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Combustion Characteristics for LNG or LNG/Syngas Mixed Fuel
in Large-Scale MILD Combustor.

Ho Hyun Lee

Department of Safety Engineering, Graduate School,

Pukyong National University

Abstract

Common thermal power facilities are used to-adopt a combustion process in
order to transform the chemical energy of fossil-fuels into-thermal energy. This
combustion  process could . cause environmental.  problems, including
CO2(greenhouse gas) and pollutant emission. However, CO2 is inevitable
generated in a! combustion’ process. As 1S well known, how to increase the
thermal efficiency is the best way to reduce CO2Z formation. NOx and Soot are
the major source of pollution and.cause various. breathing problems and cancers.
Therefore, the measures of pollutants-reduction are necessary.

Moderate or intense low-oxygen dilution(MILD) combustion technology, also
known as flameless oxidation(FLOX), is the latest combustion technology that
results in high thermal efficiency and also it reduced pollutants emission, such
as NOx, soot, and COs. Syngas gain from the gasification of low-grade fuel, and
also this fuel would help utilize alternative fuel. Developing MILD combustion
technology by using LNG (Liquefied Natural Gas) or LNG+Snygas fuel is
essential technology in order to reduce fuel consumption in the thermal facilities

and to decrease pollutants emission. This technology was first exploited in

- i -



advanced countries such as Germany, Italy, and Japan. Therefore, MILD
combustion technology that is developed entirely with domestic technology would
be efficient for the development of industrial furnaces and boilers to get the
important information.

In this study, high-capacity MILD combustor was designed and developed and
LNG or LNG+Syngas were used as the fuel. The performance evaluation
experiments, such as the arrangement of fuel nozzle, alternating period(t)
optimization, and variety equivalence ratio(®) effect, were investigated to confirm
MILD combustor's performance regarding combustion efficiency and pollutants
emission.

There are two, conditions in‘order to optimize the arrangement of fuel nozzle.
The first condition is that it has one fuel jet and it consists of central insulated
fuel jet(@6mm). The second condition is that it has six fuel jet and it consists
of regular hexagonal position- insulated fuel jet(?3.6mm). Combustion
performance was investigated with this two conditions: As a result, one central
fuel jet(the first condition) shows greater-thermal recycling performance than six
regular hexagonal position fuel jet(the second condition), and also the flame
condition showed uniform shape and flameless flame in the first condition.

The experiment of alternating period optimization was performed by using one
central fuel jet. Equivalence ratio was fixed at 0.7(®=0.7) and alternating period
was gradually increase from 9 sec to 18 sec.(t=9, 12, 15, 18 sec). In case of
t=12sec, the amount of CO2 is reduced much more than other conditions.

In the experiment of variety equivalence ratio conditions, fuel nozzle was fixed

at one central nozzle and also alternating period was fixed at 12 sec. In this

_iV_



experimental condition, the characteristics of MILD combustion was investigated
with various equivalence ratio, such as ®=0.6, 0.7, 0.8, and 0.9. For ®=0.6,
thermal efficiency and waste heat recovery rate were lowest value than other
equivalence ratios. NOx emission gradually decreased with increasing equivalence
ratio, and Soot emission had lowest value at ®=0.7.

MILD performance experiments were performed with various syngas dilution
rate(0%, 30%, 50%). In this results, thermal efficiency was increased with
increasing syngas dilution rate in LNG fuel, and but waste heat recovery rate
decreased very little. NOx and CO, emission had lowest vale at syngas dilution

rate 30%. Soot emission decreased with increasing syngas dilution rate.
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Table 2.1 Obtained detailed specifications through reference for conventional
MILD combustor.

Table 4.1 Experimental conditions of optimization experiments of configuration for
inlet fuel nozzle.

Table 4.2 Combustion efficiency for array of fuel supply nozzle.

Table 4.3 Experimental conditions of optimization experiments of configuration for
time of switching valve System.

Table 4.4 Experimental conditions of optimization experiments of global equivalence
ratio(®).

Table 4.5 Experimental conditions of optimization experiments of dilution rate of

syngas.
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Fig. 1.1 (Left) Schematic diagram of HiTAC furnace operated with high frequency
alternating flow regenerators. (Right) Installation of commercialization of
HiTAC.

Fig. 1.2 (Left) FLOX REGEMAT burner. (Right) Annealing and pickling line in Terni.

Fig. 2.1 Concept of mixing and combustion in conventional combustor. [15]

Fig. 2.2 Concept of mixing and combustion in MILD (high-temperature air) com-
bustor. [15]

Fig. 2.3 The manufacturing of Large-Scale MILD Combustor. (a) Front side view.
(b) MILD Combustor in profile of 45° (c) Upper of MILD Combustor. (d)
Bottom of MILD Combustor (union condition of heat regenerator).

Fig. 2.4 Pilot burner in MILD Combustor (direction of tangent for installation in

both sides).

Fig. 2.5 Heat regenerator of MILD Combustor. (a) Fuel/Air stream line and
installation for heat regenerator (b) Upper of heat regenerator (c¢) Bottom
of heat regenerator.

Fig. 2.6 (a) Fill a ceramic beads with inside of heat regenerator (b) Ceramic
beads.

Fig. 2.7 Schematic diagram of switching valve System for 2 pairs of the air /
exhaust.

Fig. 2.8 Switching valve' System for 2 pairs of the air/ exhaust.

Fig. 2.9 Schematic'diagram of switching valve System for 3 pairs'of the air /
exhaust.

Fig. 2.10 Switching valve. System for 3 pairs of the air/ exhaust.

Fig. 2.11 Schematic diagram of Large-Scale MILD Combustor and measuring / flow

system.

Fig. 2.12 Location of thermocouple for temperature measurement in MILD

combustor.

Fig. 2.13 Data acquisition process of temperature measurement for Data Logger in

MILD combustor.

Fig. 2.14 Soot mass measurement process (a) Pure filter mass, (b) Filter + soot

mass, (c) Picture of soot to attached in filter.

Fig. 2.15 Part of a FORTRAN program(MILD-QO) of evaluation of efficiency for

MILD Combustor.

Fig. 4.1 Schematic of heat regenerator and fuel nozzle position.

Fig. 4.2 Conditions of flameless combustion for inside of MILD combustion (#=0.7,

bowiten = 123, N}uez =67H).

Fig 4.2 (a) measured temperature results from pilot Burner heating, (b)

Temperature change in quasi-steady state (#=0.7, t =12%, Nf =

switch



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

671).
4.4 Conditions of flameless combustion for inside of MILD combustion (¢=0.7,
bowiten = 185, N}uez =67H).
4.5 Temperature change in quasi-steady state (?=0.7, ¢, .5 = 18%, Nf,uel =
671).
4.6 Conditions of flameless combustion for inside of MILD combustion
(=07, t =12%, Nypel = 171).
4.7 (a) measured temperature results from pilot Burner heating, (b) Tem-
=12%, Ny, =1H).
4.8 Temperature in inside of MILD combustion for array of fuel supply nozzle

=12%).

switch

perature change in quasi-steady state ($=0.7, ¢

switch

by CFD[43] and measured experimental results ($=0.7, ¢

switch
4.9 Temperature distribution of using CFD numerical results in inside of MILD
combustor. (2=0.7, t .., =123).

4.10 Flameless combustion conditions for variation “of
switching time in inside of MILD combustor (91520.7,]\/}-1,,61 =171).

4.11 Temperature change in quasi-steady state (2=0.7, N, = 7h).
4.12 MILD combustion efficiency and NOx emissions by. variation of t

(@=0.7. Ny, = 17H).

switch

4.13 CO2 reduction for variation of ., in MILD combustor (®=0.7,
Ny = 170).

4.14 MILD combustion efficiency and NOx emissions by variation of @

(tgiten, = 123, Neory 171).

4.15 COZ reduction and sootemissions /in ‘inside of MILD combustion by

switch — 1B Ve LI

4.16 Inside of MILD combustor at LNG 70 % + Syngas 30 % condition
(2=0.7, Nppoy = N, t e = 123).

4.17 Inside of MILD combustor at LNG 70 % + Syngas 30 % condition
(2=0.7, Nppoy = N, topien = 153,

4.18 Inside of MILD combustor at LNG 50 % + Syngas 50 % condition
(=07, Ny =170, t =15x).

4.19 Distribution of temperature in inside of MILD combustor. Tendency by

variation of @ (¢

switch

variation in dilution rate of syngas (?=0.7, NV, = 17}) and variation of
@ in pure LNG conditions. (V. =17}).

4.20 Temperature in inside of MILD combustion for variation of @ by CFD [43]

and measured experimental results.
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Fig. 4.21 MILD combustion efficiency and NOx emissions by dilution rate of syngas
(P=0.7. tgyp =15%, Ny =171).

Fig. 4.22 Comparison of NO emission changed 1% OZ2Z in dilution rate of syngas
predicted by CFD and measured experimental results [44].

Fig. 4.23 Responses of inlet air, exhaust and maximum temperature in

dilution rate of syngas [44].
Fig. 4.24 CO, reduction and soot emissions in inside of MILD combustion by

dilution rate of syngas (#=0.7, ¢ =152, N, =170).

switch
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& FFA__ > (sr/BA
Alr
BA
Burned gas

Fig. 2.1 Concept of mixing and combustion-in convent
-ional combustor.[15]
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Fuel =~
%
%urned gas

\q BA

Burned gas

Fig. 2.2 Concept of mixing and combustion in MILD
(high-temperature air) combustor. [15]
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Table 2.1 Obtained

detailed specifications through

reference for conventional MILD

combustor.
=T | Lo e | 9%
gngd [ OERE g | EITE L aga | wee | 129
b (ps) e (us) (kW/m?
35 20 250 N 746 320 10
36 9.34 5032 33 15151 130 6
37 1257 31821 289 162.58 180 6
38 100 100 70 1771 23 580
39 79-707"] 114—42 = - - -
40 20-100 %55 267130 77155 5,600 15
41 243 3 % 52 5,600 150
ol 15kW | ™ 26.2 687 55(182) +-ASLY | onye 15
S0KW 2 2
B30kW | 524 344 16360 | 18ms(550) | 501 30
B 17 82.8 L™ | :
Loorws o "5 d o5 J641a335) | 549(150) 301 100
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Fig. 2.3 The manufacturing of Large-Scale MILD Combustor. (a) Front
side view. (b) MILD Combustor in profile of 45 (c) Upper of MILD
Combustor. (d) Bottom of MILD Combustor (union condition of heat
regenerator).
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Fig. 2.4 The photograph of Pilot burner in MILD
Combustor (direction of tangent for installation
in both sides).
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Fig. 2.5 Heat regenerator of MILD Combustor. (a) Fuel/Air stream line
and installation for heat regenerator (b) Upper “of heat regenerator (c)

Bottom of heat regenerator.

Fig. 2.6 (a) Fill a ceramic beads with inside of heat regenerator (b)

Ceramic beads.
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E CLOSE
o - Fuel Nozzles (D=3.6mm)
O @ -Air & ExhaustNozzles (D=20mm) EE OPEN

M E
12 A OUTLET

&
2

INLET
21 EX
N
2.2 1 A4 E OUTLET
7|
2-3

Fig. 2.7 Schematic diagram of switching valve System for 2 pairs of the
air/ exhaust.

Fig. 2.8 switching valve System for 2 pairs
of the air/ exhaust.
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o - Fuel Nozzles (D=3.6mm)
O @ -Air& ExhaustNozzles (D=20mm)

/T

INLET

™ OUTLET

Fig. 2.9 Schematic’ diagram of switching valve System ‘for 3 pairs of the
air/ exhaust.

Fig. 2.10 switching valve System for 3 pairs of

the air/ exhaust.
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Fig. 2.11 Schematic diagram of Large-Scale MILD Combustor and
measuring/flow system.
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0.195m

CH1 (X=0.85m
PR ——

CH2 (X=0.70m,
—

CH3 (X=0.55m)]
—— |

CH4 (X=040m,
——

CH5 (X=0.25m,
-

CHE (X=0.10m)

CH9 (X=0.00m)
I e

/ -7// S|

CH10

Fig. 2.12 Location of thermocouple

for temperature measurement in MILD
combustor.

Fig. 2.13 Data acquisition process of temperature
measurement for Data Logger in MILD combustor.

Fig. 2.14 Soot mass measurement process (a) Pure filter mass, (b)
Filter + soot mass, (c) Picture of soot to attached in filter.
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COMMON /SPEC/ JCHA, JC2HB, JC3HB, JCAH10, JH2, JCO, JCO2,
1 JH20, JOZ2, JH2

RMAX & The maximum number of species considered in this code,
When the species number IS larger than KMAX, you have to
modify the value of KMAX in PARAMETER.

LEMIWK, LENAWK and LENCWG :

Modify (increase) the values for the LENIWG, LENAWK and
LE%FWN you encountered efrar messagss regarding the
var

JILI'.MT 4 llndlfy the vames Eur the h|? 9ata

Copyright {C) 2010 = by Chang Bo Oh
WILD QO @ MILD Gombustion Quantalive Objectives

«» Thig program is modified 'MILDPROP® program
+= MILDPAOP © Property Galeulator for the Mixed Cases

N N
HHHHH #+ HHH + H+

Source File = mild-go.!
Data File = spec,inp, product.inp
Output file = spec.out, 5_CP . out
mean ., out., Final_golas.out

Input and Qutput files

OOOO0OO0000O0000

FILE='spec. inp') I < Input file
el 'mﬁ PARK TRILE="spec, out ) t <= Initial Boundary Condition
YU JEGNG KIM iles ct nn )
& 3.FILE="pea i ! < Mixture Mean Property
«Contact Inforpdfion ! % OPEN. F"-&. b !t <= Cp for species i
i R o copen Ea:zq'"'h- Fi i o

Assistant Bfof :

imitialization o
] K A= Ul D" RSTATUS="UNICNOWN " |

ATUS="LINENOWN ",

{00 14, 05/19/2011"
WATIONAL LHIVESITY) ',

PROGRAM MILDOD =l | & TRANFIT Version 1.2,

IMPLIGIT DOUBLE Pﬁm (#fH 0-Z), 1

G O OoO000000GOCOOOGONOa00nOaNON0N0 GOGOOOO00

PARAMETER (LENI . LEHCCK)
1 Lt T, LOT cm-zs i )

¢ ) b 8 L A linker, Lout,
DIMENSION | CHIPK: R A - :
. mamxu(.t M;W)‘&ﬁﬁ X rlrmax), " G INDX ACKRFEC, MM, KIC, 11, HFIT)
2 CPOICNT), CVIHCHT), RHD GALL MGINIT g s LENAMG.  IMCWRE
3 HCLICHT 1GAT), DI +
4 BHO|{ICHT , KMAX. uw}
5 CPI(| CHT JMAX)
& CPUM(KMAK]

1

AEAL THIN, THDUT TG, TCOUT, EFF_
Cap TGS, Wi_RATTO , "OX

SUMCPAIR, EFF_EX _HUM, EFF_EX_

1
2 i
3 AP_A, EFFS\"S THIN s, ﬂ-llms TCIN s, TCOUT_s, TeTh o7 . =g
4 EFF_OEN_o, EFF_MUM_0,eff_t _p_o, eff_1_o,Thouto, JoaHg =3
5 sumgpex_o,sumcpair_o.eff_ex num_u eff_ex_den_o,efi_ex_o, JC4H1D = 4
(i] el _sys_o.eqv_n.Tein_o s, Thout o He =5
7 sumcpn2 sumcpnZ_o, eff ex_denJrE eﬂ _ex_den_n2_o, Joi =B
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Fig. 2.15 Part of a FORTRAN program(MILD-QO) of evaluation of
efficiency for MILD combustor.
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Fig. 4.1 Schematic of ~_ heat
regenerator and fuel  nozzle
position.

Table 4.1 Experimental conditions .of optimization
experiments. of ‘configuration for inlet fuel nozzle.

Condition 1 Condition 2
Power [kW] 40
Fuel LNG
() 0.7
Nrua [7H] 6 1
Nozzle 1.D. [mm] 3.6 6
towiten [Se€C] 12, 18 12
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Fig. 4.2 The photograph of conditions of flameless combustion for inside of
MILD combustion (#=0.7, t,,,., =12%, N, =67H).
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Fig 4.2 (a) measured temperature results from pilot Burner heating, (b)

Temperature change in quasi-steady state (2=0.7, t,,,., =12%&, N, =67}).
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Fig. 4.6 The photograph of conditions' of flameless ‘combustion for inside of
MILD combustion  (®=0.7; t ;0 =122, Ny = 170).
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Table 4.2 Combustion efficiency for

array of fuel

supply nozzle.

=4 2 88 | HY 348 | AlrH ©8
Nfuel tswitch P (%] [%] [%]
6 ea 18 s 0.7 79.5 75.2 78.7
6 ea 12 s 0.7 78.8 79.5 78.7
1 ea 12 s 0.7 86.7 90.9 834
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Fig. 4.8 Temperature in inside of MILD combustion for array of fuel supply
nozzle by CFD[43] and meagg;ed—expe‘ri results (#=0.7, t =12%).
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Table 4.3 Experimental conditions of optimization experiments of
configuration for time of switching valve System.

Condition 1 | Condition 2 | Condition 3 | Condition 4
Power [kW] 40
Fuel LNG
() 0.7
Nt [7H] 1
Nozzle 1.D. [mm] 6
towieen [seC] 9 12 15 18
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Fig. 4.10 The photograph of flameless combustion conditions for variation

of switching time in inside of MILD combustor (¢=0.7,/V,,, =17h).
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Table 4.4 Experimental conditions of optimization experiments of

global equivalence ratio(®).

Condition 1 | Condition 2 | Condition 3 | Condition 4
Power [kW] 40
Fuel LNG
() 0.6 0.7 0.8 0.9
Nt [7H] 1
Nozzle 1.D. [mm] 6
tiwiten [s€C] 12
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Table 4.5 Experimental conditions of optimization experiments of
dilution rate of syngas.

Condition 1 | Condition 2 | Condition 3 | Condition 4
Power [kW] 40
Fuel [LNG:Syngas] 100 : O 70 : 30 50 : 50
@ 0.7
Nt [7H] 1
Nozzle LD. [mm] i
towien [sec] 12
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Fig. 4.16 Inside of MILD combustor at LNG 70 % + Syngas 30 % condition

(2=0.7, Ny =17, t =12%).
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Fig. 4.18 Inside of MILD combustor at LNG 50 % + Syngas 50 % condition
(2=0.7, Ny =170, t =15%).
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Fig. 4.20 Temperature in inside of MILD combustion for variation of & by
CFD [43] and measured experimental results.
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