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1.Introduction
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 Energy demand increase - growth of the world's population and
substantial economic development (e.g. China and India).

[ Challenges - efficient energy and limit greenhouse-gas (GHG).
(J Combustion of fossil fuel - fulfil about 80% (IEA, 2009).
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i o
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Figure 1 History and prediction of ° 10 § 32°F (0.0°C)
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2009 and Maczulak, 2010). 2
@ 4A -31.3°F (-0.4°C) - /
2 —
0 T T T T -30.9°F (-0.6°C) T T T T T T T T
1980 1990 2000 2010 2020 2030 1860 1880 1900 1920 1940 1960 1980 2000

» New combustion technology - Moderate or Intense Low Oxygen Dilution (MILD)
combustion produces high combustion efficiencies with very low emissions. (Tsuji
et al., 2003).

» One of the most promising combustion technology (Tsuji et al., 2003 and
Cavaliere and de Joannon, 2004, Dally et al., 2004).
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In 1989, Wiinning (1991) observed a surprising phenomenon during
experiments with a self-recuperative burner.

Furnace: 1000°C and 650°C air preheat temperature, - No flame could

be seen, Fuel was completely burnt, CO was below 1ppm in the
exhaust

Called that condition
“flameless oxidation” or FLOX

This new combustion technology was also named:

Moderate or Intense Low-oxygen Dilution (MILD) combustion
(Dally et al., 2002, Cavaliere and de Joannon, 2004).

High Temperature Air Combustion (HiTAC) (Katsuki and Hasegawa,
1998 and Tsuji et al., 2003).
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MILD combustion summary (Li et al., 2011b) :

» High temperature pre-heat of combustion air and high-
speed injections of air and fuel. (Key requirement)

» Strong entrainments of high-temperature exhaust gases,
dilute fuel and air jets. (Key tech. to maintain MILD)

» Oxygen dilution: 3%—13%.

» Reactant temperature is greater than fuel self-ignition. (N,
and CO,-rich exhaust gas)

» Regenerator - thermal efficiency can increase by 30%,
reduce NO, by 50% (Tsuji et al., 2003).



UNIVERSITY OF
SOUTHERN QUEENSLAND

Comparison MILD and Conventional
fulfilling lives

(a) Conventional flame (natural gas)
(b) MILD combustion (natural gas)

(c) Conventional combustion of sawdust
(d) MILD combustion of sawdust

Figure 3 MILD furnace and parallel
jet burner (Szeg6 et al., 2008).
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Figure (New) The comparison between

|
T | Tag
ad! ad e ..
sl | : Recuperator and Regenerator (Tsuji et
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21% 8% 2% Figure (New) Schematic of two-flame
and one-flame type regenerative
burning systems. (Zhenjun et al., 2010)
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Figure (New) Combustion air temperature of 1100 °C and
O, concentration (Gupta et al., 1999)
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»EGR works by recirculating a portion of the exhaust gas
back to the combustion chamber.

»The main purpose is to dilute oxygen and heat the mixture.

Diluti fio K. = Mg _ (M — Mg — My) M, =Total mass flow rate
Hution ratio, &y (Mg + M) (Mgy + M) M = EGR mass flow rate
(Winning and Wiinning, 1997, Cavigiolo MF = Fuel mass flow rate

et al.,, 2003 and Galletti et al., 2009) .
M, = Air mass flow rate

Conventional System Efficiency: EGR System  Efficiency:
37.4% ‘IR 72.4%

Flue Flue

Furnace
|
EFF=37.4%

Furnace

ator
Heat out
of furnace 664 BTU EFF=72.4%

Total input: l Available heat

1424 BTU

Regener

Heat lost out of furnace

7 BTU = Cold air

'_-_'I:t;aﬁn[?ujc?\\ :
S 1057BTU S Available heat

1050 BTU = fuel input 1050 BTU = fuel input

2200°F Flue gas temperature 2200°F Flue gas temperature

Kraus and Barraclough, 2012 Q
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The maximum temperature increase due to the combustion
(AT =T_,, —T,,) is lower than the mixture self-ignition temperature (T)
(Cavaliere and de Joannon, 2004).

flame

o flame flame
ﬁﬁ?;ﬁﬁ?ﬁ?\ stabilization fronts A x -
max in flame
—
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Figure 1: Principles of standard combustion (top) and flameless oxidation (bottom). On the right
hand side, the temperature evolution is shown [2]. .
P [2)- (\Wunning, 2003).
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< Recireunlation Ratio

W s I 05 ___ e _ Figure 7 Schematic regime for methane-air
e et jet in hot coflow flames (Rao, 2010).

- ~ Flameless / MILD g:
T | g emomsion | ] g Oxygen dilution is about 3-13%
F Bl i )
t | S and the reactant temperature
g 1200 : e . . .y
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Reacting Zone
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[~

Significantly, both the reacting and non-reacting
zones for the MILD case are bigger compared to
the conventional case.

Post-Reacting Zone

Figure 8 Closed furnace

reacting zone (Li and Mi, 2011). (a) Conventional (b) MILD combustion
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Table 1: Pollutant from fossil fuel (EIA, 1999)

Gas Oil Coal

No. Pollutant (kg of pollutant per 109 kJ of energy input)

1. Carbon dioxide 273,780 383,760 486,720
2. Carbon monoxide 94 77 487
3. Nitrogen oxide 215 1,048 1,069
4. Sulphur dioxide 2.34 2,625 6,063
5. Particulate 16.4 197 6,420
6. Mercury 0.00 0.016 0.037

Biogas cycle
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BIODIESEL
‘ ? PRODUCTION
2400 2800 3200 4] 10 0 ‘
Flame jemperoivre, F Excess 02, % :LGAE \ l

Figure 1: The rate of N0, formation. (a) flame temperature in Fahrenheit (2800 F is (RENEWABLE RESOURCE) GLYCERIN
equal to 1810 K) (b) percentage of oxvgen level in the oxidiser (AET, 2012). PRODUCTS
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2.Research Focus
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MILD is still not fully commercialized and well adopted in
furnace industry, need substantial fundamental and
applied research (Cavaliere et al., 2008, Li et al., 2011b,
Parente et al., 2011 and Danon, 2011).

The characteristic of MILD combustion is strong coupling between turbulence and chemistry (Parente et al., 2008).

Mixing field homogeneity (de Joannon et al., 2010) and slower reaction rates - accurate modeling is challenging (Aminian et al., 2011),

Fundamental study on the mixing quality is required.

Furnace efficiency - lean and clean operation and fuel cost is
nearly 67% plant’s energy budget (Thomas, 2011).

More understanding on flame structure is necessary to widen
the application range of the MILD combustion (Medwell, 2007)

especially on open furnace.
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On the Cover:

Olson Industries’ new regenerative heat system is installed on an
in-house test furnace. The new system separates the burners from the
regenerators and promises energy efficiency with lower up-front costs.

Heat Treating
New Configuration May Make it Harder to

Say No to Thermal Regeneration

Bryan J. Kraus and Sean Barraclough - Oison Industries; Burgettstown, Pa.

This new furnace regenerative system eliminates the need to cycle from
one burner to another because the preheated combustion air is joined
into a single stream that feeds all of the burners, allowing them to fire
simultaneously. The system also eliminates specialized regenerative
burners directly attached to the regenerator boxes, resulting in a less-
gxpensive installation.

Vacuum/Surface Treatimg
Active Screen Plasma Nitriding - An Efficient,
New Plasma Nitriding Technology

Jean Georges - Plasma Metal Luxembourg; Pierre Collignon - PD2i Europe ;
Christian Kunz - PD2i North America

Active screen plasma nitriding technology (ASPN) is a new industrial
solution that enjoys all the advantages of traditional plasma nitriding but
does not have its inconveniences. Different-size parts can be treated in
the same batch. ASPN is also called “easy nitriding”because it does not
require highly skilled operators.

Process Control & Instrumentation

Impact of Measurement Errors on the Results of
Nitriding and Nitrocarburizing Treatments
Karl-Michael Winter —- PROCESS-ELECTRONIC GmbH; Heiningen, GERMANY

We have a pretty good idea of what will happen to steel parts if exposed
to a defined atmosphere at a given temperature. In order to determine
the process parameters, we can use the well-known Lehrer Diagram

for a nitriding process, or we might use one of the various FeNC phase
diagrams for a nitrocarburizing process.

Materials Characterization & Testing

Additive Manufacturing Enables Innovative
Shock-Wave Control in Supersonic Turbine Blades
Rob Snoeijs - LayerWise N.V,; Leuven, BELGIUM

Scientists at von Karman Institute in Belgium contracted LayerWise to
produce a scaled turbine inlet guide vane model for a turbine research
project. LayerWise, an additive-manufacturing specialist, built the metal
vane specimen as a single part, complete with internal cooling cavity and
fine instrumentation channels.
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Investigate the possibility of using a new open furnace which
can operate on MILD combustion.

Research work will consist of numerical and experimental.

The main objectives of this research are:

i. Evaluate the efficiency and exhaust gas emissions of the
open furnace MILD combustion system using biogas fuel.

ii. Design and construct an open furnace with a bluff-body
burner head (experimental technique).

iii. Optimise the burner head design using CFD modelling;
validated against the experimental results.

iv. Investigate the impact of hydrogen additive on the
operating conditions.

15
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3.Methodology
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T | | The parameter for the study will be:
feer g —
B Wl i.  EGR - dilute oxygen and

/ preheat the reactant

s | ii. Supply air and fuel - velocity

Qombustion ||| [ZH— iii. Nozzle and bluff body - design

chamber iv. Hydrogen additive — reduce
self ignition temperature

Three main parts:

. Gas supply

. Combustion chamber

lii. Data acquisition system
The correct ratio of methane, carbon
dioxide and nitrogen mixtures will

produce natural gas, low calorific value
gases like biogas and coal seam gas.

s supply

~
)
Q)

Premixed & Non-premixed
Bluft=pody Burner

i Figure 14 Proposed experimental setup

20 Dec 2011
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Figure 15 The image of (a) experiment setup with high speed camera and data acquisition
computer (http://www.uni-due.de), (b) the burner head with 1mm fuel jet (Derudi et al., 2007b)

Burner head design will be selected by using CFD
modelling, before experimental work.

Supply air will be preheated using regenerator or
electrical heater (if T, < T)
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Sensitivity to turbulence model (e.g. standard k-€ model
(Launder and Sharma, 1974)) will be investigated.

The parameters for the modelling works after the
experiment:
i. Temperature, velocity and the angle of the supply air

ii. Temperature, velocity and the angle of the fuel
iii. Percentage of EGR

iv. Location of the EGR input to supply air
v. Burner head design and fuel properties



Outline

fulfilling lives

4.Current Status
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(@ (®) (© fuel inlets
Figure 3: First combustion chamber model (a) No EGR (b) with 2 EGR pipe (c) with 2 Table 2: Typical data for furnace
EGR pipe and EGR inlet modified N
and burner in figure 3(c) above
Item Data
Fuel 0.5CH,+ 0.2H, + 0.3CO,
Oxidiser Atmospheric air, heated to 800 K
Fuel inlet Round 1,256 mm?2, 40~50 m/s each
Air inlet Annulus 5,140 mm?, 80~100 m/s each
Chamber size Diameter 375mm, Height 650mm
EGR 2 EGR with 386.9 mm? each inlet

Tetrahedrons (Patch conforming method) with 92,034 nodes
and 421,172 elements
Radiation Discrete Ordinate (DO) model. Absorption coefficient:
model Weighted Sum of Gray Gas (WSGGM) model.

Mesh method
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1.54e+03
1.48e+03

Exhaust Tidpedd
1.35e+03
1.29e+03 e —
‘..-_____‘,_ 4 EGR 1.23e+03
| Pitee
1.04e+03
9.82e+02
| e
Chamiber o
6.74e+02 ‘
i 6.13e+02
4 Do e I
| inlets - e
‘ \ . ;zzygz 2—.2( | ‘
‘ . 3.04e+02 i i
?nlm Combustion temperature in
| ')\ G the chamber for figure 4(b)
(@) (®)
Figure 4: Final model with 4 EGR. (a) Air inlet internal diameter 1s 22 mm_ (b) Air inlet Table 3: Typical data for
intemnal diameter is 5 mm furnace and burner in figure 4(b)
Item Data
Fuel 0.5CH,+ 0.2H,+ 0.3CO,
Oxidiser Atmospheric air, heated to 800 K
Fuel Inlet 4 x 19.6 mm?, 20 m/s each
Air Inlet 4 x 19.6 mm?, 80 m/s each
Chamber size Diameter 600mm, Height 860mm
EGR 4 EGR with 386.9 mm? each inlet

Tetrahedrons (Patch conforming method) with 111,975

Mesh method nodes and 501,831elements

Discrete Ordinate (DO) model. Absorption coefficient:

Radiation model Weighted Sum of Gray Gas (WSGGM) model.
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_ The CH, mole fraction between 0
The fuel mole fraction to produce Lower to 0.15 with UHC in the EGR pipe

Calorific Value (LCV) is 53.44% CH,,
13.36% H,, 30.00% CO,, 1.30% N,, 1.70% B

C,H,, 0.01% C.H, and 0.01% C,H,,.. =

9.00e-02
8.25e-02
7.50e-02
6.75e-02

1.50e-01

The air mole fraction is 21.008% O, and ot
4.50e-02
78.992% N,. o
2.25e-02
Table 1: Air and fuel velocity compositions and . liﬁiﬁi | :
mole fraction for unburned CH, §.00a400 2N ; |
Air | Fuel | AFR | UHC CH, | UHC CH,
(m/s) | (m/s) mole mass
When AFR o | w0 | gy o hoehen ) Boeton Comb. temperature with unwanted burning in
100 | 50 | 2.0 | 00450 0.0258 EGR pipeug}oiae to unburned CH, in EGR
reac h 51 90 | 40 | 23:1 | 0039 | 0.0215 . i
? 75 30 | 251 | 0.0351 0.0201 1346403
CH4 mo I e 100 | 40 | 251 | 0.0327 0.0185 b
60 20 | 301 | 0.0240 0.0119 s
. . 100 | 30 | 331 | 0.0146 0.0082 1116403
fraCtl onin 55 15 | 3.7:1 | 0.0097 0.0036 1056403
] . 60 | 15 [ 40:1 | 00058 | 0.0033 i
EG R p | p elsS 65 15 | 431 | 00027 0.0015 [ 8806402
70 15 | 471 | 0.0004 0.0002 BN 5202
Z 100 20 5.0:1 0 0 o
ero 80 | 16 | 5.0 0 0 o
2.Y. 6.52¢+02
50 10 5.0:1 0 0 5.94e+02
70 13 5.4:1 0 0 j;oegz il
90 | 15 | 601 0 0 20tz |

3668402 X

3.09e+02
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Exhaust
Chamber

4 air inlets

4 tuel inlets

(a) (b)
(a) (b) Figure 2: Meshing for open furnace with 4 EGR (a)
Figure 1: Open furnace with 4 EGR (a) total geometry (b) 911.669 mesh element and 189.372 mesh nodes (b) mesh

air (outer) and fuel (inner) bluff body nozzle element refinement air and fuel nozzle
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LCV is 50% CH,, 20% H,, 30% CO,

_ o When AFR reach 4:1,
The air mole fraction is 21.008% O, CH, mole fraction in EGR

and 78.992% N.,. pipe is become Zero

Air Fuel Air Fuel Total 0.16 ! ! I I I
Velocity | Velocity | Volume | Volume | Volume AFR ' ' —%— |JUHC CH4 Male Fraction
(m/s) (m/s) (md/s) (mdfs) (m3fs) : : .
20 100 0.0028 | 00028 | 00057 1.0 014%----------- R Rt R UHC H2 Mole Fraction T
30 100 00043 | 0.0028 | 0.0071 15 —=— UHC CH4 Male Fraction [19]
40 100 0.0057 | 0.0028 | 0.0085 2.0 ; ; : : :
50 100 0.0071 0.0028 0.0099 2.5 012 L
60 100 0.0085 | 0.0028 | 0.0114 3.0
65 100 0.0092 | 0.0028 | 0.0121 3.3
70 100 0.0099 | 0.0028 | 0.0128 3.5 0.1
75 100 0.0107 | 0.0028 | 0.0135 3.8
80 100 0.0114 | 0.0028 | 0.0142 4.0
100 125 0.0142 | 00035 | 0.0177 4.0 o 0.08L---
100 120 0.0142 | 0.0034 | 0.0176 4.2 % . .
90 100 0.0128 | 0.0028 | 0.0156 45
100 100 0.0142 | 0.0028 | 0.0170 5.0
90 82 0.0128 | 0.023 | 0.0151 5.5 0.06]
120 100 0.0170 | 0.0028 | 0.0199 6.0
100 77 0.0142 | 00022 | 0.0164 6.5

0.04 -

0.02
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3D View 2D View Plan View

Sl mn®
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Time taken for:
Coarse mesh : 20 — 40 second per step
Medium mesh : 45 — 100 second per step

: Problem — floating point,
Fine mesh : 120 — 300 second per step

computer hang, divergence

iquals coRmURyE'S
= - o
T gnergy ezt _ feroy ot
i ) silon
E}%—%&%&nsﬁy res00 = v&e‘g%ensﬂv 16402
[ ut no —mﬁfut no
1e+01
1e-01
1e+00
1e-02
1e-01
1e-03
1e-02
1e-04
1e-03
1605 1e-04
1] 200 400 600 800 1000 1200 0 50 100 150 200 250 300
lterations Iterations
7 ICUalS ]
%ng?g L ANSYS
Vi |
— 7
el 1e+01
gﬁvﬁgnsny
—jfigan 1e+00
— bl
16-01 e T e .

1e-02 M

"’\ RF QT S & LR i 0 A g SV R A mN S PR %' \"-'mm

1e-03

1e-04

1e-05
0 250 500 750 1000 1250 1500 1750 2000 2250 2500

lterations



Latest Result I

fulfilling lives

LCV is 50% CH,, 20% H,, 30% CO, LCV is 50% CH,, 20% H,, 30% CO,

Normal Air 21.008% O, and 78.992% N., Low Oxygen Air: 7.0% O, and 93.0% N.,

1.14e+03
1.10e+03

Conventional MILD

.02e+03
9.80e+02

1.056+03 - i X 4 9.41e+02

1.00e+03 = : £ = 9.03e+02

9.57e+02 @ [ Bt £ O 2 8.640402

9.11e+02 § : =~ & 8256402

8.64e+02 £ = g 8 2 7.87e+02
q 8.18e+02 s - 2 5} H 7.48e+02

7.71e+02 = & 2 7.096+02

7.25e+02 5| 4 6.71e+02

6.786+02 = 5 6.326+02

6.31e+02 | 2 5.93+02

]

5.85e+02 : x o k_ g 5.55e+02

5.38e+02 : _— Y 5 5.16e+02

4.92e+02 . : A : L‘_E 4.77e+02 v

<=
4450402 _ | : : 4.39+02
3.99::02 Z)‘( i ; p = = 4.00e+02 Z/kx
< S @ /

. - H /

Air 200 m/s 400K and g N Air 200 m/s 400K and
x X
° ° . /
Fuel 120 m/s 800K 71 ap 21 1o Fuel 170 m/s 800K
- O] = )

(Wunning, 2003)
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o ine 1 yecn sk S S Sl
4.143e+003 4.143e+003 e, : D
F 1.696e+002 1.696e+002
3.107e+003 3.107e+003 1.131e+002 113164002
2.072e+003 2.072e+003 5.655e+001 5.655e+001
0.000e+000 0.000e+000
[msA-1] [msA-1]
1.036e+003 1.036e+003
I 0.000e+000 i 0.000e+000
[m s?-1] [m s?-1] g'
Streamline from Air Streamline from Chamber Streamline from Air Streamline from Chamber
Inlet(10mm exhaust) (10mm exhaust) Inlet(100mm exhaust) (100mm exhaust)
7.50e+01 7.00e-02 150603 g 0.00e+00
7.13e401 6.650-02 1.43e-03 -3.50e-01
6.750+01 6.300-02 1.35e-03 ~7.00e-01
6.38+01 5.956-02 1.28¢-03 -1.05e+00
6.000+01 5.600-02 1.20e-03 -1.40e+00
5.630+01 5.950.02 1.12e-03 -1.75e+00
5.250+01 4.900-02 1.05e-03 -2.10e+00
4.88e+01 4.550-02 9.75e-04 -2.45e+00
4.50e+01 4.20e-02 9.00e-04 -2.80e+00
4.13e+01 3.856-02 8.25e-04 -3.15e+00
3.75e+01 3.50e-02 7.50e-04 -3.50e+00
3.38e+01 3.156.02 6.756-04 -3.85e+00
3.00e+01 2 806-02 6.00e-04 -4,20e+00
2.63e+01 2 45002 5.25e-04 -4.55e+00
2.250+01 2 10e-02 4.50e-04 -4.90e+00
1.88e+01 1 756-02 3.75e-04 -5.25e+00
1.50e+01 1.40-02 3.00e-04 -5.60e+00 k
1.136401 : 1.056-02 2.256-04 _5.956+00 2
7500400 7.00e-03 [-SUEC8 -6.30e+00
3756400 7} o .*.y 7.50e-05 Z)Y -6.65¢+00 - &
0.00e+00 o 00etool Z % 0.00e+00 -7.00e+00

Velocity Oxygen mole CH4 mole fraction (Not  EGR flow down still not
Magnitude fraction zero in EGR and exhaust) strong enough to dilute
oxygen in fresh air
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5.Conclusions
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1) CFD Progress to design and develop
the parameter for open furnace

2) The experimental setup is in progress
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