there are two variables in eq. (12), i.e. the tem-
perature 7' and the heat flux ¢, to close the equations

should solve the continuity equations simultaneously. Eq.

(12) is equivalent to egs. (6) and (9). Thus, we can solve
egs. (6) and (9) numerically to obtain the temperature
distributions varying with time.

The initial heat flux is zero due to the uniform tem-
perature distribution, i.e. ¢|,_,=0. Using eq. (7) at the

boundary with a—T|W=O, we have @|w=0. The
ot ox

thermal mass equations with the initial boundary condi-
tions for the thermal wave propagation can then be writ-
ten as

oT 0Oq
c,—+—=0,
P o

2
%, _4_ @+pcv2Ta—T+—pchq:0,
ot pc,T Ox Ox k
x=0: T=T, 6—":0, (14a)
Ox

x=L: T=T,, a—q=0,
ox

1=0: T=Ty(I;>T,), ¢=0.
Letting ¢ =t/(I*/a), x =x/L, T" =T/T,, q=q/
(pac, T,/ L) and substituting them to eq. (14a), we can

get the following dimensionless equations

TGy,

ot ox

% .99 T 012,

o0 T ox ox

. . T :

Y0 T ele gy g Yy, (14b)
T ox

=0: T"=1, ¢ =0.

The closed equations for solving the dimensionless
thermal mass model numerically can then be obtained
by discretizing eq. (14b) using central difference for
spatial discretization and forward difference for tempo-
ral discretization.

3 Results and discussion

For the propagation and superposition of thermal waves
as shown Figure 2, we solve the thermal mass equation
and CV model with 7,* = 0.9, 7,,* = 0.5, and T;,* = 0.3,
respectively.

With 7,,*=0.9 (4=-0.1), Figure 3 shows the tem-
perature distributions predicted by the CV model and
thermal mass equation at the time 0.1, 0.4, 0.8 and 1.2,
respectively. The two thermal perturbations at the bounda-
ries lead to two thermal waves as predicted by both
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Figure 3 Temperature distribution variations with time (77,%=0.9).

the CV model and thermal mass equation. Two tem-
perature peaks can be found to move inside the system
from the boundaries due to the sudden drop of the
boundary temperature. They meet each other and result
in superposition as shown in Figure 3(c). We can find
that the results obtained by the thermal mass equation
and CV model are very close for the dimensionless ve-
locity of the temperature peaks and the temperature dis-

1.4
12}
1.0
0.8
0.6
04r — CV model

02+ ---- Thermal mass equation
0.0 I L L !

(a) 1=0.1

1.4
12
10F — CV model )
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0.6
0.4
0.2
0.0

| () 1=08

00 02 0.4 0.6 0.8 1.0

tributions. It should be pointed out that the slight fluctua-
tions of the numerical results calculated by the thermal
mass equation are due to the explicit scheme of eq. (14b).
When the thermal perturbation and heat flux are small
such that the spatial inertia of the heat flux can be ne-
glected, the results by the CV model compare with those
by the thermal mass equation very well.

Figure 4 shows the temperature distributions respec-
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Figure 4 Temperature distribution variation with time (7,,*=0.5).
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tively calculated by the CV model and thermal mass
equation at the time 0.1, 0.4, 0.8 and 1.2 with T,, =0.5 (4
= —0.5). The dimensionless velocities of the thermal
perturbation predicted by the CV model and thermal
mass equation are very close. When the thermal wave
peaks meet and overlap, neither of the two models pre-
dict the physically impossible solution of negative tem-
perature at the moment. However, the temperature dis-
tribution of the thermal wave fronts predicted by the CV
model is steeper than that predicted by the thermal mass
equation. When the superposition takes place as shown
in Figure 4(c), the temperature at the middle of the sys-
tem predicted by the thermal mass equation is a little
higher than that by the CV model. In other words, the
temperature drop based on the thermal mass theory is
slower than that predicted by the CV model. The reason
is that the increase of the heat flux needs to overcome
the spatial inertia of the thermal mass motion based on
the thermal mass theory.

With 7, =0.3 (4=—0.7), Figure 5 shows the tempera-
ture distributions predicted by the CV model and thermal
mass equation at the time 0.1, 0.4, 0.8 and 1.2, respec-
tively. The dimensionless propagation velocities of the
thermal waves obtained by the CV model and thermal
mass equation are almost the same. The temperature dis-
tributions of the thermal wave fronts predicted by the CV
model are also steeper than those by the thermal mass
equation. When the two thermal waves meet and

1.4
1.2
1.0}
0.8}
~ 06}

| (a)1"=0.1

&~ 0.6F

— CV model
04! .
¥ ---- Thermal mass equation
02
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00 02 04 0.6 08 1.0
e
1.4
12 }(c)t=0.8
LOr —— CV model
081 ---- Thermal mass equation
~ 06}

1.4
12} (@ =12
1.0f
081 —— CV model
w061 ---- Thermal mass equation

overlap, however, the temperature at the middle of the
system predicted by the thermal mass equation is much
higher than that by the CV model. The prediction calcu-
lated by the CV model shows that the temperature would
become negative at the moment of two temperature
peaks’ superposition as shown in Figures 5(c) and (d),
which is a physically impossible phenomenon. This in-
dicates that the CV model has great defects to describe
the thermal wave propagation with large thermal pertur-
bation as reported in ref. [16]. For the thermal mass
equation that considers more inertial forces, the physi-
cally impossible phenomenon of negative temperature is
conquered under the same conditions. It indicates that by
overcoming the non-physical defects of the CV model,
the thermal mass equation is better than the CV model
when describing the thermal wave propagation with
large thermal perturbation.

4 Conclusions

1) The conservation equations for heat conduction are
established based on the thermal mass theory. The mo-
mentum conservation equation, which considers the in-
ertial forces of heat flux and temperature, is just a gen-
eral heat conduction law. The general law reduces to the
Fourier’s heat conduction law if all the inertial forces are
neglected. The physical essence of the Fourier’s law is
the balance between the driving and resistant forces. The

1.4
1.2
1.0}
0.8F

| (b)1"=0.4

04F 2’
—— CV model

2F ;
:)) o ---- Thermal mass equation

-0.2

0.0 02 0.4 0.6 08 1.0

Figure 5 Temperature distribution variations with time (77,%=0.3).
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non-Fourier heat conduction is essentially caused by the
inertial effects.

2) The heat conduction law based on the thermal mass
theory has four inertial terms of both heat flux and tem-
perature to time and space, respectively. With the spatial
inertia of the heat flux and temperature and the temporal
inertia of temperature being neglected, the general law
reduces to the CV model, which indicates that the CV
model just considers the temporal inertia of the heat flux.

3) When the thermal perturbation and heat flux are

1 Fourier J. Analytical Theory of Heat. New York: Dover Publications,
1955

2 Joseph D D, L Preziosi. Heat waves. Rev Mod Phys, 1989, 61(1):
41—73

3 Zhang Z, Liu D Y. Advances in the study of non-Fourier heat
conduction (in Chinese). Adv Mech, 2000, 30(3): 446—456

4 Tisza L. Sur la supraconductibilité thermique de I’helium II liquide et
la statistique de Bose-Einstein. C R Acad Sci, 1938, 207(22): 1035—
1037

5 Landau L. The theory of superfluidity of helium II. J Phys, 1941,
60(4): 356—358
Peshkov V. Second sound in helium II. J Phys, 1944, 8: 381 —382
Brorson S D, Fujimoto J G, Ippen E P. Femtosecond electronic

heat-transport dynamics in thin gold films. Phys Rev Lett, 1987,

59(17): 1962—1965
8 Cattaneo C. Sulla conduzione de calore. Atti Sem Mat Fis Univ
Modena, 1948, 3: 83—101
9 Vemotte P. Les paradoxes de la théorie continue de 1’équation de la
chaleur. C R Acad Sci, 1958, 246: 3154—3155
10 XuY S, Guo Z Y. Heat wave phenomena in IC chips. Int J Heat Mass
Transfer, 1995, 38(15): 2919—2922
11 Antaki P J. Solution for non-Fourier dual phase lag heat conduction in
a semi-infinite slab with surface heat flux. Int J Heat Mass Transfer,
1998, 41(14): 2253 —2258
12 Cho C J, Juhng W N. Slab subjected to periodic surface heating. J
Korean Phys Soc, 2000, 36(4): 209—214

small such that the spatial inertia of the heat flux can be
neglected, the thermal wave behaviors predicted by the
thermal mass equation agree with the CV model very
well. For the larger thermal perturbation, however, the
CV model predicts a physically impossible phenomenon
of negative temperature during the superposition of
thermal waves. The thermal wave equation based on the
thermal mass theory conquers this defect. Numerical
simulations show that the thermal mass equation is more
physically reasonable than the CV model.

13 Fan Q M, Lu W Q. A new numerical method to simulate the
non-Fourier heat conduction in a single-phase medium. Int J Heat
Mass Transfer, 2002, 45(13): 2815—2821

14 Zhang H W, Zhang S, Guo X, Bi J Y. Multiple spatial and temporal
scales method for numerical simulation of non-classical heat
conduction problems: one dimensional case. Int J Solids Struct, 2005,
42(3-4): 877—899

15 Tang D W, Araki N. Analytical solution of non-Fourier temperature
response in a finite medium under laser-pulse heating. Heat Mass
Transfer, 1996, 31(5): 359—363

16 Bai C, Lavine AS. On hyperbolic heat conduction and the second law
of thermodynamics. ASME J Heat Transfer, 1995, 117(2): 257—263

17 Korer C, Bergmann H W. The physical defects of the hyperbolic heat
conduction equation. Appl Phys A, 1998, 67(4): 397—401

18 Nernst W. Die Theoretischen Grundlagen Des n Warmestatzes. Halle:
Knapp. 1917

19 Onsager L. Reciprocal relations in irreversible processes. Phys Rev,
1931, 37(4): 405—426

20 Guo Z Y. Motion and transfer of thermal mass-thermal mass and
thermon gas (in Chinese). J Eng Thermophys, 2006, 27(4): 631 —
634

21 GuoZY,CaoBY,Zhu HY, et al. State equation of phonon gas and
conservation equations for phonon gas motion (in Chinese). Acta
Physica Sinica. 2007, 56(06): 3306—3312

22 Cao B Y, Guo Z Y. Equation of motion of a phonon gas and
non-Fourier heat conduction. J Appl Phys, 2007, 102(5): 053503

1792 HU RuiFeng et al. Sci China Ser E-Tech Sci | Jun. 2009 | vol. 52 | no. 6 | 1786-1792




<<
  /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


