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Abstract

The non-sprayed porous burner (NSPB) of liquid kerosene has been numerically
investigated. The self-sustaining evaporation without any fuel being atomization before
combustion of NSPB compared to conventional burner is one of the most prominent
advantages among one. A homogeneous combustion within a porous medium is used
instead of heterogeneous combustion in a free space of conventional sprayed burner.
This system consists of two pieces of cylindrical porous inert media which are the fuel-
preheated porous medium (FP) and the porous combustor (PC). These are positioned at
co-axially with a small space separating them to serve as a mixing chamber. At a steady
state condition, the two porous media are coupled with radiative heat transfer emitted
from the PC to the FP. The numerical modeling of late mixing porous burner (LMPB)
begins with liquefied petroleum gas (LPG) to investigate the non-preheated air and
preheated air, then the numerical model of NSPB is performed. The FP utilizes as
preheating porous in LMPB and purposes as preheating and evaporating for the liquid
fuel in NSPB. The numerical modeling is found to have potential to predict important
information for LMPB and NSPB, such as temperature of solid and fluid phases,
evaporation front, flame position, and the burner performance. The key parameters i.e.,
the firing rate (FR) and equivalence ratio which affect the burner performance and
temperature profiles, are studied. The results indicate that, the benefit of LMPB and
NSPB are safety combustion and enhanced the same radiant output efficiency as a
normal premixed porous burner which can replace a conventional burner in a near

future. Furthermore, the experimental study is conducted for the model validation. The



numerical results show adequate agreement with the experimental results in terms of

temperature profile and radiant output efficiency.

Keywords: Porous / Combustion / Liquid fuel / Non-sprayed



wateIneniinus mIauuuiasInuadiamansve s agnyy
A Sldy a a (=} o

avssouzguiomsw Indiyemaunaiwsialulinsanlss
UIeNA 36
YA Al [
Ao UNA NUANMDAU IDIIBTNT

o’d' o A [
219156N1U5 N1 f.035.8139 905 19
nanges AINITUANAATABY NG
1197 FINTIUAIDINA
GEE R AINITUIATDINA
Al INITueaa;
WAl 2554
UNANED

4

Y] ] A Yo o & a 1 4 = o
mmnﬁ@wguLwam'iLm"l,ﬁuumumwm"lmmsmﬂs& (NSPB) Qﬂﬂﬂ‘]&lﬂﬂﬂlm‘ﬂﬁﬂﬁ’ﬂﬂ‘ﬂﬁ

a 14 a dﬂg ] 4 [ Y v A [ =
AUARITAT ﬂﬁigmﬂlﬂﬂmu@mﬂﬁilllu3ﬂlﬂ1ﬂiu’)ﬁ@W§“LlTﬂEJ‘iJﬂﬂMﬂﬂﬁclcb'ﬁ’Jﬂﬂﬂ’ﬂiJﬂuC;NGIN

9 A 1 9 @ o o 9 I dy = 1% @
1]61]@ﬂﬂ'g'lﬂ’lilw'lhlﬂll"ll@\iwjlw']u'uJUTﬂflﬂjllﬂ ﬂ']ilw’]hlﬁullﬂﬂlﬂi'!!u@iﬂﬂjﬂﬂﬂqﬂiugaﬂv\l?uEﬂg

[

] Y ]
aﬂicmmuwﬂmm”lwmmu”lmﬂmuammﬂum aaulumsmw Tudwamuuuanlssna'ly

)Y

[

Y
sEUVYsY ﬂ@’]Jﬂ'J‘(’J’J?f@Wiu%idﬂi“’ﬂ@ﬂﬁ’ﬂﬁ“}fu ADITANTU FP LY ’J’L’fﬂWiu PC GINGWWNI@]EHJ

L) q

wmwﬁuﬁueg wﬁmazméfﬁaﬂwgu PC 9ZUHSITAMNSoUNISITAANTU FP 11UT1809909
=~ - a o A A 1 J =\ 1
nsamaw Indiromasniayesdn (LMPB) Tunsain lulinisguuazinisqueiniAezgn
o ] y ¥ = D, ° a ¢ Y3 o o
wanndulugudu miniudadumsadrunusiassnuadiamdasvosmsm lvdihdunia
a 12 L4 ~ [ Y o dy a [
il lufinsenalsd (NSPB) Tunsdl LMPB Yagnyu FP azgnldiluginsaiguiomas daulu

<) 2 o d' 1 g Y y a o 1
N3t NSPB 10N U FP %31/1Wiﬁ'mr’l‘umiQuuazizmﬂumm%mm AMMNAANTITATUIUNDUIN

]
A o @ Yy a

o a 14 g’/ o
L!”]J’]J’i]'la’f]\‘]ﬂ'l\‘]ﬂmﬁﬁ'lﬁﬁiﬂﬂﬂiiﬁ LMPB e NSPB ﬁ']iJ']‘iﬂ“V]'lu']Eleﬁ”E)iJﬁﬂﬁWﬂiU AN UNDUY

U 9 Q U

< o ] o 1 @ a 14
mamﬁuma:ﬁuﬂﬂwa AN UINITTSINGY mgmmgﬂa’;‘lw uazﬁmiaummmmﬂﬁ' NWITTUNDT

'
o v AAa

digyhiontwanenulnssadnvesguugil nazdaussouzvesium laun onsinislou

9

X a o 1 Y = v = v 1w v
FERLNEN A dAaIUTNYA "lﬂt;]ﬂﬂﬂ‘]el"lﬂilﬂ WaNSANE1Y 1KUY R LMPB Ly NSPB %
Sld' [ Y a A T A ] 1 =) [ @ [
ﬂ"lil,NWllTﬁJVI‘]_]ﬁf’JﬂﬂfJ Llax‘lﬁﬂizﬁ%‘ﬁﬂW‘IﬂTiLLNﬁQﬁ@QGluGB’NLﬂEJ’Jﬂ‘UW’JLN"ITJZ‘TE]W?MLL‘]J‘UN@'NN"I
' o y A A ' 9 S v vy
ﬂi’)l!LL‘]J‘]JVI’Jll‘]J i’mmummstamqu“lumﬂmmﬁmsmaeuaummwmmmisum
& o B o Aa oy 1 = Y
2aa1MNITY “]NGl,uﬂu"lﬂﬁfﬁll15‘&1!111ﬂslf‘ﬂml‘ﬂuﬁlmi‘ﬂllﬂgllﬂ UDNITNUNTANHIAAIYNIT

o

Y )
‘mﬂam"ls?faﬂm?jmwdemaﬁmeummgmufi’waummi’m@mNﬂmmma@]ﬁﬂﬂwamiﬁmam

U



Vi

a a A T o a J
Tﬂj\?ﬁ%ﬁ\ﬁl'ﬁ]\?@ﬂiﬁ{]lﬂlagﬂigfﬁfl‘ﬁﬂ'l‘wsll@\iﬂ’lil!WiQ%ﬁ]’lﬂll‘U‘UﬂTa@QmTQﬂmﬁﬁ1ﬁjﬁﬂjn~l

Y @ Id oA
FOANABINUNANITNAADI UDE19A

[

°o o w 9 X a = 4
mdnny: agugy / M bl /iyem@avad / lulimsanlsd



vii

ACKNOWLEDGEMENT

I would like to express the support of a number of individual who contributed to the

successful completion of this thesis.

Firstly, 1 would like to express my deep and sincere gratitude to my supervisor, Prof.
Dr. Somrerng Jugjai, for his encouragement, inspiration, and moral support, invaluable
and productive recommendations throughout period of my study. Furthermore, | would
like to express my gratitude to committee panel, Assoc. Prof. Dr. Somchai Chanchaona,
Assoc. Prof. Dr. Suvit tia, and Prof. Dr. Padungsak Rattanadecho for their generous and

useful advice towards my thesis

| would like to thank the member of the Combustion and Engine Research Laboratory
(CERL) for their friendship and companionship, in particular Mr. Peerayut Tongtem,
for his cooperation and help with my experimental work with the prototype combustor.
Special thanks go to my fellow colleague Dr. Kampanart Theinnoi, Dr. Usa Makmool
and Mr. Parinya Pookertsin for their kindness and spending valuable time proof-reading

this thesis.

Finally, and most importantly, to my parents Thepparit and Sumroy
Wongwatcharaphon; | wholeheartedly thank them for their unending love, support and
motivation throughout my studies. | would also like to gratitude to my beloved family
members, Sumrit Fungfueng, Araya and Chaiwat Wongwatcharaphon, for their
continuous support in my life. The last acknowledgment is reserved for Mr. Satit
Jirakulsomchok, who helped me go through the difficulties with his love and

understanding.



viii

CONTENTS
PAGE
ENGLISH ABSTRACT ii
THAI ABSTRACT v
ACKNOWLEDGEMENT vii
CONTENTS viii
LIST OF TABLES Xi
LIST OF FIGURES Xii
LIST OF SYMBOLS Xvii
CHAPTER
1. INTRODUCTION 1
1.1 Motivation of the present study 2
1.2 Objectives of the study 3
1.3 Scope of the work 4
2. LITERATURE REVIEWS 5
2.1 Porous materials 5
2.2 Porous structures 8
2.3 Porous properties 9
2.4 State of modeling of combustion within porous media 18
2.5 State of liquid fuel combustion using porous media 29
3. THEORY 36
3.1 Heat recirculation combustion 36
3.2 Internal heat recirculation combustion by porous burner 37
3.3 Boiling 39

3.4 Evaporation within porous medium 44



4. NUMERICAL MODELING OF A LATE MIXING POROUS BURNER

(LMPB) FOR GASEOUS FUEL 48
4.1 Numerical model 48
4.2 Solution procedures 61
4.3 Definitions of heat recirculation and radiant output efficiency 69
4.4 Results and discussion in case of non-preheated air 72
4.5 Results and discussion in case of preheated air 78
4.6 Comparison between non-preheated air, preheated air and SLB 83
4.7 Effect of FR and burner performance 88
4.8 Effect of porous combustor type 90
4.9 Conclusions 94

5. NUMERICAL MODELING OF A NON-SPRAYED POROUS BURNER

(NSPB) 96
5.1 Numerical model 97
5.2 Solution procedures 107
5.3 Results and discussion 114
5.4 Conclusions 127
6. EXPERIMENT 129
6.1 Experimental apparatus 129
6.2 Measurement 132
6.3 Procedures 133
6.4 Experimental results in case using LPG 134
6.5 Experimental results in case using liquid kerosene 137
6.6 Conclusions 140

7. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

141
7.1 Major conclusions 141
7.2 Recommendations for Future Work 143

REFERENCES 144



APPENDIX 152
A Experimental apparatus 152

CIRRICULUM VITAE 157



LIST OF TABLES

TABLE

2.1
2.2
2.3
4.1
4.2
4.3
5.1
5.2

Important properties of Al,Os, SiC, and ZrO,.
The effective thermal conductivity correlation.
Reported study on combustion model of PMB.
Boundary conditions.

Solid property data used for simulations.
Physical properties of porous media.
Boundary conditions.

Solid property data used for simulations.

PAGE

13
27
60
60
92
106
106

Xi



LIST OF FIGURES

Xii

FIGURE PAGE
2.1 Examples of porous materials. 5
2.2 Examples of porous structures. 6
2.3 Discrete element. 8
2.4 Porous ceramics. 9
2.5 Non-uniform porous medium. 10
2.6 Photograph and sketch of an installation to measure.

thermal conductivity without flow by the hot-plate method. 14
2.7 Thermal conductivities without flow of various ceramic foam materials with

porosity of 0.76 determined by the hot plate method. 14
2.8 Experimental setup for measuring convective heat transfer properties

of cellular materials. 17
2.9 Volumetric heat transfer coefficients of various 20 ppi ceramic foam materials

with porosity 76%. 18
2.10 Single-layer porous burners. 20
2.11 Heat transport and flame stabilization in a two-layer porous burner. 21
2.12 Burner geometry. 22
2.13 Solid and gas temperature and volumetric heat release for

inlet gas velocity of 60 cm/s and @ = 0.65. 23
2.14 Experimental apparatus. 24
2.15 Computational domain for one section reactor. 25
2.16 Sketch of physical model. 30
2.17 Scheme of the most probable convective heat transfer modes between

three phases: liquid, gas and solid. 30
2.18 Schematic diagram of combustion system in a porous medium. 31
2.19 Experimental apparatus. 32
2.20 Schematic diagram of liquid combustion system in a porous medium. 33
2.21 Experimental apparatus. 34
3.1 Schemetic temperature profiles in heat recirculation.

combustion of premixed reactants in one-dimensional adiabatic system. 36



3.2
3.3

3.4

3.5

3.6
3.7
3.8
3.9

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8

4.9

4.10
411

412

Heat transport in porous burner (Durst and Trimis 2002). 37
Schematic representation of heat recirculation in a porous

medium idealized as an insulated refractory tube. 38
The corresponding variation in gas and tube wall

temperature with distance. 39
Typical boiling curves, showing qualitatively the dependence of the wall

heat flux on the wall superheat AT, defined as the difference between

the wall temperature T, and the saturation temperature T, Of the liquid.

Schematic drawings show the boilimg process in regions 1-V. These regions

and the transition points A-E are discussed in the text. 40
Flow boiling curve. 43
Flow regimes during flow boiling in a tube. 44
Linde porous boiling surface-mechanism of operation. 45

Evaporation due to the heat addition from below at temperatures
above the saturation. The vapor-film region, the two-phase region,
and the liquid region, as well as the evaporation and condensation

zones are shown. Also shown are the distributions of temperature

and saturation within these regions (M. Kaviany 1995). 46
Burner geometry in case of non-preheated air. 49
Burner geometry in case of preheated air. 50
Space-time grids. 65
Definition of preheat zone of SLB. 70
Definition of preheat zone of LMPB in case of non-preheated air. 70
Definition of preheat zone of LMPB in case of preheated air. 71

Comparison between predicted and measured temperature profiles

in case of non-preheated air at 5 kW and @ = 0.6. 72
Local energy balance gas phase in case of non-preheated air

at SkWand ® =0.672. 74
Local energy balance solid phase in case of non-preheated air

at 5 kW and ® =0.672. 74
Radiative heat flux in case of non-preheated air at 5 kW and @ = 0.6. 76

Divergence of net radiative heat flux in case of non-preheated air
at 5 kW and ® =0.631. 76

Effect of ®@ on predicted gas temperature in case of non-preheated air

Xiii



at5.74 kw.

4.13 Effect of ®@ on predicted solid temperature in case of
non-preheated air at 5.74 kKW.

4.14 Comparison between predicted and measured temperature profiles
in case of preheated air at 5 kW and @ = 0.6.

4.15 Local energy balance gas phase in case of preheated air
at 5 kW and @ = 0.6.

4.16 Local energy balance solid phase in case of preheated air at 5 kW

and @ = (.6.

4.17 Radiative heat flux in case of preheated air at 5 kW and @ = 0.6.

4.18 Divergence of net radiative heat flux in case of preheated air
at 5 kW and ® = 0.6.

4.19 Effect of @ on predicted gas temperature in case of preheated air
at5.74 kw.

4.20 Effect of ®@ on predicted solid temperature in case of preheated air
at 5.74 kW.

4.21 myic as a function of @ in case of non-preheated air at FR = 5 kW.

4.22 myic as a function of @ in case of preheated air at FR = 5 kW.

4.23 nyic as a function of @ of preheated air, non-preheated air and SLB
at FR =5 kWw.

4.24 mraq as a function of @ of preheated air, non-preheated air and SLB
at FR =5 kWw.

4.25 Total energy balance as a function of @ at FR =5 kW.

4.26 Effect of FR on predicted gas temperature in case of preheated air
at ® =0.6.

4.27 Effect of FR on predicted solid temperature in case of preheated air
at ® =0.6.

4.28 Mrag as a function of @ in case of preheated air at FR =3, 5 and 10 kW.

4.29 Packed bed of rock.

4.30 Al,Os fiber lamellae.

4.31 SiC porous foam.

4.32 Effect of porous material on predicted gas temperature

in case of preheated air at 5 kW, @ = 0.6.

7

77

78

80

80
81

81

82

83
84
84

85

86
87

88

88
89
91
91
91

93

Xiv



4.33

4.34

5.1
5.2
5.3

5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15

5.16

5.17
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

Effect of porous material on predicted solid temperature

in case of preheated air at 5 kW, @ =0.6.

Effect of porous material on ngq in case of preheated air

at 5 kW, @ =0.6.

Burner geometry.

Evaporation model.

The comparison between predicted and measured temperature profiles
at 5.74 kW and ® = 0.64.

Local energy balance of fluid-phase at 5.74 kW and ® = 0.64.
Local energy balance of solid-phase at 5.74 kW and ® = 0.64.
Radiative heat flux at 5.74 kW and @ = 0.64.

Divergence of net radiative heat flux at 5.74 kW and ® = 0.64.
Effect of @ on predicted gas and liquid temperature profiles at 5.74 kW.
Effect of ® on predicted solid temperature profiles at 5.74 kW.
Effect of FR on predicted solid temperature profiles at ® = 0.64.
Effect of FR on predicted gas and liquid temperature profiles at ® = 0.64.
Effect of FR on evaporation fronts in FP.

Effect of FR on predicted solid temperature profiles at ® = 0.64.
Nrad @S a function of @ at various FR.

Effect of porous material on predicted liquid and gas
temperature profiles at FR =5.74 and @ = 0.6.

Effect of porous material on predicted solid temperature profiles
at FR =5.74 and ® = 0.6.

Effect of porous material on nq at FR =5.74 and ® = 0.6.
Experimental apparatus.

Fuel-preheating porous medium FP.

Porous combustor PC.

Effect of ® on temperature in case of using LPG.

Effect of ® on CO and NOy emission in case of using LPG.
Effect of ® on AP in case of using LPG.

Effect of ® on nyag, Npre in case of using LPG.

Effect of ® on temperature in case of using liquid kerosene.

93

94
97
98

115
115
116
117
118
119
120
120
122
122
123
124

125

126
127
131
132
132
135
135
136
136
138



6.9 Effect of ® on CO and NOy emission in case of using liquid kerosene.

6.10 Effect of ® on AP in case of using liquid kerosene.
6.11 Effect of @ on ng and npre in case of using liquid kerosene.
A.1 Modulating dual fuel porous burner (MDPB).

A.2 100 mesh/inch stainless wire screen (FP).

A.3 Packed bed of Al,O3 (PC).

A.4  Flow meter for liquid kerosene.

A.5 Rotameter.

A.6 N-type and B-type thermocouples.

A.7 DT600 data logger and computer.

A.8 Visit-01L exhausts gas analyzer.

A.9 Pressure regulator.

A.10 U-tube manometer.

A.11 Air compressor.

138
139
139
153
153
154
154
154
155
155
155
156
156
156

XVi



dp

exp
En
FR

ho
hy

_|!—'-

s < C €<

< X

LIST OF SYMBOLS

area (m?), frequency factor of combustion (s™)

specific heat (J/kg.K)
diameter of particle (m)
diffusion coefficient (m?/s)
exponential function
exponential integral function
firing rate (kW)

enthalpy (J/kg)

heat of reaction (W/m?)

volumetric heat transfer coefficient (W/m?3.K)

incident radiation intensity (W/m?)
length of mixing chamber (m)
mass flow rate (kg/s)

Nusselt number

Prandtl number

radiation heat flux (W/m?)
radius (m)

Universal gas constant (J/mol.K)
Reynolds number

time (s)

temperature (K, °C)

interstitial gas velocity (m/s)
overall heat transfer coefficient (W/m?.K)
volume (m®)

reaction rate (kg/m?>.s)

distance (m)

product mole fraction

Greek symbols

(o}

€

area to volume ratio (m%/m°)

porosity

XVii



Ae =

+ =

Subscripts
0 =
a =
ai =
ao =
ad =
b =
f =
F =
FP =
g =
| =

mix =

PC =

<
11

absorption coefficient (m™)

thermal conductivity (W/m.K)

effective thermal conductivity (W/m.K)
density (kg/m®)

Stefan — Boltzmann constant (W/m?.K*)

optical thickness = k x

positive direction

negative direction

net

ambient

air

air inlet of air jacket
air outlet of air jacket
adiabatic

black body, boiling
fluid

fuel

fuel-preheated porous medium
gas

liquid

mixture

particle

porous combustor
solid

volumetric, vapor

wall

Xviii



