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Dissertation Director:
Dr. Zhixiong Guo

A combined transient radiation and hyperbolic heat conduction model is developed
to simulate heat transfer of biological tissue subjected to short pulsed irradiations. For
modeling the ultrafast radiation heat transfer, the Transient Discrete Ordinate Method
(TDOM) is developed in the two-dimensional axisymmetric cylindrical coordinates. The
hyperbolic conduction model is solved by MacCormack’s scheme with error terms
correction. One combination model of radiation and heat conduction is that the radiation
transfer is initiated by short pulse train irradiating until millisecond time scale and heat
conduction transfer is followed. The temperature always increases by the radiation transfer
and the heat is dissipated to the surrounding tissue by the hyperbolic heat conduction. The
typical characteristic of the hyperbolic conduction is the thermal wave propagation rather

than thermal diffusion with indefinite speed. It is found that the maximum local
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temperatures are higher in the hyperbolic prediction than the parabolic prediction, which
can be 7% higher in the modeled dermis tissue. After about 10 thermal relaxation times,
thermal waves fade away and the predictions between the hyperbolic and parabolic models
are closely consistent.

Other combination model is that radiation and conduction transfer always occurs
together until a second time regime. The temperature prediction is compared with the
experimental result provided by Dr. Kunal Mitra’s group. Generally, the hyperbolic model
combined with radiative heat transfer shows very similar result with the experimental data.
It also shows high temperature increment near the laser deposition area compared with the
parabolic model.

Own experimental study is conducted to evaluate the hyperbolic heat conduction
phenomena. The fresh chicken tissue which is conserved the room temperature is suddenly
contacted the ice block. Some of the results support the hyperbolic model by the
temperature suddenly dropping rather that gradual temperature change.

The high absorbing tissue can enhance the radiation energy absorption and
temperature increment is higher. The temperature increment is localized in the tissue
surface region in the high scattering tissue. The focused laser beam played a role of
temperature amplification around the focal region. The finer grid system is employed to

catch up steep change of gradient of radiation energy absorption.
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Chapter 1

Introduction

1.1 The short-pulsed laser transport

Short-pulsed irradiation is accompanied with the use of pulsed lasers with pulse
duration in the nano/picosecond time scale. Short-pulsed lasers can be used in a wide
spectrum of emerging biomedical technologies such as in laser surgery and treatment [1-
5], optical imaging and diagnostics [6-10], etc. The advantage of short pulsed laser is
highlighted in laser ablation [11, 12], in which short pulsed laser has demonstrated the
ability of ablating hard tissue like a tooth and middle ear tissue very effectively [13]. The
short pulse laser is also applied to the spinal surgery [14] and to laser welding or
soldering [15, 16]. The picosecond laser is proven to be efficient to remove tattoos in
human tissue rather than nanosecond laser [17]. The short pulsed laser can be utilized in
high-precision medical procedures like neurosurgery, ophthalmology, corneal surgery,
and angioplasty since it provides the precise control of the output energy and able to
control energy dissipation and the heat affected zone [18]. The optical imaging and
diagnostics technology holds the possibility of providing information, both
physiologically and morphologically, about interior of living tissue and organs

minimizing any side effects [19, 20]. The major advantage is that the optical imaging



dose not use ionizing radiation unlike the X-rays, and that is has high spatial and
temporal resolution unlike the magnetic resonance.

The concept of ultrafast radiation heat transfer [15, 21, 22] was introduced to
differentiate the time-dependent radiation heat transfer associated with radiation
propagation in the speed of light (i.e., the governing equation of radiation transfer is time-
dependent) from the traditional transient radiation heat transfer in which the effect of
time-dependent radiation propagation is negligible (i.e., the governing equation is still
stationary) and only the boundary conditions are time-dependent. Ultrafast radiation heat
transfer is significant when the pulsed irradiation time is not considerably longer than the
characteristic radiation propagation time in the medium. In modern technological
applications, it is often accompanied with the use of short-pulsed lasers. An excellent
review by Kumar and Mitra [18] has summarized the applicability and techniques for
solving one-dimensional (1-D) ultrafast radiation heat transfer problems. Guo and co-
authors [15, 21-25] considered the modeling of 2-D and 3-D ultrafast radiation heat

transfer and applications.

1.2 Thermal response incorporated with laser source

In application of laser tissue treatment such as laser welding, laser ablation, and
laser phototherapy, the prediction of thermal response is of most critical interest. Laser
welding of tissue is a surgical technique for bonding tissues, using a laser beam to
activate photothermal bonds and/or photochemical bonds. Thermal energy is necessary to
provide the activation force of photothermal bonds. Bass and Treat [26] reported that a

proper temperature is 65°C in laser tissue welding to achieve optimum welding strength



in their review paper. Lobel et al. [27] recommend the surface temperature as 55°C to
obtain good welding efficiency when CO, laser irradiated to the urinary bladder tissue. In

laser tissue ablation procedure, Pierce [28] measured by the experimental method that the
porcine tissue temperature is around 100 °C to achieve ablation effect. One example of
phototherapy is the laser-assisted reshaping of cartilage technique. It is a surgical
procedure designed to allow in situ treatment of deformities in the head and neck with
less morbidity than traditional approach [29]. Diaz el al. [30] suggested that the
mechanism responsible of laser reshaping is primarily associated with a phase
transformation of cartilaginous bound water to free water taking place at a temperature of
65°C.

The understanding of heat transfer mechanism is then critical irradiating short
pulse laser source. The heat transfer mechanism during laser irradiation is that the target
tissue absorbs radiation energy which converts into heat. The irradiating targets begin to
transfer this heat to their cooler surroundings mainly by thermal conduction, but this
process takes some time and heat is initially confined to the targets during laser exposure
[1]. At the end of an appropriately brief exposure, thermal conduction cools the targets
and warms the surrounding tissue but the temperature should not reach to denaturing
temperatures. The heated target tissue, with its specifically denatured or otherwise
thermally damaged target, then slowly cools [1]. If the pulse width is shorter than the
time it takes for the heat to dissipate into the surrounding tissue, most of the pulse energy
causes photo thermal heating, avoiding destructive cumulative heating effects. In addition,
pulsed output maximizes the peak power for a given average power. The purpose of short

pulsed laser is to confine radiation energy to the heat-affected zone and to minimize



thermal damage induced by heat conduction to the surrounding tissue. Thus, the heat
conduction process is also important in the prediction of accurate temperature response.

One review paper [31] compared several bio-heat transfer models for thermal
prediction and concluded that the best practical approach for modeling of bio-heat
transfer is the Pennes model as Eq. (1.1).

pCpaa—];:Vk-(VT)+Qp+Qs (1.1)

Pennes [32] originally designed this equation to estimate the temperature distribution in
the human forearm, but it has been extended many other applications [33, 34]. The
storage of heat (LHS) is balanced by terms (RHS) describing conduction in tissue,
convection between blood and tissue and heat generation. The second term of RHS in
equation (1.1) is the so-called “perfusion term”. This perfusion process is analogous to
the process of mass transport between blood and tissue, which is confined primarily to
the capillary bed of blood. It is noted that during short time laser irradiation perfusion

loss is low and can be negligible [35]. The external heat source term Q, corresponds to

the heat generated by absorption of laser light and depends on the fluence rate and tissue
absorption coefficient. Thus, the calculation of fluence rate and good modeling of bio-
heat transfer problem can provide accurate temperature prediction. The experimental
study for the measurement temperature with irradiation source was performed and
numerical result was compared [36]. In the numerical part, the fluence rate is calculated
by diffusion approximation to solve the light transport in turbid media and then the bio-
heat transfer equation (1.1) was used to calculate the temperature profile. The results are
shown in Figure 1.1. A CW laser with 2 W power was applied on a 2 mm spot to aorta

tissue sample presented in Figure 1.1(a), while the samples in Figure 1.1(b) were



irradiated with 4 W on a 2.14 mm spot. The measured temperature rises were ~20 %
lower than those predicted by the model at 65°C. Above this temperature range, the
differences became more pronounced, especially in case of the sample irradiated with 2
W, which are heated more slowly. The deviation result can take place when fluence rate
calculation or bio-heat transfer model is misled. Other deviation factor is water
vaporization during laser irradiation of tissue surface. Torres et al. [36] corrected
equation (1.1) by adding vaporization term and achieved more improving result.
However, the deviation from experimental data still exists. The proper model to predict

more accurately is still under development.

1.3 The hyperbolic heat conduction

The heat conduction term of Pennes’ bio-heat transfer (1.1) is governed by the
Fourier law. The traditional Fourier heat conduction is described by a parabolic diffusion
equation which has an infinite speed of thermal propagation, indicating that a local
change of temperature and/or heat generation causes an instantaneous perturbation in the
temperature field. Thus, the diffusion equation has the unphysical property if a sudden
change of temperature is made at some point on the body with extremely small amplitude
at distant point. For a physical process occurring in a time interval shorter than that
required for attaining thermal equilibrium, however, it has been noticed that heat wave
theory [37-39] is more appropriate. The thermal wave postulate based on damped wave
models leads to hyperbolic heat conduction equations and suggests a finite speed of

thermal propagation.



Cattaneo [40] first expressed an explicit mathematical form of heat wave theory

as,
oq
—+q=—kVT
Taz q (1.2)

We shall call Eq. (1.2) Cattaneo’s equation. When 7 =0, Eq. (1.2) reduced to the
Fourier’s law. The thermal relaxation time, 7 , in Eq. (1.2) is thought to be very small in
nearly all practical and even exotic applications, so that as a practical it is believed that
we get Fourier’s law even on the shortest time scales of our daily lives. In fact, an
understanding of time scales is the central object of scientific investigation of heat waves.

In 1980’s, with the advent of ultrafast laser system, the hyperbolic heat
conduction problem has been widely studied relating matter of short-pulsed laser metal
heating. Qiu and Tien [40] validated hyperbolic conduction model comparing with
experimental data with gold metal irradiating 96 fs pulsed laser. Though the thermal
relaxation time of gold metal is extremely small as a 0.04 ps, high heat flux rate is
incorporated together and the first term of LHS of Eq. (1.2) can not be negligible any

more. Similarly, the thermal relaxation time of liquid has been known as 10"°~'" sec and

it of metals is 107> sec [41].

However, the thermal relaxation time of nonhomogeneous material is suggested
as quite large value, 10>~ sec [41]. Also, Vedavarz et al. [38] examined the range of
parameters over which this hyperbolic non-Fourier formulation is significant. They
analyzed the thermal relaxation time for biological tissues and obtained a range of 1-100
sec at room temperature. Mitra et al. [39] experimentally measured the thermal

relaxation time for processed bologna meat to be 15.5 £ 2.1 sec. Such large thermal



relaxation times reported for biological tissues make the thermal wave theory specifically
significant in the thermal modeling of pulsed laser-tissue interactions.

The present study initiates with the belief that thermal relaxation time of live
organ is large as mentioned early and can trigger hyperbolic conduction equation.
Recently, Banerjee et al. [36] proved that hyperbolic model is closer to the experimental

data rather than parabolic model with the 200 ps pulsed laser.

1.4 Objective of this study

The present dissertation is mainly focused to the numerical study. The
experimental study is also conducted to validate hyperbolic heat conduction phenomena.
The numerical result is compared with the experimental data which are provided by the
Professor Kunar Mitra’s group.

The present dissertation is composed of five parts. In the first part, the transient
radiative transfer exposed to the short pulsed irradiation is studied. The formulation and
numerical method is introduced. The tissue parametric study and laser beam
characteristic study are then performed. In second part, transient heat transfer problem is
studied. Both hyperbolic and parabolic heat conduction model are formulated and solved
numerically. The solution is validated with existing analytical solution. In the third part,
multi-time scale heat transfer problem with short pulsed laser is studied. By the limitation
of short pulse laser exposure time until 1ms, the radiative heat transfer and conductive
heat transfer is separated. In the fourth part, the experimental study is conducted to

evaluate the hyperbolic conduction. The fresh chicken breast tissue is suddenly contacted



to the ice block. The temperature is monitored to investigate thermal wave propagation.
In the fifth part, the numerical result is compared with the experimental data which is
provided by the Professor Kunar Mitra’s group. The short pulse laser is irradiated until
order of 10 second regime. The radiative heat transfer and conductive heat transfer is
combined to simulate this scenario. The aim of this chapter is to validate the hyperbolic
heat conduction phenomena. The realistic tissue model is considered. The collimated and

focused laser beams are compared.

1.5 The uniqueness of this study

To investigate the heat transfer in tissues with short-pulsed laser irradiation, the
calculation of fluence rate and proper heat conduction model are critical. The fluence rate
is calculated by solving the transient radiative transfer equation. The diffusion
approximation which is simplified form of radiative transfer equation using scattering
dominant medium is popularly used in the image reconstruction processes in optical
tomography technique because it can be easily and fast simulated with even commercial
software [50]. Furutsu and Yamada claimed that the diffusion coefficient is independent
of absorption [50]. In early 1990’s, Yoo et al. have shown that diffusion approximation
fails to describe photon transport in optically thin and intermediate media even the media
are scattering-dominated [73]. Thus, the radiative transfer model should be adopted the
current study.

The numerical technique we developed is the Transient Discrete Ordinate Method
(TDOM). Though this method has been developed for various geometric problems [21-

25], the candidate extended it to the cylindrical medium for the first time. Another
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common method for light transport problem is Monte Carlo method [8, 73, 74]. Generally
the statistical Monte Carlo method is time consuming, and its results are subject to
statistical errors.

Other important feature is to propose combined hyperbolic conduction model with
radiation model, especially laser-tissue interaction problem. Though Banerjee ef al. [75]
considered numerical solution short-pulsed laser-tissue interaction problem, the fluence

rate calculation depends on analytical function. Then applicable situation of analytical

solution is restricted.
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Figure 1.1 Comparison of temperature predicted by the Takata-Yoon model with those measured
experimentally during irradiation of the aorta wall with (a) 2 W of laser power on a 2 mm spot and (b) 4 W
on a 2.14 mm spot. [36]
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Chapter 2

The transient radiative heat transfer exposed to

short-pulsed irradiations

In this chapter, the transient radiative heat transfer with short-pulsed irradiation is
modeled and solved by the numerical method. It is applied to the cylindrical geometric
tissue. By employing various tissue optical properties, the radiation heat transfer is
characterized. The several layered tissue model is also considered to simulate realistic
tissue model. The laser pulse with picosecond regime is deposited to the cylindrical
geometric tissue. Both collimated and focused laser beam are compared. To improve the
numerical calculation efficiency, the nonuniform grid system is employed for the focused

laser beam.

2.1 Mathematical models
2.1.1 The governing equation

The difference of short-pulsed radiative heat transfer from the traditional transient
radiative heat transfer is that time-dependant radiative heat transfer is associated with
radiation propagation in the speed of light. The traditional transient radiative heat transfer
treats only boundary conditions and neglects the radiation propagation. However, the

boundary is still stationary for the short-pulsed radiative heat transfer.
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Solutions of short-pulse radiative heat transfer in 1D geometry have been reported
in the literature [21, 43, 44]. Approaches that have extended to 2D geometries include the

first order spherical harmonic ( £, ) approximation [45], the discrete ordinate method [23],
and the integral formulation [46]. However, the P, model underestimates the speed of

light propagation [44] and the integral approach is difficult to apply to complex
geometries. Guo and co authors solved the modeling of 2D and 3D short-pulse radiative
heat transfer in Cartesian coordinate system [21-25]. In the present study, it is extended to
the curvilinear coordinate system. Since the laser beam is Gaussian shape, the tissue
geometry should be corresponds to the curvilinear coordinate system to predict accurate
laser transport. Many research results have been developed using axisymmetric
cylindrical coordinates system based on Monte Carlo (MC) simulation [47-49]. In MC
simulations, the movements of photon packages within a medium are predicted via
statistical analysis. Thus, there always exists statistical error. Whereas the DOM (Discrete
Ordinate Method) is the deterministic approach, which can promise more accurate result
[50]. The tissue shape is modeled with axisymmetric cylindrical medium and the
Transient Discrete Ordinate Method (TDOM) is employed.

The pulses of a laser beam are incident into a tissue surface as shown in Figure
2.1. The pulsed laser radiation heat transfer can be formulated as a discretized form by
the transient radiative transfer equation in the axisymmetric cylindrical coordinates
system as Eq. (2.1):

1o m o

I ,or' ! I
e 6r[ﬂ ]—;—[,uzl ]+ﬂ3§+0e1 =0,5, 1=12,..,n, 2.1

o
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where c is the speed of light in the medium, z,, 4, and g} represent the directional
cosines of a discrete ordinate direction and are expressed as:

U =sinfcosg, u,=sinfsing, i =cosd (2.2)
in which /' is the directional radiation intensity, o, is the extinction coefficient that is
the sum of the absorption coefficient, o, and the scattering coefficient, o . The source

term, S’ can be expressed as:

n . . .
YA +4ﬁ S Wi =8O+ oS, 1=1,2,....n, (2.3)
7 i=1

where scattering albedo w=o0,/0, is introduced. A quadrature set of n discrete
ordinates with the appropriate angular weight w is used. The collimated laser source S’

in Eq. (2) is expressed by:
S = ilcob(ﬁ" -5, (2.4)
4

where the unit vector, s°, represents the laser incident direction. When the reduced

scattering coefficient,o', = (1 - g)as , 1s used, the unity scattering phase function, @, is

considered and scattering coefficient switched to the reduced scattering coefficient.
In the present models the following assumptions are adopted:
(1) Tissue radiation emission is neglected because the tissue blackbody intensity is much
smaller than the incident laser intensity.
(2) Tissue optical (absorption and scattering) property are thermally stable during the

transient heat transfer process.

2.1.2 The incident laser profile
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The characteristic of collimated laser beam profile is typically important in the
present study. The short pulsed laser with 7, pulse duration has a Gaussian distribution

both temporally and spatially. For normally incident irradiation, the beam intensity is

specified as:
I.(r,z,t) = (l - R)qo exp{— 4In2x[(t—z/c)/t, -1 ST }exp(—Zr2 /o?)exp(-0o,z),

(2.5)

in which, R is the reflectance on the tissue surface, g, is the amplitude of the pulse heat
flux, ¢, is the pulse width, and o is the beam radius varying with z which the peak
intensity drops to the e value. Here we consider pulse irradiation within 0 <¢ < 3¢ b

If the focused laser beam is employed as a short pulsed laser source, the beam

intensity can be specified as,

1,(r,z,t)=(1-R)q, exp{— 4In2x[(t-z/c)/t, —1.5]° }exp(—2r2 /v.?)exp(—o,z)
Iovi rexp(=2r> /v})dr

X

J.Or’ rexp(=2r*/ rfz. )dr ,

(2.6)

where, v, is the beam radius at the certain axial location and it is also approximated that

the maximum laser intensity drops to e value. The r,is the beam radius in the focal

plane and it can be calculated as,

2 f
=1L 2.7
g T D 2.7)
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in which, A is the wavelength of focused laser beam, f'is the focal length, and D is the
beam diameter before focusing. For example, A= 514 nm, /= 400 mm, and D = 2mm,
then the focused beam radius can be achieved as 0.065 mm. Last term of RHS is the laser
beam energy compensation term, which provides the same amount of energy at the

different axial location. The beam radius of the focused laser beam, v, can be specified

by the geometric relationship as,

R,—-r. 7
v, = —D—f—’+1} 0<Z <f, (2.8 )
R, /o

R, — - R,-2
v, = D_rfi_D—rfj, Z.>f, (2.8 b)

RD fD RD

The surface focused laser beam propagation is shown in Figure 2.2. The laser beam
focused in the tissue medium and the propagation is shown in Figure 2.3. The treatment
of focused laser beam for the numerical implementation is shown in Figure 2.4. In Figure
2.5, the laser propagation between collimated and focused beam is compared. For the
collimated laser beam, the beam radius is always consistent as time advances. On the
other hands, the beam radius changes in the tissue medium by incident angle and focal
length. The high concentration of radiation energy then can be generated by the focused

laser beam.

2.1.3 The absorbing radiation energy
Once the directional radiation intensity is calculated, the incident radiation (G)

and the divergence of radiative heat flux (V-q,,, ) is calculated as:

G=>wI'+I, (2.9)

=1
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v'qrad :Ga(4ﬂ:[b_G) (210)
V-q,.. represents the absorbing radiation energy inside medium and black body

emission /, is neglected in present research by above mentioned general assumption.

2.1.4 The initial and boundary conditions

For the radiative heat transfer analysis, Snell’s law and Fresnel’s law [51] are
adopted at the air-tissue interface because of the mismatch of refractive indices between
the two media. For the normally incident laser radiation, the reflectance on the incident

surface is

R:(”_q, 2.11)

n+l

where n is the refractive index of the tissue. For internal radiation at the tissue-air
interface, total reflection occurs when the incident angle @, is not less than the critical
angle, 8, =sin"'(1/n), because the refractive index of a biological tissue is greater than

that of air. Whend, < 6

cr 2

the reflection on the interface is purely specular and the

reflectance is calculated by Fresnel’s equation:

2 . 102 _
\ :l[tan (6, 6’,)+Sln 6.-6) (2.12)

2| tan’(6,+6,) sin’(0.+6,) |’
where 6. is the refraction angle predicted using Snell’s law.

Since biologic tissues are generally highly scattering, photons reaching the other
boundaries of the tissue cylinder have undergone multiple scattering events and the

possibilities of photons passing through the boundary or reflecting back are almost equal.
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Thus, we specify a diffuse reflectance ( p¢) of 0.5 on such a kind of surfaces. The

reflecting boundary conditions can be represented by [15, 25].

1L =p°1 +’O7a[lcw+ > ownla-s|]. (2.13)
n-s7<0

2.2 Properties of tissue
2.2.1 Optical properties of tissue

In order to discuss light transport in tissue medium, the knowledge of optical
properties should be preceding. The optical properties can be changed by the laser
wavelength. In past years, a host of investigators have reported value of the optical
properties, but there exists a quite large variation in these reasons [52]:
(1) Model assumption (e.g., isotropic-anisotropic scattering or matched-mismatched
boundaries)
(2) Measuring technique
(3) Experimental apparatus
(4) Calibration scheme
(5) Biological heterogeneities existence
Regardless of these problems, there is need to consolidate what has been measured, and
the main trust of this literature survey is to present a summary of reported optical
properties measurements.

Generally, the scattering of light by the organic tissue is much stronger than
absorption in the specific wavelength (near infra red range), which is safe range of

wavelength for human tissue. The optical properties have been studied by the literature
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survey and are summarized in Figure 2.6 and Table 2.1. By the map of the optical

1

properties, the most data set are congregated in the range of 0 <o, <0.4mm™ and

1

0<o, <4mm™". It shows the reduced scattering coefficient is order of 10 times of

absorption coefficient. In this chapter, mainly dermis tissue is demonstrated, but aorta

tissue, heart tissue, and uterus tissue are compared.

2.3 Numerical schemes
2.3.1 Transient Discrete Ordinate Method (TDOM)

To solve the transient radiative transfer equation for cylindrical enclosure, the
Transient Discrete Ordinate Method (TDOM) is employed. The discretized equation (2.1)
in axisymmetric cylindrical geometry is complicated by the presence of the angular
derivative term. The means of the axisymmetric cylinder is the system not depending on
the angle of y as shown in Figure 2.1. Thus, we only interest one plane in the cylinder
medium. All sliced medium in the cylinder will be identical. However, the axisymmetric
system is different with 2-D planar medium since the angular directional intensity exists,
radial and z-axial directional intensity as well. Carlson and Lathrop [53, 76] proposed a
direct-differencing technique for calculating the angular derivatives at the quadrature

points. Using this technique, the third term on the LHS of Eq. (2.1) can be rewritten as:

10 1 . )
[ " =, I —a, 07w (2.12)
r O¢ r

where, the direction /+1/2 defines the edges of the angular range of w', the two terms
representing, respectively, the flow out of and into the angular range. A direct

relationship between «, and w'can be drawn on the following relationship:
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Upoy =y =W H (2.14a)
al/zzaNH/zzoa l:1:273a~"aN- (214b)

Then, the discretized form of equation (2.1) at one control volume cell is:

v
E(];) _I[lyo)+‘/’lll‘(Ard11{d Arulru) (A Ard)[(a1+1/2111;+1/2 _a1+1/21;+1/2)/wl]

+ || (BTl = AT = o V(-1 +5)) (2.15)

where, the subscripts d, u, and p stand for downstream, upstream, and the cell center,
respectively. The diamond scheme is used to relating the up- and down- stream intensities
in a control volume cell. The control volume is shown in Figure 2.7

The accuracy of the DOM solutions depends on the choice of the quadrature
scheme. Although this choice is, in principle, arbitrary, a completely symmetric
quadrature is preferred in order to preserve geometric invariance of the solution. In the

present calculations, the S,, scheme is adopted for the angular direction discretization,

where 120 angular directional intensities exist. Discrete ordinates of one quadrature for

the §,, scheme are introduced in Table 2.2.

The final discretization equation for the cell intensity in a generalized form is:

e
L P
Where;
A=A, + 4, =2r,ApAz (2.17a)
B, = (A, — A0+ ) W (2.17b)

B=B,+B,=2r,ArAz (2.17¢)
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V=rArAgAz (2.17d)

2.3.2 The grid system

The grid is dived by 200 grids both radial and axial direction evenly in uniform
grid system. The fine grid system is required to implement to the focused laser beam
simulation. However, the accuracy and calculation time is always compromising problem.
Thus, nonuniform grid systems are also employed, which grid systems supplies fine grid
near laser deposition area and coarse grid other regions like as,

R, =R +AR (2.17a)

AR, =a, (ﬂ, —exp(—%i)j (2.17b)

(Nonuniform grid system )z, =0.0328,48 =2,y =10, N=201

(Nonuniform grid system II) ¢, =0.0427, 5 =1.5,y, =25, N=201
The nonuniform grid systems are plotted in Figure 2.8. The finer grid is employed to the
laser deposition area, where the radiation energy is concentrated. By the implementation
of nonuniform grid system, the calculation accuracy can be enhanced without severe

drawback of calculation time and computer memory occupation. The change of grid size

is shown in Figure 2.9 with various grid systems.

2.4 Results and discussion
Initially, the grid size influence is investigated in Figure 2.10. In the dermis tissue,
the profiles of divergence of radiative heat flux along the optical axis are compared in the

various grid size systems. The 100 grid system shows deviating result all time instants
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but over 200 grid systems show similar tendency. The selection of 200 grid system is the
reasonable choice considering both accuracy and calculation time. Thus, the 200 grid
system is employed to calculate from now on.

In Figure 2.11, the contours of divergence of radiative heat flux are shown at
certain time instant. As time advances, the radiation field propagates from the incident
laser spot to the most inside tissue medium. At early time stage (t > 100 ps), the wave
propagation by the radiation transfer is very obvious. Such a phenomenon could not be
visualized if the time derivate term in the radiative transfer equation was neglected, nor
could it be correctly predicted if a diffusion approximation that is commonly adopted in
biomedical engineering field. A diffusion field clearly exists at t = 500 ps, when the
influence of incident laser becomes weak and the magnitude of the radiation energy
absorption becomes very small.

Figure 2.12 shows the temporal profiles of the divergence of radiative heat flux at
different axial locations along the optical axis. The divergence of radiative heat flux
represents the absorbed or deposited volumetric laser energy in the medium. At any
locations, the absorbed radiation energy is found to increase rapidly to the maximum
value with the input of a short pulse and then to decrease exponentially. Initially there is a
very intense energy deposition at the location at the tissue surface. For t > 40 ps, the
radiation energy deposition is even lower in the proximity of the laser incident spot that
at other axial locations because the irradiation of incident pulse ends at 40 ps. This is
different from continuous wave (CW) laser irradiation, in which the radiation energy
deposition in the proximity of the incident spot is always the strongest. This unique

feature of the proposed the short pulse laser transfer in tissue medium is of great
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significance because it suggests that overheating to the certain tissue surface owing to
larger energy deposition in the proximity of the laser spot can be avoided. The peak
magnitude of absorption radiation energy becomes down in the deeper tissue medium and
the time to reach of it also delays due to the flight time of the laser pulse.

In Figure 2.13, the accumulated divergence of radiative heat flux is shown. It
represents the time integration of divergence of radiative heat flux until certain time. As
long as heat transfer concepts, the accumulated divergence of radiative heat flux plays a
role of the source term to increase temperature. During short time period-radiation
transfer dominant period, the heat transfer by the thermal diffusion or thermal wave
propagation is negligible and the absorption of radiation energy is accumulated without
any thermal dissipation. The graphs shows the spatial variance of it along the dermis
tissue optical axis at time instant of 500 ps, where the calculated results are compared
with the simple Lambert-Beer’s analyses. When scattering is neglected, the numerical
result for the fully absorbing medium matches excellently with the Lambert-Beer’s
analysis. Since scattering in the dermis tissue is strong, the analytical result from simple
Lambert-Beer’s law does not match with the simulation. For absorbing-scattering tissues,
therefore, Lambert-Beer’s law may not be a good approximation. Instead accurate
radiation transfer modeling is desirable.

In Figure 2.14, the contours of accumulated divergence of radiative heat flux are
depicted. The distribution change of it is trivial as time proceeding and magnitude of it
also is stationary, which means that the radiation energy absorption accumulated mainly

during short time period (t = 100 ps). The radiation energy accumulation is mostly
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confined to the laser deposition region. The distribution depends on the optical properties
of tissue and laser characteristics such as beam radius, beam shape, and so on.
The parametric study of optical properties is conducted. In Figure 2.15, the

contours of divergence of heat flux at certain time instant are shown with various

1

scattering coefficient ando, =0.2mm ™ . It is clearly observed that the low scattering

medium penetrates inside medium deeply. As the scattering characteristics increases, the
radiation energy is confined to near the surface medium. As time advances, the radiation
field propagates inside medium. The speed of propagation is slow in high scattering
medium. But magnitude of the absorbed energy is strong in high scattering medium.

In Figure 2.16, the contours of accumulated divergence of radiative heat flux at t
= 400 ps, which time instant the radiation transfer is almost finished, with various
scattering medium are plotted. Due to the low scattering influence, the radiation energy
absorption is accumulated deeper inside medium. For the high scattering medium, the
radiation energy absorption is concentrated near the surface medium. This can be
explained with the optical penetration concepts. The extinction coefficient, which is
summation of scattering and absorption coefficient, is inversely proportional to the
optical penetration depth. It means that the higher extinction medium shows the short
optical penetration depth.

In summarizing, the radiation absorption is limited in the tissue surface region
with high absorbing radiation energy in high scattering medium.

To show this tendency clearly, the profiles of it along the optical axis is plotted in
Figure 2.17. The profile of high scattering medium shows the steep gradient and strong

radiation absorption exists in the surface area. It may cause the higher temperature mainly
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around tissue surface region increment during laser irradiation. The scattering
characteristic plays the important role of the radiation energy absorption if the absorption
coefficient is relatively low.

In Figures 2.18 and 2.19, the influence of absorption coefficient is investigated

1

with the fixed scattering coefficient, o, =2mm™ . The difference of the divergence of

radiative heat flux at certain time stage with the various absorption properties is not
obvious. It is due that the variation of absorption coefficient is not sufficiently broaden
and scattering event is still influential factor. More importantly, the maximum magnitude
of accumulated divergence of radiative heat flux change rapidly as absorption coefficient
increases. Still less optical penetration depth is observed in the high absorption medium.

The accumulated profiles of radiative heat flux along the optical axis are plotted
in Figure 2.20. The absorption coefficient plays a role to increase radiation energy
absorption near the surface region rather than optical penetration depth. It may cause high
temperature increment during laser irradiation in the high absorption medium.

So far we investigated the optical properties are critical factors to determine
radiation energy absorption. Sometimes, the radiation energy absorption is not sufficient
in the low absorption medium to increase proper temperature level. Thus, the focused
beam simulation is conducted to amplify radiation energy absorption. The focused laser
beam can target specific area in the tissue medium and enhance the radiation energy

concentration. In the Figure 2.21, the tissue geometric model is sketched. The tissue

absorption coefficient is selectively low value as o, =0.015mm™

and scattering
coefficient iso! = 2mm™". The collimated laser beam with 1mm radius and focused laser

beam to the surface are compared.
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For the focused laser beam simulation, the fine grid system is required to catch up
the sudden gradient change of radiation energy absorption around focal region. However,
the decreasing of grid size causes the calculation cost. Thus, the fine grid is employed
around laser deposition area and coarse grid is employed other region. Keeping the same
number of grid, the efficient calculation can be possible with the non uniform grid
systems. Before using these grid systems, the validation procedure is performed in Figure
2.22. Due to the limitation of the analytical solution, the comparison among the various
grid systems is conducted with the fully absorbing medium using the collimated laser
beam. There exists perfect matching to the analytical solution with three grid systems.

With the scattering medium, the same comparison is performed in the Figure 2.23.
In this case, the analytical solution does not exist and then only comparison among the
grid systems is possible. Between two non uniform grid systems, the difference of
profiles is trivial both radial and axial directions. The profiles with the non uniform grid
systems shows more steep gradient and highly predicted at the tissue surface area
compared with those of uniform grid system. However, the difference is not critical using
collimated laser beam.

In Figure 2.24, the focused laser beam result is plotted. The higher magnitude of
profile is predicted near the tissue surface with the non uniform grid systems. The steep
gradient of profiles is also found out. The employing fine grid near the focal region may
be helpful and the nonuniform grid system will be used to simulate the focused laser
beam from now on.

The collimated laser and focused laser are compared with the divergence of

radiative flux in Figure 2.25. The distribution difference is obvious in short time regime
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at t =20 ps and t = 40 ps. The radiation energy absorption is stronger and confined near
the focal region using focused laser. This radiation absorption enhancement at specific
region is beneficial factor using focused laser beam. As time passing, the diffusion
process is dominant and the distribution becomes similar between two laser beam results.

In Figure 2.26, the accumulated divergence of radiative heat flux depicted at
certain instants. For the focused laser beam, the absorption of radiation energy is
accumulated to the surface region with a narrow width. The distribution of it using
collimated laser is widely spread into the tissue inside both radial and axial directions.
Again, the advantage of focused laser is to localize of absorbing radiation energy and
amplify the radiation energy absorption.

Two laser beam systems are compared with axial profiles in Figure 2.27 with the
accumulated divergence of radiative heat flux profile. Clearly, the higher and sharp
gradient profile is observed in case of focused laser beam in the surface area. The
maximum value of it is over five times of it for the collimated laser. Inside of the tissue
medium, the difference of profiles becomes small.

In reality, the tissue is composed of multi layered medium and there exist many
inhomogeneities such as blood vessels. Thus, more complicated and close to the real
tissue model is introduced in Figure 2.28. The tissue is composed of three layered tissues,
which are epidermis, dermis, and fatty tissue. The inhomogeneity medium is embedded
with the high scattering coefficient. The optical properties of tissue are summarized in
table 2.3. The epidermis tissue occupied very thin layer and shows the high absorbing
characteristics. The beam is focused to the inhomogeneity location, where is located 2

mm below the tissue surface. The purpose of this simulation is to amplify radiation



26

energy absorption around inhomogeneity region. Both collimated and focused laser beam
are simulated and compared.

In Figure 2.29, the 1 mm radius collimated laser beam is deposited. The
divergence of radiative heat flux field is investigated as time proceeding. In early time

stage, V-q is concentrated around the laser deposition area and shows the high

magnitude. As time advancing, the divergence of radiative heat flux field broadens inside
of tissue medium and the quantity decreases due to the attenuation of light. At t = 80 ps,
the discontinuity of divergence of radiative heat flux field along the Z = 2 mm line is
absorbed since the inhomogeneity medium embedded. Similar discontinuity of field
exists at t = 200 and 400 ps. Importantly, the strong absorption of radiation energy is
found out in thin epidermis region, which means the most part of light is absorbed by
epidermis region and hard to penetrate to the deep inside tissue medium.

The profiles of divergence of radiative heat flux along the optical axis are
depicted in Figure 2.30 at sequential manner. The magnitude of profiles decreases as time
marching and the field of divergence of radiative heat flux propagates deeply in the axial
direction. High radiation energy absorption around tissue surface region is observed. At t
= 200 ps, the axial profile shows almost flat shape.

In Figure 2.31, the accumulated divergence of radiative heat flux is depicted. As
far as the distribution of it, there is no obvious difference at any time instants. It means
that the absorption of radiation energy almost stored even until t = 40 ps. Critical region
of it is the surface epidermis region that the radiation energy is mainly absorbed. Some
distortion of profiles are shown along the Z = 2 mm due to the inhomogeneity medium.

So far, we have studied with collimated laser beam source. The absorption of radiation
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energy is weak inside tissue due to the higher absorbing epidermis tissue. It may not
enough for laser treatment deep inside location. Thus, the laser beam is focused into
specific region of inside tissue, the inhomogeneity medium.

The sequential development of divergence of radiative heat flux is shown in
Figure 2.32. At t = 20 ps, the motion of focusing is well depicted and the higher energy
absorption is found in the focal region. The absorption of radiation energy broadens
around focal region at t = 40 ps. At longer time instant, i.e. from 80 ps, the radiation
transport becomes diffused. The shape of distribution is quite similar with collimated
laser beam result and the discontinuity of distribution in inhomogeneity region is
observable at t = 200 ps and 400 ps.

The contours of accumulated divergence of radiative heat flux are depicted in
Figure 2.33. At t = 20 ps, the focused laser beam propagation is well motioned and the
converging angle of focused laser beam is 22.5°. The radiation energy is absorbed mostly
in the focal region and surface region. As time advancing, the radiation energy absorption
is accelerates to the focal region. Also, the diffusion phenomenon is dominant at the
longer time instant.

The profiles of divergence of radiative heat flux along the optical axis are shown
in Figure 2.34 (a). At early time instant, higher magnitude is predicted in the focal region,
which is different aspect with collimated laser. As time marching, the profiles become
flatter and show the small magnitude. Figure 2.35 (b) shows that the radiation energy
absorption is mostly confined to the focal region. At t = 80 ps, the profile becomes

stationary, which means radiation energy absorption finishes at that time instant. Of
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course, the second peak of the profile is in the epidermis region due to the high absorbing
characteristics.

The temporal profiles of divergence of radiative heat flux are compared between
collimated laser beam and focused one in the Figure 2.36. For the collimated laser beam,
the peak magnitude decreases deeper axial locations and higher value is predicted at the Z
= 0. However, the higher value of profiles is predicted in the focal region for the
collimated laser beam. It may be helpful to increase temperature rising at inhomogeneity
region. The unique feature is observed at Z = 0 and Z = 1 mm locations for the focused
laser beam. Different with collimated beam profiles, there exists second peak at the
location of Z = 0 and Z = 1mm. The profiles decay exponentially after laser pulse passing
certain location. The divergence of radiative flux field in focus region acts like a source
term and it contribute the second peak at the location in front of focus region. More
importantly, the absorption of radiation energy is strong at the focal point.

In Figure 2.37, the grid systems are compared. For the non uniform grid system,
the profiles shows steep gradient, especially fine grid region. Thus, the nonuniform grid

system is suitable for the implementation of focused laser beam.

2.5 Summary

The transient radiative transfer was studied when the 10 ps pulse laser deposited.
The solution technique is the TDOM and the proper grid size is validated by the grid
system test. The divergence of radiative heat flux field propagated from the tissue surface
to inside medium. For the dermis tissue, it showed the stationary behavior at t = 500 ps

and the divergence of radiative heat flux was accumulated mostly tissue surface area.
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The optical properties are the main influential factor to determine the distribution
of the accumulated of divergence of radiative heat flux. For the high scattering medium,
the radiation energy absorption was limited to the tissue surface region and strong
magnitude was predicted in this region. The absorption characteristics affected to the
magnitude of the accumulation of radiation absorption energy rather than optical
penetration since the tissue normally has high scattering event.

For the low absorbing tissue medium, the radiation energy absorption was
restricted and focused laser beam was considered. To simulate the focused laser beam,
fine grid system around the laser deposition area is employed. It was helpful to catch up
steep change of gradient of radiation energy absorption. Strong radiation energy
absorption was predicted in the focal region compared with collimated laser beam.

Realistic tissue model, which composed of three layered tissues and
inhomogeneity tissue, was considered. For the collimated laser beam, the high radiation
energy absorption was observed in the tissue surface region, epidermis tissue due to the
high absorption tissue. For the focused laser beam, the maximum radiation energy
absorption was predicted in the focal region, inhomogeneity tissue. The advantage of the

focused laser beam is to amplify the radiation energy absorption at selective location.
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Laser beam: Gaussian variance

Figure 2.1 The sketch of tissue geometric and short pulse laser deposition



Figure 2.2 The implementation of propagation of surface focused laser beam
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Figure 2.3 The implementation of propagation of focused laser beam into tissue medium
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Figure 2.4 The focused laser beam treatment
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TISSUE TYPE WAVELENGTH | ABSORPTION | REDUCED | CITATION
(NM) SCATTERING
(mm™)
(mm™")
HUMAN DERMIS 633 0.27 3.55 [52]
HUMAN AORTA 632.8 0.052 4.1 [52]
HEART 1060 0.007 0.367 [52]
(ENDOCARDIUM)
HEAT 1060 0.035 0.284 [52]
(EPICARDIUM)
HUMAN LIVER 630 0.32 2.07 [52]
COAGULATED 830 0.088 3.8 [83]
LIVER
BRAIN  (WHITE 633 0.158 0.204 [52]
MATTER)
BRAIN  (GRAY 633 0.263 0.722 [52]
MATTER)
HUMAN 633 0.14 0.264 [52]
BLADDER
HUMAN LUNG 630 0.84 0.18 [52]
HUMAN UTERUS 635 0.035 12.214 [52]
BREAST 810 0.002 0.7 [84]
(NORMAL)
BREAST 810 0.007 0.9 [84]
(TUMOR)

Table 2.1 The optical properties of various tissue
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/ H Hy H; w

1 -0.137272 0.137272 -0.980975 0.0944411
2 0.137272 0.137272 -0.980975 0.0944411
3 -0.504689 0.137272 -0.852318 0.148395
4 -0.137272 0.504689 -0.852318 0.148395
5 0.137272 0.504689 -0.852318 0.148395
6 0.504689 0.137272 -0.852318 0.148395
7 -0.700413 0.137272 -0.700413 0.1149972
8 -0.504689 0.504689 -0.700413 0.0173701
9 -0.137272 0.700413 -0.700413 0.1149972
10 0. 137272 0.700413 -0.700413 0.1149972
11 0.504689 0.504689 -0.700413 0.0173701
12 0.700413 0.137272 -0.700413 0.1149972
13 -0.852318 0.137272 -0.504689 0.148395
14 -0.700413 0.504689 -0.504689 0.0173701
15 -0.504689 0.700413 -0.504689 0.0173701
16 -0.137272 0.852318 -0.504689 0.148395
17 0.137272 0.852318 -0.504689 0.148395
18 0.504689 0.700413 -0.504689 0.0173701
19 0.700413 0.504689 -0.504689 0.0173701
20 0.852318 0. 137272 -0.504689 0.148395
21 -0.980975 0.137272 -0.137272 0.0944411
22 -0.852318 0.504689 -0.137272 0.148395
23 -0.700413 0.700413 -0.137272 0.1149972
24 -0.504689 0.852318 -0.137272 0.148395
25 -0.137272 0.980975 -0.137272 0.0944411
26 0.137272 0.980975 -0.137272 0.0944411
27 0.504689 0.852318 -0.137272 0.148395
28 0.700413 0.700413 -0.137272 0.1149972
29 0.852318 0.504689 -0.137272 0.148395
30 0.980975 0.137272 -0.137272 0.0944411

Table 2.2 The discrete ordinate and angular weight of one quadrature for S, scheme.
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Figure 2.8 The nonuniform grid system
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Figure 2.9 The comparison of grid size changing at different grid systems: (a) Change of grid size in the
radial direction and (b) in the axial direction.
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Figure 2.10 The influence of grid size for uniform grid system: (a) t = 20 ps, (b) t =50 ps, and (c) t =100 ps.
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Figure 2.11 The contour of divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t =50

ps, (¢) t=100 ps, and (d) t =500 ps.
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Figure 2.12 The temporal profiles of divergence of radiative heat flux along the optical axis.
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Figure 2.13 Comparisons of the accumulated divergence of radiative heat flux profiles along the cylinder
centerline after Ims pulse train irradiation predicted by the radiative heat transfer modeling and simple
Lambert-Beer’s analysis, respectively.
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Figure 2.14 The contour of accumulated divergence of radiative heat flux at certain time instant: (a) t =20
ps, (b) t=150 ps, (c) t =100 ps, and (d) t = 500 ps.
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Figure 2.15 (a) The investigation of scattering coefficient influence at certain time instants
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Figure 2.15 (b) The investigation of scattering coefficient influence at certain time instants
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Figure 2.16 Contours of accumulated divergence of radiative heat flux at t = 400 ps.
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Figure 2.17 The comparison of accumulated divergence of radiative heat flux along the optical axis at t =
400 ps with various scattering coefficient medium.
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Figure 2.18 (a) The investigation of absorption coefficient influence at certain time instants
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Figure 2.18 (b) The investigation of absorption coefficient influence at certain time instants
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Figure 2.19 The accumulation of divergence of radiative heat flux at t = 400 ps with various absorption
coefficient medium.
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Figure 2.20 The comparison of accumulated divergence of radiative heat flux along the optical axis at t =
400 ps with various absorption coefficient medium.
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Figure 2.22 The grid size influence with the accumulated divergence of radiative heat flux along the optical

axis at t =400 ps with a fully absorbing medium (o, = 0.015 mm™"). The collimated laser beam is used.
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medium (o, =0.015mm™ ,0! =2 mm™"). The collimated laser beam is used.
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Figure 2.24 The grid size influence with the accumulated divergence of radiative heat flux along the optical

axis at t =400 ps with a scattering medium (o, = 0.015mm"~

is used.

1

,o! =2mm™"). The focused laser beam
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Figure 2.25 The comparison of divergence of radiative heat flux between collimated laser and focused laser
at certain time instant: (a) t =20 ps, (b) t =40 ps, (c) t = 60 ps, and (d) t = 80ps.
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Figure 2.26 The comparison of accumulated divergence of radiative heat flux between collimated laser and
focused laser at certain time instant: (a) t =20 ps, (b) t =40 ps, (c) t =100 ps, and (d) t = 200ps.
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ABSORPTION REDUCED
SCATTERING
COEFFICIENT COEFFICIENT
LAYER THICKNESS(MM) (5,) ()
-1
EPIDERMIS 0.5 0.355 0.824
DERMIS 3 0.049 0.049
FATTY TISSUE 0.050 0.55
10
INHOMOGENITY 8 0.0509 1.23

Table 2.3 The tissue optical properties for multi layered tissue.
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Figure 2.29 The contours of divergence of radiative heat flux at certain time instant: (a) t =40 ps, (b) t = 80
ps, (¢) t=200 ps, and (d) t =400 ps. (Collimated laser)
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Figure 2.30 The axial profiles of divergence of radiative heat flux along the optical axis. (Collimated laser)
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Figure 2.31 The accumulated contours of divergence of radiative heat flux at certain time instant: (a) t =40
ps, (b) t=280 ps, (c) t =100 ps, and (d) t = 200 ps. (Collimated laser)
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Figure 2.32 The contours of divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t =40
ps, (c) t=80 ps, (c) t =100 ps, and (e) t =200 ps. (Focused laser beam)
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Figure 2.33 The accumulated contours of divergence of radiative heat flux at certain time instant: (a) t =20
ps, (b) t=40 ps, (c) t =80 ps, (d) t =200 ps, and (e) t =400 ps.
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(b) along the optical axis at certain time instant.
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Chapter 3

The transient heat conduction

In this chapter, the transient heat conduction is modeled with both hyperbolic
conduction and parabolic heat conduction. To predict the thermal response prediction
during the short pulse laser irradiation, the heat conduction should be modeled. The
transient heat conduction model will be formulated. The numerical method will be
introduced. The solution of certain problem will be validated with existing analytical

solution.

3.1 Mathematical models
The local temperature response for the axisymmetric cylindrical geometric
enclosure is governed by the following energy equation,

oT(r,z,t)

C
p”at

_v.[qconc](r"z’t)+qrad(r9zﬂt)]3 (3.1)
where p is the density, C, is the specific heat, and 7'is the temperature. The q,,,, (7, z,1)

and q, ,(7,z,t) represent the conductive heat flux vector and radiative heat flux vector,

respectively. If only conductive heat transfer is considered, the radiative heat flux vector

can be neglected. The radiative heat flux vector plays the role of the source term in the
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energy equation. In hyperbolic thermal wave theory, the conductive heat flux vector is

expressed by [37]

aq cond (I", Za t)
T—

5t +qcand(r9z’t):_kVT(razat)v (32)

where the thermal relaxation time 7 is introduced. The speed of thermal wave is
c, =Nalr. (3.3)
where a is the thermal diffusivity. When 7 — 0, ¢, - o0; and Eq. (3.3) regresses to the

traditional Fourier expression.

oC (3.4)

aT(}", Z, t) _ aqmnd,r (}", Z, t) + qcand,r (l", Z, t) + aqcana’,z (l", Z, t)
Pot or r 0z '

For the sake of analysis, the hyperbolic conduction equations are converted to

vector form with non-dimensional variables as follows:

B F . G . H_p (3.5a)
o oy OJn
where
E=|Q,[.F=|0 |.G=|0 |,H=|0, | (3.5b)
Q77 0 0 er

and the non-dimensional variables are defined as:

e
(242 ’ ar ’ T ’
_Yeond rNAT 0, = dcond,z N AT T-T;

- L0, = 0= . (3.6)
k(Tref_Ti) k(Tref _Tl) Tref - T

Oy

where T, is the reference temperature and 7; is the initial temperature.
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3.2 Numerical scheme-MacCormack’s predictor-corrector scheme

A survey of numerical schemes for the solution of the hyperbolic heat
conduction equation can be grouped into three categories: analytical, finite-difference,
and finite-element methods. Due to the complexity of the hyperbolic heat conduction
equation, only a simply cases can be solved analytically. Analytical solution has been
developed using methods of Laplace transform [54-56], Fourier transform [57, 58],
Green’s function [59, 60], and integral equation [61].

Many numerical methods have been developed to solve the hyperbolic heat
conduction problem. MacCormack’s predictor-corrector scheme has been known to deal
with thermal wave propagation very well in 1-D problems [62, 63]. Chen and Lin devised
a finite-difference scheme based on Laplace transform and control-volume methods
together with a hyperbolic shape function to solve the hyperbolic heat conduction [64].
Specially tailored transfinite-element [65] and explicit Lax-Wendroff-based finite-
element methods [66] have been developed to study heat conduction involving non-
Fourier effect. For the present study, MacCormack’s predictor-corrector scheme is
employed in following reasons:

(1) It is proved to deal well with thermal wave propagation.

(2) The discretization is relatively simple.

(3) The calculation time is quite fast. It is most important factor due to combine with the
radiative heat transfer problem.

Here it is extended to the 2-D axisymmetric cylindrical problems. The
discretized forms of the non-dimensional hyperbolic conduction equations are as follows:

Predictor:
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=n+l
= PN A 0) N LN el IV (3.7a)

Corrector:

EZ}L_l _1 [En N En+1 (Fn+1 _ Flnnilj) (Gn+l _G:’lj‘l l) AanH] (3.7b)

If those equation can be rewritten in the scalar expression as,

Predictor:
~n+ Af n
01l =(1-48 0!, —7( ., =00 (3.80)
~ A§
n+l n n n
Qi =(1-45) 0~ A_U(Hi,m - ‘91',/') (3.8b)
0n+1 n (: (Q}(H—l/ Q;';i,j) (: (Ql]l j+l Qm 1) (380)
Corrector:
n+ 1 I n A n+ Aé: 7 n+ n+ n+
Qxi,lj':E_Qxi,j_'_Qxi,lj_E( i,jl 111]) AQZQXZIJ} (3.8d)
n+ 1 I n n+ A n+ n+ A n+
Qni,lj =E oy +Q,7,1] _A_i( 1 01 J 11) Aani,lj} (3.8¢)

n+l 1 n A n+l A§ A n+l A n+l é: A n+l A n+l
91’,_;' = E[ei,j + 91',_/' _E(QZ ij Q;( i—l,j) - (Qz;zj - Qz; i,j-1 )] (3.8f)

Von Neumann stability analysis is conducted and the stability criterion is:

vi+vy <l (3.9)
The two Courant numbers are defined as v, =AS/Ay and v, =AS/An.

MacCormack’s scheme is explicit and has second-order accuracy. The modified

equation is determined as
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ELF, EC . H +§(A2F+A3F)+§(AQG +A3G)+0(AH =0, (3.10a)
v4 n

o oy oy

where the error terms are

1 2(_282F 1 2( 2)82@!
AZF—E(A;() 1 Vx)a;(_z}’ AzG—a(An) {1—@ W , (3.10b)

1 3 ) o°F 1 3 2 0°G
A3F:Z!(A;() 3vx(1—vx)ax—3}, A3G:Z!(A77) {wy(l—vy)y} (3.10c)

Because of the stability constrain, the Courant numbers cannot be unity. Thus, the error
terms in Eq. (3.10) exist and correction of the error terms in Eq. (3.5) is important
because it is the modified equation that is actually solved when Eq. (3.5) is integrated by
MacCormack’s scheme. This can be done by subtracting the error terms from Eq. (3.5),
which then becomes

OE , Oy , Gy

% oy o H=0, (3.11a)
where

Fo =F —A,F —A5F, (3.11b)

Gy=G-AG-A5G. (3.11¢)

When MacCormack’s method is applied to Eq. (3.11), the resulting modified equation
does not contain the second-order and third-order error terms. In the present

computations, the error terms are discretized by second-order accurate approximations.

3.3 The test of MacCormack’s predictor-corrector scheme
The current computational code is validated through comparison of numerical

results with analytical solutions. Let’s consider a hyperbolic heat conduction problem in a
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semi-infinite region due to axisymmetric continuous or pulsed surface heat sources as
Figure 3.1. The problem has been described and analytically solved by Kim et al. [55].
The irradiation source is simplified as a surface heat flux. In the calculations both the

non-dimensional radius and thickness of the cylinder are set at 1.5.

3.3.1 Boundary, initial conditions and source term
The initial and boundary conditions are followed by compared problem’s one [55]

directly and specified as below,

T=T,, fort=10 (3.12a)
a—T:O, fort =10 (3.12b)
ot

q.=q, f[()eX, atz=0 (3.12¢)

The source term is implemented by the entire surface heat flux as Figure 3.1. Where,
Gaussian heat flux is employed. The parameter R is a characteristic beam radius which
represents the circular boundary within the Gaussian source that contains 63 % of the
total power incident to the surface. The function f(?) represents the temporal profile.

f(H=1, for Continuous source (3.13a)
f(@)=u(t)—1t(t,), for Single pulse source (3.13b)

where, u(t) is the step function and pulse duration is #-¢, .

3.3.2 The validation result
Figures 3.2 (a) and (b) show the comparisons of the calculations with the

analytical exact solutions for the continuous and single pulse sources, respectively. The
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non-dimensional temperature profiles along the cylinder centerline at different time
instants are selected for comparison. Various grid sizes are considered in the calculations
with a constant Courant number of 0.5. It is seen that the numerical results for the case
with a continuous source match excellently with the exact solutions. The sharp wave
fronts are well captured. The numerical results for the case with a single pulse source
generally match with the exact solutions. The grid size influences the quality of the
simulated wave fronts in Figure 3.2 (b). With coarse grid sizes the dissipative effect is
obvious and the gradients at the wave fronts tilt. With refining grid sizes the sharp wave
fronts are well captured. However, it is worthy of mentioning that the refining of grid
system will increase computer memory and CPU time; and there is always a compromise
between accuracy and computation costs.

Figure 3.3 shows the comparison result with temporal temperature profiles
between numerical and analytical solution. The temporal profiles are compared at the
selective location in the cylinder centerline. The results are matched well in both
locations. By the error analysis, the maximum error is within 2 %.

Figure 3.4 demonstrates the importance of the error terms correction in
MacCormack’s scheme using the above exemplary problem. The grid size is Ay = Ay =
0.001 and the Courant number is still 0.5. Strong numerical oscillations at the wave fronts
are observed in the numerical results without correction of the error terms. These
oscillations are due to the dominance of the odd derivate error terms over the even
derivate term. However, the numerical oscillations are eliminated when the error terms

are corrected.
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3.3.3 Parabolic heat conduction

The parabolic heat conduction is also modeled and solved to compare the hyperbolic
conduction. The governing equation can be achieved by the elimination of first term of
Eq. (3.2). Similar with previous approach, the parabolic conduction equations are

converted to vector form with non-dimensional variables as follows:

E_OF G i o (3.14a)
o5 0Oy On
where
E=0|,F=|0 |,G=|0 [,H=|Q0, |, (3.14b)
0 0 0 Q}7

The discretized equation can be derived as follow:

9:",1;1 = 01",1]' - i_j [Q;H—l,j - Q:i,j ]_ i_i [Q:;i,j-H - Q;’;i,j ]_ ATg [Q;’;zj - Q:i—l,j ]

(3.15a)
0" = __‘9;11,_/ — 0 | (3.15b)
X AZ :
Qn _ __Hi’,l,iﬂ B 9:] | (3 150)
n A7 .
Von Neumann stability analysis is conducted and the stability criterion is:
A—§+ as 1 (3.16)

Ay’ Anp® 2
The comparison is conducted with analytical solution. In Figure 3.5, the

temperature profile at two selected time instants along the cylinder centerline is shown.
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The numerical result for parabolic conduction model is well matched with analytical
solution. In Figure 3.6, the comparison is conducted with temporal temperature profiles.
Both continuous and pulsed source results are shown in good agreement with analytical

solution.

3.4 Summary
In this chapter, the hyperbolic and parabolic heat conduction were modeled and solved
with numerical method. For the hyperbolic conduction, the MacCormack’s predictor-
corrector scheme was employed. The grid system was tested and selected. As the fine
grid is selected, the numerical result was well matched with analytical solution. The
governing equation was corrected until second order error terms. With the error terms
correction, the strong numerical oscillations at the wave fronts can be reduced. The
numerical results were well matched with analytical solution generally.

For the parabolic conduction model, the fully explicit method was used. The

calculation results were shown in good agreement with analytical solution.
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Figure 3.1 The schematic diagram for axisymmetric cylinder with surface heat flux source
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Figure 3.2 Comparison of the numerical results of hyperbolic conduction with the analytical solution [55]
of the temperature profiles along the cylinder centerline: (a) continuous source; and (b) single pulse source.
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Chapter 4

Multi-time-scale heat transfer modeling of turbid

tissues exposed to short-pulsed irradiations

Many of the clinical procedures with lasers use the so-called non-ablative thermal
mode of laser-tissue interaction [1, 2]; that is, tissue is heated and irreversibly damaged
by absorption of the laser energy. The degree and extent of tissue thermal damage
depends on the rate of heat generation and transfer. Fundamentals to these applications
are knowledge of multi-time-scale heat transfer in biological tissues which includes
ultrafast laser radiation transport in the micro/nano time scale and transient bio-heat
transfer in the meso-time scale.

To analyze thermal response of a laser irradiated tissue and to avoid thermal
damage to surrounding healthy tissue, combined thermal radiation and bio-heat modes
must be considered. In the present study, I investigate the thermal response of biological
tissues to short-pulsed irradiation and the importance of hyperbolic heat conduction in the
prediction of accurate temperature distribution and development in the turbid tissue.

In this chapter, the heat transfer procedure is modeled by two steps. The first step
is the radiation transfer dominant period during 1 ms. The 10 ps pulsed laser irradiate
with pulse train until achieving proper radiation energy absorption. The radiation energy

absorption is accumulated until radiation transfer reaches to the steady state. The second
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step is the dissipation of absorbing radiation energy, which is modeled by the hyperbolic

conduction and compared with the parabolic conduction.

4.1 Mathematical models
4.1.1 The heat transfer modeling
The local temperature response is governed by the following energy equation:

oT(r,z,t) _

C
Pep ™ 5

—V'[qcond(V,Z,l‘)+qmd(l”,z,l)], 4.1)
where p is the density, C), is the specific heat, and 7' is the temperature. In hyperbolic

thermal wave theory, the conductive heat flux vector is expressed by:

Taqcond(rﬂzﬂt)

Py +0,,0 (7s2,1) ==kVT(r,z,t), (4.2)

where the thermal relaxation time 7 is introduced. The speed of thermal wave is
c, =~Nalr. (4.3)
where a is the thermal diffusivity. When 7 = 0, ¢, — c0; and Eq. (4.3) regresses to the

traditional Fourier expression.

In the case of 7, << 7, the dimensional analysis of Eqgs. (4.1) and (4.2) reveals

that within the short pulse duration neither thermal wave nor heat diffusion is important.
The laser exposure time, ¢, induced by pulsed train is 1 ms, and it is much smaller than
thermal relaxation time. The radiative heat transfer will be dominant during this time

period. It results in a much localized temperature response that can be described by

oT(r,z,t
pCp # ==V 0,44 (r,2,1). (4.4)
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In the meso-time scale after the turning-off of the short irradiation (1 ms), the

energy equation in the axisymmetric cylindrical coordinates system is simplified as

pC aT(I",Z,t) __ aqwnd,r(razat) n qcand,r(razat) n aqcond,z(razat) ) (45)
i ot or r 0z

For the sake of analysis, the hyperbolic conduction equations are converted to

vector form with non-dimensional variables as follows:

§+ﬁ+@+|-|=o (4.6a)
o, Oy On
where
0 O, Oy Oylx
E= QX,F:H ,G=|0 ,Hle , (4.6b)
Oy 0 0 Oy

and the non-dimensional variables are defined as:

p=—r—n=te =t
a'l" 0!‘[’ T ’
_Yeond rNAT 0 _Yceond,zNaAT T-T;

- L0, = 0= . (4.7)
k(Tref_Ti) k(Tref_Ti) Tref_Ti

Oy

In which 7, and 7, , are the tissue initial and reference temperatures, respectively. The

reference temperature that represents the desirable temperature response induced by the
irradiation is 65 °C in the present calculations. This quantity was reported as a proper

temperature in laser tissue welding to achieve optimum welding strength.

4.1.2 The initial and boundary conditions
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The tissue is assumed to be at a constant and uniform temperature of 37 °C
initially. Except for the laser incident surface which is exposed to the ambient air at
room temperature of 25 °C, all other surfaces of the tissue cylinder are surrounded with
tissue; and thus, remained at the constant temperature. Thus, the initial and boundary

conditions for the hyperbolic heat conduction model are given as

0=0,=0,=0, for £=0. (4.16a)

0 xme) _, at y =0. (4.16b)
ox

0, =h"(0,-0), atn=0. (4.16¢)

0=0, at ¥ = Yo OT 7 =17, (4.16d)

where 6, the non-dimensional ambient temperature and non-dimensional

convective heat transfer coefficient is defined ash” =~ arh/k .

4.1.3 General assumptions
In the present models the following assumptions are adopted:

(1) The volume-average method is used for predicting local temperature response during
a short irradiation period. Since the thermal wave speed in tissues is generally in the
order of 10 mm/ms, the propagation of a thermal wave is 10 mm in 1 ms. As compared
with the dimension of a turbid tissue (1 — 100 mm), thermal propagation and diffusion are
negligible within 1 ms.

(2) Tissue radiation emission is neglected because the tissue blackbody intensity is much

smaller than the incident laser intensity.
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(3) Tissue optical and thermal properties are thermally stable during the heat transfer
process.
(4) Blood perfusion and thermal evaporation and/or phase change of tissue during the

heat transfer process are not considered.

4.2 Properties of tissue
4.2.1 Optical properties of tissue

In order to discuss light transport in tissue medium, the knowledge of optical
properties should be preceding. The optical properties are changing by laser wavelength.

The optical properties using in this chapter is summarized in Table 4.1

4.2.2 Thermal properties of tissue

The measurement of thermal diffusivity is important not only to predict
temperature response but to find out thermal wave speed. Fortunately, the thermal
diffusivity of live organ has relatively small variation compared with optical properties.

Cohen measured the human skin thermal diffusivity as a =0.142mm” /s in 70% water

contained tissue condition [67].

4.3 Results and discussion

In Figure 4.1, the tissue model with cylinder shape is sketched and the optical
properties are noted in table 4.1

Figure 4.2 shows the contours of the temperature fields in the dermis tissue

subject to a 10 ps pulse at four different time instants. At ¢ = 20 ps, the temperature field
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is confined in a superficial regime around the laser spot. At ¢ = 40 ps, the temperature
field is penetrated axially due to radiation propagation. Also the magnitude of
temperature at ¢+ = 40 ps is greater than that at # = 20 ps, because of the continuous
absorption of the Gaussian irradiation (up to 3¢#,). The temperature fields at # = 100 and
500 ps are further enlarged as compared with the figure at 1 = 40 ps. However, the
expansion speed of the temperature field gradually slows down. This is because the local
temperature response depends on the local volume-average accumulation of radiation
energy absorption. When the incident pulse is turned off after 3¢,, the source for radiation
absorption comes only from the scattered radiation. As time elapses, the scattered
radiation becomes weaker and weaker.

In Figure 4.3, the heart tissue (Endocardium) is selected. Absorption and
scattering properties of heart tissue is so small that the laser light penetrates into the
deeper tissue medium. Then the temperature fields of it propagate deeply as shown in
Figure. The speed of the temperature propagation is slower than dermis tissue case and
the temperature increment after 100 ps is still predicted.

Figure 4.4 shows the temperature responses of three tissue types to a single 10 ps

pulse at three selected positions in the centerline (y =0; 77 =0, 0.5, and 1). It is seen that,
at the location of 77 =1 the temperature in the heart tissue is much higher than the

temperatures in the aorta and dermis tissues. The large absorption of the dermis tissue
will confine the laser radiation in a small area. When the changes of the temporal
temperatures at all locations become very flat, pseudo steady state of the temperature
response is then reached. The time for achieving the pseudo steady state responding to a

single short pulse depends mainly on the tissue properties. It is found that longer time is
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required for weakly absorbing tissues, such as the heart tissue. Generally the temperature
field will reach to pseudo steady state condition in 1 ns for all the considered tissues.

The pulse train response in the ps/ms time scales with negligible thermal wave
and diffusion is then a simple addition of the pseudo steady state temperature of the
single pulses. In Figure 4.5, the temporal temperature responses of the dermis tissue
subject to pulse train irradiation (10° short pulses within 1 ms) are plotted at three
selective positions. The responses are linear at all positions unless they are inspected in
the ps/ns time scales as shown in Figure 4.4. In the following figures, the irradiation
condition is assumed to be a pulse train of 10> pulses in 1 ms.

In the present studies, the incident laser power is adjusted to let the maximum
temperature at the laser spot be a unity. Figure 4.6 shows the relationships between the
maximum temperature at the laser spot center and the laser power density with pulse train
irradiation for the four tissues. The smaller the tissue absorption coefficient, the higher is
the required laser power. Thus, increasing tissue absorption in the target area is
important in laser surgery and treatment applications. This can be realized through proper
selection of laser wavelength [1], use of endogenous or exogenous chromophores [3, 12],
etc. It should be mentioned that relationships are linear when tissue emission is neglected.
A logarithmic scale is used in the abscissa in Figure 4.6.

The immediate temperature fields induced purely by radiation absorption of the
pulse train are compared in Figure 4.7 between different tissue types. It is seen that the
temperature patterns vary, depending on the tissue extinction coefficient. In the uterus

tissue (has the largest o, among the four tissues), the temperature is concentrated in a

very small region. In the heart tissue (has the smallest o, among the four tissues), the



93

temperature field penetrates to deep tissue. The temperature fields are similar in the aorta

and dermis tissues because they have similar o, values.

Thermal wave propagation follows the immediate local temperature rise, but it is
only significant in the meso-time scale. In Figure 4.8, the temporal temperature profiles
in the dermis tissue at several selected locations are displayed. Strong wave behavior is

observed when 0< & <4 where the temperature changes periodically with decreasing

amplitude. To understand the differences between the hyperbolic heat conduction and
traditional Fourier parabolic heat diffusion, the results predicted by the parabolic
diffusion model are also plotted in Figure 4.8. In the parabolic diffusion prediction, the
temperature decays exponentially and more slowly than the hyperbolic counterpart. It is
noticeable that the hyperbolic wave model predicts larger maximum temperatures at
positions beyond the laser spot center than the parabolic diffusion model. When the time
reaches to 10 thermal relaxation times, the thermal waves fade away and the predictions
between the hyperbolic and parabolic models are consistent.

Figure 4.9 shows the contours of the temperature fields in the dermis tissue at
various time stages. The results from both the hyperbolic and parabolic models are given
for comparison. In the temperature distributions predicted by the hyperbolic model, clear
wave front propagation is observed. The temperatures in the wave fronts are generally
high, leading to larger magnitudes in the temperature spectra in the contours of
hyperbolic modeling. As time elapses, the wave front weakens and a diffusion field is
quickly developing behind the front. The temperature fields predicted by the parabolic
model are concentrated in the vicinity around the laser spot and a large temperature

gradient exists there.
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In Figure 4.10, the maximum temperature maps in the dermis tissue are plotted
for comparison between the hyperbolic and parabolic models, where the maximum
temperature for each location during the entire hyperbolic or parabolic heat transfer
process is selected. The maps are useful for estimating the thermal damage zone. It is
found that in a small zone around the laser incident spot, the maximum temperature is
determined by the direct radiation absorption. While in other regions, the hyperbolic
model generally predicts larger maximum temperature than the parabolic model. Thus,
its thermal damage zone is larger than that predicted by the parabolic model. This finding
could be significant for many laser biomedical applications. The temperature difference
between the two model predictions is further visualized in Figure 4.11. A 7% non-
dimensional temperature increase is observed in some region with the hyperbolic
prediction.

Figure 4.12 shows the nondimensional temperature profiles along the optical axis
at certain time instant in heart tissue. By the radiation energy absorption, the temperature
profile is achieved at 1 ms. Then the temperature profiles drop down as time advancing
due to the hyperbolic conduction phenomena. The thermal wave propagation is observed
clearly in early time instants and the amplitude of it decreases as time proceeding. Unique
feature of thermal wave reflection takes places and it travels from the tissue end wall to
the tissue surface as certain thermal speed.

In Figure 4.13, the temperature fields of heart tissue at various time stages are
displayed and hyperbolic and parabolic conduction models are compared. The
distribution of temperature field is similar between two models. However, the

discontinuity of distribution is observed in the hyperbolic conduction model. Até =2,
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there exist two discontinuity locations of 77 =2 and#n =8. Front thermal wave travels

from tissue surface and second one returns from the end of tissue wall. At delayed time
instants, the thermal wave of front location decays and shows almost diffusion aspect but
the reflecting thermal wave is clearly shown in Figures.

The comparison between the two conduction models is conducted with
temperature profiles along the optical axis in Figure 4.14. In early time instants, the
thermal wave propagation is obvious in hyperbolic conduction model and the profiles

become similar to the profiles of parabolic conduction model até = 8.

Figure 4.15 shows the temporal temperature profiles along the tissue surface at
selective locations. It shows the periodic thermal wave propagation to the radial direction
as well as axial direction. The maximum temperature increment at each location in the
hyperbolic conduction model is higher. The peak locations of it are shifted due to the

thermal wave effect.

4.4 Summary

The combined radiation and conduction heat transfer model is proposed and
employed to simulate multi-time-scale heat transfer in turbid tissues subject to short-
pulsed irradiation. This model integrates three steps. In the first step, ultrafast radiation
heat transfer of a tissue subject to a single ultrashort pulse irradiation is modeled; and an
initial local temperature response at the ps/ns time scale is obtained. Pseudo steady state
temperature response in the tissues is found within 1 ns. If the incident pulse or pulse
train is in the us/ms time scales, the temperature response is a simple accumulation of the

pseudo steady state temperature for all the pulses. In the second step, thermal wave
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propagation is considered at the meso-time scale. In the third step, thermal waves fade
away and the parabolic heat diffusion predominates.

Accurate radiation heat transfer modeling is needed in order to predict local
temperature rise due to radiation absorption because biological tissues are generally
highly scattering. The temperature distribution pattern of a tissue induced by direct
radiation absorption depends on the absorption coefficient as well as the extinction
coefficient. For the uterus tissue, high temperature is concentrated in a very small region.
While for the heart tissue, high temperature penetrates to deep tissue. The temperature
fields are similar in the aorta and dermis tissues because of small difference in their
extinction coefficients.

The temperatures in the dermis tissue subject to a pulse train irradiation predicted
by the hyperbolic heat conduction are compared with the parabolic heat diffusion
predictions. In the hyperbolic conduction modeling, temperature changes periodically
with decreasing amplitude. In the parabolic conduction modeling, however, temperature
rises first and then decays exponentially. After several thermal relaxation times the
thermal wave behavior is substantially weakened and the predictions between the
hyperbolic and parabolic models are consistent. The obtained maximum local
temperature maps show that the hyperbolic model predicts a larger thermal damage zone
than the parabolic model.

The temperature field in the heart tissue propagates deeply into the tissue medium
since it has a small absorption and scattering characteristics. The thermal wave reflection
is observed in heart tissue. As time advancing, the temperature field becomes consistent

between the two conduction models.
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Figure 4.1 Geometric sketch of tissue model.
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Tissue type Wavelength | Absorption | Reduced scattering | Citation
(mm) (mm™) (mm™")

Human dermis 633 0.27 3.55 [52]

Human aorta 632.8 0.052 4.1 [52]

Heart (Endocardium) 1060 0.007 0.367 [52]

Human uterus 635 0.035 12.214 [52]

Table 4.1 The optical properties of selective tissues.
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Figure 4.2 Contours of non-dimensional temperature fields of the dermis tissue subject to an ultrashort
pulse irradiation at selected time instants at (a) £ = 20 ps; (b) t = 40 ps; (c) ¢ = 100 ps; and (d) # = 500ps.
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() (d)

Figure 4.3 Contours of non-dimensional temperature fields of the Heart tissue subject to an ultrashort pulse
irradiation at selected time instants at (a) # = 20 ps; (b) £ = 40 ps; (c) ¢ = 100 ps; and (d) # = 500ps.
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Figure 4.6 The incident laser power versus the maximum temperature at the laser spot center for various
tissues.
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Figure 4.7 Comparisons of the non-dimensional temperature fields induced by the 1ms pulse train radiation
heat transfer: (a) dermis tissue; (b) uterus tissue; (c) aorta tissue; and (d) heart tissue.
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Figure 4.9 (1). Comparisons of non-dimensional temperature fields in the dermis tissue between hyperbolic
conduction and parabolic diffusion models at four different meso-time: (a) & =2; (b)) =4;(c) £ =6;

and (d) & =8.
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Figure 4.9 (2) Comparisons of non-dimensional temperature fields in the dermis tissue between hyperbolic
conduction and parabolic diffusion models at four different meso-time: (a)& =2; (b)E =45 (c) £=6;

and (d) £ =8.
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Figure 4.11 Contour of maximum temperature difference image between hyperbolic and parabolic model.
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Figure 4.13(1) Comparisons of non-dimensional temperature fields in the heart tissue between hyperbolic
conduction and parabolic diffusion models at four different meso-time: (a)& =2; (b)E =4;(c) £=6;

and (d) £ =8.
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Figure 4.13 (2) Comparisons of non-dimensional temperature fields in the heart tissue between hyperbolic
conduction and parabolic diffusion models at four different meso-time: (a)& =2; (b)E=4;(c) £=6;

and (d) & =8.
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Chapter 5

Experimental study for hyperbolic conduction

In this chapter, the experimental study to examine the hyperbolic conduction
phenomena. The 1D model is assumed for the experimental model. Compared with the
numerical approaches solving the hyperbolic conduction model, the experimental success
or meaningful data is relatively few. It may be the first validation of hyperbolic heat
conduction applying to organic tissue experimentally [39]. With the advent of ultrafast
laser system, the hyperbolic heat conduction problem has been widely studied relating
matter of short-pulsed laser metal heating. Qiu and Tien [40] validated the hyperbolic
conduction model comparing with experimental data with gold metal irradiating 96 fs
pulsed laser. More recently, Herwig and Beckert failed to validate the hyperbolic
conduction phenomena with their own experimental [68]. They could not observe any
sharp wave front in their experiment. Similar experiments are conducted in this chapter to

evaluate the hyperbolic conduction.

5.1 Experimental setup
5.1.1 Temperature measurement system

5.1.1.1 Thermocouple
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The T type thermocouple is used as the temperature sensor. Its product number is
COCO-010 and it is made by the Omega Company. The wire diameter is 0.25 mm. The
maximum temperature measurement range is over 149 °C. The response time of this
thermocouple is shorter than 0.1 sec. The T type thermocouple, with a positive copper
wire and a negative Constantan wire is recommend for use in mildly oxidizing and
reducing atmospheres up to 400 °C. They are suitable for applications where moisture is
present. This alloy is recommended for low temperature work since the homogeneity of
the component wires can be maintained better than other base metal wires. Therefore,
errors due to inhomogeneity of wires in zones of temperature gradient are greatly reduced.
The accuracy of various types of thermocouples is summarized in Table 1. There are
international standards that specify the amount by which sensors may deviate from ideal
behavior. These figures are reproduced here. The table shows the maximum permitted
error in thermocouples which comply with IEC 584-2 (1982) and in PRTDs (platinum
resistance temperature devices) which comply with BS 1904 (1984) Class A. In mild
operating temperature range (0-200 °C), the T type thermocouple shows the best

accuracy.

5.1.1.2 Data acquisition system

To record the temperature, the thermocouple is connected to the data acquisition
system. The data acquisition system is composed with thermocouple input module, slot
chassis, and cables. It is purchased from the National Instrument. The 8 channel
thermocouple input module (model number: SCXI-1112) is used, which the 8 multiple

temperature measurements are possible. The thermocouple input module is embedded in
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the slot chassis (model number: SCXI-1000). The data acquisition system is shown in

Figure 5.1 (a) and (b).

5.1.1.3 The thermocouple calibration

Before performing experiment, the thermocouple is calibrated. The temperature of
water in water vessel is measured. The three point temperatures measured are 0, 33, and
62 °C. For measuring a 0 °C, the ice water is prepared. The temperature measurement is
waited until the thermal equilibrium is reached. The water vessel is heated in the
microwave and the temperature measurement is performed at 33 and 62 °C. The
temperature calibrated data is shown in Figure 5.2. It shows the good match with the
curve which is provided NIST. The temperature and reading voltage can be displayed in

the computer screen by the Labview software interface.

5.1.2 Sample preparation and experimental setup
For the experiment, the fresh chicken breast tissue which is production of Tyson
is used. The chicken breast tissue is contained in the 4 °C refrigerator before performing

experiment. The tissue sample is cut in a cubic shape as a size of§x8xS5mm . It is put

above the Styrofoam box. The thermocouples are embedded into the chicken breast tissue.
The exact locations of thermocouples are investigated after the chicken breast tissue is
sliced. After the tissue sample reaches to the thermally equilibrium to the experimental
environment, the test is conducted. The Styrofoam box is suddenly is switched to the ice
block. The temperature response is recorded by the data acquisition system. The

schematic diagram of experimental design is shown in Figure 5.3.
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5.2 Experimental Results and discussion

If this problem is approximated as an 1D parabolic heat conduction problem like

as,
2
OTx0) _ 1 0Tx0) in 0O<x<wm, >0 (Eq.5.1)
ox a Ot
T(x,t)=0 at x =0, t>0 (Eq.5.2)
T(x,t)=T, fort=0 in 0<x<® (Eq.5.3)

The solution can be achieved like as [69],

X
TO = e]xf[ ™y ] (Eq54)

where, 7, is the initial temperature of the tissue sample and « is the thermal

diffusivity. The initial temperature is same as the room temperature since the tissue
reaches the thermal equilibrium to the room air. Several experimental tests are attempted.
Each experimental is repeated two times. The data shown in Figure 5.4 are averaged
value of two time tests. The experimental results are followed by the parabolic heat
conduction model. There is no obvious wave front or sudden temperature gradient change.
However, by this experiment the thermal diffusivity of chicken breast tissue can be
predicted. The prediction of ¢ is summarized as a range of 0.102-0.109 mm* /s in Table
5.2. It is an good agreement result of previous measurement data. Fontana et al. measured
the thermal diffusivity of chicken breast as a 0.11 mm* /s [70].

Another experiment is conducted to evaluate hyperbolic conduction. The
thermocouple is embedded to near the surface contact region between tissue sample and

ice block. The thermocouple location is 0.1+ 0.05 mm. The tests are repeated three times
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during three days. The test results are shown in Figure 5.5. In the enlarged Figure, the
sudden jump of temperature response is observed. The different locations of wave front
are observed. The thermocouple locations may be various due to the multiple
experiments. The vibration of thermocouple may cause the noise of one temperature
response. In two profiles, two gradients of temperature response are observed. These
profiles show initial slow change of temperature and sudden drop of temperature.
Recently, Antaki did a new interpretation of hyperbolic heat conduction [71]. In this
paper, he developed the DPL (Dual Phase Lag) model for the hyperbolic conduction.

Dual phase lags are 7, and 7, of heat flux and temperature gradient, respectively. The

temperature gradient contributed this smooth change of gradient profile [71, 72].

In Figure 5.6, the experimental data are compared with analytical solution of
parabolic conduction model. Three locations of temperature response are plotted
individually. The experimental data are quite deviated from the parabolic conduction
model. For the parabolic conduction model, the temperature response always shows
smooth and continuous profile. Whereas, there exists sudden change of temperature
response and a wave front is observed in one of the experiments. It shows more close

phenomena of hyperbolic conduction.

5.3 Summary

The experimental study was conducted to evaluate hyperbolic conduction
phenomena. The temperature measurement system was set up with T type thermocouple
and data acquisition system. T type thermocouple was selected due to the high accuracy

and fast response time. With the data acquisition system, the multiple location
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measurement can be possible. The fresh chicken breast tissue was used for the tissue
sample. The tissue sample in room temperature was suddenly contacted to the ice block.
By the measurement of longer time temperature response, the thermal diffusivity was
predicted. The problem was approximated as an 1D parabolic heat conduction problem.

After the analytical solution was derived, the experimental data was compared. The

thermal diffusivity of tissue sample is predicted as a range of 0.102-0.109 mm”> /s . The
temperature measurement was performed at near the contact location, 0.1+0.05mm. The
temperature response of the experimental data showed different behavior with parabolic
conduction model. There exists sudden change of temperature gradient and a sharp wave
front was observed in one of experiments, which are the typical aspect of hyperbolic
conduction model. Some results were more close to the DPL model recently developed

and interpreted.



" Temperature perature | B Type | EType | Jtype | KType | NType | RType | SType | T Type
-200 - - - 3 3 - - 3
-100 - - - 2.5 2.5 - - 1.5

0 - 1.7 1.5 1.5 1.5 1 1 0.5
200 - 1.7 1.5 1.5 1.5 1 1 0.8
400 - 2 1.6 1.6 1.6 1 1 -
600 1.5 3 24 2.4 2.4 1 1 -
800 2 4 - 3.2 32 1 1 -
1000 2.5 - - 4 4 1 1 -
1200 3 - - 9 9 1.3 1.3 -
1400 3.5 - - - - 1.9 1.9 -

120

Table 5.1 The measurement accuracy table with various types of thermocouples in different temperature

conditions.
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Figure 5.1 The data acquisition system of the National Instrument. (a) The 8 channel thermocouple input
module (b) The 4 slot Chassis
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Figure 5.3 (a) The photo of experimental set up and (b) The schematic sketch of experimental design
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Nondimensional x a(mm?®/s)| a(mm?/s)
X(mm) Temperature (7/7,) M
T L L R
Experimental 2 Zi gggg 8;32 061.(1)3 0.102
e L R

Table 5.2 The result of prediction of thermal diffusivity
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Chapter 6

Benchmarking study with experimental data

In this chapter, the numerical simulation result is compared with the experimental
results. The experimental data are provided by the Prof. Mitra group in the Florida
Institute Technology. In comparison I, the collimated laser is used as laser source. From
comparison II to IV, the focused laser beam is utilized. Propagation of focused laser
beam has been studied for the cases of homogeneous or more complicated tissue models
[77-79]. The main purpose of the focused laser is to enhance the peak absorbing radiation
energy [80] and to increase temperature rising at the focused region. It is applied to the
vascular laser therapy of dark port wine skin and higher temperature distribution is found
out in the target region [81]. The focused laser beam is also studied in confocal
microscopy for imaging application [82]. The objective of this chapter is to validate the
numerical result by the comparison with experimental data and is to investigate the

influence of the focused laser beam. The influence of grid system is also studied.

6.1 Comparison | — Collimated laser source
6.1.1 Experimental condition
In this comparison, short pulse laser with 200 ps pulse duration in 514 nm

wavelength is considered. The energy of one pulse laser is 1.68212 nJ. The
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1.3376 x10* short pulse laser whose radius 1mm irradiated until 14 sec and the average

power of it is 225 mW. The experimental condition is depicted in Figure 6.1. The tissue

absorption coefficient, o, , is 0.015mm™" and reduced scattering coefficient, o, is

2mm~" . The tissue reflective index is 1.54. The thermal properties are determined

as p =1000kg /m* .k =0.35 W /mK ,and C, = 4200 J / kgK .

6.1.2 Mathematical model
The scenario of short pulse laser irradiation is shown in Figure 6.2. One pulse
train is composed of 44643 short pulses and 42000 pulse trains irradiate until 14 sec.

Then the average power ( P, ) of the laser can be calculated,

ave

E, >N, (1.68212x107)x1.3376x 10" x 14

P, =1 =225mW (6.1)
t, 14
where, £, 1s energy per pulse, 7, is the laser exposure time, and P, are given by

experimental conditions. N, is the number of pulse.

In this experiment, the laser irradiates until relative longer time period compared
with chapter 4 model and heat conduction model always occur with radiative transfer.

Thus, the mathematical model is formulated as,

pC

aT(V,Z,t) _ aqcand,r (V,Z,t) + qcnnd,r (V’Z’t) + aqcnnd,z (I”,Z,t)
ot or r 0z

j_v'qrad(l/'?Z’t)

(6.2)
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where, the term of divergence of radiative heat flux plays an role as source in the energy
equation (6.2). Similar method of chapter 4, the hyperbolic conduction equations are

converted to vector form with non-dimensional variables as follows:

E_F G ) (6.3a)
o5 oy On
where
E=|0,[.F=|60 |.G=|0 |,H=|0Q, : (6.3b)
Oy 0 0 0,

in which, the nondimensional variables are introduced in the previous chapter except

source term,

_ V'QVadaT

KT, ~T) (639

The initial temperature is defined as 25°C in experimental and boundary conditions are

00(x:n.6) _

, at y =0. (6.4a)
ox
aH(Z, 77, é) = 0’ atz = Zmax' (6.4b)
ox
0, =h"(0,-0), atn=0. (6.4¢)
ae(;ac,n, <) _, atn=n__ (6.4d)
n

To compare the experimental data, the nondimensional variables are converted into the
dimensional value again. To calculate of the divergence of radiative heat flux, the TDOM

is applied using 200 ps laser. Reaching the steady state, it is plugged to the Equation (6.2).



131

6.1.3 Results and discussion

In Figures 6.3 & 6.4, the temperature distributions at 14 sec time instant both
radial and axial directions are compared with experimental data. For the hyperbolic
conduction, the 15 sec thermal relaxation time is selected and parabolic conduction
model is also. The general tendency of profile shows a similar agreement between
simulation and experimental data in radial direction at the surface. The temperature
distribution along the radial axis shows the higher gradient in the hyperbolic conduction
model and the temperature prediction is higher than experimental data in the laser
deposition region. The temperature prediction at tissue surface by the parabolic model is
under estimated.

In Figure 6.5, the temperature evolution along the surface region is depicted as
time advancing. The temperature increases as time passing but the speed of temperature
increment decelerates due to the conduction influence. The profiles show the Gaussian
shape and become steeper along the radial direction in longer time stage. The axial
temperature distribution along the optical axis is shown in Figure 6.6. As time marching,
the temperature propagates deeper inside medium.

The comparison between hyperbolic and parabolic model is conducted with a
temporal temperature profiles in Figure 6.7. The three locations along the optical axis are
selected. For the hyperbolic model, the 15 sec thermal relaxation time is chosen. At Z=0,
the temperature quickly increases in hyperbolic model and the temperature difference
between two models is largest. Similar tendency is predicted at Z = Imm and 2 mm and
the temperature difference decreases. The temperature prediction difference is most

severe near the tissue surface medium, where is the important concerning region in laser
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tissue treatment application. In longer time stage, the temperature shows the similar value
at each point between two models.

The contour plot is shown at certain time instants in Figure 6.8. The temperature
field is enlarged to the inside medium in longer time stage and it shows higher magnitude
as well. The temperature filed of parabolic model is more spread compared with
hyperbolic model. For the hyperbolic model, the temperature shows higher and it is
concentrated in the laser deposition area.

In Figures 6.9 & 6.10, the parametric study of thermal relaxation time is
conducted. As higher thermal wave relaxation time is plugged, the higher temperature
gradient along the radial direction is predicted in the hyperbolic model since the strong
heat flux rate can occur. Interestingly, the temperature profile of hyperbolic model
becomes identical to the parabolic mode as small thermal wave relaxation time. Since the
thermal wave speed is faster when the thermal relaxation time is small. Ultimately, if the
thermal wave speed is infinite, i.e.7 = 0, it becomes parabolic model. The surface peak
temperature prediction using 10 sec 7 is very close to the experimental one. However,
the deviation result from the experimental data takes place from about Imm to 6 mm in
the radial distance. The axial temperature distribution along the optical axis is
investigated in Figure 6.10. Surface temperature point shows a good agreement between
hyperbolic model result and experimental data but overestimation result is predicted
compared with experimental data at Z = 2 mm and 4 mm. Still hyperbolic conduction

model is better approximation rather than parabolic model.



133

6.2 Comparison I1- Light is focused to the tissue surface
6.2.1 Experimental condition

In previous comparison using collimated laser, the temperature increment is not
quite enough for laser treatment application. Then, the laser light is focused to the tissue
surface as shown in Figure 6.11. Other laser parameters and tissue phantom are same as

comparison .

6.2.2 Mathematical model

The focused laser beam diameter can be calculated by the equation (6.4) as,
4 f
d, =—1-=— 6.4
=7 (6.4)

where, A is the wavelength, f is the focal length, and D is the beam diameter before
focusing. By the experimental conditions, A = 514nm, f = 400 mm,and D = 2mm . Then,

the focused beam diameter can be achieved as 0.13 mm.

For focused laser beam intensity is specified as Equation (6.5),

I.(r,2,8) = (1= R)go exp{-4In2x[(t = 2/ &) /1, —1.5] fx exp(=2r> /v?) x exp(~0, 2)

[ exp(=2r2 1v})ar
X = (6.5)
J‘O’ exp(=2r>/ rfz. )dr

in which, v, is the beam radius at the certain axial position and it is approximated that the
maximum laser intensity drops to e value. r, 1s the focused beam radius, which is

0.065 mm. Other parameters are already defined in chapter 2. To supply the same amount
of radiation energy during focusing laser propagation as shown in Figure 6.12, the

compensation is conducted by the integration.
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6.2.3 Results and discussion

Radial temperature distribution along the tissue surface at t = 14 sec is shown in
Figure 6.13. The dramatic matching between experimental data and model with the
hyperbolic conduction is depicted. The maximum temperature increment is about 40 °C
and it is a suitable temperature for laser welding or surgery. The temperature prediction
with the parabolic conduction model is underestimated about 8 °C. Also, the temperature
distribution along the optical axial is investigated in Figure 6.14. It shows a good
agreement between experimental and numerical one. The maximum temperature
increment is almost identical value and it is important area for laser tissue treatment.
Higher temperature gradient along the line exists for focused laser beam and the
temperature increment is trivial after Z = 4 mm.

The temporal temperature profiles are compared between two conduction models
in Figure 6.15. For the hyperbolic conduction model, the sudden temperature increment is
predicted at the tissue surface (Z = 0). It is due to the high concentration of radiation
energy by focusing of laser beam. It causes the steep gradient of radiation energy
between focused area and other tissue region. In this situation, the thermal wave can be
predictable. Similar aspect is observed in the Z = lmm. However, the absorbing radiation
energy is not too high to show the thermal wave. At the position Z = 2mm, the
temperature profiles between two models show similar tendency.

In Figure 6.16, the temperature field as time marching are shown with contours.
At early time instant (t = 3.5 sec), the temperature field is highly concentrated to the

tissue surface region. The temperature field is more confined in the hyperbolic model.
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The magnitude of it is larger as well. In the longer time instant, the distribution of
temperature field becomes similar.

In Figure 6.17, the focused laser beam is compared with collimated one with the
surface temperature profiles, which is modeled by the hyperbolic conduction. The
prediction higher temperature profiles using focused laser beam is clear. For the focused
laser beam, the temperature field is mainly accumulated to the laser focal region. For the
collimated laser, the temperature profiles more spread to the radial direction.

In Figures 6.18 and 6.19, the grid systems are compared. Previous results used in
this comparison are implemented with nonuniform grid I. The grid system and numerical
scheme were discussed in previous chapter and detail things will be omitted in this
chapter. Generally speaking, the result of temperature prediction used all grid systems
show the very close values. The difference is observable close the optical axis (R = 0).
The fine grid systems are employed in the nonuniform grid system in this area. There
exists high gradient of absorption radiation energy in the case of focusing laser beam and
the fine grid is necessary to capture it. Then, more accurate matching with experimental

1s observed.

6.3 Comparison I11- Laser beam is focused to 2mm below the tissue surface
6.3.1 Experimental condition

In this experiment, the Q-switched Nd:YAG is utilized. It has 200 ns pulse
duration and the wavelength is tuned up 1064 nm. The pulse train frequency is 1 kHz and
irradiated until 10 sec. The average power of laser is 1.3 W and laser beam is focused to 2

mm below the tissue surface. The tissue geometric sketch is shown in Figure 6.20. The
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inhomogeneity tissue is embedded inside the normal tissue. The optical properties of

homogeneous tissue are mimicked as human skin tissue like o, =0.0509mm™'

and o’ =0.614mm™" . The reduced scattering coefficient of inhomogeneity medium is

1.228 mm™" and absorption coefficient is same as homogeneous tissue. The laser beam

propagation for this comparison is depicted in Figure 6.21.

6.3.2 Results and discussion

In Figure 6.22, the temperature distribution along the optical axis compared
between experimental data and hyperbolic conduction model with 15 sec thermal wave
relaxation time. Also, the different grid systems are compared. The calculation result with
finer grid is more close to the experimental data, especially maximum temperature.
However, at the surface region is predicted higher temperature compared with
experimental result. For the parabolic conduction model, there exists more deviation from
the experimental data. The maximum temperature prediction with the parabolic model is
almost 10 °C less than experimental data.

The radial temperature distribution at focused region (Z = 2mm) is shown in
Figure 6.23. Even though the temperature field at the tail of the beam radius is over
estimated in numerical one, the agreement is quite good. Also, the nonuniform grid
system is superior. Again, the temperature prediction of parabolic model is under
estimated.

In the Figure 6.24, the 17 sec thermal relaxation time is used for the hyperbolic
model. The value of thermal relaxation time depends on the propagation velocity of

thermal wave which is dependent on material structure and property. Although its value
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has been measured for biological media such as bologna meat samples [Mitra], the exact

value of thermal relaxation time (typically having values in the range of 10 to 20 seconds)
is unknown for most of the tissues. Also, it is hard to predict in case of inhomonogeneous

tissue. The result using 17 sec thermal relaxation time is more close to the maximum

temperature region.

In the Figure 6.25, the temporal temperature profiles at selective positions are
plotted with hyperbolic conduction model. Of course, this is an imaginary simulation. In
actual case, the tissue sample will have thermal damage if the laser exposure time is
extended. It is easily predicted that the temperature increment is highest in focal region.
The thermal wave is also observed in this position. The tendency of temperature
increment is similar between at Z = 1 mm and Z = 3 mm since it is the symmetric
location against focal region. However, the higher temperature increment is predicted at
Z = Imm due to the close location of the laser deposition area. As time advancing, the
temperature profiles converge to the one value from the Z = 0 to the Z = 2 mm. It means
that temperature mainly accumulates from the tissue surface to the focal area.

The evolution of temperature profiles as time passing is shown in Figure 6.26. For
the hyperbolic conduction, the temperature concentration around the focal region is
observed in early time moment with high magnitude of it. In longer time instant, the
parabolic model catch up hyperbolic model. The temperature gradient along the z axis
from tissue to the focal region becomes smaller.

The temperature field distribution as time marching is depicted in Figure 6.27.

The temperature field propagates from the focal region to the whole tissue medium. It is
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noticed that the thermal damage area is the focal region and the tissue surface region may

be in thermal damage in the longer time period.

6.4 Comparison IV- Laser beam is focused to 2mm below the three
layered tissue surface
6.4.1 Experimental condition

Conventionally, the skin tissue is treated to the single layered tissue for the
simplicity. But in the real nature, the skin tissue is multi layered medium having different
thickness and optical properties. In this experiment, the layered tissue is set up shown as
in Figure 6.28. The optical properties of layered tissue are shown in Table 6.1 and
geometric sketch is in Figure 6.28. Other laser parameters are same as comparison 11

model.

6.4.2 Results and discussion

In Figure 6.29, the experimental data is compared with simulation result. For the
hyperbolic conduction model, 15 sec 7 is used. In the axial profiles, the temperature
prediction by the hyperbolic model dramatically matches to the experimental data. Again,
the surface temperature increment and maximum temperature increment at the focal
region is well matched. Radial profile at Z = 2mm shows also good matching for
hyperbolic model. It means that hyperbolic model with proper 7 is essential to predict
temperature rise involving short pulse laser application. The parabolic model always

shows the under estimation of temperature increment.
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The parametric study with various thermal relaxation times is conducted in Figure
6.30. The unique feature of axial variation is the existence of the thermal damping wave
in front of the focal region. It is inducted by the high concentration of radiation energy
absorption in the top layer of the skin (epidermis) having high absorption coefficient. The
wave feature is validated with different z. If the 7 is small, the speed of thermal wave
propagation becomes rapid. Then, it can propagate faster along the axial distance. The
figure shows it clearly. Also, small 7 causes the tiny heat flux rate and the amplitude of
damping wave becomes small. Ultimately, the parabolic model which has infinite thermal
wave speed can not predict any thermal wave damping feature. In the surface region,
higher temperature increment is expected compared with single layered tissue in
comparison III. The tissue top surface (epidermis) has high absorption property which
results in higher temperature rise at the surface in three-layer model than that of single-
layer model. By this parametric study, the result with 17 sec 7 is more similar to the
experimental data.

In Figure 6.31, the radial temperature profile along the tissue surface is plotted
with various 7 situations. The higher temperature increment is observed with the high ¢
especially the close region R = 0. Also, the 17 sec 7 is good approximation to predict in
the three layered tissue.

With the 17 sec thermal relaxation time for the hyperbolic conduction model, the
temperature field propagation is compared with parabolic model in Figure 6.32. The high
temperature field is confined to the focal area both models. For the hyperbolic conduction
model, the higher temperature field is more confined to the focal area in early time instant

(t=2.5 sec and 5 sec). It is observed that the thermal damping wave propagates from the
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tissue surface into the inside tissue medium as time marching. At t = 20 sec, the

temperature distribution becomes similar shape.

6.5 Summary

The numerical results are compared with the experimental data. The laser source
is collimated beam or focused one. The short pulse train is irradiated until certain time
instant. In comparison I using collimated laser beam, the general tendency of temperature
profile is close to experimental data for the hyperbolic conduction model. For the
parabolic conduction model, the temperature is underestimated. — However, the
temperature prediction deviates from the experimental data tail region both radial and
axial direction. The error can occur by the misplacement of thermocouples or inaccurate
thermal camera imaging. The temporal temperature behavior is predicted during laser
irradiation. The temperature field propagates from the laser deposition area to inside
tissue medium as increasing laser irradiation time.

In comparison II, the laser beam is focused in the tissue surface and higher
temperature increment is observed at the focal region. The result of hyperbolic model is
well matched to the experimental data both radial and axial directions. The temperature
field at early time instant is well confined for the hyperbolic model. The finite grid
around focal area is helpful to predict sudden temperature change.

Q-switched Nd:YAG laser is used in comparison III and inhomogeneity medium
is embedded inside of the tissue phantom. The laser beam focused into the inhomogeneity
medium, where is below 2mm from the tissue surface. The high temperature increment is

observed at the beam focal region. The temperature prediction by the hyperbolic model is
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more close to the experimental data. The 17 sec thermal relaxation time provides better
matching to the experimental data and it may be proper approximation of this tissue
phantom. To increase calculation accuracy, nonuniform grid is utilized and shows more
close matching with experimental data.

To mimic the skin tissue in reality, the tissue is modeled is three layered tissue.
Epidermis which is top surface tissue has a high absorbing optical property. The laser
beam is focused to the inhomogeneous medium which is located to below 2 mm from the
tissue surface. In comparison IV, a good agreement was found between hyperbolic model
and experimental results. The thermal damping wave propagation is observed induced by
the high radiation absorption from the tissue surface. The location and amplitude of
thermal damping wave is depending on the thermal relaxation time or thermal wave
speed. As small thermal relaxation time employed, the wave move fast and the amplitude
of it decreases.

Based on these benchmarking studies, the hyperbolic model provides accurate
temperature prediction incorporation with short pulse laser irradiation. The thermal wave
propagation can be observable depending on the tissue optical properties. The higher
temperature increment is predicted to the focal area. To capture of it, the fine grid system

is helpful.
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Figure 6.1 Schematic of the experimental set-up for tissue which is designed by Prof. Mitra group
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Figure 6.6 The change of axial temperature profiles along the optical axis as time advancing
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Figure 6.7 The temporal temperature profiles at selective positions along the optical axis. Hyperbolic and

parabolic models are compared.
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Figure 6.8 The contour of temperature field at certain time instants: (a) t = 3.5 sec, (b) t =7 sec, and (c) t =

14 sec. (Collimated laser beam)
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Figure 6.12 The sketch of the focused beam propagation.
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instant.
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instant.
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Figure 6.16 The contour of temperature field at certain time instants: (a) t = 3.5 sec, (b) t =7 sec, and (c) t =

14 sec. (Focused laser beam)
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Figure 6.17 The comparison between focused laser beam and collimated laser beam with the temperature

profiles along the tissue surface.
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Figure 6.21 The sketch of the focused beam propagation. The beam is focused below 2mm from the surface.
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Layer Thickness Absorption Reduced scattering
Coefficient (o) Coefficient (o)
(mm™ (mm™
Epidermis 0.05 mm 0.355 0.824
Dermis 3 mm 0.049 0.824
Fatty tissue 10 mm 0.050 0.55

Table 6.1 The length scale of three layered tissue and optical properties.
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Figure 6.29 The comparison between experimental data and simulation result at t = 10 sec. (a) Z axial along
the optical axis
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Figure 6.29 (continued). The comparison between experimental data and simulation result at t = 10 sec. (b)
Radial direction at Z = 2mm.
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Figure 6.30 The parametric study of thermal relaxation time. (The axial profile)
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Figure 6.32 The contours of temperature field at selective time instants. The hyperbolic conduction model

(r =17 sec) and compared with parabolic conduction model: (a) t =2.5 sec and (b) t = 5 sec.
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Figure 6.32 (Continued) The contours of temperature field at selective time instants. The hyperbolic
conduction model (z = 17 sec) and compared with parabolic conduction model: (a) t =10 sec and (b) t =20
sec.
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Chapter 7

Conclusion and Future work

7.1 Conclusion

The primary purpose of this study was to investigate the short pulsed laser
transfer mechanism subjected in the tissue medium.

In chapter 1, the study was introduced by the explanation of background and
literature survey. The objective and uniqueness of study were also emphasized.

In chapter 2, the transient radiative heat transfer irradiated to the short pulsed laser
was modeled, formulated, and solved using TDOM (Transient Discrete Ordinates
Method). The cylindrical shape tissue was modeled. By the tissue optical parametric
study, high scattering medium showed the steep spatial gradient of divergence of
radiative heat flux profile. The high concentration of radiation energy absorbing was
predicted in high absorbing optical property medium. The focused laser beam can
amplify radiation energy absorption. To increase calculation efficiency, the nonuniform
grid was employed for the focused laser beam case. Several layered tissue with
inhomogeneity was modeled to mimic real tissue phantom.

In chapter 3, the transient heat conduction problem was dealt with. Both
hyperbolic and parabolic conduction models were formulated and solved. For the

hyperbolic conduction, MacCorkmack’s predictor and corrector scheme employed. The
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error term was corrected and the noise was diminished around wave dump region. The
solutions of two heat conduction models were validated with analytical solution. Both
continuous and pulsed surface heat sources, the numerical result and analytical one were
matched very well.

In chapter 4, the radiative heat transfer and hyperbolic conduction was combined.
Initially the tissue was irradiated until 1ms and hyperbolic conduction was followed.
After radiation energy was directly absorbed in the tissue medium and heat was
dissipated by the conduction process. The thermal wave propagation had been observed
and maximum temperature field of the hyperbolic model was higher near 7% than the
parabolic model.

In chapter 5, the experimental study was conducted to evaluate hyperbolic heat
conduction. The fresh chicken breast tissue was used as the tissue sample. After it was
maintained room temperature, the ice block was suddenly contacted to one side of tissue
sample. When the location of thermocouple is far from the contacting position, the

thermal wave phenomenon was not observed. By the long time temperature

measurement, the thermal diffusivity is predicted as a range of 0.102-0.109 mm’ /s . A
sudden change of temperature is observed in near contacting position.

In chapter 6, the benchmarking study with experimental data was performed. The
experimental data was provided by the Prof. Kunar Mitra’s group. Generally, the
hyperbolic model combined with radiative heat transfer showed very similar result with
the experimental data. The hyperbolic model also showed high temperature increment

near the laser deposition area. The focused laser beam played a role of temperature
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amplification around focal region. In calculation result, the movement of thermal wave

had been found out due to the high absorption of radiation energy.

7.2 Future works

Though numerical result was showed similar value with experimental one, there
exists a little deviation in some cases. A possible reason of it, the measurement of optical
properties, and thermal properties are misled. The heat conduction model needs to
consider water evaporation, surface heat convection effect, phase change of tissue surface
region, and so on. Recently, hyperbolic conduction model is interpreted by Antaki, where
he suggested the dual phase lag model. One of the experimental data is shown more close
to this model. Experimental study is crucial to validate the hyperbolic conduction. Many

trials of experimental study should be conducted.
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Appendix A

Characterization study of laser exposure time

This Appendix includes the characterization study of laser exposure time. The
short-pulsed laser is irradiated until 1 ms in Chapter 4 and it is extended until a second
regime in Chapter 6. The reason of restriction of laser exposure time is to minimize the
conductive heat transfer. The rational of it is that only radiative heat transfer occurs until
I ms and the conductive heat transfer is followed by. To justify this rational, the
comparison study is conducted. The short-pulsed laser is irradiated until 1 second in
modeled dermis tissue. One model is only considering radiative transfer. Other two
models are that combined radiation and hyperbolic or parabolic conduction. In Figure A1,
the contribution of conductive heat transfer starts around 0.1 second regime. It is
decelerated inside tissue medium. In enlarged Figure until 0.01 sec, the profiles are
almost identical. In Figure A2, the comparison is conducted with contour plots. Generally,
the plots show similar aspect all models until 0.1 sec. Then, we can justify that the
contribution of conduction is trivial before 1 ms with very safely and only consideration

of radiation is a reasonable assumption.
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Figure A1 The investigation of conductive heat transfer influence by temporal temperature profiles along
the optical axis (a) surface, z= 0 mm and (b) z=0.05 mm
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Figure A2 The contour plot to compare several scenarios.
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	Chapter 1 
	 
	Introduction 
	 
	1.1 The short-pulsed laser transport 
	 Short-pulsed irradiation is accompanied with the use of pulsed lasers with pulse duration in the nano/picosecond time scale. Short-pulsed lasers can be used in a wide spectrum of emerging biomedical technologies such as in laser surgery and treatment [1-5], optical imaging and diagnostics [6-10], etc. The advantage of short pulsed laser is highlighted in laser ablation [11, 12], in which short pulsed laser has demonstrated the ability of ablating hard tissue like a tooth and middle ear tissue very effectively [13]. The short pulse laser is also applied to the spinal surgery [14] and to laser welding or soldering [15, 16]. The picosecond laser is proven to be efficient to remove tattoos in human tissue rather than nanosecond laser [17].  The short pulsed laser can be utilized in high-precision medical procedures like neurosurgery, ophthalmology, corneal surgery, and angioplasty since it provides the precise control of the output energy and able to control energy dissipation and the heat affected zone [18]. The optical imaging and diagnostics technology holds the possibility of providing information, both physiologically and morphologically, about interior of living tissue and organs minimizing any side effects [19, 20]. The major advantage is that the optical imaging dose not use ionizing radiation unlike the X-rays, and that is has high spatial and temporal resolution unlike the magnetic resonance.    
	The concept of ultrafast radiation heat transfer [15, 21, 22] was introduced to differentiate the time-dependent radiation heat transfer associated with radiation propagation in the speed of light (i.e., the governing equation of radiation transfer is time-dependent) from the traditional transient radiation heat transfer in which the effect of time-dependent radiation propagation is negligible (i.e., the governing equation is still stationary) and only the boundary conditions are time-dependent.  Ultrafast radiation heat transfer is significant when the pulsed irradiation time is not considerably longer than the characteristic radiation propagation time in the medium.  In modern technological applications, it is often accompanied with the use of short-pulsed lasers. An excellent review by Kumar and Mitra [18] has summarized the applicability and techniques for solving one-dimensional (1-D) ultrafast radiation heat transfer problems.  Guo and co-authors [15, 21-25] considered the modeling of 2-D and 3-D ultrafast radiation heat transfer and applications.   
	 
	1.2 Thermal response incorporated with laser source 
	 In application of laser tissue treatment such as laser welding, laser ablation, and laser phototherapy, the prediction of thermal response is of most critical interest. Laser welding of tissue is a surgical technique for bonding tissues, using a laser beam to activate photothermal bonds and/or photochemical bonds. Thermal energy is necessary to provide the activation force of photothermal bonds. Bass and Treat [26] reported that a proper temperature is 65°C in laser tissue welding to achieve optimum welding strength in their review paper. Lobel et al. [27] recommend the surface temperature as 55°C to obtain good welding efficiency when laser irradiated to the urinary bladder tissue. In laser tissue ablation procedure, Pierce [28] measured by the experimental method that the porcine tissue temperature is around 100 °C to achieve ablation effect. One example of phototherapy is the laser-assisted reshaping of cartilage technique. It is a surgical procedure designed to allow in situ treatment of deformities in the head and neck with less morbidity than traditional approach [29]. Diaz el al. [30] suggested that the mechanism responsible of laser reshaping is primarily associated with a phase transformation of cartilaginous bound water to free water taking place at a temperature of 65°C.  
	 The understanding of heat transfer mechanism is then critical irradiating short pulse laser source. The heat transfer mechanism during laser irradiation is that the target tissue absorbs radiation energy which converts into heat. The irradiating targets begin to transfer this heat to their cooler surroundings mainly by thermal conduction, but this process takes some time and heat is initially confined to the targets during laser exposure [1]. At the end of an appropriately brief exposure, thermal conduction cools the targets and warms the surrounding tissue but the temperature should not reach to denaturing temperatures. The heated target tissue, with its specifically denatured or otherwise thermally damaged target, then slowly cools [1]. If the pulse width is shorter than the time it takes for the heat to dissipate into the surrounding tissue, most of the pulse energy causes photo thermal heating, avoiding destructive cumulative heating effects. In addition, pulsed output maximizes the peak power for a given average power. The purpose of short pulsed laser is to confine radiation energy to the heat-affected zone and to minimize thermal damage induced by heat conduction to the surrounding tissue.  Thus, the heat conduction process is also important in the prediction of accurate temperature response.  
	One review paper [31] compared several bio-heat transfer models for thermal prediction and concluded that the best practical approach for modeling of bio-heat transfer is the Pennes model as Eq. (1.1).  
	          (1.1) 
	Pennes [32] originally designed this equation to estimate the temperature distribution in the human forearm, but it has been extended many other applications [33, 34]. The storage of heat (LHS) is balanced by terms (RHS) describing conduction in tissue, convection between blood and tissue and heat generation. The second term of RHS in equation (1.1) is the so-called “perfusion term”. This perfusion process is analogous to the process of mass transport between blood and tissue, which is confined primarily to the capillary bed of blood. It is noted that during short time laser irradiation perfusion loss is low and can be negligible [35]. The external heat source term   corresponds to the heat generated by absorption of laser light and depends on the fluence rate and tissue absorption coefficient.  Thus, the calculation of fluence rate and good modeling of bio-heat transfer problem can provide accurate temperature prediction. The experimental study for the measurement temperature with irradiation source was performed and numerical result was compared [36].  In the numerical part, the fluence rate is calculated by diffusion approximation to solve the light transport in turbid media and then the bio-heat transfer equation (1.1) was used to calculate the temperature profile. The results are shown in Figure 1.1. A CW laser with 2 W power was applied on a 2 mm spot to aorta tissue sample presented in Figure 1.1(a), while the samples in Figure 1.1(b) were irradiated with 4 W on a 2.14 mm spot. The measured temperature rises were ~20 % lower than those predicted by the model at 65°C. Above this temperature range, the differences became more pronounced, especially in case of the sample irradiated with 2 W, which are heated more slowly. The deviation result can take place when fluence rate calculation or bio-heat transfer model is misled. Other deviation factor is water vaporization during laser irradiation of tissue surface. Torres et al. [36] corrected  equation (1.1) by adding vaporization term and achieved more improving result. However, the deviation from experimental data still exists. The proper model to predict more accurately is still under development.   
	 
	1.3 The hyperbolic heat conduction  
	The heat conduction term of Pennes’ bio-heat transfer (1.1) is governed by the Fourier law. The traditional Fourier heat conduction is described by a parabolic diffusion equation which has an infinite speed of thermal propagation, indicating that a local change of temperature and/or heat generation causes an instantaneous perturbation in the temperature field.  Thus, the diffusion equation has the unphysical property if a sudden change of temperature is made at some point on the body with extremely small amplitude at distant point. For a physical process occurring in a time interval shorter than that required for attaining thermal equilibrium, however, it has been noticed that heat wave theory [37-39] is more appropriate. The thermal wave postulate based on damped wave models leads to hyperbolic heat conduction equations and suggests a finite speed of thermal propagation.   
	Cattaneo [40] first expressed an explicit mathematical form of heat wave theory as, 
	           (1.2) 
	We shall call Eq. (1.2) Cattaneo’s equation. When , Eq. (1.2) reduced to the Fourier’s law. The thermal relaxation time, , in Eq. (1.2) is thought to be very small in nearly all practical and even exotic applications, so that as a practical it is believed that we get Fourier’s law even on the shortest time scales of our daily lives. In fact, an understanding of time scales is the central object of scientific investigation of heat waves.  
	 In 1980’s, with the advent of ultrafast laser system, the hyperbolic heat conduction problem has been widely studied relating matter of short-pulsed laser metal heating. Qiu and Tien [40] validated hyperbolic conduction model comparing with experimental data with gold metal irradiating 96 fs pulsed laser. Though the thermal relaxation time of gold metal is extremely small as a 0.04 ps, high heat flux rate is incorporated together and the first term of LHS of Eq. (1.2) can not be negligible any more. Similarly, the thermal relaxation time of liquid has been known as  and it of metals is  [41].  
	  However, the thermal relaxation time of nonhomogeneous material is suggested as quite large value,  [41]. Also, Vedavarz et al. [38] examined the range of parameters over which this hyperbolic non-Fourier formulation is significant. They analyzed the thermal relaxation time for biological tissues and obtained a range of 1-100 sec at room temperature.  Mitra et al. [39] experimentally measured the thermal relaxation time for processed bologna meat to be 15.5 ± 2.1 sec.  Such large thermal relaxation times reported for biological tissues make the thermal wave theory specifically significant in the thermal modeling of pulsed laser-tissue interactions.  
	The present study initiates with the belief that thermal relaxation time of live organ is large as mentioned early and can trigger hyperbolic conduction equation. Recently, Banerjee et al. [36] proved that hyperbolic model is closer to the experimental data rather than parabolic model with the 200 ps pulsed laser.  
	 
	 
	1.4 Objective of this study 
	 The present dissertation is mainly focused to the numerical study. The experimental study is also conducted to validate hyperbolic heat conduction phenomena. The numerical result is compared with the experimental data which are provided by the Professor Kunar Mitra’s group.   
	 The present dissertation is composed of five parts. In the first part, the transient radiative transfer exposed to the short pulsed irradiation is studied. The formulation and numerical method is introduced. The tissue parametric study and laser beam characteristic study are then performed. In second part, transient heat transfer problem is studied. Both hyperbolic and parabolic heat conduction model are formulated and solved numerically. The solution is validated with existing analytical solution. In the third part, multi-time scale heat transfer problem with short pulsed laser is studied. By the limitation of short pulse laser exposure time until 1ms, the radiative heat transfer and conductive heat transfer is separated.  In the fourth part, the experimental study is conducted to evaluate the hyperbolic conduction. The fresh chicken breast tissue is suddenly contacted to the ice block. The temperature is monitored to investigate thermal wave propagation. In the fifth part, the numerical result is compared with the experimental data which is provided by the Professor Kunar Mitra’s group.  The short pulse laser is irradiated until order of 10 second regime. The radiative heat transfer and conductive heat transfer is combined to simulate this scenario. The aim of this chapter is to validate the hyperbolic heat conduction phenomena. The realistic tissue model is considered. The collimated and focused laser beams are compared.  
	 
	1.5 The uniqueness of this study 
	 To investigate the heat transfer in tissues with short-pulsed laser irradiation, the calculation of fluence rate and proper heat conduction model are critical. The fluence rate is calculated by solving the transient radiative transfer equation. The diffusion approximation which is simplified form of radiative transfer equation using scattering dominant medium is popularly used in the image reconstruction processes in optical tomography technique because it can be easily and fast simulated with even commercial software [50]. Furutsu and Yamada claimed that the diffusion coefficient is independent of absorption [50]. In early 1990’s, Yoo et al. have shown that diffusion approximation fails to describe photon transport in optically thin and intermediate media even the media are scattering-dominated [73]. Thus, the radiative transfer model should be adopted the current study. 
	 The numerical technique we developed is the Transient Discrete Ordinate Method (TDOM). Though this method has been developed for various geometric problems [21-25], the candidate extended it to the cylindrical medium for the first time. Another common method for light transport problem is Monte Carlo method [8, 73, 74]. Generally the statistical Monte Carlo method is time consuming, and its results are subject to statistical errors.  
	 Other important feature is to propose combined hyperbolic conduction model with radiation model, especially laser-tissue interaction problem. Though Banerjee et al. [75] considered numerical solution short-pulsed laser-tissue interaction problem, the fluence rate calculation depends on analytical function. Then applicable situation of analytical solution is restricted.  
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 1.1 Comparison of temperature predicted by the Takata-Yoon model with those measured experimentally during irradiation of the aorta wall with (a) 2 W of laser power on a 2 mm spot and (b) 4 W on a 2.14 mm spot. [36] 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 2 
	 
	The transient radiative heat transfer exposed to  
	short-pulsed irradiations 
	 
	In this chapter, the transient radiative heat transfer with short-pulsed irradiation is modeled and solved by the numerical method. It is applied to the cylindrical geometric tissue. By employing various tissue optical properties, the radiation heat transfer is characterized. The several layered tissue model is also considered to simulate realistic tissue model. The laser pulse with picosecond regime is deposited to the cylindrical geometric tissue.  Both collimated and focused laser beam are compared. To improve the numerical calculation efficiency, the nonuniform grid system is employed for the focused laser beam. 
	 
	2.1 Mathematical models 
	2.1.1 The governing equation 
	 The difference of short-pulsed radiative heat transfer from the traditional transient radiative heat transfer is that time-dependant radiative heat transfer is associated with radiation propagation in the speed of light. The traditional transient radiative heat transfer treats only boundary conditions and neglects the radiation propagation. However, the boundary is still stationary for the short-pulsed radiative heat transfer. 
	 Solutions of short-pulse radiative heat transfer in 1D geometry have been reported in the literature [21, 43, 44]. Approaches that have extended to 2D geometries include the first order spherical harmonic ( ) approximation [45], the discrete ordinate method [23], and the integral formulation [46]. However, the   model underestimates the speed of light propagation [44] and the integral approach is difficult to apply to complex geometries. Guo and co authors solved the modeling of 2D and 3D short-pulse radiative heat transfer in Cartesian coordinate system [21-25]. In the present study, it is extended to the curvilinear coordinate system. Since the laser beam is Gaussian shape, the tissue geometry should be corresponds to the curvilinear coordinate system to predict accurate laser transport. Many research results have been developed using axisymmetric cylindrical coordinates system based on Monte Carlo (MC) simulation [47-49]. In MC simulations, the movements of photon packages within a medium are predicted via statistical analysis. Thus, there always exists statistical error. Whereas the DOM (Discrete Ordinate Method) is the deterministic approach, which can promise more accurate result [50]. The tissue shape is modeled with axisymmetric cylindrical medium and the Transient Discrete Ordinate Method (TDOM) is employed. 
	The pulses of a laser beam are incident into a tissue surface as shown in Figure 2.1. The pulsed laser radiation heat transfer can be formulated as a discretized form by the transient radiative transfer equation in the axisymmetric cylindrical coordinates system as Eq. (2.1): 
	        (2.1) 
	where c is the speed of light in the medium, ,  ,  and    represent the directional cosines of a discrete ordinate direction and are expressed as: 
	  ,    ,                                                   (2.2) 
	in which   is the directional radiation intensity,   is the extinction coefficient that is the sum of the absorption coefficient,   and the scattering coefficient,  . The source term,   can be expressed as:  
	        (2.3) 
	where scattering albedo   is introduced. A quadrature set of n discrete ordinates with the appropriate angular weight   is used. The collimated laser source   in Eq. (2) is expressed by:  
	   ,                               (2.4)             
	 where the unit vector,  , represents the laser incident direction.  When the reduced scattering coefficient, , is used,  the unity scattering phase function,  , is considered and scattering coefficient switched to the reduced scattering coefficient. 
	 In the present models the following assumptions are adopted: 
	(1) Tissue radiation emission is neglected because the tissue blackbody intensity is much  
	      smaller than the incident laser intensity.  
	(2) Tissue optical (absorption and scattering) property are thermally stable during the 
	      transient heat transfer process. 
	 
	2.1.2 The incident laser profile 
	 The characteristic of collimated laser beam profile is typically important in the present study. The short pulsed laser with   pulse duration has a Gaussian distribution both temporally and spatially. For normally incident irradiation, the beam intensity is specified as: 
	         (2.5) 
	in which, R is the reflectance on the tissue surface,   is the amplitude of the pulse heat flux,   is the pulse width, and σ is the beam radius varying with z which the peak intensity drops to the   value. Here we consider pulse irradiation within .  
	 If the focused laser beam is employed as a short pulsed laser source, the beam intensity can be specified as, 
	 
	            
	             (2.6) 
	where,    is the beam radius at the certain axial location and it is also approximated that the maximum laser intensity drops to   value. The  is the beam radius in the focal plane and it can be calculated as,  
	   ,        (2.7) 
	in which, λ is the wavelength of focused laser beam, f is the focal length, and D is the beam diameter before focusing. For example, λ= 514 nm, f = 400 mm, and D = 2mm, then the focused beam radius can be achieved as 0.065 mm. Last term of RHS is the laser beam energy compensation term, which provides the same amount of energy at the different axial location. The beam radius of the focused laser beam,   can be specified by the geometric relationship as, 
	  ,                                                              (2.8 a) 
	  ,                  (2.8 b) 
	The surface focused laser beam propagation is shown in Figure 2.2.  The laser beam focused in the tissue medium and the propagation is shown in Figure 2.3. The treatment of focused laser beam for the numerical implementation is shown in Figure 2.4. In Figure 2.5, the laser propagation between collimated and focused beam is compared. For the collimated laser beam, the beam radius is always consistent as time advances. On the other hands, the beam radius changes in the tissue medium by incident angle and focal length. The high concentration of radiation energy then can be generated by the focused laser beam.  
	 
	2.1.3 The absorbing radiation energy 
	 Once the directional radiation intensity is calculated, the incident radiation (G) and the divergence of radiative heat flux ( ) is calculated as: 
	 ,                       (2.9) 
	  .                                       (2.10) 
	  represents the absorbing radiation energy inside medium and black body emission  is neglected in present research by above mentioned general assumption. 
	 
	2.1.4 The initial and boundary conditions 
	For the radiative heat transfer analysis, Snell’s law and Fresnel’s law [51] are adopted at the air-tissue interface because of the mismatch of refractive indices between the two media. For the normally incident laser radiation, the reflectance on the incident surface is  
	 ,           (2.11) 
	where n is the refractive index of the tissue.  For internal radiation at the tissue-air interface, total reflection occurs when the incident angle   is not less than the critical angle,  , because the refractive index of a biological tissue is greater than that of air. When   , the reflection on the interface is purely specular and the reflectance is calculated by Fresnel’s equation: 
	   ,           (2.12) 
	where   is the refraction angle predicted using Snell’s law. 
	Since biologic tissues are generally highly scattering, photons reaching the other boundaries of the tissue cylinder have undergone multiple scattering events and the possibilities of photons passing through the boundary or reflecting back are almost equal. Thus, we specify a diffuse reflectance ( ) of 0.5 on such a kind of surfaces. The reflecting boundary conditions can be represented by [15, 25]. 
	 .                                  (2.13) 
	 
	2.2 Properties of tissue 
	2.2.1 Optical properties of tissue 
	 In order to discuss light transport in tissue medium, the knowledge of optical properties should be preceding. The optical properties can be changed by the laser wavelength. In past years, a host of investigators have reported value of the optical properties, but there exists a quite large variation in these reasons [52]: 
	(1) Model assumption (e.g., isotropic-anisotropic scattering or matched-mismatched boundaries) 
	(2) Measuring technique 
	(3) Experimental apparatus 
	(4) Calibration scheme 
	(5) Biological heterogeneities existence 
	Regardless of these problems, there is need to consolidate what has been measured, and the main trust of this literature survey is to present a summary of reported optical properties measurements.  
	Generally, the scattering of light by the organic tissue is much stronger than absorption in the specific wavelength (near infra red range), which is safe range of wavelength for human tissue. The optical properties have been studied by the literature survey and are summarized in Figure 2.6 and Table 2.1. By the map of the optical properties, the most data set are congregated in the range of   and  . It shows the reduced scattering coefficient is order of 10 times of absorption coefficient. In this chapter, mainly dermis tissue is demonstrated, but aorta tissue, heart tissue, and uterus tissue are compared.  
	 
	2.3 Numerical schemes 
	2.3.1 Transient Discrete Ordinate Method (TDOM) 
	 To solve the transient radiative transfer equation for cylindrical enclosure, the Transient Discrete Ordinate Method (TDOM) is employed. The discretized equation (2.1) in axisymmetric cylindrical geometry is complicated by the presence of the angular derivative term. The means of the axisymmetric cylinder is the system not depending on the angle of ψ as shown in Figure 2.1. Thus, we only interest one plane in the cylinder medium. All sliced medium in the cylinder will be identical. However, the axisymmetric system is different with 2-D planar medium since the angular directional intensity exists, radial and z-axial directional intensity as well. Carlson and Lathrop [53, 76] proposed a direct-differencing technique for calculating the angular derivatives at the quadrature points. Using this technique, the third term on the LHS of Eq. (2.1) can be rewritten as: 
	                   (2.12) 
	where, the direction   defines the edges of the angular range of , the two terms representing, respectively, the flow out of and into the angular range. A direct relationship between   and  can be drawn on the following relationship: 
	  ,                              (2.14a) 
	  ,  .      (2.14b) 
	Then, the discretized form of equation (2.1) at one control volume cell is: 
	   
	where, the subscripts d, u, and p stand for downstream, upstream, and the cell center, respectively. The diamond scheme is used to relating the up- and down- stream intensities in a control volume cell. The control volume is shown in Figure 2.7 
	The accuracy of the DOM solutions depends on the choice of the quadrature scheme. Although this choice is, in principle, arbitrary, a completely symmetric quadrature is preferred in order to preserve geometric invariance of the solution. In the present calculations, the   scheme is adopted for the angular direction discretization, where 120 angular directional intensities exist. Discrete ordinates of one quadrature for the   scheme are introduced in Table 2.2. 
	 The final discretization equation for the cell intensity in a generalized form is:  
	     (2.16) 
	Where; 
	                                         (2.17a) 
	         (2.17b) 
	         (2.17c) 
	                      (2.17d) 
	 
	2.3.2 The grid system  
	 The grid is dived by 200 grids both radial and axial direction evenly in uniform grid system. The fine grid system is required to implement to the focused laser beam simulation. However, the accuracy and calculation time is always compromising problem. Thus, nonuniform grid systems are also employed, which grid systems supplies fine grid near laser deposition area and coarse grid other regions like as,  
	                               (2.17a) 
	                        (2.17b) 
	(Nonuniform grid system I) , , , N=201 
	(Nonuniform grid system II) , , , N=201 
	The nonuniform grid systems are plotted in Figure 2.8. The finer grid is employed to the laser deposition area, where the radiation energy is concentrated. By the implementation of nonuniform grid system, the calculation accuracy can be enhanced without severe drawback of calculation time and computer memory occupation. The change of grid size is shown in Figure 2.9 with various grid systems. 
	 
	2.4 Results and discussion 
	 Initially, the grid size influence is investigated in Figure 2.10. In the dermis tissue, the profiles of divergence of radiative heat flux along the optical axis are compared in the various grid size systems. The 100 grid system shows deviating result all time instants but over 200 grid systems show similar tendency. The selection of 200 grid system is the reasonable choice considering both accuracy and calculation time. Thus, the 200 grid system is employed to calculate from now on.  
	 In Figure 2.11, the contours of divergence of radiative heat flux are shown at certain time instant. As time advances, the radiation field propagates from the incident laser spot to the most inside tissue medium. At early time stage (t > 100 ps), the wave propagation by the radiation transfer is very obvious. Such a phenomenon could not be visualized if the time derivate term in the radiative transfer equation was neglected, nor could it be correctly predicted if a diffusion approximation that is commonly adopted in biomedical engineering field. A diffusion field clearly exists at t = 500 ps, when the influence of incident laser becomes weak and the magnitude of the radiation energy absorption becomes very small.  
	 Figure 2.12 shows the temporal profiles of the divergence of radiative heat flux at different axial locations along the optical axis. The divergence of radiative heat flux represents the absorbed or deposited volumetric laser energy in the medium. At any locations, the absorbed radiation energy is found to increase rapidly to the maximum value with the input of a short pulse and then to decrease exponentially. Initially there is a very intense energy deposition at the location at the tissue surface. For t > 40 ps, the radiation energy deposition is even lower in the proximity of the laser incident spot that at other axial locations because the irradiation of incident pulse ends at 40 ps. This is different from continuous wave (CW) laser irradiation, in which the radiation energy deposition in the proximity of the incident spot is always the strongest. This unique feature of the proposed the short pulse laser transfer in tissue medium is of great significance because it suggests that overheating to the certain tissue surface owing to larger energy deposition in the proximity of the laser spot can be avoided. The peak magnitude of absorption radiation energy becomes down in the deeper tissue medium and the time to reach of it also delays due to the flight time of the laser pulse.  
	In Figure 2.13, the accumulated divergence of radiative heat flux is shown. It represents the time integration of divergence of radiative heat flux until certain time. As long as heat transfer concepts, the accumulated divergence of radiative heat flux plays a role of the source term to increase temperature. During short time period-radiation transfer dominant period, the heat transfer by the thermal diffusion or thermal wave propagation is negligible and the absorption of radiation energy is accumulated without any thermal dissipation. The graphs shows the spatial variance of it along the dermis tissue optical axis at time instant of 500 ps, where the calculated results are compared with the simple Lambert-Beer’s analyses.   When scattering is neglected, the numerical result for the fully absorbing medium matches excellently with the Lambert-Beer’s analysis. Since scattering in the dermis tissue is strong, the analytical result from simple Lambert-Beer’s law does not match with the simulation. For absorbing-scattering tissues, therefore, Lambert-Beer’s law may not be a good approximation. Instead accurate radiation transfer modeling is desirable. 
	In Figure 2.14, the contours of accumulated divergence of radiative heat flux are depicted. The distribution change of it is trivial as time proceeding and magnitude of it also is stationary, which means that the radiation energy absorption accumulated mainly during short time period (t = 100 ps).  The radiation energy accumulation is mostly confined to the laser deposition region. The distribution depends on the optical properties of tissue and laser characteristics such as beam radius, beam shape, and so on.  
	The parametric study of optical properties is conducted. In Figure 2.15, the contours of divergence of heat flux at certain time instant are shown with various scattering coefficient and . It is clearly observed that the low scattering medium penetrates inside medium deeply. As the scattering characteristics increases, the radiation energy is confined to near the surface medium. As time advances, the radiation field propagates inside medium. The speed of propagation is slow in high scattering medium. But magnitude of the absorbed energy is strong in high scattering medium. 
	 In Figure 2.16, the contours of accumulated divergence of radiative heat flux at t = 400 ps, which time instant the radiation transfer is almost finished, with various scattering medium are plotted. Due to the low scattering influence, the radiation energy absorption is accumulated deeper inside medium. For the high scattering medium, the radiation energy absorption is concentrated near the surface medium. This can be explained with the optical penetration concepts. The extinction coefficient, which is summation of scattering and absorption coefficient, is inversely proportional to the optical penetration depth. It means that the higher extinction medium shows the short optical penetration depth.  
	In summarizing, the radiation absorption is limited in the tissue surface region with high absorbing radiation energy in high scattering medium.  
	To show this tendency clearly, the profiles of it along the optical axis is plotted in Figure 2.17. The profile of high scattering medium shows the steep gradient and strong radiation absorption exists in the surface area. It may cause the higher temperature mainly around tissue surface region increment during laser irradiation. The scattering characteristic plays the important role of the radiation energy absorption if the absorption coefficient is relatively low.  
	In Figures 2.18 and 2.19, the influence of absorption coefficient is investigated with the fixed scattering coefficient,  . The difference of the divergence of radiative heat flux at certain time stage with the various absorption properties is not obvious. It is due that the variation of absorption coefficient is not sufficiently broaden and scattering event is still influential factor. More importantly, the maximum magnitude of accumulated divergence of radiative heat flux change rapidly as absorption coefficient increases. Still less optical penetration depth is observed in the high absorption medium.  
	The accumulated profiles of radiative heat flux along the optical axis are plotted in Figure 2.20. The absorption coefficient plays a role to increase radiation energy absorption near the surface region rather than optical penetration depth. It may cause high temperature increment during laser irradiation in the high absorption medium. 
	So far we investigated the optical properties are critical factors to determine radiation energy absorption. Sometimes, the radiation energy absorption is not sufficient in the low absorption medium to increase proper temperature level. Thus, the focused beam simulation is conducted to amplify radiation energy absorption. The focused laser beam can target specific area in the tissue medium and enhance the radiation energy concentration. In the Figure 2.21, the tissue geometric model is sketched. The tissue absorption coefficient is selectively low value as  and scattering coefficient is . The collimated laser beam with 1mm radius and focused laser beam to the surface are compared.   
	For the focused laser beam simulation, the fine grid system is required to catch up the sudden gradient change of radiation energy absorption around focal region. However, the decreasing of grid size causes the calculation cost. Thus, the fine grid is employed around laser deposition area and coarse grid is employed other region. Keeping the same number of grid, the efficient calculation can be possible with the non uniform grid systems. Before using these grid systems, the validation procedure is performed in Figure 2.22. Due to the limitation of the analytical solution, the comparison among the various grid systems is conducted with the fully absorbing medium using the collimated laser beam. There exists perfect matching to the analytical solution with three grid systems.  
	With the scattering medium, the same comparison is performed in the Figure 2.23. In this case, the analytical solution does not exist and then only comparison among the grid systems is possible. Between two non uniform grid systems, the difference of profiles is trivial both radial and axial directions. The profiles with the non uniform grid systems shows more steep gradient and highly predicted at the tissue surface area compared with those of uniform grid system. However, the difference is not critical using collimated laser beam.  
	In Figure 2.24, the focused laser beam result is plotted. The higher magnitude of profile is predicted near the tissue surface with the non uniform grid systems. The steep gradient of profiles is also found out. The employing fine grid near the focal region may be helpful and the nonuniform grid system will be used to simulate the focused laser beam from now on.  
	The collimated laser and focused laser are compared with the divergence of radiative flux in Figure 2.25. The distribution difference is obvious in short time regime at t = 20 ps and t = 40 ps.  The radiation energy absorption is stronger and confined near the focal region using focused laser. This radiation absorption enhancement at specific region is beneficial factor using focused laser beam. As time passing, the diffusion process is dominant and the distribution becomes similar between two laser beam results. 
	In Figure 2.26, the accumulated divergence of radiative heat flux depicted at certain instants. For the focused laser beam, the absorption of radiation energy is accumulated to the surface region with a narrow width. The distribution of it using collimated laser is widely spread into the tissue inside both radial and axial directions. Again, the advantage of focused laser is to localize of absorbing radiation energy and amplify the radiation energy absorption. 
	Two laser beam systems are compared with axial profiles in Figure 2.27 with the accumulated divergence of radiative heat flux profile. Clearly, the higher and sharp gradient profile is observed in case of focused laser beam in the surface area. The maximum value of it is over five times of it for the collimated laser. Inside of the tissue medium, the difference of profiles becomes small.  
	In reality, the tissue is composed of multi layered medium and there exist many inhomogeneities such as blood vessels. Thus, more complicated and close to the real tissue model is introduced in Figure 2.28. The tissue is composed of three layered tissues, which are epidermis, dermis, and fatty tissue. The inhomogeneity medium is embedded with the high scattering coefficient. The optical properties of tissue are summarized in table 2.3. The epidermis tissue occupied very thin layer and shows the high absorbing characteristics. The beam is focused to the inhomogeneity location, where is located 2 mm below the tissue surface. The purpose of this simulation is to amplify radiation energy absorption around inhomogeneity region. Both collimated and focused laser beam are simulated and compared. 
	 In Figure 2.29, the 1 mm radius collimated laser beam is deposited. The divergence of radiative heat flux field is investigated as time proceeding. In early time stage,   is concentrated around the laser deposition area and shows the high magnitude. As time advancing, the divergence of radiative heat flux field broadens inside of tissue medium and the quantity decreases due to the attenuation of light. At t = 80 ps, the discontinuity of divergence of radiative heat flux field along the Z = 2 mm line is absorbed since the inhomogeneity medium embedded. Similar discontinuity of field exists at t = 200 and 400 ps. Importantly, the strong absorption of radiation energy is found out in thin epidermis region, which means the most part of light is absorbed by epidermis region and hard to penetrate to the deep inside tissue medium. 
	 The profiles of divergence of radiative heat flux along the optical axis are depicted in Figure 2.30 at sequential manner. The magnitude of profiles decreases as time marching and the field of divergence of radiative heat flux propagates deeply in the axial direction. High radiation energy absorption around tissue surface region is observed. At t = 200 ps, the axial profile shows almost flat shape.  
	 In Figure 2.31, the accumulated divergence of radiative heat flux is depicted. As far as the distribution of it, there is no obvious difference at any time instants. It means that the absorption of radiation energy almost stored even until t = 40 ps. Critical region of it is the surface epidermis region that the radiation energy is mainly absorbed. Some distortion of profiles are shown along the Z = 2 mm due to the inhomogeneity medium. So far, we have studied with collimated laser beam source. The absorption of radiation energy is weak inside tissue due to the higher absorbing epidermis tissue. It may not enough for laser treatment deep inside location. Thus, the laser beam is focused into specific region of inside tissue, the inhomogeneity medium. 
	 The sequential development of divergence of radiative heat flux is shown in Figure 2.32. At t = 20 ps, the motion of focusing is well depicted and the higher energy absorption is found in the focal region. The absorption of radiation energy broadens around focal region at t = 40 ps. At longer time instant, i.e. from 80 ps, the radiation transport becomes diffused. The shape of distribution is quite similar with collimated laser beam result and the discontinuity of distribution in inhomogeneity region is observable at t = 200 ps and 400 ps.  
	 The contours of accumulated divergence of radiative heat flux are depicted in Figure 2.33. At t = 20 ps, the focused laser beam propagation is well motioned and the converging angle of focused laser beam is 22.5º. The radiation energy is absorbed mostly in the focal region and surface region. As time advancing, the radiation energy absorption is accelerates to the focal region. Also, the diffusion phenomenon is dominant at the longer time instant.   
	 The profiles of divergence of radiative heat flux along the optical axis are shown in Figure 2.34 (a). At early time instant, higher magnitude is predicted in the focal region, which is different aspect with collimated laser. As time marching, the profiles become flatter and show the small magnitude.   Figure 2.35 (b) shows that the radiation energy absorption is mostly confined to the focal region. At t = 80 ps, the profile becomes stationary, which means radiation energy absorption finishes at that time instant. Of course, the second peak of the profile is in the epidermis region due to the high absorbing characteristics.  
	 The temporal profiles of divergence of radiative heat flux are compared between collimated laser beam and focused one in the Figure 2.36. For the collimated laser beam, the peak magnitude decreases deeper axial locations and higher value is predicted at the Z = 0. However, the higher value of profiles is predicted in the focal region for the collimated laser beam. It may be helpful to increase temperature rising at inhomogeneity region. The unique feature is observed at Z = 0 and Z = 1 mm locations for the focused laser beam. Different with collimated beam profiles, there exists second peak at the location of Z = 0 and Z = 1mm. The profiles decay exponentially after laser pulse passing certain location. The divergence of radiative flux field in focus region acts like a source term and it contribute the second peak at the location in front of focus region. More importantly, the absorption of radiation energy is strong at the focal point.  
	 In Figure 2.37, the grid systems are compared. For the non uniform grid system, the profiles shows steep gradient, especially fine grid region. Thus, the nonuniform grid system is suitable for the implementation of focused laser beam. 
	 
	2.5 Summary 
	 The transient radiative transfer was studied when the 10 ps pulse laser deposited. The solution technique is the TDOM and the proper grid size is validated by the grid system test. The divergence of radiative heat flux field propagated from the tissue surface to inside medium. For the dermis tissue, it showed the stationary behavior at t = 500 ps and the divergence of radiative heat flux was accumulated mostly tissue surface area.  
	 The optical properties are the main influential factor to determine the distribution of the accumulated of divergence of radiative heat flux. For the high scattering medium, the radiation energy absorption was limited to the tissue surface region and strong magnitude was predicted in this region. The absorption characteristics affected to the magnitude of the accumulation of radiation absorption energy rather than optical penetration since the tissue normally has high scattering event.  
	 For the low absorbing tissue medium, the radiation energy absorption was restricted and focused laser beam was considered. To simulate the focused laser beam, fine grid system around the laser deposition area is employed. It was helpful to catch up steep change of gradient of radiation energy absorption. Strong radiation energy absorption was predicted in the focal region compared with collimated laser beam. 
	 Realistic tissue model, which composed of three layered tissues and inhomogeneity tissue, was considered.  For the collimated laser beam, the high radiation energy absorption was observed in the tissue surface region, epidermis tissue due to the high absorption tissue. For the focused laser beam, the maximum radiation energy absorption was predicted in the focal region, inhomogeneity tissue. The advantage of the focused laser beam is to amplify the radiation energy absorption at selective location.  
	 
	  
	 
	 
	 
	 
	 
	   
	 
	Figure 2.1 The sketch of tissue geometric and short pulse laser deposition 
	 
	 
	 
	 
	 
	   
	 
	Figure 2.2 The implementation of propagation of surface focused laser beam 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	   
	 
	 
	 
	 
	Figure 2.3 The implementation of propagation of focused laser beam into tissue medium 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.4 The focused laser beam treatment 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	                (Collimated beam)                                    (Focused beam)                    
	Figure 2.5  The comparison of laser beam propagation between collimated laser and focused laser at certain time instant: (a) t = 20 ps, (b) t = 40 ps, (c) t = 60 ps, and (d) t = 80ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.6 The optical property map of various tissues 
	 
	 
	TISSUE TYPE
	WAVELENGTH (NM)
	ABSORPTION 
	( )
	REDUCED SCATTERING 
	( )
	CITATION
	HUMAN DERMIS
	633
	0.27
	3.55
	[52]
	HUMAN AORTA
	632.8
	0.052
	4.1
	[52]
	HEART (ENDOCARDIUM)
	1060
	0.007
	0.367
	[52]
	HEAT (EPICARDIUM)
	1060
	0.035
	0.284
	[52]
	HUMAN LIVER
	630
	0.32
	2.07
	[52]
	COAGULATED LIVER
	830
	0.088
	3.8
	[83]
	BRAIN (WHITE MATTER)
	633
	0.158
	0.204
	[52]
	BRAIN (GRAY MATTER)
	633
	0.263
	0.722
	[52]
	HUMAN BLADDER
	633
	0.14
	0.264
	[52]
	HUMAN LUNG
	630
	0.84
	0.18
	[52]
	HUMAN UTERUS
	635
	0.035
	12.214
	[52]
	BREAST (NORMAL)
	810
	0.002
	0.7
	[84]
	BREAST (TUMOR)
	810
	0.007
	0.9
	[84]
	 
	Table 2.1 The optical properties of various tissue 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.7 The control volume of the TDOM 
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	Table 2.2 The discrete ordinate and angular weight of one quadrature for   scheme. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.8 The nonuniform grid system 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.9 The comparison of grid size changing at different grid systems: (a) Change of grid size in the radial direction and (b) in the axial direction.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.10 The influence of grid size for uniform grid system: (a) t = 20 ps, (b) t =50 ps, and (c) t =100 ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.11 The contour of divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t = 50 ps, (c) t = 100 ps, and (d) t = 500 ps.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.12 The temporal profiles of divergence of radiative heat flux along the optical axis.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.13 Comparisons of the accumulated divergence of radiative heat flux profiles along the cylinder centerline after 1ms pulse train irradiation predicted by the radiative heat transfer modeling and simple Lambert-Beer’s analysis, respectively. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.14 The contour of accumulated divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t = 50 ps, (c) t = 100 ps, and (d) t = 500 ps.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.15 (a) The investigation of scattering coefficient influence at certain time instants  
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	Figure 2.15 (b) The investigation of scattering coefficient influence at certain time instants 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	Figure 2.16 Contours of accumulated divergence of radiative heat flux at t = 400 ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.17 The comparison of accumulated divergence of radiative heat flux along the optical axis at t = 400 ps with various scattering coefficient medium. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.18 (a) The investigation of absorption coefficient influence at certain time instants  
	  
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.18 (b) The investigation of absorption coefficient influence at certain time instants  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.19 The accumulation of divergence of radiative heat flux at t = 400 ps with various absorption coefficient medium. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.20 The comparison of accumulated divergence of radiative heat flux along the optical axis at t = 400 ps with various absorption coefficient medium. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	   
	 
	Figure 2.21 The geometric sketch of tissue phantom (side view) 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.22 The grid size influence with the accumulated divergence of radiative heat flux along the optical axis at t = 400 ps with a fully absorbing medium ( ). The collimated laser beam is used. 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.23 The grid size influence with the accumulated divergence of radiative heat flux radial direction along the tissue surface (a) and axial direction along the optical axis (b)  at t = 400 ps with a scattering medium ( ).  The collimated laser beam is used. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.24 The grid size influence with the accumulated divergence of radiative heat flux along the optical axis at t = 400 ps with a scattering medium ( ).  The focused laser beam is used. 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	            (Collimated beam)                                          (Focused beam)                    
	 
	Figure 2.25 The comparison of divergence of radiative heat flux between collimated laser and focused laser at certain time instant: (a) t = 20 ps, (b) t = 40 ps, (c) t = 60 ps, and (d) t = 80ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	                   (Collimated beam)                                       (Focused beam)   
	 
	Figure 2.26 The comparison of accumulated divergence of radiative heat flux between collimated laser and focused laser at certain time instant: (a) t = 20 ps, (b) t = 40 ps, (c) t = 100 ps, and (d) t = 200ps. 
	       
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	   
	Figure 2.27 The comparison of accumulated divergence of radiative heat flux profile along the radial direction between collimated laser and focused laser at t =200ps: (a) Z = 0, (b) Z = 0.25 mm, and (c) Z = 1 mm. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.28 Geometric sketch of three layered tissue with inhomogeneity  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	LAYER 
	THICKNESS(MM) 
	ABSORPTION COEFFICIENT ( ) 
	(MM-1) 
	REDUCED SCATTERING COEFFICIENT ( ) 
	(MM-1) 
	EPIDERMIS 
	0.5 
	0.355 
	0.824 
	DERMIS 
	3 
	0.049 
	0.049 
	FATTY TISSUE 
	10
	0.050 
	0.55 
	INHOMOGENITY
	8
	0.0509
	1.23
	 
	Table 2.3 The tissue optical properties for multi layered tissue.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	Figure 2.29 The contours of divergence of radiative heat flux at certain time instant: (a) t = 40 ps, (b) t = 80 ps, (c) t = 200 ps, and (d) t = 400 ps. (Collimated laser) 
	 
	 
	 
	 
	 
	  
	 
	Figure 2.30 The axial profiles of divergence of radiative heat flux along the optical axis. (Collimated laser) 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.31 The accumulated contours of divergence of radiative heat flux at certain time instant: (a) t = 40 ps, (b) t = 80 ps, (c) t = 100 ps, and (d) t = 200 ps. (Collimated laser) 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.32 The contours of divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t = 40 ps, (c) t = 80 ps, (c) t = 100 ps, and (e) t = 200 ps. (Focused laser beam)  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.33 The accumulated contours of divergence of radiative heat flux at certain time instant: (a) t = 20 ps, (b) t = 40 ps, (c) t = 80 ps, (d) t = 200 ps, and (e) t = 400 ps.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.34 The divergence of radiative heat flux (a) and the accumulated divergence of radiative heat flux (b) along the optical axis at certain time instant. 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.35 The comparison between collimated laser beam and focused laser beam with the temporal profiles of the divergence of radiative heat flux at selective locations along the optical axis.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.2 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 2.36 The grid system comparison with accumulated divergence of radiative heat flux at t = 200 ps (a) Axial profiles along the optical axis and (b) Radial profiles along the tissue surface. 
	 
	 
	 
	Chapter 3 
	 
	The transient heat conduction 
	 
	In this chapter, the transient heat conduction is modeled with both hyperbolic conduction and parabolic heat conduction. To predict the thermal response prediction during the short pulse laser irradiation, the heat conduction should be modeled. The transient heat conduction model will be formulated. The numerical method will be introduced. The solution of certain problem will be validated with existing analytical solution.  
	 
	3.1 Mathematical models 
	  The local temperature response for the axisymmetric cylindrical geometric enclosure is governed by the following energy equation, 
	  ,                   (3.1) 
	where ( is the density,   is the specific heat, and T is the temperature. The   and   represent the conductive heat flux vector and radiative heat flux vector, respectively. If only conductive heat transfer is considered, the radiative heat flux vector can be neglected. The radiative heat flux vector plays the role of the source term in the energy equation. In hyperbolic thermal wave theory, the conductive heat flux vector is expressed by [37] 
	 ,                 (3.2) 
	where the thermal relaxation time (  is introduced.  The speed of thermal wave is 
	  .                      (3.3) 
	where α is the thermal diffusivity. When    ; and Eq. (3.3) regresses to the traditional Fourier expression.  
	  .   (3.4)  
	 For the sake of analysis, the hyperbolic conduction equations are converted to vector form with non-dimensional variables as follows: 
	                      (3.5a)   
	where 
	  ,  ,  ,  ,      (3.5b)   
	and the non-dimensional variables are defined as: 
	   ,               
	             .                 (3.6) 
	where   is the reference temperature and   is the initial temperature. 
	3.2 Numerical scheme-MacCormack’s predictor-corrector scheme 
	          A survey of numerical schemes for the solution of the hyperbolic heat conduction equation can be grouped into three categories: analytical, finite-difference, and finite-element methods. Due to the complexity of the hyperbolic heat conduction equation, only a simply cases can be solved analytically. Analytical solution has been developed using methods of Laplace transform [54-56], Fourier transform [57, 58], Green’s function [59, 60], and integral equation [61].  
	Many numerical methods have been developed to solve the hyperbolic heat conduction problem. MacCormack’s predictor-corrector scheme has been known to deal with thermal wave propagation very well in 1-D problems [62, 63]. Chen and Lin devised a finite-difference scheme based on Laplace transform and control-volume methods together with a hyperbolic shape function to solve the hyperbolic heat conduction [64].  Specially tailored transfinite-element [65] and explicit Lax-Wendroff-based finite-element methods [66] have been developed to study heat conduction involving non-Fourier effect. For the present study, MacCormack’s predictor-corrector scheme is employed in following reasons: 
	(1) It is proved to deal well with thermal wave propagation. 
	(2) The discretization is relatively simple. 
	(3) The calculation time is quite fast. It is most important factor due to combine with the     radiative heat transfer problem. 
	 Here it is extended to the 2-D axisymmetric cylindrical problems.  The discretized forms of the non-dimensional hyperbolic conduction equations are as follows: 
	 Predictor:  
	               (3.7a) 
	 Corrector: 
	  (3.7b) 
	If those equation can be rewritten in the scalar expression as, 
	 Predictor: 
	       (3.8a) 
	       (3.8b) 
	      (3.8c) 
	 Corrector: 
	     (3.8d) 
	     (3.8e) 
	     (3.8f)  
	Von Neumann stability analysis is conducted and the stability criterion is: 
	            (3.9) 
	The two Courant numbers are defined as   and  .  
	MacCormack’s scheme is explicit and has second-order accuracy.  The modified equation is determined as 
	 , (3.10a) 
	where the error terms are 
	  ,  ,  (3.10b) 
	  ,  . (3.10c) 
	Because of the stability constrain, the Courant numbers cannot be unity. Thus, the error terms in Eq. (3.10) exist and correction of the error terms in Eq. (3.5) is important because it is the modified equation that is actually solved when Eq. (3.5) is integrated by MacCormack’s scheme. This can be done by subtracting the error terms from Eq. (3.5), which then becomes 
	 ,                 (3.11a) 
	where  
	  ,                  (3.11b) 
	  .                 (3.11c) 
	When MacCormack’s method is applied to Eq. (3.11), the resulting modified equation does not contain the second-order and third-order error terms. In the present computations, the error terms are discretized by second-order accurate approximations. 
	 
	3.3 The test of MacCormack’s predictor-corrector scheme 
	 The current computational code is validated through comparison of numerical results with analytical solutions. Let’s consider a hyperbolic heat conduction problem in a semi-infinite region due to axisymmetric continuous or pulsed surface heat sources as Figure 3.1.  The problem has been described and analytically solved by Kim et al. [55].  The irradiation source is simplified as a surface heat flux. In the calculations both the non-dimensional radius and thickness of the cylinder are set at 1.5. 
	 
	3.3.1 Boundary, initial conditions and source term 
	The initial and boundary conditions are followed by compared problem’s one [55] directly and specified as below, 
	 , for t = 0        (3.12a) 
	 , for t = 0        (3.12b) 
	 , at z = 0      (3.12c) 
	The source term is implemented by the entire surface heat flux as Figure 3.1. Where, Gaussian heat flux is employed. The parameter R is a characteristic beam radius which represents the circular boundary within the Gaussian source that contains 63 % of the total power incident to the surface. The function f(t) represents the temporal profile.  
	 ,  for Continuous source                (3.13a)  
	 ,      for Single pulse source     (3.13b) 
	where, u(t) is the step function and pulse duration is t- . 
	 
	3.3.2 The validation result 
	Figures 3.2 (a) and (b) show the comparisons of the calculations with the analytical exact solutions for the continuous and single pulse sources, respectively.  The non-dimensional temperature profiles along the cylinder centerline at different time instants are selected for comparison. Various grid sizes are considered in the calculations with a constant Courant number of 0.5.  It is seen that the numerical results for the case with a continuous source match excellently with the exact solutions.  The sharp wave fronts are well captured.  The numerical results for the case with a single pulse source generally match with the exact solutions. The grid size influences the quality of the simulated wave fronts in Figure 3.2 (b). With coarse grid sizes the dissipative effect is obvious and the gradients at the wave fronts tilt. With refining grid sizes the sharp wave fronts are well captured.  However, it is worthy of mentioning that the refining of grid system will increase computer memory and CPU time; and there is always a compromise between accuracy and computation costs.  
	Figure 3.3 shows the comparison result with temporal temperature profiles between numerical and analytical solution. The temporal profiles are compared at the selective location in the cylinder centerline. The results are matched well in both locations. By the error analysis, the maximum error is within 2 %. 
	Figure 3.4 demonstrates the importance of the error terms correction in MacCormack’s scheme using the above exemplary problem.  The grid size is Δχ = Δη = 0.001 and the Courant number is still 0.5. Strong numerical oscillations at the wave fronts are observed in the numerical results without correction of the error terms. These oscillations are due to the dominance of the odd derivate error terms over the even derivate term.  However, the numerical oscillations are eliminated when the error terms are corrected.  
	 
	3.3.3 Parabolic heat conduction 
	The parabolic heat conduction is also modeled and solved to compare the hyperbolic conduction. The governing equation can be achieved by the elimination of first term of Eq. (3.2). Similar with previous approach, the parabolic conduction equations are converted to vector form with non-dimensional variables as follows: 
	                    (3.14a)   
	where 
	  ,  ,  ,  ,               (3.14b) 
	The discretized equation can be derived as follow: 
	   
	           (3.15a) 
	          (3.15b) 
	         (3.15c) 
	Von Neumann stability analysis is conducted and the stability criterion is: 
	           (3.16) 
	 The comparison is conducted with analytical solution. In Figure 3.5, the temperature profile at two selected time instants along the cylinder centerline is shown. The numerical result for parabolic conduction model is well matched with analytical solution. In Figure 3.6, the comparison is conducted with temporal temperature profiles. Both continuous and pulsed source results are shown in good agreement with analytical solution.  
	 
	3.4 Summary 
	In this chapter, the hyperbolic and parabolic heat conduction were modeled and solved with numerical method. For the hyperbolic conduction, the MacCormack’s predictor-corrector scheme was employed. The grid system was tested and selected. As the fine grid is selected, the numerical result was well matched with analytical solution. The governing equation was corrected until second order error terms. With the error terms correction, the strong numerical oscillations at the wave fronts can be reduced. The numerical results were well matched with analytical solution generally. 
	 For the parabolic conduction model, the fully explicit method was used. The calculation results were shown in good agreement with analytical solution.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 3.1 The schematic diagram for axisymmetric cylinder with surface heat flux source  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 3.2 Comparison of the numerical results of hyperbolic conduction with the analytical solution [55] of the temperature profiles along the cylinder centerline: (a) continuous source; and (b) single pulse source. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 3.3 Comparison of the numerical results of hyperbolic conduction with the analytical solution [55] of the temporal temperature profiles at selective positions in the cylinder centerline: (a) continuous source; and (b) single pulse source. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 3.4 Comparisons of the calculated temperature profiles for hyperbolic conduction along the cylinder centerline with and without error terms correction:  (a) continuous source; and (b)single pulse source. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 3.5 Comparison of the numerical results of parabolic conduction with the analytical solution [55] of the temperature profiles along the cylinder centerline with continuous surface source 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	Figure 3.6 Comparison of the numerical results of parabolic conduction with the analytical solution [55] of the temporal temperature profiles at selective positions in the cylinder centerline: (a) continuous source; and (b) single pulse source. 
	 
	 
	 
	Chapter 4 
	 
	Multi-time-scale heat transfer modeling of turbid tissues exposed to short-pulsed irradiations 
	 
	Many of the clinical procedures with lasers use the so-called non-ablative thermal mode of laser-tissue interaction [1, 2]; that is, tissue is heated and irreversibly damaged by absorption of the laser energy.  The degree and extent of tissue thermal damage depends on the rate of heat generation and transfer.  Fundamentals to these applications are knowledge of multi-time-scale heat transfer in biological tissues which includes ultrafast laser radiation transport in the micro/nano time scale and transient bio-heat transfer in the meso-time scale.  
	To analyze thermal response of a laser irradiated tissue and to avoid thermal damage to surrounding healthy tissue, combined thermal radiation and bio-heat modes must be considered. In the present study, I investigate the thermal response of biological tissues to short-pulsed irradiation and the importance of hyperbolic heat conduction in the prediction of accurate temperature distribution and development in the turbid tissue.  
	In this chapter, the heat transfer procedure is modeled by two steps. The first step is the radiation transfer dominant period during 1 ms. The 10 ps pulsed laser irradiate with pulse train until achieving proper radiation energy absorption. The radiation energy absorption is accumulated until radiation transfer reaches to the steady state. The second step is the dissipation of absorbing radiation energy, which is modeled by the hyperbolic conduction and compared with the parabolic conduction. 
	 
	4.1 Mathematical models 
	4.1.1 The heat transfer modeling 
	The local temperature response is governed by the following energy equation: 
	  ,                   (4.1) 
	where ( is the density,   is the specific heat, and T is the temperature. In hyperbolic thermal wave theory, the conductive heat flux vector is expressed by: 
	 ,                 (4.2) 
	where the thermal relaxation time (  is introduced.  The speed of thermal wave is 
	  .                      (4.3) 
	where α is the thermal diffusivity. When    ; and Eq. (4.3) regresses to the traditional Fourier expression. 
	 In the case of  , the dimensional analysis of Eqs. (4.1) and (4.2) reveals that within the short pulse duration neither thermal wave nor heat diffusion is important. The laser exposure time,   induced by pulsed train is 1 ms, and it is much smaller than thermal relaxation time. The radiative heat transfer will be dominant during this time period. It results in a much localized temperature response that can be described by 
	 .          (4.4) 
	 In the meso-time scale after the turning-off of the short irradiation (1 ms), the energy equation in the axisymmetric cylindrical coordinates system is simplified as 
	  .   (4.5)  
	 For the sake of analysis, the hyperbolic conduction equations are converted to vector form with non-dimensional variables as follows: 
	                      (4.6a)   
	where 
	  ,  ,  ,  ,      (4.6b)   
	and the non-dimensional variables are defined as: 
	   ,               
	             .                 (4.7)     
	In which  and   are the tissue initial and reference temperatures, respectively. The reference temperature that represents the desirable temperature response induced by the irradiation is 65 °C in the present calculations.  This quantity was reported as a proper temperature in laser tissue welding to achieve optimum welding strength. 
	 
	4.1.2 The initial and boundary conditions 
	The tissue is assumed to be at a constant and uniform temperature of 37 °C initially.  Except for the laser incident surface which is exposed to the ambient air at room temperature of 25 °C, all other surfaces of the tissue cylinder are surrounded with tissue; and thus, remained at the constant temperature.  Thus, the initial and boundary conditions for the hyperbolic heat conduction model are given as  
	  ,  for  .                 (4.16a) 
	  at        (4.16b) 
	 , at                                (4.16c) 
	    at  .    (4.16d) 
	where  the non-dimensional ambient temperature and non-dimensional convective heat transfer coefficient is defined as .  
	 
	4.1.3 General assumptions 
	In the present models the following assumptions are adopted: 
	(1) The volume-average method is used for predicting local temperature response during a short irradiation period.  Since the thermal wave speed in tissues is generally in the order of 10-4 mm/ms, the propagation of a thermal wave is 10-4 mm in 1 ms. As compared with the dimension of a turbid tissue (1 – 100 mm), thermal propagation and diffusion are negligible within 1 ms.  
	(2) Tissue radiation emission is neglected because the tissue blackbody intensity is much smaller than the incident laser intensity.  
	(3) Tissue optical and thermal properties are thermally stable during the heat transfer process. 
	(4) Blood perfusion and thermal evaporation and/or phase change of tissue during the heat transfer process are not considered. 
	 
	4.2 Properties of tissue 
	4.2.1 Optical properties of tissue 
	 In order to discuss light transport in tissue medium, the knowledge of optical properties should be preceding. The optical properties are changing by laser wavelength. The optical properties using in this chapter is summarized in Table 4.1 
	 
	4.2.2 Thermal properties of tissue  
	 The measurement of thermal diffusivity is important not only to predict temperature response but to find out thermal wave speed. Fortunately, the thermal diffusivity of live organ has relatively small variation compared with optical properties. Cohen measured the human skin thermal diffusivity as   in 70% water contained tissue condition [67].   
	 
	4.3 Results and discussion 
	 In Figure 4.1, the tissue model with cylinder shape is sketched and the optical properties are noted in table 4.1 
	Figure 4.2 shows the contours of the temperature fields in the dermis tissue subject to a 10 ps pulse at four different time instants. At t = 20 ps, the temperature field is confined in a superficial regime around the laser spot. At t = 40 ps, the temperature field is penetrated axially due to radiation propagation. Also the magnitude of temperature at t = 40 ps is greater than that at t = 20 ps, because of the continuous absorption of the Gaussian irradiation (up to 3tp).  The temperature fields at t = 100 and 500 ps are further enlarged as compared with the figure at t = 40 ps. However, the expansion speed of the temperature field gradually slows down. This is because the local temperature response depends on the local volume-average accumulation of radiation energy absorption. When the incident pulse is turned off after 3tp, the source for radiation absorption comes only from the scattered radiation.  As time elapses, the scattered radiation becomes weaker and weaker.   
	In Figure 4.3, the heart tissue (Endocardium) is selected. Absorption and scattering properties of heart tissue is so small that the laser light penetrates into the deeper tissue medium. Then the temperature fields of it propagate deeply as shown in Figure. The speed of the temperature propagation is slower than dermis tissue case and the temperature increment after 100 ps is still predicted. 
	Figure 4.4 shows the temperature responses of three tissue types to a single 10 ps pulse at three selected positions in the centerline ( ;   0.5, and 1). It is seen that, at the location of   the temperature in the heart tissue is much higher than the temperatures in the aorta and dermis tissues. The large absorption of the dermis tissue will confine the laser radiation in a small area. When the changes of the temporal temperatures at all locations become very flat, pseudo steady state of the temperature response is then reached. The time for achieving the pseudo steady state responding to a single short pulse depends mainly on the tissue properties. It is found that longer time is required for weakly absorbing tissues, such as the heart tissue.  Generally the temperature field will reach to pseudo steady state condition in 1 ns for all the considered tissues.     
	The pulse train response in the µs/ms time scales with negligible thermal wave and diffusion is then a simple addition of the pseudo steady state temperature of the single pulses. In Figure 4.5, the temporal temperature responses of the dermis tissue subject to pulse train irradiation (105 short pulses within 1 ms) are plotted at three selective positions. The responses are linear at all positions unless they are inspected in the ps/ns time scales as shown in Figure 4.4.  In the following figures, the irradiation condition is assumed to be a pulse train of 105 pulses in 1 ms. 
	In the present studies, the incident laser power is adjusted to let the maximum temperature at the laser spot be a unity.  Figure 4.6 shows the relationships between the maximum temperature at the laser spot center and the laser power density with pulse train irradiation for the four tissues.  The smaller the tissue absorption coefficient, the higher is the required laser power.  Thus, increasing tissue absorption in the target area is important in laser surgery and treatment applications. This can be realized through proper selection of laser wavelength [1], use of endogenous or exogenous chromophores [3, 12], etc. It should be mentioned that relationships are linear when tissue emission is neglected. A logarithmic scale is used in the abscissa in Figure 4.6. 
	 The immediate temperature fields induced purely by radiation absorption of the pulse train are compared in Figure 4.7 between different tissue types. It is seen that the temperature patterns vary, depending on the tissue extinction coefficient.  In the uterus tissue (has the largest   among the four tissues), the temperature is concentrated in a very small region. In the heart tissue (has the smallest   among the four tissues), the temperature field penetrates to deep tissue.  The temperature fields are similar in the aorta and dermis tissues because they have similar   values.  
	 Thermal wave propagation follows the immediate local temperature rise, but it is only significant in the meso-time scale.  In Figure 4.8, the temporal temperature profiles in the dermis tissue at several selected locations are displayed.  Strong wave behavior is observed when   where the temperature changes periodically with decreasing amplitude.  To understand the differences between the hyperbolic heat conduction and traditional Fourier parabolic heat diffusion, the results predicted by the parabolic diffusion model are also plotted in Figure 4.8. In the parabolic diffusion prediction, the temperature decays exponentially and more slowly than the hyperbolic counterpart.  It is noticeable that the hyperbolic wave model predicts larger maximum temperatures at positions beyond the laser spot center than the parabolic diffusion model.  When the time reaches to 10 thermal relaxation times, the thermal waves fade away and the predictions between the hyperbolic and parabolic models are consistent.  
	Figure 4.9 shows the contours of the temperature fields in the dermis tissue at various time stages. The results from both the hyperbolic and parabolic models are given for comparison. In the temperature distributions predicted by the hyperbolic model, clear wave front propagation is observed. The temperatures in the wave fronts are generally high, leading to larger magnitudes in the temperature spectra in the contours of hyperbolic modeling. As time elapses, the wave front weakens and a diffusion field is quickly developing behind the front. The temperature fields predicted by the parabolic model are concentrated in the vicinity around the laser spot and a large temperature gradient exists there.  
	In Figure 4.10, the maximum temperature maps in the dermis tissue are plotted for comparison between the hyperbolic and parabolic models, where the maximum temperature for each location during the entire hyperbolic or parabolic heat transfer process is selected.  The maps are useful for estimating the thermal damage zone. It is found that in a small zone around the laser incident spot, the maximum temperature is determined by the direct radiation absorption. While in other regions, the hyperbolic model generally predicts larger maximum temperature than the parabolic model.  Thus, its thermal damage zone is larger than that predicted by the parabolic model. This finding could be significant for many laser biomedical applications. The temperature difference between the two model predictions is further visualized in Figure 4.11.  A 7% non-dimensional temperature increase is observed in some region with the hyperbolic prediction. 
	Figure 4.12 shows the nondimensional temperature profiles along the optical axis at certain time instant in heart tissue. By the radiation energy absorption, the temperature profile is achieved at 1 ms. Then the temperature profiles drop down as time advancing due to the hyperbolic conduction phenomena. The thermal wave propagation is observed clearly in early time instants and the amplitude of it decreases as time proceeding. Unique feature of thermal wave reflection takes places and it travels from the tissue end wall to the tissue surface as certain thermal speed.   
	In Figure 4.13, the temperature fields of heart tissue at various time stages are displayed and hyperbolic and parabolic conduction models are compared. The distribution of temperature field is similar between two models. However, the discontinuity of distribution is observed in the hyperbolic conduction model. At , there exist two discontinuity locations of   and . Front thermal wave travels from tissue surface and second one returns from the end of tissue wall. At delayed time instants, the thermal wave of front location decays and shows almost diffusion aspect but the reflecting thermal wave is clearly shown in Figures.  
	The comparison between the two conduction models is conducted with temperature profiles along the optical axis in Figure 4.14. In early time instants, the thermal wave propagation is obvious in hyperbolic conduction model and the profiles become similar to the profiles of parabolic conduction model at .  
	Figure 4.15 shows the temporal temperature profiles along the tissue surface at selective locations. It shows the periodic thermal wave propagation to the radial direction as well as axial direction. The maximum temperature increment at each location in the hyperbolic conduction model is higher. The peak locations of it are shifted due to the thermal wave effect.  
	 
	4.4 Summary 
	The combined radiation and conduction heat transfer model is proposed and employed to simulate multi-time-scale heat transfer in turbid tissues subject to short-pulsed irradiation.  This model integrates three steps. In the first step, ultrafast radiation heat transfer of a tissue subject to a single ultrashort pulse irradiation is modeled; and an initial local temperature response at the ps/ns time scale is obtained.  Pseudo steady state temperature response in the tissues is found within 1 ns. If the incident pulse or pulse train is in the µs/ms time scales, the temperature response is a simple accumulation of the pseudo steady state temperature for all the pulses. In the second step, thermal wave propagation is considered at the meso-time scale. In the third step, thermal waves fade away and the parabolic heat diffusion predominates. 
	Accurate radiation heat transfer modeling is needed in order to predict local temperature rise due to radiation absorption because biological tissues are generally highly scattering. The temperature distribution pattern of a tissue induced by direct radiation absorption depends on the absorption coefficient as well as the extinction coefficient.  For the uterus tissue, high temperature is concentrated in a very small region. While for the heart tissue, high temperature penetrates to deep tissue.  The temperature fields are similar in the aorta and dermis tissues because of small difference in their extinction coefficients. 
	The temperatures in the dermis tissue subject to a pulse train irradiation predicted by the hyperbolic heat conduction are compared with the parabolic heat diffusion predictions. In the hyperbolic conduction modeling, temperature changes periodically with decreasing amplitude.  In the parabolic conduction modeling, however, temperature rises first and then decays exponentially. After several thermal relaxation times the thermal wave behavior is substantially weakened and the predictions between the hyperbolic and parabolic models are consistent. The obtained maximum local temperature maps show that the hyperbolic model predicts a larger thermal damage zone than the parabolic model.  
	The temperature field in the heart tissue propagates deeply into the tissue medium since it has a small absorption and scattering characteristics. The thermal wave reflection is observed in heart tissue. As time advancing, the temperature field becomes consistent between the two conduction models. 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.1 Geometric sketch of tissue model. 
	 
	 
	 
	Tissue type
	Wavelength (mm)
	Absorption 
	( )
	Reduced scattering 
	( )
	Citation
	Human dermis
	633
	0.27
	3.55
	[52]
	Human aorta
	632.8
	0.052
	4.1
	[52]
	Heart (Endocardium)
	1060
	0.007
	0.367
	[52]
	Human uterus
	635
	0.035
	12.214
	[52]
	 
	Table 4.1 The optical properties of selective tissues. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.2 Contours of non-dimensional temperature fields of the dermis tissue subject to an ultrashort pulse irradiation at selected time instants at (a) t = 20 ps; (b) t = 40 ps; (c) t = 100 ps; and (d) t = 500ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.3 Contours of non-dimensional temperature fields of the Heart tissue subject to an ultrashort pulse irradiation at selected time instants at (a) t = 20 ps; (b) t = 40 ps; (c) t = 100 ps; and (d) t = 500ps. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.4 Temporal profiles of the non-dimensional temperatures at different locations in the tissues subject to an ultrashort pulse irradiation.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.5 Temporal profiles of the non-dimensional temperatures in the dermis tissue exposed to 1 ms pulse train irradiation. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.6 The incident laser power versus the maximum temperature at the laser spot center for various tissues.  
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	Figure 4.7 Comparisons of the non-dimensional temperature fields induced by the 1ms pulse train radiation heat transfer: (a) dermis tissue; (b) uterus tissue; (c) aorta tissue; and (d) heart tissue.   
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.8  Comparison of temporal profiles of the non-dimensional temperature in the dermis tissue between hyperbolic conduction and parabolic diffusion predictions.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	Figure 4.9 (1). Comparisons of non-dimensional temperature fields in the dermis tissue between hyperbolic conduction and parabolic diffusion models at four different meso-time: (a) ; (b) ; (c)  ; and (d)  . 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.9 (2) Comparisons of non-dimensional temperature fields in the dermis tissue between hyperbolic conduction and parabolic diffusion models at four different meso-time: (a) ; (b) ; (c)  ; and (d)  . 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.10 Comparisons of the maximum temperature maps in the dermis tissue due to purely radiation heat transfer or combined heat transfer predicted by the hyperbolic and parabolic models, respectively.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.11 Contour of maximum temperature difference image between hyperbolic and parabolic model.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.12 The nondimensional temperature profiles along the optical axis at certain time instant (Heart tissue: Endorcardium). 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.13(1) Comparisons of non-dimensional temperature fields in the heart tissue between hyperbolic conduction and parabolic diffusion models at four different meso-time: (a) ; (b) ; (c)  ; and (d)  . 
	 
	  
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.13 (2) Comparisons of non-dimensional temperature fields in the heart tissue between hyperbolic conduction and parabolic diffusion models at four different meso-time: (a) ; (b) ; (c)  ; and (d)  . 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	Figure 4.14 The temperature profiles along the optical axis at certain time instant in the heart tissue. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 4.15 The temporal temperature profiles along the tissue surface at selective locations in the heart tissue. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 5 
	 
	Experimental study for hyperbolic conduction 
	 
	In this chapter, the experimental study to examine the hyperbolic conduction phenomena. The 1D model is assumed for the experimental model. Compared with the numerical approaches solving the hyperbolic conduction model, the experimental success or meaningful data is relatively few. It may be the first validation of hyperbolic heat conduction applying to organic tissue experimentally [39]. With the advent of ultrafast laser system, the hyperbolic heat conduction problem has been widely studied relating matter of short-pulsed laser metal heating. Qiu and Tien [40] validated the hyperbolic conduction model comparing with experimental data with gold metal irradiating 96 fs pulsed laser. More recently, Herwig and Beckert failed to validate the hyperbolic conduction phenomena with their own experimental [68]. They could not observe any sharp wave front in their experiment. Similar experiments are conducted in this chapter to evaluate the hyperbolic conduction. 
	 
	5.1 Experimental setup 
	5.1.1 Temperature measurement system 
	5.1.1.1 Thermocouple 
	  The T type thermocouple is used as the temperature sensor. Its product number is COCO-010 and it is made by the Omega Company. The wire diameter is 0.25 mm. The maximum temperature measurement range is over 149 °C. The response time of this thermocouple is shorter than 0.1 sec. The T type thermocouple, with a positive copper wire and a negative Constantan wire is recommend for use in mildly oxidizing and reducing atmospheres up to 400 °C. They are suitable for applications where moisture is present. This alloy is recommended for low temperature work since the homogeneity of the component wires can be maintained better than other base metal wires. Therefore, errors due to inhomogeneity of wires in zones of temperature gradient are greatly reduced. The accuracy of various types of thermocouples is summarized in Table 1. There are international standards that specify the amount by which sensors may deviate from ideal behavior. These figures are reproduced here. The table shows the maximum permitted error in thermocouples which comply with IEC 584-2 (1982) and in PRTDs (platinum resistance temperature devices) which comply with BS 1904 (1984) Class A. In mild operating temperature range (0-200 °C), the T type thermocouple shows the best accuracy.  
	 
	5.1.1.2 Data acquisition system  
	  To record the temperature, the thermocouple is connected to the data acquisition system. The data acquisition system is composed with thermocouple input module, slot chassis, and cables. It is purchased from the National Instrument. The 8 channel thermocouple input module (model number: SCXI-1112) is used, which the 8 multiple temperature measurements are possible. The thermocouple input module is embedded in the slot chassis (model number: SCXI-1000).  The data acquisition system is shown in Figure 5.1 (a) and (b). 
	 
	5.1.1.3 The thermocouple calibration  
	  Before performing experiment, the thermocouple is calibrated. The temperature of water in water vessel is measured. The three point temperatures measured are 0, 33, and 62 °C. For measuring a 0 °C, the ice water is prepared. The temperature measurement is waited until the thermal equilibrium is reached. The water vessel is heated in the microwave and the temperature measurement is performed at 33 and 62 °C. The temperature calibrated data is shown in Figure 5.2. It shows the good match with the curve which is provided NIST. The temperature and reading voltage can be displayed in the computer screen by the Labview software interface. 
	 
	5.1.2 Sample preparation and experimental setup      
	  For the experiment, the fresh chicken breast tissue which is production of Tyson is used. The chicken breast tissue is contained in the 4 °C refrigerator before performing experiment. The tissue sample is cut in a cubic shape as a size of . It is put above the Styrofoam box. The thermocouples are embedded into the chicken breast tissue. The exact locations of thermocouples are investigated after the chicken breast tissue is sliced.  After the tissue sample reaches to the thermally equilibrium to the experimental environment, the test is conducted. The Styrofoam box is suddenly is switched to the ice block. The temperature response is recorded by the data acquisition system. The schematic diagram of experimental design is shown in Figure 5.3. 
	5.2 Experimental Results and discussion 
	  If this problem is approximated as an 1D parabolic heat conduction problem like as, 
	    in                (Eq.5.1) 
	      at               (Eq.5.2) 
	      for t = 0  in                                     (Eq.5.3)  
	  The solution can be achieved like as [69], 
	                                                     (Eq.5.4)  
	  where,   is the initial temperature of the tissue sample and   is the thermal diffusivity. The initial temperature is same as the room temperature since the tissue reaches the thermal equilibrium to the room air. Several experimental tests are attempted. Each experimental is repeated two times. The data shown in Figure 5.4 are averaged value of two time tests. The experimental results are followed by the parabolic heat conduction model. There is no obvious wave front or sudden temperature gradient change. However, by this experiment the thermal diffusivity of chicken breast tissue can be predicted. The prediction of  is summarized as a range of 0.102-0.109   in Table 5.2. It is an good agreement result of previous measurement data. Fontana et al. measured the thermal diffusivity of chicken breast as a 0.11 [70].  
	  Another experiment is conducted to evaluate hyperbolic conduction. The thermocouple is embedded to near the surface contact region between tissue sample and ice block. The thermocouple location is 0.1± 0.05 mm. The tests are repeated three times during three days.  The test results are shown in Figure 5.5. In the enlarged Figure, the sudden jump of temperature response is observed. The different locations of wave front are observed. The thermocouple locations may be various due to the multiple experiments. The vibration of thermocouple may cause the noise of one temperature response. In two profiles, two gradients of temperature response are observed. These profiles show initial slow change of temperature and sudden drop of temperature.  Recently, Antaki did a new interpretation of hyperbolic heat conduction [71]. In this paper, he developed the DPL (Dual Phase Lag) model for the hyperbolic conduction. Dual phase lags are   and   of heat flux and temperature gradient, respectively. The temperature gradient contributed this smooth change of gradient profile [71, 72].  
	  In Figure 5.6, the experimental data are compared with analytical solution of parabolic conduction model. Three locations of temperature response are plotted individually. The experimental data are quite deviated from the parabolic conduction model. For the parabolic conduction model, the temperature response always shows smooth and continuous profile. Whereas, there exists sudden change of temperature response and a wave front is observed in one of the experiments. It shows more close phenomena of hyperbolic conduction.   
	  
	5.3 Summary 
	  The experimental study was conducted to evaluate hyperbolic conduction phenomena. The temperature measurement system was set up with T type thermocouple and data acquisition system. T type thermocouple was selected due to the high accuracy and fast response time. With the data acquisition system, the multiple location measurement can be possible. The fresh chicken breast tissue was used for the tissue sample. The tissue sample in room temperature was suddenly contacted to the ice block. By the measurement of longer time temperature response, the thermal diffusivity was predicted. The problem was approximated as an 1D parabolic heat conduction problem. After the analytical solution was derived, the experimental data was compared. The thermal diffusivity of tissue sample is predicted as a range of 0.102-0.109 . The temperature measurement was performed at near the contact location, 0.1±0.05mm. The temperature response of the experimental data showed different behavior with parabolic conduction model. There exists sudden change of temperature gradient and a sharp wave front was observed in one of experiments, which are the typical aspect of hyperbolic conduction model. Some results were more close to the DPL model recently developed and interpreted.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Temperature 
	B Type
	E Type
	J type
	K Type
	N Type
	R Type
	S Type
	T Type
	-200
	-
	-
	-
	3
	3
	-
	-
	3
	-100
	-
	-
	-
	2.5
	2.5
	-
	-
	1.5
	0
	-
	1.7
	1.5
	1.5
	1.5
	1
	1
	0.5
	200
	-
	1.7
	1.5
	1.5
	1.5
	1
	1
	0.8
	400
	-
	2
	1.6
	1.6
	1.6
	1
	1
	-
	600
	1.5
	3
	2.4
	2.4
	2.4
	1
	1
	-
	800
	2
	4
	-
	3.2
	3.2
	1
	1
	-
	1000
	2.5
	-
	-
	4
	4
	1
	1
	-
	1200
	3
	-
	-
	9
	9
	1.3
	1.3
	-
	1400
	3.5
	-
	-
	-
	-
	1.9
	1.9
	-
	 
	Table 5.1 The measurement accuracy table with various types of thermocouples in different temperature conditions. 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 5.1 The data acquisition system of the National Instrument. (a) The 8 channel thermocouple input module (b) The 4 slot Chassis 
	  
	 
	 
	 
	Figure 5.2 The thermocouple calibration result. The measurement data is compared with T type thermocouple curve. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure 5.3 (a) The photo of experimental set up and (b) The schematic sketch of experimental design  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	X(mm)
	Nondimensional Temperature ( )
	 
	 
	 
	Experimental 1
	8.6
	0.578
	0.568
	0.104
	0.109
	5.2
	0.359
	0.329
	0.114
	Experimental 2
	5.8
	0.424
	0.385
	0.103
	0.102
	4.4
	0.325
	0.296
	0.1
	Experimental 3
	6.7
	0.475
	0.449
	0.101
	0.109
	3.6
	0.250
	0.225
	0.116
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Characterization study of laser exposure time 
	 
	 This Appendix includes the characterization study of laser exposure time. The short-pulsed laser is irradiated until 1 ms in Chapter 4 and it is extended until a second regime in Chapter 6. The reason of restriction of laser exposure time is to minimize the conductive heat transfer. The rational of it is that only radiative heat transfer occurs until 1 ms and the conductive heat transfer is followed by. To justify this rational, the comparison study is conducted. The short-pulsed laser is irradiated until 1 second in modeled dermis tissue.  One model is only considering radiative transfer. Other two models are that combined radiation and hyperbolic or parabolic conduction. In Figure A1, the contribution of conductive heat transfer starts around 0.1 second regime. It is decelerated inside tissue medium. In enlarged Figure until 0.01 sec, the profiles are almost identical. In Figure A2, the comparison is conducted with contour plots. Generally, the plots show similar aspect all models until 0.1 sec. Then, we can justify that the contribution of conduction is trivial before 1 ms with very safely and only consideration of radiation is a reasonable assumption. 
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	A combined transient radiation and hyperbolic heat conduction model is developed to simulate heat transfer of biological tissue subjected to short pulsed irradiations. For modeling the ultrafast radiation heat transfer, the Transient Discrete Ordinate Method (TDOM) is developed in the two-dimensional axisymmetric cylindrical coordinates.  The hyperbolic conduction model is solved by MacCormack’s scheme with error terms correction. One combination model of radiation and heat conduction is that the radiation transfer is initiated by short pulse train irradiating until millisecond time scale and heat conduction transfer is followed. The temperature always increases by the radiation transfer and the heat is dissipated to the surrounding tissue by the hyperbolic heat conduction. The typical characteristic of the hyperbolic conduction is the thermal wave propagation rather than thermal diffusion with indefinite speed.  It is found that the maximum local temperatures are higher in the hyperbolic prediction than the parabolic prediction, which can be 7% higher in the modeled dermis tissue. After about 10 thermal relaxation times, thermal waves fade away and the predictions between the hyperbolic and parabolic models are closely consistent. 
	  Other combination model is that radiation and conduction transfer always occurs together until a second time regime. The temperature prediction is compared with the experimental result provided by Dr. Kunal Mitra’s group. Generally, the hyperbolic model combined with radiative heat transfer shows very similar result with the experimental data. It also shows high temperature increment near the laser deposition area compared with the parabolic model. 
	  Own experimental study is conducted to evaluate the hyperbolic heat conduction phenomena. The fresh chicken tissue which is conserved the room temperature is suddenly contacted the ice block. Some of the results support the hyperbolic model by the temperature suddenly dropping rather that gradual temperature change.  
	  The high absorbing tissue can enhance the radiation energy absorption and temperature increment is higher. The temperature increment is localized in the tissue surface region in the high scattering tissue. The focused laser beam played a role of temperature amplification around the focal region. The finer grid system is employed to catch up steep change of gradient of radiation energy absorption. 
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