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ABSTRACT

This research has studied the experiment of porous media burner for LPG as fuel using
porous media in the compact burner. The study parameters of the experiment were
porous media size, fuel flow rate, air flow rate, and equivalence ratio. This system is
using LPG fuel and using air for combustion. The compact burner diameter size 67 mm,
length 200 mm and rape with fiber paper insulator thickness 5 mm all length of the
burner and inside of burner contained with porous media long 100 mm. The porous
media material in this experiment is Al2O3 in sphere shape with diameter size 3mm,
Smm, and 10mm. In this experiment, the temperature distribution was measured by
thermocouple 1-20channel every 5 mm. The experiment condition is combustion in
range of LPG between 175-525 cc/min with air 15,000-25,000 cc/min. The conditions
for increasing the maximum temperature of combustion using porous media that is
downsizing porous media ball, increase fuel flow rate, decrease air flow rate and
increase equivalence ratio. From the result of the phenomena within LPG porous
burner, the outcome is that porous media can help to support the combustion as the
flame holder, flame stabilizer, well temperature distribution and slowly responded to

change in thermal load.

Keywords: Porous media combustion, Al,O3, LPG, Compact burner, High
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Energy is necessary for human life and it is also a fundamental factor in national
development. Thailand has many types of energy sources, but a small amount compared
to other countries and the important energy role in driving national development is
energy from fossil fuels such as Crude oil, which mostly used for power generation,
transportation, and raw materials for the production of many types of industries. Every
time the world crisis occurs, such as a war in the Middle East or the volatility in oil
world markets, Thailand was affected by both economic and social. Because Thailand
still has to rely heavily on imported oil from abroad each year. In addition to the above
problems, Thailand still has high energy consumption problems for economic
development. In the past 15 years, Thailand of energy consumption rate is more than
1.4 times the economic growth rate. In other words, If the country's economy grows 5
percent per year, energy spending will grow by 7 percent per year, it is quite high.
Compared to developed countries such as the United States is 0.80 percent per year,
Japan is 0.95 percent per year. It means Thailand use energy consumption for economic
development in wastefully. Any wasteful consumption of energy thus puts high
production costs and, also losing a lot of money to import energy. The best solution to
this problem is the amount of the existing energy saving and maximum efficiency.

At present, the development of heat exchanger is another way to use energy efficiently.
The heat exchanger is the main engineering device that widely used in industrial
applications. The process of a heat exchanger requires a certain amount of energy to
drive the process. Recently, high temperature heat exchangers (800~1000 °C) play an
increasingly important role in various industries, for example, electricity industry (high
temperature fuel cells and heat exchangers for gas turbines) and the chemical industry
(hydrogen production and high temperature reactor). Increasing the temperature of the
heat exchange process can increase the thermal efficiency, which can use less fuel and
reduce emissions. At present, the porous media combustion technology is used in the
high temperature heat exchanger, which has advantages due to the uniform temperature

distribution, higher burning rates, increased power dynamic range, extension of the lean



flammability limits, and low emissions of pollutants over the free flame combustion.
For these reasons, porous media combustion is selected to use as a burner for the high
temperature heat exchanger. In order to study the feasibility of porous media
combustion technology in applications, the experimental works will be carried out to
explore the possibility of this technology for practical applications and to design and
development of capable porous media combustion for the high temperature heat
exchanger.

1.2 Research Objectives

To study parameters affecting combustion in porous materials
1. Impact of pm ball size
“ Porous media ball diameter size Smm and porous media ball diameter
size 10mm
2. Impact of arrange pm ball size in burner
“ Arrange 1 and 2 size of porous media in burner “
3. Impact of fuel flow rate
“300 cc/min, 325 cc/min, 350 cc/min, 375 cc/min and 400 cc/min
4. Impact of air flow rate
“ 15,000 cc/min and 20,000 cc/min
5. Impact of equivalence ratio
“ Equivalence ratio of the fuel flow rate in the range 200-500 cc/min
with air flow rate in the range 15,000-25,000 cc/min condition

1.3 Scope of work

1.3.1 Scope of an equipment

1. Using the compact burner diameter size 67 mm, long 200 mm and rape with
fiber paper insulator thickness 5 mm all length of burner and inside of burner was
contained with porous media long 100 mm.

2. Using LPG fuel consisting of propane 70 % and butane 30 % by volume.

3. Using air for combustion.

4. Using data logger model GRAPHTEC GL800 for collect temperature data.

5. Using thermocouple type K for measure temperature in the burner (type K
thermocouple operation range is —270-1260 °C)

1.3.2 Scope of an experiment



1. The material creates porosity in this experiment is Al>O3 in sphere shape with
size 3mm, Smm, and 10mm.

2. The maximum temperature not above 1200 °C

3. The fuel flow rate is in the range 175-525 cc/min

4. The air flow rate is in the range 15,000-25,000 cc/min

5. The arrangement of porous materials in the burner is randomly arranged.
1.3.3 Scope of an analysis

1. Porous media does not react to burns.

2. Chemical equation of LPG is 0.7C3Hg + 0.3C4H10

3. Collecting temperature distribution according to the height of the porous
combustion burner in each condition.

4. Compared distribution temperature of parameter porous media size between
only diameter 5 mm and 10 mm.

5. Compared distribution temperature of parameter arrange porous media ball
size in burner between 1 size and 2 size.

6. Compared distribution temperature of parameter fuel flow rate between 300,
325, 350, 375, 400 cc/min.

7. Compared distribution temperature of parameter air flow rate between
15,000, 20,000, 25,000 cc/min.

8. Compared distribution temperature of parameter equivalence ratio.

1.4 Expected benefits

1.4.1 A Prototype of the compact porous combustion burner for develop the porous
combustion burner.

1.4.2 Develop the porous combustion burner efficiency.

1.4.3 Understand the burning behavior of the porous combustion burner using LPG

fuel.



CHAPTER 2

LITERATURE REVIEW

2.1 History of porous media combustion development

Combustion in porous media was widely accepted in superior performance for many
applications. For example, low heating value fuel burner, cooking stove burner, and the
heat engine applications. The significant advantage is the higher combustion
temperature due to the additional heat recirculation from radiation heat transfer of
product downstream. Moreover, strong dispersion of the flow within porous media
allow thermal energy to spread across the combustion zone, which resulted in a less hot
spot in such area (Onthong, Boobchauy, & Wasinarom, 2017). Therefore, it is possible
for flame stabilization of highly diluted, low heating value fuel. However, a specific
operating condition needs further investigation, as it is significantly sensitive to the
performance characteristic. Combustion in porous media is a complex physical
phenomenon. It is not easy to investigate the experimental technique alone. It starts
with the combustion of the mixture in a porous cavity. Convection heat transfer
occurring between the gas cavity and the porous matrix is not thermally equilibrium.
Conventional combustion stabilization technique makes use of the recirculation heat
from hot products, which is in convection mode. However, the hot product would dilute
the incoming mixture. Then, it is not possible to obtain product temperature higher than
the adiabatic flame temperature of the mixture. In contrast, with combustion in porous
media, radiation heat transfer from hot porous matrix to cold mixture region without
mixing of fuel stream is the critical factor of flame stabilization (Voss et al., 2013). This
feature of flame stabilization mechanism has distinguished it from the conventional
burner. Moreover, it is possible to obtain super adiabatic flame temperature at some
region because of non-diluted fuel stream (Coutinho & de Lemos, 2012).

Srilomsak et al. (Srilomsak, Aungkharuengrattana, Sesuk, Charoensuk, &
Charochrojkul, 2015) investigated an arranged of various porous media materials for
needed energy to fulfill the requirement of the reactor. The porous media material in
this experiment is 25mm ceramic saddles, random size bio-filter media, ceramic foam,
and ceramic balls. The highest thermal efficiency is using a ceramic foam, bio-filter

media and ceramic saddles, respectively as porous media. The thermal efficiency of this



burner system is 18.86%. Most of the energy loss was due mainly to: 1) heat loss at the
top of the reactor where the metal part was directly exposed to the atmosphere, 2) a
large amount of energy loss at the furnace stack, and 3) an insufficient mixing at the
early stage of combustion at the bottom of the furnace as noticed by high carbon

monoxide (CO) concentration in the exhaust gas.

2.2 Fundamental of heat transfer

When two positions have different temperatures, they will have energy transferred from
high temperature position to low temperature position. Energy is moving with the effect
of different temperatures. This is called heat. Although thermodynamics is a study of
energy transfer. However, it is only studied the heating system in a balanced state.
Therefore, the rules in thermodynamic subjects can only be used to predict the amount
of energy used to change the state of the heating system in a balanced state. However,
it is unable to tell how fast the changing state occurred. The heat transfer can be used
to define the rate of heat transfer.
Methods to be used in thermodynamics and heat transfer analysis is considered by the
hot iron bar will heat up when it is soaked in hotter water. By the rules of
thermodynamics, the temperature of the iron bar and hot water can be obtained when
the iron bar and hot water are in a balanced state. But the heat transfer rate, the
temperature in the given time period ,and the time that the iron and hot water have the
desired temperature cannot be determined. Analysis of heat transfer can predict the rate
of heat transfer from hot water to steel bars. In addition, it can also calculate the
temperature of steel bars and hot water in time term.
Heat can be transferred in 3 different modes (CENGEL, 2000), which are

2.2.1 Heat conduction

2.2.2 Heat convection

2.2.3 Heat radiation
2.2.1 Heat conduction
Conduction is the transfer of energy from more energetic particles to less energetic
particles. When the temperature gradient occurs in an object. The rate of heat
conduction gy, is proportional to the temperature difference, the heat transfer area, and

inversely proportional to the thickness. That is,



(Area)(Temperature difference)

Rate of heat conduction «

Thickness
Or,
T,—T, AT
= kA = —kA— 2-1
i Ax Ax &
Where, qr = Rate of heat conduction, Watt

A = The heat transfer Area, m?

T = The temperature difference across the layer, K

x = The thickness of the layer, m

k = The thermal conductivity of the material, W /m? - K

Or reduces above equation to the differential form,

dT
Qe = —kA— (2-2)

which is called Fourier’s law of heat conduction. The negative sign in Equation (2-2)
ensures that heat transfer is a positive quantity because Heat is conducted the direction
of decreasing temperature so the slope of the temperature cure on a T-x diagram in
Figure 2-1 is negative quantity.

T

slope —{ <0

T(x)

0>0

Heat flow

Figure 2-1 The direction of heat flow
Source: CENGEL, Y. A. (2000). HEAT TRANSFER: A Practical Approach. McGraw-Hill (Vol. 57)

2.2.2 Heat convection



Convection is the mode of energy transfer between a solid surface and the fluid. When
the fluid move passes the surface of solid with a different temperature, it will transfer
heat. This convection process is a common phenomenon. However, in reality, the
convection process is very complicated. When currents are produced only by
temperature-derived density differences in the fluid, it is known as natural convection.
When the convection currents are due to an external factor such as a pump or fan, this

1s forced convection.

Forced Natural
convection convection
Air

I_IIS: hotegd)> A f@\ !

Figure 2-2 The cooling of a boiled egg by forced and natural convection
Source: CENGEL, Y. A. (2000). HEAT TRANSFER: A Practical Approach. McGraw-Hill (Vol. 57)

Despite the complexity of convection, the rate of convection heat transfer is observed
to be proportional to the temperature difference, and is conveniently expressed by

Newton’s law of cooling as

qc = h_cA(Ts - Tf,OO) (2-3)

Where, q. = Rate of heat conduction, Watt

h_C = The average convection heat transfer coefficient, W /m? - K

A = The surface area through which convection heat transfer takes
place, m?

T; = The surface temperature, K

T¢ = The temperature of the fluid sufficiently far

from the surface, K



Relative

Uniform velocities
approach of fluid layers
velocity, V'
—_—
— — -1 Zero
. | velocity
— — at the
_ . —> " surface
Solid block

Figure 2-3 A fluid flowing over a stationary surface comes to a complete stop at the
surface because of the no-slip condition

Source: CENGEL, Y. A. (2000). HEAT TRANSFER: A Practical Approach. McGraw-Hill (Vol. 57)

Point of observation of Figure 2-3 is the velocity that is reduced in the direction that
enters the surface of the solid block with the effect of friction force due to the viscosity
of the fluid. And the fluid in motion comes to a complete stop at the surface and assumes
a zero-velocity relative to the surface. The heat transfer from the solid surface to the

fluid layer adjacent to the surface is by pure conduction, and can be expressed as

. aT . —
Geona = —Kr P = Geonv = hc(Ts - Tf,oo) (2-4)
Yly=o

Where, T = The temperature distribution in the fluid, K

dT /0yl -0 = The temperature gradient at the surface, K
From this point, it is possible to find dT /dy/|, -, value at the surface of the object and
the fluid layer attached to the surface that the heat conduction rate is equal to the heat
convection rate.
The average convection heat transfer coefficient will depend on the density, viscosity
and velocity of the fluid. Also, including depending on various thermal properties such
as the thermal conductivity of the material k and the specific heat C,,. In the forced
convection, the velocity of the fluid in system is determined by the pump or fan but the
velocity of the fluid in the free convection will depend on the difference between the
temperature of the surface of solid and the fluid, the coefficient of fluid expansion and
the field of force, such as gravity, when the system is on the earth etc.

2.2.3 Heat radiation



Conduction and convection heat transfer requires a medium to pass through, but
radiative heat transfer does not, such as in a vacuum area. The radiation heat energy
will move in the form of electromagnetic waves that have speeds same to the speed of
light 3 x 10'%cm/s. The energy that moves in the form of electromagnetic waves has
many types, such as X-rays, infrared rays. But for this, only the heat energy from
radiation is considered.

The amount of energy transmitted from the surface of the object in the form of heat
radiation depends on the absolute temperature and the characteristics of the surface of
the object in maximum radiation. Also known as a blackbody, the rate of heat radiation

1s

qr = oAT* (2-5)

Where, qr = The rate of heat radiation, Watt

o = The stefan-boltzman constant value is 5.67x10% , W /m? - K*

A = The surface area of the object, m?

T = The surface temperature, K
The equation (2-5) is shown that the rate of heat radiation is direct variation with the
absolute temperature and the surface area of the object emitting or absorbing thermal
radiation. The rate of net radiation does not depend on the environment but depends on
the temperature difference between the objects that are exchanging heat. If a blackbody
radiates heat to the surrounding object and the surrounding object is blackbody that can
absorb all the energy from the radiation that comes from another. The rate of heat
transfer from the radiation of a blackbody with a temperature of T1 to a blackbody at a

temperature of T2 is expressed as

qr = cA(T = T3) (2-6)

Where, T; = The surface temperature of blackbody, K

T, = The surface temperature of the surrounding blackbody, K
The real objects will not be able to radiate as much heat as the imaginary radiators,
called blackbody. But if the real object can radiate heat same with blackbody in constant

ratio. The radiate heat rate of real objects is expressed as



q, = ogAT* (2-7)

Where, € = The emissivity of the surface, K

The property emissivity has value in the range 0 < € < 1, and a blackbody is 1.

2.2.4 Heat conduction in the sphere

For the heat conduction in the spherical coordinates (r @ 6) from Figure 2-4,

considering the coordinates of a point in rectangular and spherical coordinate systems:

Figure 2-4 A differential volume element in spherical coordinates (r @ 6)

Source: CENGEL, Y. A. (2000). HEAT TRANSFER: A Practical Approach. McGraw-Hill (Vol. 57)

16(k26t)+ 1 6(k6t>+ 1 a(k_ 06T>+
r2ar\"" ar) T r2sinz009\"9p) T r2singag\“ """ ag) T T

2-8
o (2-8)
~ Porge
In the case of heat conduction equation in one dimensional
10 ot Jt
— — kr2 = = — 29
r2 or (kr ar) 40 =Py ot 2-9)

In the case of heat conduction equation in one dimensional, steady-state condition and

no heat generation:
d dt
(kr2 —> +q,=0 (2-10)

r2dr dr
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In the case of heat conduction equation in one dimensional, steady-state condition, no

heat generation and k are constant value:

1d dt\ qo
— (2= — = 2-11
rzdr(r dr)+ 0 ( )

2.3 Fundamental of combustion

Combustion is an oxidation reaction at high temperatures between fuels or substances
that can burn quickly with oxygen and exude heat during the reaction. Substances that
can be burned in fuel are carbon (C), hydrogen (H) and sulfur (S). Combustion can be
divided into 3 types, which are

1 Solid fuel combustion

2 Liquid fuel combustion

3 Gaseous fuel combustion
This study only focuses on solid fuel combustion. The principles of combustion
reactions that occur in elements not different in all three types of combustion.
2.3.1 Combustion reaction
The combustion reaction is an oxidation reaction between the various components in
the fuel (C H N O S) with oxygen in the air and the product of combustion in the form

of combustion gases. The heat from the combustion reaction is shown in the equation.

Fuel + Air — Product + Heat
Reactant — Product + Heat

2.3.2 Factors involved in combustion

2.3.2.1 Sufficient air to combustion: The amount of air that is sufficient to fuel
combustion is required to have sufficient air or oxygen proportions for combustion
reactions. The minimum amount of air that can cause complete combustion is called
theoretical air, which can be found from the theoretical complete combustion reaction
equation of carbon, hydrogen and sulfur above.

2.3.2.2 Burning time: The reaction combustion, it takes time to get a complete

combustion reaction. In particular, the burning in the combustion burner requires that
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the fuel is burned for a long period of time to be reacted to burn out completely. If the
burning time is not enough, will result in low fuel efficiency and low fuel consumption.
2.3.2.3 Combustion temperature: Fuel combustion is a chemical reaction which the
speed of the reaction depends on the temperature of the reaction. If the combustion
temperature is high, the speed of combustion will also be high as well. But in the
burning process, it is necessary to control the temperature to the extent that the furnace
material can be high heat resistant. Which is about 1500 °C.
2.3.2.4 Turbulence: Fuel combustion is a reaction of fuel and oxygen or air. If during
the burning have turbulence in the burner, A good mix of fuel and oxygen causes more
complete combustion.
2.3.3 The theoretical ratio of excess air and fuel
From the factors involved combustion above, it was found that the most important for
complete combustion is sufficient air volume. And the factors for complete combustion,
which is called the 3T factor; Time, Temperature and Turbulence. Therefore, in fuel
combustion, it is necessary to know the sufficient amount of air (theoretical air) to
theoretical combustion. Each type of fuel uses air volume per fuel volume (air to fuel
ratio; A/F) in theoretical combustion is different. In addition, the amount of air used in
the actual fuel combustion may be greater than the theoretical air volume. In fact, when
using the air volume equal to the theory, the chance that the oxygen will react with the
fuel in complete combustion is not much or take a very long time to combustion
completely. Therefore, it is necessary to supply air in quantities greater than the theory
called excess air. For the effects of air volume or air-to-fuel ratio on combustion are as
follows:

2.3.3.1 If the exact amount of air in combustion is less than the theoretical air
(A / F actual < A / F theoretical), Incomplete combustion occurs that cause low heat
and cause pollution such as CO occurs.

2.3.3.2 If the exact amount of air in combustion is more than the theoretical air
(A / F actual > A / F theoretical), The chance of complete combustion has increased.
But the excess air condition will cause some amount of heat from the reaction to burning
02, N to rise temperature.
2.3.4 Determination of excess air
For finding excess air, it can be done in 2 ways:

1. Measuring the amount of air entering the actual combustion reaction (A / F

actual)
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2. Measuring the amount of oxygen remaining from the combustion at the exit
of the combustion furnace and then calculating back to find the amount of air remaining
from the combustion, which considers that this air is the air that is inserted beyond the
requirement. In general, the excess air volume explains in percentage. The percentage
of excess air (% Excess air) or the percentage of theoretical air (% Theoretical air)

which can be calculated as follows.

A/Fac - A/Fth
A/F

WEA = ( ) x 100% (2-12)

2.4 The principles of porous material

The material of the porous material that is used as a component in the combustion
burner is ceramics with alumina mixture.

2.4.1 Heat transfer in porous material

The porous material is a material that has a high surface area per volume, high
temperature resistance, and has a significant contribution to combustion, which causes
energy recirculation. In the system, the porous material will absorb some enthalpy of
hot product and then radiating heat back to the source of the burner and because the
porous material has a high surface area to volume ratio, heat transfer is highly effective
too. Currently, the porous material has been produced in various forms due to the use
of porous materials to increase the efficiency of the burners. And also use porous
materials for other thermal devices such as heat engines, power generation equipment

using temperature differences, high temperature heat exchangers.
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Figure 2-5 Schematic of a typical two-layer premixed PM burner, showing the major
heat transfer modes and directions

Figure 2-5 The principles of heat transfer in porous media is when hot gas from
combustion flows through porous materials, the porous material will absorb heat or
enthalpy from the hot gas and radiant heat to the porous material on the upstream.
Therefore, when the air and fuel with low temperatures flow through, it will get heat
with enthalpy that the porous material absorbs. The air and fuel have a higher enthalpy
value. As mentioned above, the combustion system under the heat radiation of porous
materials has a high combustion efficiency and the fuel economy to the combustion
system.

2.4.2 Heat recirculating combustion in porous material

Heat recirculating combustion system is a high efficiency combustion system, energy
saving, and low CO release. At present it widely used in industrial plants because this
system, when applied, can increase combustion efficiency and save energy efficiently.

2.4.2.1 Heat recirculating combustion operation :
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Heat-recirculating combustion (Excess enthalpy flame)

Heat of

Combustion

|

Heat-recirculating

-

Normal combustion (Adiabatic flame)

Enthalpy T = Heat loss
Heat of Exh
Combustion xhaust
Flow pathway

Figure 2-6 Comparison of operation the system combustion between with and
without heat circulation
Figure 2-6, enthalpy history without heat recirculation, Fuel flow through the intake
into the left-hand side and the burning occurs, the combustion temperature will be
increased. The exhaust gas generated in the system will flow out on the right-hand side,
with the heat from the exhaust gases that not being stored. Compare with enthalpy
history which shows the system that has heat circulation from the exhaust gas to preheat
the intake gas. The combustion with continuous preheat have higher combustion
temperatures and combustion rates than the combustion without preheating. And in the
case of same the highest temperature of the combustion, it was found that the amount
of fuel used in the combustion with the heat recirculation system uses less than the
combustion without heat recirculation, thus saving a lot of energy. In addition, the
combustion with heat recirculation also has a high burning velocity and the high
combustion intensity. The heat recirculation system can be designed for a combustion
burner to be small, compact, and also help to expand the flammability limits. And it is
suitable for a burner that cannot be burned in very little fuel condition

2.4.2.2 Heat circulation by thermal deformation during convection and radiate
heat in porous materials :
The porous material is a high surface area, high heat transfer coefficient, high heat
absorption coefficient and high resistant temperature. Important properties of porous
materials are able to change energy reverse between the enthalpy of gas and heat
radiation because the porous material has a high surface area to volume ratio. Therefore,

the heat transfer is highly effective. The working principle is when hot gas flows
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through the right porous material as shown in Figure 2-7. The porous material absorbs
a part of the hot gas enthalpy. And changing this absorbed enthalpy to heat radiation
which calls the emitter. Radiation counterflow against the flow of hot gas to the porous
material on the other side that as the absorber. The hot air flows through the emitter will
decrease the temperature and when the cold air flows through the absorber that absorbs
the heat absorbed, the air has an enthalpy and the temperature increases. In such cases,
if the emitter and the absorber adjacent together, the high-temperature exhaust gas that
flows through the porous material that acts as the emitter, then the cold air flows through
the porous material that acts as the absorber that effect to the circulation of heat in

system burn efficiently by using porous materials as medium.

Absorbing Emitting

Radidtion

/\ Solid wall

Cool gas

Figure 2-7 Heat exchanger based on energy conversion between convection and
thermal radiation by porous material

Source: Jugjai, S., & Rungsimuntuchart, N. (2002). High efficiency heat-recirculating domestic gas
burners High efficiency heat-recirculating domestic gas burners. Experimental Thermal and Fluid
Science 26, 1777(July)

2.4.2.3 Equation of preheat air temperature :

When the porous material is heated by heat from the hot gas that generated by the
combustion, and counter air flow direction, the porous material will transfer heat to the
air, The porous material will transfer heat to the air then the temperature to decrease by
time. Considering the porous material as a lump. Can find the reduced temperature of

the porous materials from the following theory;

The heat equation from the porous material is transferred to the air by convection.

Q=hv(Ts — Ts) (2-13)

In the case of one dimensional and unsteady heat transfer
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—qdt = mc,dTy (2-14)

From the equation (2-13) and (2-14). The heat from air to the porous material is equal

to the heat that the porous material absorbs.

i _ v g 2-15
Ty —To mcy, (2-15)
Integrate the equation (2-15)
In(Ty = T,) = In(Ty, —T,,) = -~ (2-16)
nN(Ts —Te) —In(Tsg, —To) = ——— -
s 0 me,

Find the heat value of porous material T from the equation (2-16). And putting the T
value into the equation (2-14), will know the heat value q that the porous material

absorbs. Then find the total heat value Q that the porous material absorbs by

conv

convection, From the exhaust heat in each half of period t;, from the equation

t=thp

Quony = | adt (2-17)
t=0

The part of total heat convection Q __ will be lost into make the liquid fuel evaporate

conv

completely at 250 °C. This heat which can be calculated as follows.
= mc, AT + mLHV (2-18)

Qevap

Therefore, the heat that the porous material will be used to preheat air.

Q = Qconv — Qevap (2-19)

The heat Q from the equation (2-19) will be used to find the preheated air temperature

which can be calculated as follows.
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Q

Tyre=Tew +

2.4.3 Ceramic porous media

The advantages of the ceramic material are that it is resistant to temperature, meaning
it is resistant to thermal changes. Also has high thermal conductivity, resulting in a
temperature distribution that does not occur in hot spots. The ceramic is used as a
ceramic ball.

The material of Porous media burner (P. Chitmongkol, 2014), Aluminum oxide
(A1203), silicon carbide (SiC), and zirconium dioxide (ZrO2) proposed as suitable
materials for the application. Al,O3 and ZrO, were recognized as high temperature
resistant materials. SiC shows excellent thermal shock resistance, mechanical strength,
and conductive heat transport. SiC also has a high melting point (3260 K), against cyclic
thermal stress and strength retention at the peak regenerator temperature (1673 K), and
excellent oxidation resistance. Metallic materials were found less suitable for PM
because of their inadequate thermal stability and high thermal inertia.

Aluminium oxide (Al203) can be used up to approximately 1900°C under air. High
Si0; contents between 20 and 40% reduce the application limit to approximately
1650°C. Because of its high thermal expansion coefficient and an average thermal
conductivity, the resistance to a temperature change of Al>O3 ceramics is relatively low.
Silicium carbide (SiC) can also be used at very high temperatures, usually up to 1600°C.
The resistance to a temperature changes of SiC ceramics is excellent, which is due to
the low expansion coefficients and the high thermal conductivity.

Zirconium oxide (ZrOz) can be used up to 2300°C but a change associated with a
volume increase during cooling can destroy the structure. The high-temperature
modification is stabilized by incorporating various additives. In this way, fully and
partially stabilized ZrO, can be used up to approximately 1800°C. The high thermal
expansion and the low thermal conductivity have a negative effect on the resistance to
temperature change.

A comparison of the data for materials relevant for use in Porous media burners is

shown in Table 2-1

Table 2-1 Most important material data for Al.O3, SiC and ZrO>
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Property Unit AlO3 SiC V4103

Maximum use temperature in air °C 1900 1650 1800
Thermal expansion coefficient o 10° K! 8 4-5 10-13
(20-1000 °C)

Thermal conductivity A at 20 °C W m! K 20-30 80-150 2-5
Thermal conductivity A at 1000 °C W m!K! 5-6 20-50 2-4
Specific thermal capacity Jg'K! 0.9-1 0.7-0.8  0.5-0.6
Thermal stress resistance parameter, K 100 230 230

hard shock, R (6/E)

Thermal stress resistance parameter, 10° W m’! 3 23 1

mild thermal shock, R’ (R-2)

Source: Avdic, F. (2004). Application of the Porous Medium Gas Combustion Technique to Household
Heating Systems with Additional Energy Sources. Universitit Erlangen-Niirnberg.

2.5 Characteristic of fuel gas

The main fuel gas that is currently used is natural gas(CNG) and liquefied petroleum
gas(LPG). In addition, fuel gas can also be produced from coal, wood, natural gas and
petroleum.

2.5.1 Type of fuel gas

Natural gas is often found near or over oil fields in rocky areas and compressed with
high pressure in the underground. Natural gas is a mixture of various hydrocarbons such
as methane, ethane, propane, butane and pentane. Methane is the most common. There
will be other types of gas as a minority and sometimes found carbon dioxide and
nitrogen gas. Natural gas can be used by compressing and cooling until heavy
hydrocarbon compounds become liquids and then separate a dry and high-pressure
natural gas sent along the pipe for use. In sometimes, natural gas is cooled to -164°C
until it becomes a liquefied natural gas (LNG) and then transported to the ship.
Liquefied petroleum gas (LPG) produced from natural gas in a gas separation plant that
has main components ethane, propane and butane. In addition, LPG also comes from
liquefied gases obtained from crude oil refining in oil refineries such as ethylene,
propylene and butylene. LPG transportation can be done by filling tanks under normal
pressure and LPG will become vapor under standard atmosphere. Producer gas is a gas
produced by releasing air in quantities less than sub stoichiometric gas through the hot

layers of coal, peat, wood or agricultural leftovers. The main components of producer
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gas are carbon monoxide, hydrogen, nitrogen (up to 55%) and small amounts of carbon
dioxide. The user may be used as soon as it is produced. While still hot or purified to
remove crude oil and soot. However, the producer gas has a low heat value because
there is a lot of nitrogen gas, so if you want to increase the heat value, you need to use
oxygen less than the theory.
2.5.2 Properties of LPG

2.5.2.1 Chemical properties

The complexity of LPG components containing the lower number of carbon fuels. This

hydrocarbon group consists of

Propane (C3Hsg) Propylene (C3Hs)

Butane (C4H10) Butylene (C4Hg)
Moreover, compound with a few non-hydrocarbon compounds due to the variety of
components. Thus, setting the standard of LPG used as fuel for information in designing
for correctly and safely. However, LPG gas may be divided into two groups: Saturated

and Unsaturated, different in a covalent bond between carbon atoms.

Saturated hydrocarbon — Propane, N-Butane, iso—Butylene

Unsaturated hydrocarbon - Propylene, N-Butylene, iso-Butylene

2.5.2.2 Physical properties
When considered LPG in the liquid phase, LPG has a shallow boiling point (propane
42°C, butane 0.5°C, isobutane 11.72°C). Therefore, LPG is a gas state in the
atmosphere. Except in cases of LPG inside the tank, the state of LPG is liquid.

Table 2-2 LPG properties in liquid status

Property propane  butane isobutane
Molecular weight 44.08 58.12 58.12
Boiling point (°C at 1atm) 42.05 0.50 11.72
Critical temperature (°C) 96.67 152.03 134.99

Source: Lapirattanakun, A. (2017). Influence of air staging and steam assisted atomization on
combustion characteristics in porous media. KING MONGKUT’S INSTITUTE OF TECHNOLOGY
LADKRABANG.

When considering LPG in the gas phase, the combustion range of the combustion gases

will have only one point that ignites and burns because the air is mixed with fuel in
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moderation. The combustion range shows the percentage of gas volume per air. LPG is
a mixture of propane and butane, ignition range in air of propane having 2.4-9.5 % and
ignition range in air of propane having 1.8-8.4 %. If air/fuel mixture is less or more than
this value, ignition does not occur.

2.5.3 Ignition temperature of LPG

When gradually increasing the temperature to the fuel until the lowest temperature at
which the fuel will ignite by itself without the presence of a spark or flame. The lowest
temperature of this natural ignition is called the ignition temperature. The ignition
temperature of propane is 470 °C, And the ignition temperature of butane is 405 °C.
2.5.4 Adiabatic flame temperature of LPG

The highest temperature a system can achieve at constant pressure when there are no
heat losses from the system. Adiabatic flame temperature of propane is 1930 °C, And
the adiabatic flame temperature of butane is 2246 °C.

2.5.5 Volume ratio of liquid and gas of LPG

LPG in the gas phase, the volume will change dramatically by volume 1 unit of propane
when becomes a gas then the volume will be 2 units at 15.5 °C. The volume 1 unit of
butane when becomes a gas then the volume will be 233 units at 15.5 °C.

2.5.6 Heating value of combustion of LPG

The heat value of the combustion means the amount of heat generated by gas 1 unit of

gas or 1 unit of volume burn at normal pressure and temperature 25 °C.

Table 2-3 Heat value of gas combustion

Temperature at 25°C ~ Unit Propane  n-Butyl  iso-Butyl
Kcal / Kg 11943 11742 11714
BTU / pound 21497 21135 21085

Gross
Kcal / cubic m. 23700 30600 30500
BTU / cubic feet 2663 3438 3427
Kcal / Kg 10989 10837 10810
BTU / pound 19780 19506 19458

et Kcal / cubic m. 22250 29400 29200
BTU / cubic feet 2500 3304 3281

Source: Lapirattanakun, A. (2017). Influence of air staging and steam assisted atomization on
combustion characteristics in porous media. KING MONGKUT’S INSTITUTE OF TECHNOLOGY
LADKRABANG.
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2.5.7 Air requirement

Oxygen is a gas that is mixed in the air by 21% by volume and is an important factor
for burning. Therefore, the amount of air inputted into the combustion burner must have
a certain volume. In the case of LPG gas complete combustion, all gas will become

carbon dioxide. Written as a chemical equation as follows.

Propane CsHg + 50, — 3CO; +4H,0

Butane C4Hio + 6.50; - 4CO;7 +5H20

From a chemical equation, the volume of oxygen needed to complete combustion in the
case of propane is 5 times and in the case of propane/butane is 6.5 times. The volume
of oxygen in the air will be 21%. Therefore, in burning propane completely, 1 cubic
meter will have to use the air 24 cubic meters and for butane 1 cubic meter will have to

use air 31 cubic meters.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Calculation of equivalence ratio in air theory volume
The air-fuel equivalence ratio (AFR, L) of equation is
inlet air stoi/
f

_ uel stoi )
AFR,A = inlet air fact/ (-1)
fuel fact

Air volume in the theory of LPG
LPG has propane C3Hg = 70% by volume
LPG has butane C4H10 = 30% by volume
The proportion by the mole of LPG in air theory volume written as the chemical

equation as follows

Chemical eq.1  0.7C3Hg+3.5(02+3.76N>)

2.1C0O2+2.8H20+13.16N>

Chemical eq.2  0.3C4Hio+1.95(02+3.76N>)

1.2CO2+1.5H20+7.33N>
Chemical equation 1 + chemical equation 2 become LPG chemical equation
(0.7C3Hs+0.3C4H10)+5.45(02+3.76N2) = 3.3C0O2+4.3H20+20.49N>

. LPG or 0.7C3Hg + 0.3C4,H;, 1 mole has mass = 1 mol x {0.7[(12 x 3) +

(1x8)] +0.3[(12 x 4) + (1 x 10)]} === x ——X&8 — 0.0482 kg and mass of C3Hs

g
mol 1000 g

s 70% of 0.0482 kg or 0.0308 kg , mass of C4Hio is 30% of 0.0482 kg or 0.0174 kg

In case of using

1. LPG 300 cc/min or 7.38 x107° kg/sec

2. air 20,000 cc/min or 3.75x10 kg/sec
Calculate of FUEL at stoichiometric and fact

Mass of fuel at stoichiometric and fact is mass of using LPG 7.38x10° kg
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Calculate of air at stoichiometric and fact

Mass of air at stoichiometric is calculated from the proportion of LPG in case
of using LPG 300 cc/min in stoichiometric condition.
C3Hg mass of LPG in 1 second is 70% of 7.38 x10-6 kg or 4.72 x10-6 kg or 1.07 x10-
4 mole
C4Hio mass of LPG in 1 second is 30% of 7.38 x10-6 kg or 2.66 x10-6 kg or 4.59 x10-
5 mole
The proportion by the mole of LPG in case of using LPG 300 cc/min in stoichiometric
condition written as the chemical equation as follows

10* x  1.07C3Hs + 5.35(02+3.76N>) 3.21C0,+4.28H,0+20.12N,  x 10

10* x 0.46C4H10 +2.99(02+3.76N2) 1.84C0O»+2.30H0+11.24N,  x 10*

Mass of air at stoichiometric in case of using LPG 300 cc/min is 5.35x10™* +
2.99x10™ mole = 8.34x10* mole or 1.15x10 kg

Mass of air at fact, in this case, using air 20,000 cc/min is 3.75x10* kg
.. From equation (3-1) AFR,A that is using LPG 300 cc/min and air 20,000 cc/min is

1.15><10—4/
— 7.38xX10-6 _
3.75><10—4/
7.38X10—-6

In the same method, the value of all air-fuel equivalence ratio in the experiment is in

Table 3-1

0.31

Table 3-1 Summary of air-fuel equivalence ratio in each experiment conditions
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LPG air

(cc/min air) (cc/min air) AFR, X
200 15,000 0.27
225 15,000 0.31
250 15,000 0.34
275 15,000 0.37
300 15,000 0.41
275 20,000 0.28
300 20,000 0.31
325 20,000 0.33
350 20,000 0.36
375 20,000 0.38
400 20,000 0.41
375 25,000 0.31
400 25,000 0.33
425 25,000 0.35
450 25,000 0.37
475 25,000 0.39
500 25,000 0.41

3.2 Calculation of the excess air ratio

The excess air ratio (EA) of equation is

(Inlet air fact 1)
Fuel fact
Inlet air stoi
Fuel stoi

EA = (3-2)

Use the value of the variable from section 3.2 and calculate the excess air ratio from the
equation (3-2). Therefore, the value of all the excess air ratio in experiment is in Table

3-2

Table 3-2 Summary of the excess air ratio in each experiment conditions
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LPG air

(cc/min air) (cc/min air) EA
200 15,000 3.6
225 15,000 3.2
250 15,000 29
275 15,000 2.6
300 15,000 2.4
275 20,000 3.5
300 20,000 3.2
325 20,000 3.0
350 20,000 2.7
375 20,000 2.6
400 20,000 2.4
375 25,000 32
400 25,000 3.0
425 25,000 2.8
450 25,000 2.7
475 25,000 2.5
500 25,000 2.4

3.3 Calculation of the adiabatic flame temperature in air theory

The proportion by the mole of LPG written as the chemical equation as follows

LPG + 5.45(02+3.76N2)
(0.7C3Hg + 0.3C4H ) +
5.45(0,+3.76N>)

3.3C0O2 +4.3H20 + 20.49N;
3.3CO: +4.3H20 + 20.49N>

The formulation of chemical reaction in steady flow and the components that enters the

combustion burner at temperature 298 K and pressure 1 atm (Turns, 2000).

Hreact = Hprod

z N +R=RD) = > N +h-RO)
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Where, h_f = Enthalpy of formation

h = Enthalpy at temperature
hO = Enthalpy at 298 K

Table 3-3 Table of enthalpy values at standard reference conditions 298 K at 1 atm

Substance h}’ (k] /kmol) h — hyosx
H» 0 hy, — 8,468
()} 0 ho, — 8,682
N2 0 hy, — 8,669
CO2 -393,546 heo, — 9,364
H2O(gas) -241,845 hu,0(5) — 9,904
H:Oiquid) -285,830 Ry, o — 9,904
C3Hs -103,847 0
CsHio -124,733 0

Source: Turns, S. R. (2000). An introduction to combustion: concepts and applications. System.
https://doi.org/10.1016/j.ijhydene.2008.07.121

Substitute,

N¢o, (h]g + hag — h298K)C02 + NHzo(h](3 + haa — h298K)H20

+ Ny, (h}) +hag — h298K)N2

70 | T 20 o3
Ne,u, (hf + hgq — h298K)C3H8 + Nc,u,, (hf + hgq — h298K)C4H10

+ No, (h}) +hgq — h298K)02 + Ny, (h}) +hgq — h298K)N2

3.3(~393,546 + haq — 9,364)  + 4.3(—241,845 + hoq —9,904),
2 2

+ 20.49(0 + heq — 8,669),
2

0.7(—103,847 + 0) ¢, + 0.3(—=124,733 + 0) ¢, 5., + 5.45(0 + 0),,
+20.3(0 + 0)y,

27



3-3had,C02 + 4‘-Shad,HZO
= 2,478,026.28
+20.49haq v,

Assume the gas temperature is 2200 K
3.3(112,939)+4.3(92,940)+20.49(72,040) = 2,248,440.3

Assume the gas temperature is 2400 K
3.3(125,152)+4.3(103,508)+20.49(79,320) = 2,483,352.8

Estimate the range of the gas temperature to find the adiabatic flame temperature

“ tag =2396.72 K or2123.72 °C

3.4 Calculation of the adiabatic flame temperature in excess air condition

In case of using

1. LPG 300 cc/min or 7.38 107 kg/sec

2. air 20,000 cc/min or 3.75x10™ kg/sec

The proportion by the mole of LPG in excess air condition written as the chemical

equation as follows

Product 1.07x10*C3Hg+ 4.59x10C4Hjo + 3.8%1073(02+3.76N>)

Reactant 5.05x10*CO2 + 6.58x10H20 + 1.03x10 N + 3.8x1070;

Substitute,

Hreaer = Hprod

YN +R-R) = ) Ny(Af 4 - )

Neo, (h}) + Rog — h298K)C02 + IVHZo(h](2 +hgq — h298K)H20

+ Ny, (h}) + hgq — h298K)N2 + No, (h}) + Rag — h298K)oz
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Nc,hy (h}) + haq — h298K)C3H8 + Nc, 1y, (h}) + hoq — h298K)C4H10

+ No, (h_]? + hgq — h298K)02 + Ny, (h_}) + hgq — h298K)N2

5.05 x 1072(=393,546 + hyq — 9,364)
2
+ 6.58 X 107*(~241,845 + hgq — 9,904),,
2
+ 1.03x1072(0 + hyg — 8,669)N
2

+ 3.8x1073(0 + hyq — 8,682)
2

1.07 X 107*(—103,847 + 0)c,m, +4.59 X 1075(—124,733 + 0)c,Hy,
Assume the gas temperature is 1000 K =474.05
Assume the gas temperature is 1020 K =484.53
Estimate the range of the gas temperature to find the adiabatic flame temperature

- Taa = 1,000.90 K or 727.90 °C

Table 3-4 Summary of the adiabatic flame temperature in excess air condition
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LPG air Tad

(cc/min air) (cc/min air) AFR, % (K)
200 15,000 0.27 927.17
225 15,000 0.31 1000.90
250 15,000 0.34 1073.81
275 15,000 0.37 1145.97
300 15,000 0.41 1217.43
275 20,000 0.28 945.68
300 20,000 0.31 1000.90
325 20,000 0.33 1055.64
350 20,000 0.36 1109.98
375 20,000 0.38 1163.90
400 20,000 0.41 1217.43
375 25,000 0.31 1000.90
400 25,000 0.33 1044.72
425 25,000 0.35 1088.30
450 25,000 0.37 1131.59
475 25,000 0.39 1174.61
500 25,000 0.41 1217.43

3.5 Calculation of the heating value (HHV, LHV)

Higher heating value (HHV) or gross calorific value is determined by bringing all the
products of combustion back to the original pre-combustion temperature, and in
particular condensing any vapor produced.

Lower heating value (LHV) or net calorific value is determined by subtracting the heat

of vaporization of the water from the higher heating value
LHV =HHV — (Ny,0 * h?p; ) (3-3)

Where, Ny, o = the mole of water formed by combustion

h}’ .o — the latent heat of vaporization of water, kJ/kmol
12
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The proportion by the mole of LPG in air theory written as the chemical equation as

follows

CsHs

0.7C5Hs+3.5(0213.76N>) 2.1CO2+2.8H20+13.16N>

chemical eq.

CsHio
0.3C4Hi0+1.95(02+3.76N)

. 1.2C0O2+1.5H,0+7.33N>
chemical eq.

Substitute in the equation (3-3),

For C3Hg
LHVe,ny = (Neyrg X P cumy) = (Niyo X B2 iy0)
= [0.7%(-103,847)] - [2.8%(-241,845)]
= 604,473.10 kj/kmol
= 13,738.02 kj/’kg
For C4H1o
LHVC4H10 - (NC4H10 X hjg,CgHg) - (NH20 X hjg,HZO)

= [0.3%(-124,733)] - [1.5%(-241,845)]
= 325,347.60 kj/kmol
= 5,609.44 kj/kg

- LHV,pg = LHV,p, + LHV(,y, = 13,738.02 +5,609.44 = 19,347.47 kj/kg
In case of using

- LPG 300 cc/min or 7.38 x10° kg/sec
-. Heat power is 19,347.47 kj/kg x 7.38 x10°¢ kg/sec = 0.14 kj/sec, kwatt
Diameter of burner is 0.075m, Cross area is 0.004418m?

.. Heat power per area is 0.14 kj/sec / 0.004418 m? = 32.32 kwatt/m>

3.6 Experimental systems and equipment

3.6.1 Burner system setup
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Compact Burner

67

Flowmeter <« mm >
™ T . Insulating
— 200 Thickness = 5mm
Flow o §§§§
control l 8888
ol o [REszskssen
| Flashback Arrestor
8 Check valve
:ﬁ‘gy Pressure-gauge
LPG o
propane 70 % & butane 30 % MIXIng Chamber
by volume

Figure 3-1 Schematic of the experimental setup

Figure 3-2 Photo of the experimental setup

Figure 3-1 and Figure 3-2 shows the schematic and photo of the experimental setup.
This system is composed of LPG gas and air supply systems, a mixing chamber, three
sizes of porous media, and a measurement system. MFC controlled LPG gas and air
and then mixed in the mixing chamber. The LPG/air mixture flowed through flashback
protection and after that combustion in a stainless tube 67 mm. in diameter and 200

mm. long and wrap with fiber paper insulating 0-200 mm.
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AIR flowmeter

-

LPG flowmeter

I 1
.,.,:J .
ity

0-1000 cc/min

Figure 3-3 Photo of the rotameter for air and LPG

Figure 3-3 In this system, Flowmeter that uses in this system is rotameter. The scale of

rotameter for air is 5-50 L/min and scale of rotameter for LPG is 0-10 x100 AIR cc/min

3.6.2 Measurement setup

Figure 3-4 Photo of setting thermocouples in system
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Burner Inner burner
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(i) I— measure temperature position
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5 ] tHl ———————— Burner
0 _ i i i i i i i i » width

35 30 15 0 15 30 35 {mm)

CH = Thermocouple channel 1 to 20

Figure 3-5 Schematic of the compact burner

Figure 3-4, Figure 3-5 Thermocouples type K were set up 1-20 channel in every 5 mm.
Start measurement at 5 mm and end at 100mm from the bottom of burner. And, data
logger “Graphtec GL840” was used to collect temperature data, as shown in Figure 3-6

POV

B G -ohtec GL84O |

T

Figure 3-6 Photo of data logger “Graphtec GL840”

3.6.3 The parameter of porous media ball diameter size
This experiment uses porous media ball material aluminium oxide(Al2Os3) diameter size

3 size 3mm, Smm, and 10mm, as shown in Figure 3-7
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Material : ALO,

<

Figure 3-7 Alumina ball 3 sizes 3 mm, 5 mm and 10 mm

3.6.4 The patterns of inserted porous media ball in the burner

This experiment was collected temperatures when burning in each condition of LPG
with air 15,000, 20,000, 25,000 cc/min in a compact combustion burner that consists of
the ceramic ball. In this study, the three patterns of porous media, Pattern 1% is first
layer input porous media diameter size 3 mm at 0-30 mm of burner length, next layer
input porous media diameter size 10 mm at 30-200 mm of burner length, Pattern 2" is
only 1 size, input porous media diameter size 5 mm at 0-200 mm of burner length and
pattern 3™ is only 1 size, input porous media diameter size 10 mm at 0-200 mm of
burner length, as shown in Figure 3-8

Porous media @size 3&10 mm Porous media @size 5 mm Porous media @size 10 mm

Inner burner Inner burner Inner burner

CH19

CHI7

CHIS

cHiz

100 CcHil
mm cH3
cH?

oHs — =8

'50[ cH3
mm

CHL

CH = Thermocouple channel 1 to 20 CH = Thermocouple channel 1 to 20 CH = Thermocouple channel 1 to 20
.= Porous media ball @size 10 mm @ = Porous media ball @size 5 mm .= Porous media ball Psize 10 mm
= Porous media ball @size 3 mm = Insulator = Insulator
= Insulator

Figure 3-8 Summary of inserted porous media ball in the burner conditions

3.6.5 Parameter in experiment
In this research, the effects of various parameter changes are studied in the fuel flow
rate is in the range 175-525 cc/min and the air flow rate is in the range 15,000-25,000

cc/min. Figure 3-9, show overall of mixture combustion between LPG and air when
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burning in an experiment. A horizontal axis of the graph is the value of air flow rate, a
vertical axis is the value of LPG flow rate. In the green box is a condition of porous
media diameter size 3&10mm in the burner, in the blue box is a condition of porous
media diameter size Smm in the burner and in the orange box is a condition of porous
media diameter size 10mm in burner. The meaning of green circle mark is the condition
that can collect the temperature of combustion data in steady state, the 2 colors white
and red cross mark is the condition that the fire when combustion was blackout, red
cross mark is the condition that the temperature of combustion data is over 1200°C, as

shown in Figure 3-9

Experiment conditions

LPG 4 AY4d \i i
cc/min @ 3&10mm
550 -
525 1
500
475 - 8
450 -
400
375 A x 8NG : Black out
350 H
375 xNG;Temperature > 1200°C
300
275 -
250
225 +
200
175 -
150 -

i AIR
0 \}5 20 25/, \f_LS 20 25/ 20 ) x100 cc/min

.

Figure 3-9 Summary of experiment combustion conditions

3.6.6 Procedure

1. Input the air and fuel into the burner at a low flow rate and ignite and warm
the burner until the combustion chamber has increased temperature.

2. Increasing air volume and fuel flow rate slowly. Adjust the experimental
parameters, such as flow rate of air and fuel.

3. Let the burner continue until the temperature inside the burner enters a steady

state. And, checking the above parameters throughout the experiment.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Results

All combustion results were shown by the graph of burner length and the distribution

temperature. The results were divided into three graphs by pattern of porous media in

burner and lines in the graph are each combustion conditions, as shown in Figure 4-1

Temperature (°C)

—air15000 LPG200—air15000 LPG225
-+-air15000 LPG250--air15000 LPG275
~-air20000 LPG275-air20000 LPG300

air20000 LPG325— air20000 LPG350
-+ air25000 LPG375 + air25000 LPG400
~-air25000 LPG425-air25000 LPG450
1400
1200
1000

N 5 g%
= c o
o o o o

40
Burner length {mm)

60 80 100

1400

1200

g8 8

o
B

Temperature (°C)

400

200

air15000 LPG275~air15000 LPG300
air20000 LPG300- -air20000 LPG325
~—air20000 LPG350 - air20000 LPG375
air25000 LPG400—-air25000 LPG425
air25000 LPG450+ air25000 LPG475
—~air25000 LPG500
1400
1200

H
o O
§ 88 s

Temperature (°C)

[
o
=]

o 20 40 60

Burner length (mm)
(a)

——airl3000 LPG200 ——airl5000 LPGZ25
—*—girl3000 LPG250 —+—airl5000 LPGZ75
—+—gir20000 LPG275 —=-air20000 LPG300

2ir20000LPG325 —~air20000 LPG350
——air25000 LPG375 ~—air25000 LPG400
—*—air25000 LPG425 *air25000 LPG450

80

~-air20000 LPG275--air20000 LPG300
air20000 LPG325-air20000 LPG350
~-air20000 LPG375+ air20000 LPG400

1400

1200
— .=
& 1000 ./-:' L
@ ' I/ »‘“‘s‘
5 800 7 / e,
g 600 S 7
E o ) ’f /
& 40 v

200 ,1._//

o LTt
0 20 40 60 80 100

Burner length (mm)

40

Burner length {mm)

(b)

60 B0

37

100



Temperature (*C)

airl5000 LPG275 ——airl5000 LPG300
“-gir20000 LPG300 - —air20000 LPG325
——air20000 LPG350 —air20000 LPG375
air25000 LP G400 —=—air25000 LPG425
air25000 LPG450 ——air25000 LPG475
—=—gir23000 LPG500

1400
1200
—. 1000
Y
w
5 BDO
=
¥ 500
£
= 400
200
0
a 20 40 60 B 100
Burner length (rmm)
(c)
~*—gir20000 LPG275 -~*—gir20000 LPG300
air20000 LPG325 air20000 LPG350
~—gir20000 LPG375 ~—gir20000 LPG400
1400
1200
z"::l.*_.*:
. ' :/g_r"“‘cq\.
800 &
7 Ty
600 :
400
200
4]
0 20 40 &0 BO 100
Burner length {mm)
(d)

38

Figure 4-1 (a)Summary of all result in three patterns (b)Summary of all result pattern
1 porous media diameter size 3&10mm (c)Summary of all result pattern 2" porous

media diameter size Smm (d)Summary of all result pattern 3™ porous media diameter
size 10mm
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Figure 4-2 Summary of all result by maximum temperature and combustion condition

Figure 4-2 Summary of maximum temperature in all experiment combustion condition

with x axis is air flow rate, y axis is LPG flow rate, and z axis is maximum temperature.

The results from the experiment to studied impact of porous media size, arranging

porous media ball size, fuel flow rate, air flow rate, and equivalence ratio

4.2 Impact of porous media ball size

This experiment was compared temperatures of combustion between porous media ball

size 5 mm and size 10 mm in compact burner 0-200 mm. Both were wrapped with fiber

paper insulating in 0-200 mm. The conditions of the experiment were using a constant

flow rate of air at 20,000 cc/min and a different flow rate of LPG at 300, 325 and 350

cc/min, as shown in Figure 4-3
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Inner burner

Inner burner

@ = Porous media ball @size 5 mm . = Porous media ball @size 10 mm
= Insulator

= Insulator

Figure 4-3 Schematic of the compact burner between porous media ball size 5 mm

and size 10 mm
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Figure 4-4 The comparison conditions graph of a porous media ball diameter size

Figure 4-4 This graph shows the condition of the comparison between porous media

ball diameter size 5 mm and 10 mm in same condition combustion. The condition (a)

is combustion in LPG 300 cc/min with air 20,000 cc/min condition. The condition (b)
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is combustion in LPG 325 cc/min with air 20,000 cc/min condition. The condition (c)

i1s combustion in LPG 350 cc/min with air 20,000 cc/min condition
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g
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(c)
Figure 4-5 The comparison result graph of temperatures and burner length between
porous media ball size 5 mm and porous media ball size 10 mm in compact burner 0-
200 mm in (a) LPG 300 cc/min with air 20,000 cc/min condition (b) LPG 325 cc/min
with air 20,000 cc/min condition (¢) LPG 350 cc/min with air 20,000 cc/min
condition
Figure 4-5, when the size of the porous media ball is bigger, the maximum temperature
at the same condition was decreased, and the point where the maximum temperature

occurs is farther from the inlet as well. And, the temperature at thermocouple channel

1*, the bigger size of the porous media ball has a higher temperature.
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Figure 4-6 Summary of maximum temperature in impact of porous media ball size
condition
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Figure 4-6 from the graph, the bigger size of porous media ball has a higher maximum
temperature in all conditions because when decreasing porous media diameter size, the
area/volumes ratio is increased. The heat feedback from downstream was absorbed by
porous media in upstream better. Also, porous media in upstream make high heat
transfer from porous media to fuel in preheat combustion thus the pre-heating is high
efficiency. The bigger size of porous media ball cannot absorb heat feedback not good
as smaller size, so the temperature of thermocouple channel 1% is higher than smaller

size.

4.3 Impact of arranging porous media ball size in the burner

This experiment was compared temperatures of combustion between porous media ball
size 10 mm in compact burner 0-200 mm and size 3&10 mm in compact burner 0-
30&30-200 mm. Both were wrapped with fiber paper insulating in 0-200 mm. The
conditions of the experiment were using a constant flow rate of air at 20,000 cc/min and

different flow rate of LPG at 275, 300, 325 and 350 cc/min, as shown in Figure 4-7

Inner burner Inner burner

. = Porous media ball @size 10 mm . = Porous media ball @size 10 mm
= Insulator = Porous media ball @size 3 mm
= Insulator

Figure 4-7 Schematic of the compact burner between porous media ball size 10 mm
and size 3&10 mm
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Impact of arrange PM ball size in burner
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Figure 4-8 The comparison conditions graph of an arrange porous media ball size in

burner

Figure 4-8 This graph show condition of the comparison between porous media ball

diameter size 3&10 mm and 10 mm in same condition combustion. The condition (a)

is combustion in LPG 300 cc/min with air 20,000 cc/min condition. The condition (b)

is combustion in LPG 325 cc/min with air 20,000 cc/min condition. The condition (c)

is combustion in LPG 350 cc/min with air 20,000 cc/min condition
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Figure 4-9 The comparison graph of temperatures and burner length between porous
media ball size 3&10 mm in compact burner 0-30&30-200 mm and porous media ball
size 10 mm in compact burner 0-200 mm in a constant flow rate of air at 20,000
cc/min with (a) LPG 300 cc/min (b) LPG 325 cc/min (¢) LPG 350 cc/min

Figure 4-9, when one size of porous media ball in the burner, the maximum temperature
at the same condition with two sizes of porous media in the burner was decreased, and

the point where the maximum temperature occurs is farther from the inlet as well. And,

the temperature at thermocouple channel 1st, the one size of porous media ball in the

burner has a higher temperature.
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Figure 4-10 Summary of maximum temperature in the impact of arranging porous
media ball size in the burner
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Figure 4-10 from the graph, the two sizes of porous media in the burner has a higher
maximum temperature in all conditions because when decreasing porous media
diameter size in upstream, the area/volumes ratio is increased. The heat feedback from
downstream was absorbed by porous media in upstream better. And porous media in
upstream make high heat transfer from porous media to fuel in preheat combustion thus
the pre-heating is high efficiency. the bigger size of porous media ball in upstream
cannot absorb heat feedback not good as smaller size so the temperature of
thermocouple channel 1* is higher than smaller size.

Constot 2000, LPG300 Constan - 20000, LPG325 Constan - a20000,LPG350

PMOI0mm -+ PMO3&10mn PMOMmn = PMOM (e PMOl0mm & PAIGME] fmm
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LPG 300 cc/min

_ 0 R E R 2 I s we LPG 325,350 cc/min
PG 300 cc/min LPG 325 cc/min LPG 350 cc/min .
equivalent ratio 0.31 equivalent ratio 0.33 equivalent ratic 0.36

Figure 4-11 The comparison graph of temperatures and burner length between porous
media ball size 10mm, 3&10 mm in a constant flow rate of air at 20,000 cc/min with
(LH) LPG 300 cc/min (CTR) LPG 325 cc/min (RH) LPG 350 cc/min and Schematic
of flame stabilization position

Figure 4-11 Flame stabilization position depends on the balance of flame speed and
flow velocity. In LPG300 cc/min, the flow velocity is higher than flame speed, so flame
stabilization position occurs on 40mm height from bottom in porous media size 10 mm
zone. In LPG325, 350 cc/min flame speed is higher than flow velocity, but flame
stabilization position cannot occur in porous media size 3 mm zone because absorbing

porous media size 3 mm.

4.4 Impact of fuel flow rate

This experiment was compared temperatures of combustion in a different flow rate of
LPG at 275-400 cc/min and a constant flow rate of air at 20,000 cc/min using porous
media ball size 5 mm and size 10 mm in compact burner 0-200 mm. Both were wrapped

with fiber paper insulating, as shown in Figure 4-12
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Figure 4-12 Schematic of the compact burner between porous media ball size 5 mm
and size 10 mm

Impact of fuel flow rate
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Figure 4-13 The comparison conditions graph of a fuel flow rate

Figure 4-13 This graph shows the condition of the comparison of different LPG flow
rate with constant air flow rate condition using porous media ball diameter size 5 mm

and 10 mm. The condition (a) is combustion in LPG 300-375 cc/min with air 20,000
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cc/min condition. The condition (b) is combustion in LPG 275-400 cc/min with air

20,000 cc/min condition.
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Figure 4-14 The comparison graph of temperatures and burner length between (a)
LPG 300-375 cc/min with air 20,000 cc/min condition using porous media ball size
Smm in the burner 0-200mm (b) LPG 275-400 cc/min with air 20,000 cc/min
condition using porous media ball size 10mm in the burner 0-200mm
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Figure 4-14, when increase LPG flow rate but constant air flow rate, the maximum
temperature is moving toward the inlet of the burner and the maximum temperature

increases is higher as well.
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Figure 4-15 Summary of maximum temperature in the impact of fuel flow rate

Figure 4-15 from the graph, the maximum temperatures increase, when LPG flow rate
was increased because it means increasing fuel mass in combustion then equivalence

ratio and combustion ratio was increased.

4.5 Impact of air flow rate

This experiment was compared temperatures of combustion in different flow rate of air
at 15,000 and 20,000 cc/min, constant flow rate of LPG 300 cc/min and 15,000 and
20,000 cc/min, constant flow rate of LPG 275 cc/min using porous media ball size 5
mm and size 3&10 mm in compact burner 0-30&30-200 mm. respectively. Both were

wrapped with fiber paper insulating in 0-200 mm, as shown in Figure 4-16
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Figure 4-16 Schematic of the compact burner between porous media ball size 5 mm
and size 3&10 mm
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Figure 4-17 The comparison conditions graph of an air flow rate

Figure 4-17 This graph show condition of the comparison of different air flow rate with
constant LPG flow rate condition using porous media ball diameter size 5 mm and 3&10
mm. The condition (a) is using porous media ball diameter size 5 mm combustion in

LPG 300 cc/min with air 15,000 and 20,000 cc/min condition. The condition (b) is
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using porous media ball diameter size 3&10 mm combustion in LPG 275 cc/min with

air 15,000 and 20,000 cc/min condition.
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Figure 4-18 The comparison graph of temperatures and burner length between (a)
LPG 300 cc/min with air 15,000 and 20,000 cc/min condition using porous media ball
size Smm in compact burner 0-200mm. (b) LPG 275 cc/min with air 15,000 and

20,000 cc/min condition using porous media ball size 3&10mm in compact burner 0-
30&30-200mm.

Figure 4-18, when increase air flow rate but constant LPG flow rate, the maximum
temperature is moving toward the outlet of the burner and the maximum temperature

decreases is lower as well.
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Figure 4-19 Summary of maximum temperature in the impact of air flow rate

Figure 4-19 from the graph, the maximum temperatures decrease, when air flow rate

was increased because the equivalence ratio and combustion ratio was decreased.

4.6 Impact of equivalence ratio

This experiment was compared to the maximum temperatures of all combustion
conditions but divided compare by pattern using porous media, as shown in Figure 4-20.

Inner burner Inner burner Inner burner

@ = Porous media ball @size 5 mm . = Porous media ball @size 10 mm . = Porous media ball @size 10 mm
= Insulator = Insulator = Porous media ball @size 3 mm
= Insulator

Figure 4-20 Schematic of the compact burner between porous media ball size 5 mm,
size 10 mm and size 3&10 mm
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Figure 4-21 The comparison conditions graph of an equivalence ratio
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Figure 4-22 The graph of equivalence ratio value in each condition



Figure 4-21, Figure 4-22 This graph show condition of the comparison equivalence
ratio but divided compare by porous media ball diameter size 3&10 mm, 5 mm and 10
mm. The condition (a) is using porous media ball diameter size 3&10 mm equivalence
ratio 0.27-0.37. The condition (b) is using porous media ball diameter size 5 mm
equivalence ratio 0.31-0.41. The condition (c) is using porous media ball diameter size

10 mm equivalence ratio 0.28-0.41.
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Figure 4-23 The comparison graph of maximum temperatures and equivalence ratio
(a) porous media ball diameter size 3&10 mm (b) porous media ball diameter size 5
mm (c) porous media ball diameter size 10 mm
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Error! Reference source not found., when equivalence ratio was increased,

maximum temperature increase.
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Figure 4-24 The summary of maximum temperature and equivalence ratio in all
pattern porous media ball

Figure 4-24 from the graph, the maximum temperatures increase because equivalence

ratio was increased. As the equivalence ratio approaches to the stochiometric ratio 1.00,

the amount of remaining oxygen will decrease, So the combustion will be complete

combustion more. The maximum temperature is approaching an adiabatic flame

temperature.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Porous media combustion has a various factor in developing high-efficiency burner.
The factors had been investigated: porous media size, porous media pattern, fuel, and
air flow rate, and equivalence ratio. The factors that recommend using for increase
efficacy of burner and be the careful point is

1. The decrease in porous media ball size makes the maximum temperature increase
because the area/volumes ratio in the burner was increased. Beware point is timing to
steady state take more time and hard to keep combustion point into the middle of the
porous media zone.

2. The two porous media ball size in burner make the maximum temperature increase
because the area/volumes ratio in the burner was increased.

3. The increase in LPG flow rate makes the maximum temperature increase because
equivalence ratio was increased, but this research is not collected data about emission.
4. The decrease air flow rate makes the maximum temperature increase because
equivalence ratio was decreased, but this research is not collected data about emission.

5. The increase equivalence ratio makes the maximum temperature increase.

57



REFERENCES

CENGEL, Y. A. (2000). HEAT TRANSFER: A Practical Approach. McGraw-Hill
(Vol. 57).

Coutinho, J. E. A., & de Lemos, M. J. S. (2012). Laminar flow with combustion in
inert porous media. International Communications in Heat and Mass Transfer,
39(7), 896-903. https://doi.org/10.1016/j.icheatmasstransfer.2012.06.002

Onthong, K., Boobchauy, D., & Wasinarom, K. (2017). Numerical modeling of down
draft gasification process using specified temperature profile, (December), 70—
78.

P. Chitmongkol. (2014). Efficiency Improvement of Solid Fuel Combustor Using
Porous Medium. RMUTT.

Srilomsak, M., Aungkharuengrattana, W., Sesuk, T., Charoensuk, J., &
Charochrojkul, S. (2015). Total Energy Requirement for Hydrogen Production
Reactor Using Various Porous Media Materials. Key Engineering Materials,
659, 242-246. https://doi.org/10.4028/www.scientific.net/ KEM.659.242

Turns, S. R. (2000). An introduction to combustion: concepts and applications.
System. https://doi.org/10.1016/j.ijjhydene.2008.07.121

Voss, S., Mendes, M. A. A., Pereira, J. M. C., Ray, S., Pereira, J. C. F., & Trimis, D.
(2013). Investigation on the thermal flame thickness for lean premixed
combustion of low calorific H2/CO mixtures within porous inert media.

Proceedings of the Combustion Institute.
https://doi.org/10.1016/j.proci.2012.06.044

58



APPENDIX A

Calculation of porosity of porous materials

The porosity is defined as

V.
Porosity (@) = —canty (5-1)
Vtotal
Where, @ = the ratio of the void volume within a porous media to the total bulk

volume of the porous media

Veavity = a volume of cavity of porous media pack bed

Viotar = a volume of cylindrical quartz tube
To calculate the porosity of porous materials, there is a calculation method as follows.
In case of alumina ball size 3 mm

1. Put as many alumina balls into the beaker but not above 200 mL line of the beaker.

Figure 1 Put alumina balls into the beaker

2. Add a water by syringe into beaker until the amount of flooded alumina ball and total
volume after adding water equal to the 200 mL. Record the volume of water that is

inserted.
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Figure 2 Adding water equal to the 200 mL

Find the porosity is in the following the equation (5-1)

V.
Porosity (@) _cavity

Vtotal

The volume of water that is inserted = 76 mL
Total volume after adding water = 200 mL

So,

76
200
0.38

Porosity (@)

In the same method, the porosity of 5 mm and 10 mm alumina balls can be calculated

as 0.39 and 0.41, respectively.

Table Summary of alumina ball size and porosity.

Size Porosity
3 mm 0.38

5 mm 0.39
10 mm 0.41
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This method is cannot find the true value of porosity because the effect of the space
between the beds and the beaker affects the volume of added water to find a volume
of cavity

The first-time test combustion in compact burner by methane gas.

Figure 3 Methane tank

Before test combustion with porous media ball, porous media ceramic foam was used
and combustion in various condition for find method to ignition.

Figure 4 The combustion appears on top of burner and use that flame to preheat
ceramic foam

The experiment problem is the combustion isn’t occurred in burner. It’s always
occurred at the end of burner even we input porous media in burner. So, we tried to
preheat ceramic foam at room temperature to high temperature ceramic foam before
input in burner because we think high temperature ceramic foam can absorb outside
flame into inside burner. However, the preheat ceramic foam have a problem, too.
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Table 1 The comparison table of temperatures and burner length between porous
media ball size 5Smm in compact burner 0-200 mm and porous media ball size 10 mm
in compact burner 0-200 mm in (a) LPG 300 cc/min with air 20,000 cc/min condition

(b) LPG 325 cc/min with air 20,000 cc/min condition (¢) LPG 350 cc/min with air

20,000 cc/min condition

[a] [I=3] [=]

Parous media ball size — Smm 10mm smm | 10mm smm | 10mm

LPG

Channel (w100
Position of coiminl | 300 3.00 3.25 3.25 3.50 3.50

[mm] | thermoc
ouple I::""':!
(mind | o 20 20 20 20 20

5 CH1 729 039.6 1.3 164.0 1224 2173
10 CHz 7.6 165.6 =10 | 2620 4107 | 3533
= CH3 2440 [ 14d.E Jada | 2575 g00a [ 373
20 CH4 3EB.2 | 18EE Bdd 2 [ 319.0 9300 | 4355
25 CHS TEL3 | 1847 10511 | 354.8 o593 [ 4851
30 CHE 0364 | 256.6 noad [ 514.2 1064.3 | BE5.8
a5 CHT 0001 | 3432 041z [ 7O 934.0 | 8vVa.2
40 CHa 9786 | 594.7 0247 | 9695 96349 | 10419
45 CH3 Temper 3476 | GBE.S 9639 | 9813 33d.3 | 10431
S0 CHI0 atre 326.0 | 300.3 3639 | 9355 0.8 | 10054
gE CH11 Fel 8345 | 9vE.T 049 [ 387.8 gadd [ 9918
B0 CHiZ 8579 [ 9894 8941 | 946.0 8515 | 9527
65 CH13 gd6.8 | 9537 8636 | 9238 gdz29 | 9358
70 CH14 8133 | 3208 8568 | 834.3 G156 | 3053
75 CHiS T332 | 8915 8203 | 8.4 aooa | &azd
a0 CHiE Tred | BEBz2.4 8158 | 8445 TE19 8571
a5 CH1? TST.8 | &30.0 TT0d | 8162 TE25 [ 8291
an CH1a 7331 | ¥a7.Aa To8.6 | 7858 T3IS6E [ 794
a5 CH13 B85.2 | T63.4 gad.d [ 754.9 B3z1 | TET.T
100 CHz0 Bd40.9 [ TiI8.2 BEE.E | Ti12.4 BE0.2 | T26.4

— Max temperature
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Table 2 The comparison table of temperatures and burner length between porous
media ball size 3&10 mm in compact burner 0-30&30-200 mm and porous media ball
size 10 mm in compact burner 0-200 mm in (a) LPG 275 cc/min with air 20,000
cc/min condition (b) LPG 300 cc/min with air 20 L/min condition (¢) LPG 325 cc/min
with air 20 L/min condition (d) LPG 350 cc/min with air 20 L/min condition

[a] (b] [iz] (d]

Porous mediaballsize — | 32490mm| 10mm | | 3810mm]| 10mm | | 38100mm| 0mm |)3810mm]  10mm

LFG

Channel [=100
Position | of coiminl | 275 | 275 500 | 300 325 | 325 350 | 350

[mm] |thermoc

auple I::""_:!
(min | o 20 20 20 20 20 20 20
g CH1 43 | 43.0 E7.3 | 109F g5z | 1640 |[ 1005 | 7.9
0 CHz E1d | 536 B33 | 1656 G24 | 2620 || 1041 | 3553
15 CH3 778 | 516 G553 | 1446 471z | 2575 || 629.3 | 3Tl3
20 CH4 531 | B96 007 | 1666 781 | 9.0 || 9982 | 4355
=5 CHS 23 | 83l 3328 | 1ad.7 || 1866 | 354.5 || 177 | 4851
=0 CHE Z57.2 | 1.2 453.7 | 2566 || 11445 | S4.2 || 156.0 | 6Aoa
=5 CHT 6511 | 1905 || 0403 | 3492 || 10533 | 7017 || 0667 | 8732
a0 CHE T3Z | 3096 || W55 [ 5947 || 10532 | 989.5 || 10584 [ 0419
q5 CH3 || Jomper | 0518 | 4035 | [ 11048 | 8865 | [ 10182 | 3813 || 0238 | 10431
=0 CHID e | 1926.2 | 5363 | | 0586 | 5003 | [ 10063 [ 9985 |[ 00.5 | 10054
E5 CHTT (o) | 10014 | 7182 || W21z [ 3757 | [ 963.2 [ 9876 || J66.0 | 3918
E0 CH1Z 0074 | 9542 || 0750 | 9534 || 9569 | 9460 || 9605 | 9527
ES CH1Z 5724 | 9378 5813 | 953.7 5341 | 929.56 || 9377 | 9568
70 CH1d 3614 | 9367 || 9694 | 9206 241 | 694.9 || Jev.z | 9053
75 CH1S 519.0 | 8925 || 3252 | &35 8337 | arlg || 8971 | &a3d
&0 CHIE 5181 | 6709 || 9242 | 6629 || 890.2 | @445 || 8350 | &571
5 CHI7 5859 | 8235 || 8943 | 8300 || 8677 | 62 || 8705 | &zad
30 CH1G §76.2 | t99.2 5515 | 7979 || @555 | To5.6 || 6562 | 7991
55 CH1g §39.2 | T&11 §44.5 | 7634 || g2d4.5 | 754.9 || 6276 | 7677
W0 | CHZO 565 | 7208 || az2z [ TBZ 8039 | visd || S06E | 7264

— Max temperature
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Table 3 The comparison table of temperatures and burner length between (a) LPG
300-375 cc/min with air 20,000 cc/min condition that consist of porous media ball
size Smm in compact burner 0-200 mm (b) LPG 275-400 cc/min with air 20,000
cc/min condition that consist of porous media ball size 10 mm in compact burner 0-

200 mm
=] (b
[Porous mediaball size — amm 10mm

Channel L1PE|I|3:|

Pozition of I ;
imm) | thermos colmin) | 300 3.25 3.50 375 2.75 3.00 3.25 3.50 3.75 4.00

ouple 'ﬁ'"_:l

(limin] 20 20 20 20 20 20 20 20 20 20

= CH1 729 0.a | 1224 | 2256 49.0 1096 | 1640 | 2179 | 3185 | 4656
10 CH2 7.6 1510 | 4107 | B3E.3 538 1656 | 2620 | 3533 | 4884 | 6309
15 CH3 244.0 | 3848 | 8009 | 1064.0 57.8 446 | 2575 | 373 | 498.7 | 633.0
20 CH4 3682 | S44.2 | 3300 | 11229 53.6 156.6 | 3190 | 4355 | 5601 | 700.7
25 CHS TE13 | 10811 | N05.3 | 11585.5 831 154.7 | 354.8 | 4851 | 6224 | 8483
30 CHE 1036.4 [ 1M05.4 | 10643 | 1355 1.2 25686 | 5142 | BESS | &d44.0 | 171
35 CHY 10001 | 10412 | 334.0 | 1057.0 1905 | 3492 | 7OLY | §73.2 | 0415 | MG
40 CHE 3756 | 1024.7 | 3633 | 1025.6 3036 [ 534.7 | 368.5 | 10413 | 1066.4 | 1055.3
45 CH3 Temmper 76 | 9639 | 3343 | 93448 4035 | BBES | 9813 | 10431 | 10646 | 10518
50 CH10 atulrje 926.0 | 9639 | 3108 | 969.4 5353 | 9003 | 9385 | 10084 | 1017.3 | 10307
== CH11 rel 8945 | 9049 | 88d.d | 9424 7182 | 9757 | 9878 | 9918 | 9975 | 10104
[=11] CH12 8579 | 8541 | 8515 | 9075 9542 | 989.4 | 9460 | 9527 | 9603 | 9719
ES CH13 468 | 8636 | 8425 | 89848 9375 | 9537 | 9258 | 9388 | 46T | 9585
T CH14 8193 | 8568 | 8186 | 8728 9367 | 59208 | 8949 [ 9053 | 95T | 9264
5 CH1E T95.2 | 5203 | 8008 | 855.0 8925 | 8915 | 8719 | 8831 | 8544 | 9051
a0 CH1E T7ed | 8158 | vE1S9 | 8334 8705 | 5629 | 8445 [ 8571 | 8685 | 8TEE
g5 CH17 TETE | Y04 | FE2S | 8136 8235 | §30.0 | 8162 [ 5231 | &4.2 | 850.2
a0 CH1g T334 | V886 | 7386 | TEV.O0 T892 [ 7973 | TERE | V331 | &Nz £13.1
35 CH13 6552 | 6844 | 6321 | T35.4 TE11 | VB34 | 7543 | VET.T | V502 | TEEE
100 CHz0 G409 | BE6.6 | 650.2 | G30.5 T208 | ™M&2 | T34 [ vE6d | TIEEE | 43T

— Mau temperature
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Table 4 The comparison table of temperatures and burner length between (a) LPG
300 cc/min with air 15,000,20,000 cc/min condition consist of porous media ball size
5 mm in compact burner 0-200 mm (b) LPG 275 cc/min with air 15,000,20,000
cc/min condition consist of porous media ball size 3&10 mm in compact burner 0-
30&30-200 mm.

[a] [1-]]
[Porous mediaball size — amm F&10mm
Channel L'IF.I:I?:I
Position of L ;
(mm] | thermos coimind | 3.00 3.00 275 275
auple 'ﬁ'"_:!
(Itrmir) 15 20 15 20
3 CH1 3200 [ v23 147.5 fid. 3
10 CHz 45985 [ 176 4623 g4
15 CH3 1113.5 [ 244.0 075.0) 778
20 CH4 N0 | 3632 1362 | 8581
23 CHS 0d44.2 | THL3 0537 ) 1823
a0 CHE 10382 | 10364 [ [ 0230 | 257.2
35 CH7Y 015 | 100041 3634 [ 6511
40 CH3 076 [ 3756 9343 [ ™2
45 CH3 Temper G35.9 [ 347.6 53 | 3515
S0 CHI0 atulr:‘e G340 [ 326.0 g33.8 [ 0262
55 CH1M Fel 7735 [ 8945 g78.9 [ 10014
=11] CHiZ 7636 [ 8579 85d4.4 [ 1007.4
G5 CH13 7339 [ 9465 gdr.e [ 3724
70 CH14 TI3E | §19.3 g26.2 [ 3614
75 CH1S 6356 [ 7332 5034 [ 3180
a0 CHIG 6312 | Tv5d F821 | 3181
(o] CHI7 G36.1 | TST.8 ToT.0 [ 8353
an CH1g G423 [ 7331 T35 [ §TEE
35 CH13 53531 | BE5.2 F014 | 8352
100 CHz0 5815 | B40.3 6734 [ 8163

— Man temperature
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Table 5 The comparison table of temperatures and burner length between (a)
equivalence ratio 0.33 LPG 325 cc/min with air 20,000 cc/min and equivalence ratio
LPG 400 cc/min with air 25,000 cc/min condition consist of porous media ball size 5
mm in compact burner 0-200 mm (b) equivalence ratio 0.41 LPG 300 cc/min with air

15,000 cc/min and equivalence ratio 0.41 LPG 500 cc/min with air 25,000 cc/min
condition consist of porous media ball size 5 mm in compact burner 0-200 mm.

=) 1)
[Porous media ball sice — Smm Smm
LPG
(100
Channel

bodtion| ot |Lestmin) | 325 | 400 || 300 | S0

Y=

h
o)t | _timing | 2000 | 2500 || 1800 | 2500
P Equivalent

ratio | 033 | 033 041 | 041
5 CH 0.3 [ 705 |[ 3200 | 1596
W | CHz B0 | 537 || 3565 | 1364
I EGE 354.6 | 00z || 198 | 5491
20 | cha S5q4.2 | 1431 || TW0.0 | G041
75 | CHS 0811 | 497.3 || 1044.2 | 1980.0
30 | CHB Ti08.4 | 675 || 1036.2 | 1200.9
3 | CHY 041z | 0a0.8 || 9018 | 0978
40| cHe 024.7 | 1105.9 | | 907.6 | 117
45| CHI || 1orore | 9099 | 0630 | | 8369 | 10827
50 | cHID "™ 9633 | f060.6 | [ 8340 | 10514
55 | CHN (e | 9043 | 70057 |[ 7785 | 99vd
B0 | cHiz 53¢.1 | 9979 || 7696 | 9930
B5 | CHI3 B63.6 | 9560 || 739.9 | 9627
I 556G | 959.2 || 7oz | 9559
75 | cHE 5203 | 8 || 6956 | 950
80| cHi 515.8 | 9136 || 692 | 9129
85 | cHI TT0.4 | &731 || 6961 | ares
30 | cHig 756.6 | 5559 || 6429 | o5ad
5 | cHi 4.4 | 7o0.3 || 5981 | T96.7
00| CHeD BEE.G | THSG || 5815 | 7127

— Man temperature
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Abstract. The purpose of this work is developing the numerical 1D model of porous media
combustion for investigating porous media burner systems. The software is used to solve energy, mass
transfer and chemical reaction equation of the combustion. The operating condition and property
parameters, which mainly affect the functions and quality of the industrial burner design, such as the
inlet velocity of the reactants, the equivalence ratio, the extinction coefficient and the thermal
conductivity of porous media, will be investigated and validated with experimental data. For
developing the procedure of experiment, three diameter sizes of porous media materials (5 mm, 10
mm, and 15 mm.) were used. As a result, the developed model will be used as a tool to explore
temperature distribution of heat exchange to improve thermal performance and overall efficiency
system. Moreover, this knowledge can be applied to design porous media burner systems for uniform

temperature distribution operation.

1 Introduction

In the present, environmental concerns and global
warming problems have an impact on our environment.
Although, the sustainable energy such as biomass,
hydropower, geothermal, solar, wind and marine energies
has been progressively used, it still cannot supply enough
for the total world energy. And the nuclear energy has a
problem about safety. Furthermore, the world considers
reducing the consumption of coal and petroleum to reduce
greenhouse gases. Under these conditions, improve the
efficiency of in the present combustion has important.

Currently, the heat exchanger is widely used in
commercial industry such as power stations, chemical
plants and petrochemical plants etc. Operating of the heat
exchanger in commercial industry is transfer heat from
combustion to use. high temperature heat exchanger is an
improved efficiency of the heat exchanger in high
temperature operating condition but they have problems
about meltdown of material, how to design heat transfer
in heat exchanger etc.

Accordingly, porous media materials in the
combustion of heat exchanger have attracted attention for
improving heat exchanger efficiency in this work because
of their advantages such as higher burning rates than free
flame, extended lean flammability limits, low emissions
of pollutants, high radiant output, and increased power
dynamic range.

This paper presents the development of the
combustion modeling in porous media. The developing

* . . -
Corresponding author: visarn lil@mtec.or.th
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code is based on “One-dimensional CFD combustion
modeling in porous media” written by Wasinarom[1]. The
model is governed by conservation of mass, fuel species,
energy in fluid pore space, energy in a solid porous
matrix. According to the 2 phases of Heat transfer
between solid and fluid phase, local thermal non-
equilibrium was been modeling via energy source term of
the solid and fluid energy equation. Arrhenius law is used
to calculate fuel consumption and heat transfer from
oxidation. The code is developed in one dimension due to
prevent fluid dynamics complication at this stage. And,
velocity field was merely calculated by ideal gas law as
the calorific equation of state with 1D models. One
dimensional code is recommended at the early stage of the
complex porous media with combustion development.

2 Methodology

2.1 Porous media combustion modeling (PMC
modeling)

The porous media combustion modeling trends up
to 1994[2] are mainly described 1D models only. Takeno,
Echigo, and their coworkers[3] are the pioneers in PMC
modeling to study the effects of mass flow rate and heat
transfer coefficient on flame characteristics in excess
enthalpy flames and suggested inserting a porous, highly
conductive solid into the flame to conduct heat from the
solid to the reactants. They found that increasing the mass
flow rate above the laminar burning rate increased the heat
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Fig. 1 Schematic of the experimental setup.

In the burner, a quartz tube was separated into two
layers of porous media. The first layer was a preheat zone
that was 20 mm. long and filled with ALO; pellets
diameter size 3.0 mm. The second layer was the flame
region that was 100 mm. long and filled with AI203
pellets diameter size 5.0 mm. in the 1* experiment, 10
mm. in the 2" experiment, and 15 mm. in the 3
experiment.

Thermocouples were set up as No.l in the
premixing zone and No.2 is in center of flashback
protection zone. The No.3 is on the border between
flashback protection zone and combustion zone.
Thermocouples No.4-8 begin to start apart from No.3 in
every 20mm until No.9 set depart of the combustion zone.
The recorded data is temperature data and emission of the
combustion exhausts such as CO, Oz, NO, CiHy and NO;
at the burner outlet.

The air flow rate at inlet burner of methane/air
mixture is kept constant between 0.09-0.15 m/s. And,
equivalent ratio is developed between 0.5-1.0 that was
suggested by Marker J. et al.[15].

3.2 Modeling equations

For simplify the problem, Model was followed under
the below assumptions.

1. The porous media was setup as gray homogeneous
media.

2. The wall is no slip, adiabatic, and radiative gray.

3. In high temperature, Potential catalytic effects of
the solid are ignored.

4. Gas radiation and Body forces is neglected.

5. Reactants and Products setup as incompressible
ideal gases.
A set of differential equations is in the following
form.
Continuity equation,
Jep,
7+Vv(£psu):0 )
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Where
P, is the density of methane/air mixture
£ is the porosity, u is the velocity
Momentum equation,

Ju
gp | —+u-V
p”(at ! u)

Where
u is the viscosity of gas.
Species conservation equation,
ep, Y,

!

—EVp+,uV2u+%,uV(V-u) e))

+V-(80,7) =-V-(sp, XF )+ & @3)

Where
Y, is the molar faction of substance
¥, is the diffuse velocity of substance
¢ is the reaction rate of substance
W, is the molar mass of substance
Energy equation,
For gas
W +V-(su(ngg7; + p))
=h (1, -T,)+V(2k, )VT, + &
For solid
al(1-g)p,CT, ] o
Ot
Where
( is the heat from the chemical reaction

)

(kvT)4n(1,-1,) )

h, is the convection of heat transfer coefficient
k, is the heat transfer coefficient for solids
The inlet velocity is defined by
T '

7 ©)

zD* zD?
Where
I is the gas flow rate of methane/air mixture
A is the sectional area of the flow path
D is the diameter of the flow path

' is the gas flow rates of methane
I is the gas flow rates of air

The porosity is defined as

¥
N %100
Via

Porosity(g) = 7
Where
¢ is the ratio of the void volume within a porous
media to the total bulk volume of the porous media

Vieau, 18 @ volume of cavity of porous media pack
bed
Vs 18 @ volume of cylindrical quartz tube



release rate and the reaction zone became more
concentrated.

Generally, all 1D models assume 1D flow
conditions and no radial heat losses[4]. These two
assumptions may become inaccurate if the porous media
combustor is a commercial burner prototype with
complex geometry. In such a situation 1D relations will
no longer be valid and multidimensional models are
imperative. It is, therefore, necessary to predict 3D
combustion and emissions in complex geometrical burner
configurations to help the design of commercial inert
porous burners[5].

Mohamad et al.[6,7] modeled a PM burner with
embedded coolant tubes. The 2D continuity, momentum,
energy and fuel mass fraction equations were solved and
the combustion was described as a one-step reaction. A
numerical code has been developed by Bidi et al.[8] to
evaluate the effects of different parameters of combustion
in porous media. The Navier-Stokes, the solid and gas
energy and the chemical species transport equations were
solved using a multi-step reduced kinetic mechanism. The
discrete ordinates method was used to solve the radiative
transfer equation and a finite volume method (FVM)
based on SIMPLE method was applied to discretize the
conservation equations. Moraga et al.[9] who studied the

one of the applicable options to solve the problems to a
remarkable extent in both technical and economic
perspectives. This technique has[12] been used for both
gaseous and liquid fuels in steady or unsteady
combustion. Flame stability in porous media with lean
and rich mixtures, a significant reduction in pollutants and
increasing combustion efficiency, was proven.

The material of porous media burner[13], aluminum
oxide (ALOs;), silicon carbide (SiC), and zirconium
dioxide (ZrO:) proposed as suitable materials for
application. Aluminum oxide and zirconium dioxide were
recognized as high temperature resistant materials. SiC
shows good thermal shock resistance, mechanical
strength, and conductive heat transport. Silicon carbide
also has a high melting point (3260 K), against cyclic
thermal stress and strength retention at the peak
regenerator temperature (1673 K), and excellent oxidation
resistance. Metallic materials were found less suitable for
porous media because of their inadequate thermal stability
and high thermal inertia.

A comparison of the data for materials relevant for
use in porous media burners is shown in Table 1.

Table 1 Most important material data for Al;O;, SiC and
ZrO;[14]

convective heat transfer within a cylindrical inert porous = -
media combustor have used a 2D, two temperature Property U:l i | AkOs | SIC | ZrO:
mathematical model, based on fluid mechanics, energy X 152 % 1 1900 1 1650 | 1800
and chemical species governing equations The FVM was R e
< < emperature in air
used to solve the discrete model for methane combustion Th 5 G
with air. en'ne_ll expansion I(Il 8 4-5 | 10-13
Hayashi and coworkers[10] had introduced the 3D f;;f?g;)%nlc) X
modeling of a two-layer burner. The first layer was a — —
perforated plate made of an insulating material (Al.Os) T“"“{,‘“‘ conductivity W, 2030 | 80- 25
with the purpose of avoiding flash-back, while the second at20°C z 5 150
layer, a thin plate made of SiC foam to act as the reaction —
layer. They claimed that the proposed 3D model could Thennalnconducnwty Wl 56 | 20- | 24
facilitate a detailed study of the flow at the interface of the at.1000°C Z 30
two solid layers, which is not possible utilizing one- or - KJ
two-dimensional models, owing to the complex flow Specific thermal JS_" 0.9-1 ( 0.7- | 0.5-
structure originated by the 3D jets from the perforated capagity K 08 | 06
plate into the SiC foam. Thgrrnal stress K 100 | 230 | 230
For most of the cases, a 1D model with single-step resistance parameter,
reaction kinetics could yield the results with ble hard shock, R (a/Eq)
accuracy. In fact, the realistic prediction of pollutants Th‘?rmal stress 10° 3 23 1
formation necessitated detailed reaction kinetics to be resistance parameter, | #
incorporated in the model. And in 3D simulation, the mild thermal shock, it
inclusion of detailed reaction chemistry is still lacking, or R’ (RA)

3D simulation is too small[11].
2.2 Porous media burner

Porous media combustion has three modes of heat
transfer conduction, convection, and radiation.
Advantages of Porous media burner[12] is a better
homogenization of temperature across the porous media
and the significant amount of radiation helps to preheat
the incoming air-fuel mixture at upstream. The technique
of premixed combustion within porous media has been
studied and applied to steady combustion with great
success. The porous media combustion has proved to be

219

3 Experiment section

3.1 Experiment setup

Fig. 1 shows the schematic of the experimental
setup. This system is composed of methane gas and air
supply systems, a mixing chamber, four sizes of porous
media, and a measurement system. Methane gas and air
were controlled by MFC and then mixed in the mixing
chamber. The methane/air mixture flowed through
flashback protection and after that combustion in a quartz
tube 75 mm. in diameter and 170 mm. long.
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4 Results

In this study, the combustion position occurs at the
rapidly changed temperature of the fluid. And the location
of the combustion is depended upon the porosity. The
porosity. At the porosity of 0.30 or 5 mm. of diameter size
of porous media has the combustion position at
approximately 1.9 cm., and porosity of 0.35 (diameter size
10mm) has the combustion position at 2.2 cm., and
porosity of 0.40 (diameter size 15mm.) has the
combustion position at 2.5 ¢m., respectively

VS reactor length

Fluid & Solid

[ B
X: 0001966
¥: 1485

Fluid Temperalure
Soid Temperature

Temperature(K)

500

0

0 001 002 003 004 005 006 007 008 009 01

Reactor length(m)
(a)

VS reactor length

Fluid & Solid

L -
'3 0002208
Y- 1462

1000}
| Fluid Temperature
Soid Temperare

Temperature(K)

001 042 003 004 005 005 007 008 009

Raactor length(m)

Fluid & Solid VS reactor length

L .
X:0.002627
Y1461

1000

| Flud Temporatire
i Sokd Temperature

Temperature(K)

00 001 002 003 004 0O5 006 007 008 009
Reactor length{m)
©
Fig. 2 Temperature distribution along the axial distance

of modeling at porosity (a) 0.3, (b) 0.35, and (c) 0.4
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5 Conclusions

The comparison three diameter size of porous media
model results, the porosity of porous media affects the
position of combustion that occurs in the model. The
lower value of porosity shows the faster combustion will
occurred.

This work was supported by National metal and materials
technology center (MTEC).
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