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Abstract

A new intumescent coating model including the equation of radiative heat transfer in the

expanding porous carbon layer is developed in this paper. In addition, the numerical

treatment for the expanding coating layer is by considering the expansion effects on the

property parameters, instead of dealing with the variation of grid system. The results show

the reasonable expansion behaviors and heat transfer phenomena of intumescent coating as

subject to a high heat flux. In addition, this study also shows significant effects of thermal

conductivity and radiant extinction coefficient on the transient and steady performances of

the intumescent coating.

Keyword: Intumescent Coating, Numerical Model, Porous Medium, Fire Safety, Heat-Blocking
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Intumescent coating has been widely used as an effective method for passive fire
protection in buildings. In addition, application to other flammable materials, such as wood,
polymer items, etc., has also recently been introduced. As the thin coating subject to an
intense external heat flux, it undergoes chemical reactions to form an expanded high-porosity
char layer that acts as a heat barrier to protect the substrate from reaching high temperatures.

The researches on the fire retardant performance of intumescent coatings include not
only the ingredient effects on the expanding process and the formed porous structure[1-3],
but also the laboratory-scale experiments to directly test heat-blocking efficiency as subject to
high heat fluxes[4-10]. In the experiments, the temperature of protected substances, the
temperatures inside the expanding coating, the mass loss of coating and the expanding rate
are usually measured to analyze the overall performance of the intumescent coating. On the
other hand, there were also mathematical models developed to analyzing heat transfer
behavior during expanding process[11].

Anderson and Wauters[12] established one of the earliest intumescent coating model and
was widely used as a prototype to predict the thermal behavior in an intumescent coating as
subject to high heat fluxes. They explicitly showed that the expansion rate of coating was
directly related to the rate of mass loss. Anderson et al.[13] and Buckmaster et al.[14] came
up with an improved model. They added frontal interface to separately consider the virgin
and intumescent regions of coating during expansion. The virgin region is the initial state of
the coating before reaching the pyrolysis temperature and the intumescent region is the
expanding porous char layer.

The heat-blocking mechanism of intumescent coating is often focused on the reduction
of thermal conductivity and the separation between protected substances and heat sources, as
the expanding process occurs. However, at high temperatures the radiative heat transfer in the
high porous char layer is also important and should be also be carefully considered. The
previous models used the “effective” thermal conductivity in the intumescent region, instead
of considering the conductive and radiative heat transfer separately. This model simplification
cannot reveal the real physical heat-blocking mechanism of intumescent coating and may
lead to unreliable results. Therefore, the main purposes in this work is to establish an
intumescent model with the consideration of both conductive and radiative heat transfer in
the intumescent porous layer and carry out the sensitivity analysis of the thermal properties to

further understand the physics of the heat-blocking mechanisms.
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Fig. 1 1-Dimensional model configuration for the heat expansion coating subjected to an

external heat source

Figure 1 shows the model configuration of the intumescent coating subject to an external
heat source. In the one-dimensional model, different heat transfer mechanisms are in the
virgin and intumescent regions of coating. In the virgin region, only heat conduction is
considered. However, as subject to high heat flux, the coating expands and forms char layer
of porous structure, radiation is important. Therefore, in the intumescent region, the
solid-to-solid radiation is included. A one-step endothermic pyrolysis reaction is applied to
consider the mass loss of coating. The mass and heat transfer in the gaseous phase is
neglected. The temperature of the protected metal substance is assumed to be uniform due to
the much higher thermal conductivity as compared to that of coating. According to above

assumptions, we can have two governing equations, which are the solid energy equation and

radiative heat transfer equation.

Energy equation:

2

where p is density, ¢ is the porosity, C

pﬂ:g _aq_rad_i_mh
ot oX OX

L

o 1s the specific heat,

k., is the effective thermal



conductivity, ¢, is the radiation heat flux, h_ is the latent heat, and m is the mass loss rate:

= Apg_(1-—2—)e T 2)

max

Radiative heat transfer equation:

di
=@ el @+ 2 [ 1.0)0@, Q)do (3)

where 7= /S is non-dimensional radiant path, | is the radiant intensity. The albedo
w:% g and o, is the Planck mean absorption coefficient, o, is the scattering
S a

coefficient. @ is the scattering phase function. Gray medium and isotropic scattering are

assumed.
To model the coating expansion, the grid sizes and/or the distribution of grids should
varied during the calculation. To avoid these difficulties, a simplification of the physical

model is done as the following.

It is assumed that the expansion factor } 1is proportional to the mass lost fraction,

¢
=7 Amax> 4
X %z 4)

and the x coordinate can be expressed as

L
X = IO xdx,  (dx= ydx,) (5)
The density p is assumed to be inversely proportional to the expansion factor

p=pr(l_¢%’ (6)

where p, is the local bulk density without the consideration of expansion in x, coordinate.

By introducing Eqs (4) and (5), Egs. (1) and (2) can be written as

oT  olkor]| aq., .
1-¢9)C —=—| = — |- 1 fmh 7
P1=9)C 5 axr[;(ax,} ox ot )
mr:Apr¢max(l_ ¢¢ )e_%UT (8)

The radiative extinction coefficient [ is also assumed to be proportional to the



density.

p=pL2=p ) ©)
P X X

The non-dimensional radiant path in Eq.(3) becomes 7= J‘,Bds = Iﬂr(1—¢)dsr .

The coating surface is assumed no heat conduction to the surroundings. The temperature
of the solid plate is assumed to be uniform and at quasi-steady state. In addition, a convective
heat loss is applied on the solid plate. The boundary conditions for the energy equation (Eq.
(7)) are:

aT
OX

r

=0, (10)

X = H coating

and

ke[ oT
x \ 0%,

As to the boundary conditions for radiative heat transfer equation (Eq. (3)), the coating

(11)

oT
_ h(T|x,:o —Tm)— qr|xr:0 = (PCpH )plate (Ej

X =0 X =0

surface is subjected to an external heat flux and the surface of solid plate is assumed to be

black. So the radiant heat boundary conditions are:

4" =—Qu (12)
And
G =o(T|,, )4 (13)

In this study, the property parameters for the reference case are listed Table 1. The
properties of intumescent coating vary according to its formula. In addition, the thermal physical
properties of intumescent layer are still lacking. The virgin properties are selected according to
the available literature, but the properties for the intumescent layer are assumed to be a function
of the mass loss fraction.

The differential equations are discretized by using control volume method and linearized
by using finite-difference technique. The linear matrix is solved by using Tri-Diagonal Matrix
Algorithm. The radiation transfer equation is solved by the Sn discrete ordinate method with 8
directions of Gaussian quadrature set. The grids are uniform with size 0.0005cm and there are

256 grids in the calculation.



Table 1. Thermal and physical properties (Reference)

TthkneSS, Hcoating (Cm) 0. 127
Density, p, (g/cm®) 1
Specific heat, C, (J/g-K) 2.6
Mass loss factor, ¢ I; mdt / o @rox =0.375

8
A_pr(l_i).e—E/RuT A=6.67x10" (1/s)

Mass loss rate, m  (g/cm’-s
- (8 ) E =1255x10° ( Ygmop)

max

Effective conductivity,

- ko=0.0025
k, (J/cm-K) ko (1-9) 0
Extinction coefficient, f,
Bo (1-¢) Bo=235
(1/cm)
Albedo, @ 0.5
Expansion factor, y 1+¢i( X max — 1) e =30
Latent heat, 4. (J/g) -1000
Lumped solid heat capacity,
1.2

( pC,H )plate (J/em?-K)

=~ BERaHW

In this study, a laboratory-scale experimental setup for testing the performance of
intumescent coating is simulated by a one-dimensional model. A 0.318cm thick steel plate
with intumescent coating on one side is subject to a radiative heat flux 7.5 W/cm? and the
back of steel plate has convective heat loss to surroundings (300K) with a convective heat
coefficient 0.0035 W/cm? K. The thermal and physical property parameters for the reference
case are listed in Table 1. The effective conductivity ko and radiant extinction coefficient o
are respectively 0.0025 Wem™'K™! and 235 cm™.

In the following, the simulation results of the reference case will be described and
discussed first. Then, the effects of thermal conductivity and radiant extinction coefficient in

the intumescent carbon layer on the heat blocking performance will be tested.

Description of Model Results of the Reference Case




The numerical model calculates the energy and radiative heat transfer equations by
varying the properties with the consideration of the expansion effect, instead of varying the
grid size but changing intumescent. Figure 2a shows the temperature distribution in the
intumescent coating as the function of time. After 1000s, the temperature remains steady.
Figure 2b shows the thickness of the expanding coating, it shows the coating increase rapidly
in the first 300s and one can also see that the thickness is hardly increase further after 1000s.
Figure 2c shows the conductive and radiative heat fluxes to the steel plate at 1000s. One can

see that the heat to steel plate is dominated by convection in the reference case and eventually
be about 90% of the total heat flux after 1000s.
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Fig. 2 The variations of (a)temperatures, (b)thickness and (c) the conductive and radiative

heat fluxes (qc and qr) to the solid substrate as a function of time for reference case.
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The following figures show the results of reference case at 1000s. Figure 3a
shows the distributions of temperature and mass loss fraction as a function of
thickness. Figure 3b shows the distributions of radiative (qr) and conductive (qc) heat
fluxes (the positive value is to the steel plate). Although the distribution of total heat
flux (qrt+qc) is almost uniform through the expansion layer. One can see that the
radiative heat flux is much higher than the conductive one in the full expansion region
but decreases as closer and closer to the steel plate and becomes lower than the

conductive heat flux.
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(a) (b)
Fig. 3 The simulation results of the reference case in the intumescent coating at

1000s. (a) The distributions of temperature and mass loss fraction. (b) The
distributions of conductive(qc), radiative(qr) and total heat fluxes at 1000s.

Thermal Conductivity Effects
In this model, the conductivity is assumed to be proportional to the remained

density. The temperatures of steel plate as a function of time are represented in Fig.4a.
It shows the higher effective conductivity give the faster thermal response on the steel
temperature and eventually reaches to a higher steady temperature. Figure 4b shows the
variation of thickness as a function of time. It shows the higher conductivity takes longer
time for expansion at the very beginning but have thicker expansion layer, and vice
versa. Figure 4c shows the fluxes to the steel plate for different thermal conductivities.
One can see that the higher thermal conductivity increases both radiative (qr) and

conductive (qc) heat fluxes, and consequently decreases the heat blocking efficiency.

11



E 2.5
%) k1 Thermal
EH’D I ¢ Conductivity § 2 / ” Conductivity
e y/ 0.005 3 ! 0.00
100 F 1 —_e 0.003 |f 1.5 ———-= 0.003
!
0.0025 0.0025
—_—— - 0,002 1 —_—- 0.002
50 -
- = 0.001 0.5 0.001
0 P | I PRI | ] P | 0 M R S S S BT SR |
0 200 400 600 800 1000 o] 2 400 GO0 800 1000
Tima(s) Time(s)
(a) (b)

—
—

- gr

-
0.1+ --.--------'-"'------'-‘I
o e e =

D T T T
0.001 0.002 0.0025 0.003 0.005
Conductivity Ke
(c)

Fig. 4 The simulation results of varying the thermal conductivity (ko) of virgin
coating. (a) The temperature of steel plate as a function of time. (b) The thickness
variation as a function of time. (c) The radiative(gr), conductive(qc) and total
(Q=qgc+qr) heat fluxes to the solid plate for different thermal conductivities.

The radiant extinction Coefficient Effects

The radiant extinction coefficient stands as a factor of radiant heat penetrates
through the intumescent coating. The value is assumed to be proportional to the
remained density. The temperatures of steel plate as a function of time are represented in
Fig.5a. It shows the lower extinction coefficient lead to a higher plate temperature at the
end because the radiant heat is less blocked by the high-porosity carbon layer.
Consequently, the lower extinction coefficient gives the thicker expansion layer, as
shown in Fig.5b. Figure 5c¢ shows the fluxes to the steel plate for different extinction
coefficients. One can see that as the extinction coefficient decreases the radiant heat flux
increases, while the variation of conductive heat is limited. The total heat flux to the steel
plate increases (the heat blocking efficiency decreases) with the decrease in extinction

coefficient.

12
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Fig. 5 The simulation results of varying the radiant extinction coefficient (Po). (a) The
temperature of steel plate as a function of time. (b) The thickness variation as a
function of time. (c) The radiative(gr), conductive(gc) and total (Q=qc+qr) heat fluxes
to the solid plate for different radiant extinction coefficients.
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A new intumescent coating model with the consideration of radiation in the
highly porous carbon layer is developed in this paper. The radiative heat transfer
equation is solved by Sn discrete ordinate method. In addition, the numerical
treatment for the expanding coating layer is by including the expansion effects on the
property parameters, instead of dealing with the variation of grid system.

The results show the reasonable expansion behaviors and heat transfer
phenomena of intumescent coating as subject to a high heat flux. Furthermore, more
details about the performance and heat blocking mechanisms can be obtained from
this model. In the sensitivity tests, this study also shows significant effects of thermal

13



conductivity and radiant extinction coefficient on the transient and steady
performances of the intumescent coating.

To authors’ knowledge, the thermal and physical properties in the intumescent
carbon layer, such as pyrolysis rate, extinction coefficient, thermal conductivity, etc.,
are still lacking. To better understanding the expanding process of intumescent
coating in a fire, these parameters need to be measured.
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Abstract

Due to extensive usage of fossil fuels, lack of energy become a issue now.
Accordingly, a high efficiency burner is introduced in this study, improving
combustion efficiency to achieve the goal of energy conservation.

There are various combustion phenomenon of lean premixed CHa/air -
C3Hg/CO/air and CsHs/air flame in Ceramic Granular Bed(CGB). Therefore, this study
investigates the effect of mixture velocity (ug), equivalent ratio (¢) to observation of
the combustion. Flame temperature and absolute propagation speed (Sab) are measured
by five thermocouple in this experiment.
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The results exhibit that during combustion in CGB, ug and firing rate flux (/) is
increase leading to the raise of flame temperature and Sa; In addition, Sap is
accelerated with ¢ increase. In the H. substitution for C3Hg fuel conditions, and
increase of Hz concentration leads to the fact that /' decrease slightly. Furthermore,
the thermal conductive phenomenon in CGB result in a decrease of temperature and
expansion of the lower flammable limit simultaneously. The premixed flame in CGB
has advantages of expansion of the flammable limit and enhancement of the
combustion efficiency, that assist the fuel gas application with the lower calorific

value.

Keywords: Lean, Premixed flame, Granular bed, Experiment.
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The project construction for the first high temperature regenerative combustion
system of regenerator heat flow simulation analysis module.
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The CFD simulation analysis for the regenerator, establish heat regenerator and
structure simulation technology, analysis regenerative process of heat transfer
performance, preheated air and hot exhaust gas of flow resistance. Use porous media
regression regenerator (hole pattern, hexagonal 6mm, hexagonal 9mm) of C1 / C2
value and porosity. The use of porous media model to simulate the actual full size
regenerator and performance verification, to ensure the feasibility of large-field
simulation.

Through CFD to analysis 10 series of the regenerator with endothermic /
exothermic reaction time, calculation regenerator temperature, thermal saturation time
and switching time with speed relationship, and find out the best time of the switch, in
order to save energy costs.

Keywords: Computational Fluid Dynamics CFD, porous medium, heat saturation time
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Abstract

In this study, the mass flow rate to CFD simulation of a scooter when the
cylinder head intake, the analog value and the actual measurement values compared to
each other, discussion the turbulence model of Ansys-Fluent and mesh quality for the
mass flow rate of the impact. This research carries on the analysis by the steady state,
with a fixed valve lift to compare several different turbulence model for the mass flow
rate of the size of the impact. The study found that different turbulence model has
significant differences to the size of the mass flow rate, and long simulation time
required for specific turbulence model, so in order to pick accuracy and short time of
simulation, designated prudently what kind of turbulent flow pattern is must. Finally
found the cylinder head flow simulation mode is selected k- SST more accurate

compared to other modes.
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The Experimental Study for the Carbon Dissolution

Rate of the Source Material Blowing into Hot Metal
FIRG NS A $r SR SENE T X h
Yung-Chang Liu, Haiping Sun, Chi-Cheng Lin
LRE - F RIS B A
China Steel Corporation, Kaohsiung, Taiwan.
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i34 42 (CSMP) ® -
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Abstract

In recent years, as an alternative ironmaking process, the reduction of iron ore by
carbothermic reduction or shell gas to produce direct reduced iron (DRI) is being
developed in the attempts to replace BF. On the other hand, the amount of steel
scrap increases continuously and becomes another important raw material for the steel
production. Recently, the production of steel from scrap and DRI by BOF process
has attracted the attentions. Two important issues must be acknowledged: One is the
solid scrap melting rate and its influencing factors; another is carbon dissolved into

hot metal and its influencing factors.

P RO L P BB e LR
E-mail:150185@mail.csc.com.tw
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Therefore, the dissolving reaction of some kinds of carbon powder in the hot
metal was studied as well as the effects of process conditions on the carbon
dissolution rate and yield were investigated. The results showed that: (a) When the
carbon content is less than 4% in hot metal, the amount of carbon dissolving into hot
metal is linearly increasing with time. That is, the carbon dissolution rate is constant.
(b) The sulfur content in the hot metal is also linearly increasing during the blowing
period because the sulfur contents of these carbon sources are high. (c) The
dissolution rate of the recarburizer is the fastest and the yield is the highest among
these three carbon source material under the same experimental conditions. The
results of this study will be applied in the future technology development of China

Steel smart melting process (CSMP) in the new converter.

Keyword: ironmaking, scrap melting process, carbon dissolution
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Particle size M M N N
Mineral matters in coke G N N N
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Liquid volume N N N G

G: greatly influence

S: slightly influence
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U: unclear
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Abstract

In this study, using a numerical model to investigate the influence factors which
carbon dissolved in the molten steel. We find when in the high Re number, it
generated circumfluence region. Behind the carbon particles, and causes the minimum
dissolution rate in the flow field separation point. The highest in the front stagnation
point, followed by behind the stagnation point; And in the low Re number, it doesn’t
generate circumfluence region behind the carbon particles; Therefore, the highest rate
of carbon dissolved occur in the front stagnation point, and gradually reduced to
behind the stagnation point. We can find significant influence of the mass dissolution
rate of the particle surface distribution with recirculation zone size, flow field velocity
and diffusion rate. Assuming a quasi-steady state process of dissolving carbon,
simulate of the carbon particles dissolution rate under different conditions. Finally, it
successfully established a lump system. The numerical simulation obtains the
Sherwood number, the Reynold number and Schmidt number of dominant flow field.
By using those data to fitting to a lump system by curve adaptive method, this lump
system can predict the time of carbon particles dissolution under different
conditions. This study established a mass transfer regression equation as follows:

Sh=2.81+0.52Re’>2Sc"3#
The study use this lump system of dissolved carbon, also investigate the influence of
dissolved rate of carbon particles in the molten iron with carbon particle size and

temperature of molten iron.
Keyword: numerical simulation, carbon dissolved, molten iron
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Development of Biomass Pyrolysis Technology
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Abstract

Biomass utilization is a very important carbon reduction technology. After the
COP 21 set the target about carbon reduction in the future, bioenergy is the key point
to replace fossil fuel.  There are many technology to use biomass, and
thermochemical technogy convert biomass effectively by torrefaction, pyrolysis,
gasification and combustion. Biomass fast pyrolysis technology convert solid
biomass to biomass pyrolysis oil which is the second generation biofuel that won’t

compete the food with human being.
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Heating, power generation, transport fuel and chemical are the way to use
biomass pyrolysis oil, and the most important value of biomass pyrolysis oil is to
increase energy density to 4 times and reduce pollutant emission. CPC, Taiwan
develop biomass pyrolysis technology and test 400kg feedstock and the process
stability is good. We feed 15kg biomass to pyrolysis unit in single experiment and up
to 25kg. The fluidized gas rate is 60L/min and reactor temperature is 480~500C,
and the yield, HHV, density are 60%, 4000kcal/kg and 1.1g/cm?®, respectively. The
composition of syngas are 5% CO, 3.5% COa, 4% CH4, O2 and H> are 0%. We
also conduct 140L pyrolysis oil combustion test and measure the flame temperature
up to 910°C with Infrared Thermometer.

Keywords : Biomass ~ Pyrolysis ~ Bio-oil
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