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Abstract

Numerical analysis has been carried out to analyze the combined conductive and radiative heat transfer in the

annealing process using the RTP system. The finite volume and discrete ordinates methods are used to solve the energy

and radiative transfer equations, respectively. The temperature distribution in the panel depends strongly on the op-

erating conditions. The process depends on the operating conditions such as lamp intensity, panel transport velocity,

process length, ambient gas temperatures, etc. The temperature in the RTP section increases very rapidly first due to the

intensive radiant heating and reaches the maximum. However the temperature decreases after the opaque dielectric is

changed to a semi-transparent medium. The temperature differences/gradients of the panel are small in the pre-heating

and post-heating sections but are very large in the RTP section, which may result in the large thermal stress and

displacement to cause the considerable damage of the panel. Thus, the simulations using the present computer program

are useful to obtain the optimal operating conditions and to produce the panel of good quality. � 2002 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Plasma display panel (PDP) is a display device using

the the plasma generated by the electric discharge of gas

and consists of the glass coated with the dielectric and

many electrodes. During the PDP manufacturing pro-

cess, there is an annealing process to heat the panel using

the high temperature heat sources. To control the an-

nealing process properly is very important to produce the

panel of high quality. The furnace has usually been used

to provide the enough heat during the annealing process.

However, the annealing by furnace has some problems to

require large spaces and takes long process time, in-

creasing the cost and decreasing the productivity [1,2].

Recently, rapid thermal processing (RTP) is sug-

gested as an alternative way to replace the conven-

tional annealing process using furnace. Compared to

the conventional furnace annealing process, RTP takes

shorter process time, requires smaller areas and is

more stable to the external disturbance. Thus, RTP is

expected to make rapid progress in the PDP produc-

tivity and is expected to become the next generation

annealing process for the PDP. However, we should

solve some problems caused by the process system

such as the temperature non-uniformity in the panel

due to the rapid heating, and thermal stress and dis-

placement due to this the non-uniformity of tempera-

ture [3,4].

In order to develop the optimal RTP system for the

PDP annealing process, we should understand the
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detail physics associated with the RTP system. The

most important heat transfer mode in the RTP system

is the radiative heat transfer. The radiative heat transfer

is a very complex phenomenon and depends on the

wavelength, direction and temperature. In order to

obtain the temperature distribution in the panel, we

should analyze the combined conductive and radiative

heat transfer in the panel. The radiative properties of

heat sources and panel are expressed as a function of

wavelength and temperature. In the present study, we

developed a computer program to analyze the com-

bined conductive and radiative heat transfer in the

annealing process using the RTP system. The temper-

ature distribution in the panel is obtained as a function

of time for different operating conditions. The tem-

perature distribution is also used to determine the

thermal stress and displacement of the panel to deter-

mine the optimal operating conditions using the RTP

system.

2. Mathematical model

2.1. Model equations of conductive–radiative heat transfer

Fig. 1 shows the schematic of a RTP annealing sys-

tem used in the present study. The annealing process is

divided into three parts of pre-heating, RTP and post-

heating sections. Halogen lamps in the pre-heating and

posting sections and xenon lamps in the RTP section are

used to heat the panel. The panel moves at a constant

speed in the horizontal direction from the pre- to post-

heating section in between the lamps located at in the

upper and lower parts of the RTP annealing system. The

dielectric coated on the glass substrate is initially opaque

to radiation but the dielectric becomes semi-transparent

to radiation by the intensive radiant heating in the RTP

section. It is assumed that the dielectric is changed to a

semi-transparent medium when the temperature of di-

electric reaches 650 �C.
When the dielectric is opaque to radiation, it absorbs

and reflects the radiation energy only on the surface but

the glass substrate absorbs the radiation energy inside

the medium since the glass is semi-transparent to radi-

Nomenclature

c specific heat (kJ/kg K)

F view factor

Gk spectral irradiance (W=m2 lm)
h heat transfer coefficient (W=m2 K)

H thickness of the medium (m)

Ik spectral radiative intensity (W=m2 lm)
Ibk blackbody intensity (W=m2 lm)
k thermal conductivity (W/m K)

n refractive index

q heat flux (W=m2)

qr radiative heat flux (W=m2)

qr radiative flux vector (W=m2)

r position vector (m)

T temperature (K)

x; y; z coordinates (m)

Greek letters

e emissivity

g; n dummy coordinates

j absorption coefficient (m�1)

k wavelength (lm)
kc cut-off wavelength (lm)
q density (kg=m3), reflectivity

h;/ polar and azimuthal angles

X solid angle (sr)

X directional vector

Superscripts

0 refers to the incident flux from the xenon lamp

1 refers to the incident flux from the halogen

lamp

+ refers to the hemispherical value in the posi-

tive direction

) refers to the hemispherical value in the nega-

tive direction
0 refers to the incident value

Subscripts

0 refers to the bottom surface ðy ¼ 0Þ
1 refers to the glass substrate

2 refers to the dielectric

amb refers to the ambient

c refers to the critical angle defined by Snell’s

law

in refers to the incident radiation

sur refers to the surroundings

x refers to the value in the x-direction

y refers to the value in the y-direction

k refers to the spectral quantity

Fig. 1. Schematic of the RTP annealing process.
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ation. When both the dielectric and glass substrate are

semi-transparent to radiation, the large fraction of the

incident radiation energy is transmitted through the

panel, which will results in the decrease of temperature

in the post-heating section.

In addition, the following assumptions are made in

the analysis: (1) ambient gas is assumed to be trans-

parent to radiation and has the refractive index of unity;

(2) the semi-transparent media emit and absorb but does

not scatter thermal radiation; (3) the media are in ther-

modynamic equilibrium for which Planck’s and Kirch-

hoff’s laws are valid; (4) the spatial dimensions of the

media are much longer than the wavelength of radiation

for the semi-transparent band even though the thickness

of the dielectric is very small, i.e., the coherence effects

are negligible; (5) the interface between the semi-trans-

parent medium and the bounding entity is optically

smooth; (6) the opaque dielectric and lamps are gray

diffuse emitters of radiation.

The two-dimensional computational domain in the

horizontal (x) and thickness (y) direction is used in the

present study, as shown in Fig. 2. Because the length of

lamps in the width (z) direction is long enough to cover

the panel, the temperature variation in the z-direction is

neglected.

The two-dimensional energy equation to govern the

temperature distribution in the panel is defined as

qc
oT
ot

¼ o

ox
k
oT
ox

� �
þ o

oy
k
oT
oy

� �
þr � qr; ð1Þ

where q; c; k and T represent the density, specific heat,

thermal conductivity and temperature of the panel, re-

spectively. The divergence of the radiative heat flux

vector is defined by

r � qr ¼
Z 1

0

r � qrk dk

¼
Z 1

0

jk½4pn2kIbkðT Þ � Gk�dk: ð2Þ

The spectral radiative flux vector qrk and the spectral

irradiance Gk are defined as

qrk ¼
Z

X¼4p
Ikðr;XÞXdX ð3Þ

and

Gk ¼
Z

X¼4p
Ikðr;XÞdX; ð4Þ

respectively. Ikðr;XÞ denotes the spectral radiative in-
tensity that depends on the wavelength k, spatial posi-
tion vector r, and direction cosine vector X. IbkðT Þ is the
blackbody radiative intensity that depends only on

temperature. The divergence of the radiative flux vector

defined in Eq. (2) is obtained by solving the radiative

transfer equation (RTE) within the semi-transparent

medium [5].

The opaque dielectric coated on the glass substrate

enters the pre-heating section and then is changed to a

semi-transparent medium by being heated in the RTP

section. If the dielectric is semi-transparent to radiation,

the divergence of the radiative flux vector r � qr should
be considered within the dielectric as well as in the glass

substrate. However, if the dielectric is opaque, radiation

incident on the surface of the dielectric cannot be

transmitted through the dielectric and the reflection and

absorption processes occur only at the surface of di-

electric. Then the radiation exchange is considered as

boundary conditions when the energy equation is

solved.

Fig. 3 shows the schematic of the dielectric coated on

the surface of the glass substrate. When the panel enters

the pre-heating zone, the dielectric is opaque. Thus, the

boundary conditions in the y-direction for the opaque

dielectric are defined as follows:

Fig. 2. Two-dimensional computational domain. Fig. 3. Schematic of dielectric coated on the glass.
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k1
dT
dy

����
y¼0

¼ h1ðT0 � TambÞ þ
Z 1

kc

e1kpIbkðT0Þdk

�
Z 1

kc

e1kq
r
1k;in dk at y ¼ 0; ð5Þ

�k2
dT
dy

����
y¼H1

¼ �k1
dT
dy

����
y¼H1

�
Z kc

0

e2kpIbkðTH1Þdk

þ
Z kc

0

e2kq
rþ
1k

��
H1
dk at y ¼ H1; ð6Þ

� k2
dT
dy

����
y¼H2

¼ h2ðTH2 � TambÞ þ
Z 1

0

e2kpIbkðTH2Þdk

�
Z 1

0

e2kqr2k;in dk at y ¼ H2; ð7Þ

where h; Tamb; kc and e represent the heat transfer coef-
ficient, ambient gas temperature, cut-off wavelength and

emissivity, respectively. The cut-off wavelength kc indi-
cates the wavelength for which the medium is considered

to be opaque to radiation. kc is 5 lm and assumed to be

the same for the glass and dielectric. The emissivity e1k is
0.9 for the spectral range where the glass is considered to

be opaque. The emissivity e2k is 0.996 for both 06 k6 kc
and kc P1. The emissivities are also listed in Table 1.
If the temperature of the dielectric reaches 650 �C in

the RTP section, it is assumed that the opaque dielectric

is changed to a semi-transparent medium. Thus, if the

dielectric is semi-transparent, the boundary conditions

given in Eqs. (6) and (7) should be changed, respectively,

as follows:

� k2
dT
dy

����
H1

¼ � k1
dT
dy

����
H1

at y ¼ H1; ð8Þ

� k2
dT
dy

����
y¼H2

¼ h2ðTH2 � TambÞ þ
Z 1

kc

e2kpIbkðTH2Þdk

�
Z 1

kc

e2kqr2k;indk at y ¼ H2: ð9Þ

The symmetry boundary conditions are used at x ¼ 0

and L. The room temperature is used as an initial con-

dition of the panel.

2.2. Radiative transfer model

The RTE for a spectrally absorbing–emitting me-

dium can be written as [6]

ðX � rÞIkðr;XÞ ¼ jk½n2kIbkðT Þ � Ikðr;XÞ� ð10Þ

The boundary conditions for Eq. (10) are defined as

follows for the optically smooth surface:

Ikðr;XÞ ¼ ½1� qkðhÞ�
n2k
n2k;in

Ik;in þ qkðhÞIkðr;X0Þ; ð11Þ

where n is the refractive index. qk in Eq. (11) is the re-

flectivity at the interface between two media having

different refractive indices and is obtained by combining

Snell’s law for refraction and Fresnel’s equation for re-

flection [5]:

qkðhÞ ¼
1:0 for h P hc;
1
2

nk;in cos h�nkP
nk;in cos hþnkP

� �2
þ 1

2
nk cos h�P
nk cos hþP

� �2
for h < hc;

8<
:

ð12Þ

where P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2k;in � n2kð1� sin

2 hÞ
q

and h ¼ cos�1ðX � nÞ.
hc is the critical angle given by the Snell’s law as

hc ¼ sin�1ðnk;in=nkÞ. If both the dielectric and glass are
semi-transparent as shown in Fig. 4, Ik;in in Eq. (11) can
be written as [7]

y ¼ 0 : Ik;in ¼ I01kdðcos h0 � 1Þ þ I11k þ IbkðTsurÞ;

nk;in ¼ 1; cos h0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n21k sin

2 h1

q
; ð13Þ

y ¼ H�
1 : Ik;in ¼ I2kðx;H1; h2;/Þ;

nk;in ¼ n2k; cos h2 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðn1k=n2kÞ2 sin2 h1

q
;

ð14Þ

Table 1

The thermophysical properties of the glass substrate and the

dielectric substance

Glass Dielectric

Thickness (mm) 2.8 0.025

Density (kg/m3) 2514.8 2500

Thermal conductivity

(W/m K)

1.3272 0.677

Specific heat (J/kg K) 1120.9 556.3

Emissivity (e) 0.9 0.996
Fig. 4. Boundary conditions for the radiative transfer for the

glass and semi-transparent dielectric.
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y ¼ Hþ
1 : Ik;in ¼ I1kðx;H2; h1;/Þ;

nk;in ¼ n1k; cos h1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðn2k=n1kÞ2 sin h2

q
; ð15Þ

y ¼ H2 : Ik;in ¼ I02kdðcos h0 � 1Þ þ I12k þ IbkðTsurÞ;

nk;in ¼ 1; cos h0 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n22k sin h2

q
;

ð16Þ

where I01kdðcos h0 � 1Þ and I02kdðcos h0 � 1Þ denote the
collimated intensities incident on the bottom and top

surfaces of the panel from the xenon lamps. The inten-

sities from the xenon lamps are incident only on the part

of surfaces in the RTP section as shown in Fig. 1. I11k and
I12k denote the intensities incident on the bottom and top

surfaces from the halogen lamps.

If the dielectric is opaque and glass is semi-trans-

parent as shown in Fig. 5, radiative transfer related to

the dielectric is confined on the surface and the RTE is

solved only inside the glass substrate. Thus, Eq. (13) is

used as the boundary condition at y ¼ 0 and the inter-

face condition at y ¼ H�
1 is as follows:

y ¼ H�
1 : Ik;in ¼ Ibkðx;H1Þ; nk;in ¼ 1;

qk ¼ 1� e2k:
ð17Þ

The radiative flux arrived at the infinitesimal element

dAi on the surface of panel from a lamp component Aj is

defined with the assumption that the panel surfaces are

relatively cold:

qr;0k;i ¼
XNh

j¼1
Jk;jFdAi�Aj : ð18Þ

The intensity incident on the surface can be defined as

I0k;i ¼ qr;0k;i=p. Jk;j is the spectral radiosity leaving the jth

lamp and the view factor FdAi�Aj for the geometry given

in Fig. 6 is obtained by [8]

FdAi�Aj ¼
z2

p

ðx� nÞ tan�1 ðy � gÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ ðx� nÞ2

q� �

2z2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ ðx� nÞ2

q
2
664

2
664

þ
ðy � gÞ tan�1 ðx� nÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ ðy � gÞ2

q� �

2z2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ ðy � gÞ2

q
3
775

x2

x1

3
775

y2

y1

:

ð19Þ

2.3. Thermophysical and radiative properties

The soda-lime glass is used as the substrate of the

panel. The thermophysical properties of the soda-lime

glass depend weakly on temperature [9] and the details

of the properties of the dielectric are not known. Thus

all the thermophysical properties are assumed to be in-

dependent of temperature and listed in Table 1. The

density of the soda-lime glass is well-known and

the thermal conductivity of the glass is evaluated using

the experimental correlation given by Mann et al. [9].

The specific heat of the glass is approximated by com-

bining the partial coefficients corresponding to the

weight percents of chemical components of glass [10,11]

and the same approximation is used to evaluate the

thermal conductivity and specific heat of the dielectric.

The weight percents of chemical components and the

density of the dielectric is given by the manufacturer.

Radiative properties of the soda-lime glass reported

by Rubin [12] are used which can also found elsewhere

[13]. The temperature dependency of the absorption

coefficient is not considered and the refractive index is

fixed to 1.5. The radiative properties of the dielectric
Fig. 5. Boundary conditions for the radiative transfer for the

glass and opaque dielectric.

Fig. 6. Coordinate system and nomenclature to calculate the

view factor.
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coated on the glass are measured by the manufacturer of

the PDP but are not shown here. The emissivities in the

opaque spectral range are given in Table 1.

2.4. Method of solution

The finite volume method [14] is used to solve the

energy equation (1) and the discrete ordinates method

[6] to solve the radiative transfer equation (10). S8 level
symmetric quadrature is used for the discrete ordinates

method. Details for the numerical technique is not ex-

plained here but can be found elsewhere [5,13,14].

Table 2 shows the operating conditions of the an-

nealing process for the panel of 0.632 m size. Two dif-

ferent operating conditions ‘‘A’’ and ‘‘B’’ are examined

to investigate the effects of lamp intensity on the tem-

perature distribution in the panel. The lamp intensities

for the process A are generally lower than those for the

process B. Table 3 shows the operating conditions of the

annealing process for the panel of 0.120 m size. The

process lengths in the horizontal direction and transport

velocities for the larger panel (0.632 m size) are greater

than those for the smaller panel (0.120 m size) because

the larger panel is heated more than the smaller panel.

The lamp intensity fractions in Tables 2 and 3 represent

the fractions used in the pre-heating, RTP and post-

heating sections. Thus the lamp intensity fraction of 0.3

means that 30% of lamp capacity is used to heat the

panel. The ambient temperatures in Tables 2 and 3

represent the gas temperatures in between the panel and

lamps.

The number of grid points used in the present cal-

culation is 101 in the x (horizontal) direction and 21 in

the y (thickness) directions. The grid is non-uniform and

is denser near the boundaries and interface between the

dielectric and glass. The time-step Dt used for the nu-
merical time integration is 1 s in the pre-heating and

post-heating sections and 0.1 s in the RTP section.

Table 3

Operating conditions of the processes for the panel of 0.12 m size

Pre-heating section RTP

section

Post-heating section

Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4

Process Length (m) 0.264 0.264 0.396 0.396 0.1 0.396 0.396 0.264 0.264

Lamp intensity fraction

Type A

Upper 0.0 0.0 0.3 0.3 0.7 0.3 0.3 0.0 0.0

Lower 0.3 0.3 0.4 0.4 0.7 0.3 0.3 0.0 0.0

Type B

Upper 0.0 0.0 0.7 0.9 1.0 0.3 0.3 0.2 0.2

Lower 0.3 0.5 0.7 0.9 1.0 0.3 0.3 0.2 0.2

Glass transport

velocity (mm/s)

0.7 3.5 1.6

Ambient gas

temperature (�C)
400 500 600 500 400

Table 2

Operating conditions of the processes for the panel of 0.632 m size

Pre-heating section RTP

section

Post-heating section

Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4

Process length (m) 1.0 1.0 1.5 1.5 0.1 1.5 1.5 1.5 1.5

Lamp intensity fraction

Type A

Upper 0.0 0.0 0.3 0.3 0.7 0.3 0.3 0.0 0.0

Lower 0.3 0.3 0.4 0.4 0.7 0.3 0.3 0.0 0.0

Type B

Upper 0.0 0.0 0.7 0.9 1.0 0.3 0.3 0.2 0.2

Lower 0.3 0.5 0.7 0.9 1.0 0.3 0.3 0.2 0.2

Glass transport

velocity (mm/s)

2.7 7.3 6.0

Ambient gas

temperature (�C)
400 500 600 500 400
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3. Results and discussion

Fig. 7 shows the temperature variation at the center

on the dielectric surface as a function of time for pro-

cesses A and B in case of the panel of 0.632 m size as the

panel moves from the pre-heating to the post-heating

section. As shown in Table 2, the halogen lamp intensity

fractions at the 1st and 2nd zones of the pre-heating

section for the process A are 0.0 for the upper lamps and

0.3 for the lower ones. Thus, the dielectric surface tem-

perature for the process A increases at the early part of

the 1st and 2nd zones in the pre-heating section due to

the radiant heating from the halogen lamps and con-

vection heating from the ambient gas at the temperature

of 400 �C. As the panel moves to the later part of the 1st
and 2nd zones, temperature approaches the slightly

lower value than the ambient gas temperature of 400 �C.
The halogen lamp intensity fractions at the 3rd and 4th

zones of the pre-heating section for the process A in-

creases to 0.3 for the upper lamps and 0.4 for the lower

ones. The ambient gas temperature at the 3rd and 4th

zones of the pre-heating section is also increased to

500 �C. Thus, when the panel moves in the 3rd and 4th
zones of the pre-heating section, the dielectric surface

temperature increases rapidly again and then ap-

proaches slightly higher value than the ambient gas

temperature of 500 �C. This uniform temperature period

is very important in the annealing process and required

to produce the panel of high quality. In the RTP section,

the xenon lamp intensity fractions for the process A are

0.7 for both the lower and upper lamps. The ambient gas

temperature and transport velocity in this section are

increased to 600 �C and 7.3 mm/s, respectively. Since the
intensity of xenon lamp is very intensive and the ambient

gas temperature is high in the RTP section, the dielectric

surface temperature increases very rapidly in compari-

son to that in the pre-heating section and then reaches

the maximum. Thus, the thermal stress in this region is

expected to be very large due to the large temperature

gradient in the thickness direction. Since the opaque

dielectric is changed to the semi-transparent medium

when the temperature of dielectric is higher than 650 �C,
the large fraction of radiation incident on the dielectric

surface is transmitted through the panel, which results in

the decrease of the surface temperature in the remaining

RTP section. In the 1st and 2nd zones of the post-

heating section for the process A, the halogen lamp in-

tensity fractions decrease to 0.3 for both the upper and

lower lamps with the ambient gas temperature of 500 �C.
In the 3rd and 4th zones of the post-heating section, the

lamp intensity fractions further decreases to 0.0 for both

the upper and lower lamps with the ambient gas tem-

perature of 400 �C. Thus, the dielectric surface temper-
ature keeps decreasing along the horizontal direction

and the decreasing trend of the surface temperature in

the post-heating section is generally similar to the in-

creasing trend in the pre-heating section. The surface

temperature at the 1st and 2nd zones of the post-heating

section decreases rapidly and then approaches the uni-

form value closed to the ambient gas temperature. The

surface temperature at the 3rd and 4th zones of the post-

heating section decreases in the trend similar to the

temperature variation at the 1st and 2nd zones of the

post-heating section.

The main difference between the processes A and B

for the panel of 0.632 m size is in the value of the lamp

intensity fraction. The lamp intensity fractions of the

process B in the pre-heating and post-heating sections

are mostly larger than those of the process A. However,

the differences of the lamp intensity fractions between

the processes A and B in the post-heating section are not

large when compared to those of the pre-heating sec-

tions as shown in Table 2. Thus the dielectric surface

temperatures for the process B are mostly larger than

those for the process A, especially at the 3rd and 4th

zones of the pre-heating section and the RTP section.

The general trend in the variation of the dielectric sur-

face temperature for the process B is similar to that for

the process A, which shows the rapid increase or de-

crease of the temperature followed by the almost uni-

form value.

In Fig. 8, the temperature distribution at the center

on the dielectric surface as a function of time for two

panels of 0.12 and 0.632 m sizes is shown to investigate

the effects of the panel size on the temperature history

during the process A. As shown in Tables 2 and 3, the

lamp intensity fractions and ambient gas temperatures

for the panel of 0.12 m size are the same as those for the

panel of 0.632 m size. However, the process lengths and

transport velocities for the panel of 0.632 m are larger

Fig. 7. Dielectric surface temperature variation as a function of

time for different annealing processes of types A and B for the

0.632 m panel size.
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than those for the panel of 0.12 m size. At the 1st and

2nd zones of the pre-heating section, the dielectric sur-

face temperature of the smaller panel (0.12 m size) in-

crease rapidly. However, because the process length of

0.528 m at the 1st and 2nd zones is not long enough for

the dielectric surface temperature to reach the ambient

gas temperature of 400 �C, the uniform temperature

period for the smaller panel is short, but the period for

the larger panel (0.632 m size) is relatively long. At the

3rd and 4th zones of the pre-heating section, the surface

temperature of the smaller panel increases rapidly again

in the early part of the 3rd zone and then approaches the

uniform value close to the ambient gas temperature due

to the enough process length of 0.792 m. At the RTP

section, the surface temperature variation for the smaller

panel shows the pattern similar to that for the larger

one. The surface temperature increases very rapidly in

the early part, reaches the maximum, and then decreases

gradually in the remaining part since the opaque di-

electric is changed to the semi-transparent one. In the

Fig. 8. Dielectric surface temperature variation as a function of

time for different panel sizes of 0.120 m and 0.632 m for the type

A process.

Fig. 9. Temperature distribution in the panel size for the 0.632 m panel size for the type A process.
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post-heating section, the surface temperature for the

smaller panel gradually decreases and the uniform

temperature period is not shown due to the short process

length. Using the operating conditions for the smaller

panel given in Table 3, the process length may not be

long enough for the panel to maintain the uniform

temperature during a longer period that may be im-

portant in the viewpoint of the annealing process, ther-

mal stress and displacement. The results show that the

temperature distribution in the panel depends strongly

on the operating conditions, which are functions of the

panel size, transport velocity, lamp intensity, lamp ar-

rangement, process length, etc. Thus, in order to decide

the operating conditions for the RTP annealing process,

it seems to be very useful to carry out the numerical

simulations to choose the optimal condition.

Fig. 9 shows the isotherms in the panel of the 0.632 m

size for the process A indicated in Table 2 in the pre-

heating, RTP and post-heating sections while it moves in

the horizontal direction. The temperature distribution of

the panel in the pre-heating section is almost uniform as

shown in Fig. 9(a). The temperature variation in the

thickness direction is about 2–3 �C and the variation in
the horizontal direction is almost uniform. As the panel

approaches the RTP section as shown in Fig. 9(b), the

temperature of the panel increases with increasing lamp

intensities along the horizontal direction and reaches the

maximum. After the RTP section, the temperature de-

creases with decreasing lamp intensities along the hori-

zontal direction. Thus, the temperature variation in the

horizontal direction is very large at the RTP section. In

addition, the temperature differences in the thickness

direction before and after the RTP section are not large

but is very large in the RTP section, especially at the

regions close to the dielectric surface. Since the dielectric

is opaque to radiation in the RTP section when the

temperature is less than 650 �C, the radiation incident on
the dielectric surface from the upper xenon lamps is not

Fig. 10. Temperature distribution in the panel size for the 0.632 m panel size for the type B process.
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transmitted through the dielectric medium but absorbed

only at the surface. The radiation incident on the lower

surface of the glass substrate from the lower xenon

lamps is transmitted and absorbed through the semi-

transparent glass. The radiation incident on the interface

between the dielectric surface and the glass after being

transmitted through the glass is absorbed and reflected

at the interface, which causes the temperature at the

location close to the interface to increase and to be the

maximum. The maximum temperature difference

through the thickness at this position is about 50 �C as
shown in Fig. 9(b). Fig. 9(c) shows the temperature

distribution in the panel at the post-heating section. The

temperature in the panel is nearly uniform around 506 �C
in both horizontal and thickness directions. As shown in

Fig. 9, the large temperature gradient occurs in the RTP

section due to the rapid heating in this region. Thus, the

thermal stress and displacement in the RTP section are

very larger than those in the pre-heating and post-

heating sections, and may be larger than those to be

required for the safe operation without any damages in

the panel.

Fig. 10 shows the temperature distribution in the

panel of the 0.632 m size for the process B. The positions

of the panel in the pre-heating, RTP and post-heating

sections for the process B are the same as those for the

process A. The temperature distribution in the panel for

the process B is generally similar to that for the process

A. However, the temperatures for the process B are

slightly larger than those for the process A because the

lamp intensities for the process B is higher than those for

the process A.

Fig. 11 shows the temperature distribution in the

panel of 0.12 m size for the process A when the panel is

placed in the pre-heating, RTP and post-heating sec-

tions. As shown in Fig. 8, the process lengths in the pre-

heating and post-heating sections are not long enough to

maintain the uniform temperature under the operating

conditions for the panel of 0.12 m size given in Table 2.

Thus, the temperature distribution of the panel in the

Fig. 11. Temperature distribution in the panel size for the 0.120 m panel size for the type A process.
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pre-heating and post-heating sections is not uniform and

shows slightly larger temperature difference than that for

the panel of 0.632 m size in the horizontal and thickness

directions. The temperature distribution of the panel in

the RTP section is similar to that for the panel of 0.632

m size and the large temperature differences in the hor-

izontal and thickness directions occur in the RTP section

due to the rapid heating.

Fig. 12 shows the computational and experimental

results for the temperature variation at the center of

dielectric surface along the horizontal direction for the

panel of 0.12 m size. The computational result agrees

well with experimental one, showing the validity of the

present computation.

4. Conclusions

A two-dimensional and unsteady computer program

has been developed to analyze the combined conductive

and radiative heat transfer in the annealing process

using the RTP system. The finite volume and discrete

ordinates methods are used to solve the energy conser-

vation and radiative transfer equations, respectively.

The radiative properties for the heating sources and

panel are given by a function of wavelength.

In the pre-heating section, the panel temperature

initially increases rapidly and then maintains the uni-

form value. The process is repeated depending on the

operating conditions of lamp intensity, panel transport

velocity, process length, ambient gas temperatures, etc.

The general trend of decreasing panel temperature in the

post-heating section is similar to that of increasing in the

pre-heating section. The temperature in the RTP section

increases very rapidly first due to the intensive radiant

heating by the xenon lamps and reaches the maximum.

However the temperature decreases after the opaque

dielectric is changed to the semi-transparent medium.

The temperature differences/gradients of the panel in

the horizontal and thickness directions are small in the

pre-heating and post-heating sections but are very large

in the RTP section, which may result in the large ther-

mal stress and displacement to cause the considerable

damage of the panel.

The temperature distribution in the panel depends

strongly on the operating conditions. Thus, the simula-

tions using the present computer program are useful to

obtain the optimal operating conditions and to produce

the panel of good quality.
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