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Abslract-High temperature preheated and diluted air combustion has been confirmed as the technology, mainly applied 
to industrial furnaces and kilns, for realizing higher thermal efficiency and lower emissions. The purpose of this study was 
to investigate fimdamental aspects of the above-mentioned combustion experimentally and to compare with those in ordi- 
nary hydrocarbon combustion with room temperature air. The test items were ~d~aust gas components of CO, NO~., flame 
shape and radical components of CH, OH and C~, which we measured with gas analyser, camera and ICED (Intensified 
Charged-Coupled Device) camera. Many phenomena, as a result, which appeared in the combustion with the oxidizer, low 
oxygen concentration and extremely high temperature air, such as expansion of the flammable limits, increased flame prop- 
agation speed, looked very strange in comparison with those in existing combustion technology. We confmned that such 
extraordinary phenomena were believable through a hot-test experiment. 
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I N T R O D U C T I O N  

Recently, much attention has been paid to utilizing highly pre~ 
healed alrup to 1,000 ~ through waste gas in industrial fum,~ces, 
in which about 15 % of  the total national energy in Kore~a is con- 
sumed, because of the high efficiency of  energy sa~,ings. More- 
over, one of three major issues in the fiscal 1996, "Unders~dmg 
Enhancement of  High Temperature Air Combustion" has been 
studied as s~accessive subject to the Japanese national project to 
reduce CO. for protection of the earth. I~oduction of  high cycle 
regenerative combustion system broke through the difficulties of  
utilizing the highly preheated air with moderate cost. This regen- 
erative combustion technology [Hasegawa and Tanaka, 1997; 
NEDO, 1996; Katsuld and Ebisui, 1997] was originally devel- 
oped and commercialized in the -United Kingdom in early 1980. 
In order to commercialize this technology widely in Japan, NO~ 
emissions, which are predicted to be higher with preheated aft- 
temperature above 1,000 ~ must be reduced do~n to the values 
limited by the environmental regulation [Katsuld and Ebisui, 
1997; Fujimori et al., 1997]. 

The maxim~an combustion temperature is significantly affect- 
ed by the temperature ofthe fuel and the amount of  flue gas recir- 
culation and flue gas temperature. However, since little knowl- 
edge is available for the characteristics of  high temperature air 
combustion, special emphasis must be placed on understanding 
the basic characteristics of the combustion under the condition 
using diluted high temperature combustion air. One significant 
test result has been a discovery of  a phenomenon called the 
"Green Flame" effect [Kisimoto, 1997; Tanaka et al., 1994], tak- 
ing place in the diluted high temperatttre air combustion condition 
confirmed with spectroscopic measurement. 

The objective ofthis study is to understand the characteristics of 
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high temperature preheated and diluted air combustion tectmology 
experimenlally as a prelhrfinary stage of  the commercialization of  a 
high cycle regenerative combustion system and to analyze the 
phenomena. 

T H E O R E T I C A L  B A C K G R O U N D  

The combustion temperature (T~.) in case of high temperature 
preheated and diluted air combustion can be described as follows, 
where volume rates and heat contents of  preheated air and waste 
gas are considered. The maximum flame temperalure can keep its 
constant value if the volume rate of  the diluted gas increases pro- 
portionally along with the increase of preheated air temperature. 

T~ H,+G,~h,./+GDh,x,~+T,, (1) 
(G~,.+ G,). C~ 

r = A. exp(_ ET). [F],,,[O]. (I_@~D) ' ..... (2) 

Here m, n : reaction order, Y: reaction rate, H,, : low caloric value, 
h,,,, : enthalpy of preheated air, G,,. : volume of preheated air, G~: 
volume of diluted gas, h,o : enthalpy of diluted gas, D : concentra- 
tion of oxygen, O : oxidizer, F : fuel 

From the ~ewnpoint of  re~aclion rate of  fuel and oxidizer, for- 
mula (2) can give information on keeping the reaction speed con- 
stant, if the diluted air volume rate increases with the increase of  
air temperature. 

In real combustion field intenaal-recirculation of  combustion 
gas arises from high speed jet stream of  combustion air and mixes 
with combustion air. That combustion, "high temperature pre- 
heated and diluted air combustion;' is called "Ngh temperature 
excess el~laalpy combustiol~' which gives a new phenomenon, 
the "Green flame" effect. The high temperature preheated and 
diluted flow field can make the temperature inside the furnace 
homogeneous and prevent the formation of a local overheating 
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zone, which can be a problem in the case of high telt~emture 
preheated air con~t~iorr  

EXPERP~IENTAL APPARATUS 

Ti~e expelimen{al apparatus consisted of  a hot gas generator 
mad a combustion chamber as shown in Fig. 1. An deck-it heater 
comma-acted wi~h Kan{hal wire in 10 kW" was used as a hot gas 
generator to make tfigh ~ell~emture air; it was 500 m m  in diane- 
tel" mad 500 m m  long A thennocouple v;~s inserted at file center 
of  the flow passage between the hot gas generator and the com- 
bustion chanber to mea~are the ~eanpemtulV of  preheated mad 
dilu~ced ah: The combustion chamber was mounted on the exit of 
the hot gas generaWr. The cl~mnber was 180 m m  in diameter mad 
300 mmlong.  The flow passage was smromaded by" castable. The 
gas furl was injected fixm~ the nozzle at the center of  the test sec- 
tior~ The no~le  as shown in Fig. 2 was ii~alled re, dally or radi- 
ally to vmy a flow patteaa~ A water-cooled ~inless  s~eel smnpling 
probe was moun~d 300 m ~  dovmstrean~ of the convergant 
ct~aln-ber exit to get the concentration of  the exhaust gas. Tile 
san~pling gas was analyzed by the chenfilmninescence NO~O~ 
analyzer and the paranmgnetic O: analyzer. To obselve mad ~ake a 
picture of  flame, the side wall of  combustion chmnber was replac- 
ed by quai~ windows. Tes~ were con&rated vdth L.PG fuel over 
ranges o f  inlet ~mpea~ature up to 1,100 "C. The Met  air diluted by 
N: was supplied to the generator. The mixture of  air and N:, after 
passing through the generatoi; was allowed to heat up a ~en~em- 
ture of  about 1,100 '~C. 

it is reported that much higher levels o f  NO,. are oNained with 
Ne as the dilution gas than CO= at any degree o f  air preheat [Kish- 
imoto, 1997]. This shows the hnportance of chenfical con~osi- 
tion of gas for controlling N O  in highly prdaeated air combus- 

Table I. Expeeimental conditions 

Items Contents Remarks 
Fuel LPG Hu=12,000 kcal/kg 
Heater input t 0 kW 
Gas flow rate 1.5-2.5 l lmin AP=200 mmAq 
Diluter N2 

Air ~emperature 200, 400, 600, 800, 1,000"C 
O: [%, dry] 5, 10,15,21 
Air veloci V [:m/s] about 1.0 

tion. Thus in a combustion process, the use o f  burned gases (Imt- 
m~l products o f  con~bustion) can be more effective to conh~l 
NO, in addition to the amo~mt o f  oxygen in the combustion air. 
However, N: dik~on method was preferred for this study under 
consideration of  tough~" combustion c imm~ances .  

E X P E R I M E N T  

The ~xpefimantal conditions examined on this coz~us'don test 
are given in Table 1. 

The location of gas nozzle ir~-C~llations was x,~ied accoz~ng to 
the flow direction of COlIlbus~on air, a~ally<case a) or radially 
(case b) as sho~m in Fig. 2. The tes'~ items were e x h a ~  gas com- 
ponents of  CO, NO,, flame shape and radical coli~onen~s of CH, 
OH and C:, which we mcas~xd with gas almlysm; camera and 
ICCD c a n e ~  The IO2D camea~ was used especially for qualita- 
tive analysis of  the flame, in wlfich lhe radical components (OH, 
CH mad C~) inside the flame play an ili~oi~ant role in Uladez~and- 
ing the s~nactm~ of the flame. The OH colnponen~ which is 
known as the in .media te  product o f  c.on~u.~ion, exists in lhe 
reaction zone. CH arid C. radicals ezlfit spontaneous chenfilumi- 

Fig. 1. Experimental apparatus. 

Fig. 2. Location of gas nozzle in combustor. 
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Fig. 3. NO,. and CO emissions depending on location of gas 
nozzle. 
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nescene under the decomposing process of hydrocarbon fuel and 
have their own source of color, blue and greer~ respectively. All 
tests were carried out trader the condition of 2 L.~min for fuel gas 
flow rote and 4.7 ruth for air flow rote including N: dilution gas. 

I ~ S U L T S  AND DISCUSSION 

l .  NO:, and  C O  E m i s s i o n s  
The influence of both air temperature and oxygen concentra- 

tion on the NO, and CO ~issions was studied with two loca- 
tions of  gas nozzle, and the selection of the gas nozzle location 
was done at the same thne. The results of both eases presented 
in Fig. 3 show a significant influence of the dikNon gas corr~o- 
sition on NO, and CO emission levels. Generally, ease (b) has 
better peffbrmance compared with case (a). That is considered 
due to good mixing mechanism of air and fuel fbr reaction. The 
emission of CO in case (b) was fbund to be less than 100 pp~r~ 
and this suggests the presence of good and s~able combustion 
conditions. As predicted, the values of NO, and CO enfissions 
increased with the increasing terr~perature and oxygen concen- 
tration. It can be explained that them~al NO,, as main NO, de- 
pends considerably on oxygen concen~fion and flame tempera- 
ture coupled together. Finally we can say that lower oxygen con- 
centmtion reduces NO, and CO ~nissions ~nar!cably; though the 
prehea~d air temperature goes higher. Hereafter case (b) "a~as p~- 
feared for the next tests. 
2, C o m b u s t i o n  Stability Limits 

i 
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Test co~ i~m 
sir ~ 4c.m~m diamete~ 

~ir ~ rste: 4.7 W/h 

Fig. 4. Combust ion  stability limits. 

The stability limits of the flame with LPG fuel were obtained 
by normal photography under various conditions of air preheat 
~nperamre m-~l oxygen cono~fion of the ah: The res~fl~s pre- 
sented in Fig. 4 m~ in good a gt~en~eut vAth ~hose of the published 
report fi~m Japan, and they cot, firm stable flame combtt~tion con- 
ditions "with low oxygen concentrations of air of more than 5 % 
for air temperatm~s above 900 ~'C. However, for air ten~eratm~s 
below 900 "C the flame s~ability was significantly" affected at less 
than 10 % oxygen concentration in/he comlx~-tion air. As an 
exan~ple, a stable flame at 400 ~C could only be achieved at a 
much higher oxygen concenlrafion of  about 15 %. The physical 
appearance of the flame (e.g., flame color, size, shape and global 
flame stme~n-e) was found to be significantly changed when the 
concentration o foxygen was decreased ~om21% (by voltm~e) to 
3 % "while the air temperature was maintained constant at about 
1,000 ~'C. The global flame features observed under conditions of 
21% O= taxi 25 "C air tempemtm~ were fbund to be a short and 
corrxpact flame haxdng the expected flame lmninosity and blue 
color, in c o n , ' t ,  the flan~e observed with air having 3 % O= and 
1,010 ~'C had extrsmely low km'm~osity taxi a very large volume. 
The color of the flame was fot~x1 fi~m bluish green to green de- 
pending on the input conditions of the am The cause may be that 
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Fig. 5.Influence of air temperature on CH & C: radicals. 
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combxkedon under high temperatmv and low oxygen concen~'ation 
provides lower heat release rates per unit vd~ne confined to {hose 
of{he flmne ob~ned with 21% oxygen in {he combustion ak 
3. Flame C o l o ~  Co~wesponding to Combustion Conditions 

Fig. 5 shows the nffluence of preheated air ten~ea~tme on 
flmne colo~ based on CH and Q ~ticals. Vmions colors, namely 
white, red, blue, green, yellow are expressed in acoordmace with 
flame intensity. The odor intensity of flame was s~nger and 
brighter and {he area of flame intensity was wider as the preheated 
air teanpemture increased. 

Fig. 6 ieve01s {he compmison of CH and C, radicals at a ten> 
pem~re of 1,000 '~C through the vmiation of oxygen concen~a~a- 
tion 21, 10 mid 5 %. As it is M~owa~ that {he color ofpremixed 
hych~carbon flame changes with the equiv01ence ratio at 1 a~a~ 
namel}; the color of flmne is violet for fuel lean condition and it 
chm~ges into blue for near-sr and blue-gxeen for fuel 
rich conditior~ This phenomenon was confmned through this test 
[Kishin~oto, 1997; Sato, 1997]. By {he spec~roscopic s~udies, it is 
thought that the reason of color chm~ge of flame into grem~ for fuel 
rich condition is the decrease of CH ennssion (425-432 ran) and 
the increase of C, swan band (516.5 nm). Even the flame wt',ich 
we observed is a non-luminous diffusion flame, the color change 
~vm luminous or blue into greea~-blue was obsea~eed with de- 

incasing ox2r concenn~fior~ By spec~mn mmlysis of the 
flmne, the reason for the greenish changes is co~mned that C: 
intensity grows more in~nse than CH. At oxygeaa concen~a~tion 
of 21% CH and C: radicals appemed N?stteam of the flame, but 
wi{h demeasing oxygen concen~afion the appearance of  CH and 
Cd~licals moved to ~he downsfrean~ 

Moreover, i~s flmne size would be larger and vduminons. This 
can be explained due to {he delay of reaction by reduction o freac- 
tion rates. Fig. 7 shows the hffluence of air temperature and oxy- 
gen concen~a~fion on OH radical intensity of flame. It's widely 
known that OH radical is gea~erated in {he combustion reaction 
zone, mainly high teanperattme area [Kat~aaki m~ Ebisui, 1997; 
Fujimori et el., 1997]. In ~e  case of oxygen concentration of 
21% file area of OH radical appeared larger and the color also 
brighter as the tmnperatme went up. On the other hand, the inten- 
sity of the OH radical showed weaker as oxygen concm~tration 
changed fi~m 21% to smaller amount 5 %. These phea~omena 
can be described as the ~eason fi'om reduction of reaction ~avugh 
smaller reactant h~put 

Gea~emlb~ spea!drg the whole t~m~g for this tes~, local intensity 
of chenmilmninescence was con~m~bly decreased corresponding 
to decreasing oxygen conoen~a~tion and luminous region was 
drawn to downstream and spreaded 
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For ordinary diffusion flame, the color of flame changes along 
the stream because the local mixing intense changes along the 
flow: But, according to the above discussion, for the change of 
flame color for high temperature preheated and diluted air com- 
bustion extended to the whole region of flame, it must be difficult 
to think that the color change into greenish was only due to the 
eq-t~lence ratio. -We guess that the mixing process or chemical 
process may be varied with preheated temperature, but in the 
future we intend to elucidate this for reliable answers. 

Furthermore, flame with low oxygen concenWation may have a 
comparably longer ignition delay than that of 21%, and its root 
could not seat on a nozzle jet. This means that the long ignition 
delay makes enough time to mix nozzle fluid with the main air 
~eam. Bul the air preheating could suspend the flame in space 
stably: This phenomenon may be new flame stabilization without 
the obstruction of flow, and partially premixmg due to long delay 
must, affect the NO, emission characteristics and other combus- 
tion characterisiics. 

C O N C L U S I O N  

After consideration and discussion about high temperature pre- 
healed and dilu~d air combustion, we can sunamarize some re- 
sults as follows : 

1. Through the experimental test we had a confirmation of the 
lean-air combustibility under the circumstances of high tempera, 
ture combustion air. That can be achieved-under the condition that 
the higher the temperature of preheated air for combustion is, the 
lower the concenlration of oxygen in air is. The results showed 
that a decrease of oxygen concentration lifted -up the flame and 
dragged the flame position to dox~aastream. 

2. The tendency' in CO and NO,. value from the experiment is 
thought to be very" similar with that from the pre'~ous numerical 

study, in which CO and N O~ are increasing with the preheated 
temperature and the oxygen concentration in combustion air to be 
increased. 

3. One significant test result has been a discovery of a phenom- 
enon called "Green Flame" effect, talcing place in the diluted 
high temperature air combustion condition confirmed with spec- 
troscopic measurement. II is thought that the reason for the color 
change of the flame into green for fuel rich condition is the de~ 
crease of CH radical and the increase of Cz mNcal. 

REFERENCES 

Fujimori, T., Riechelmann, D. and Sato, J., "Experimental Study 
of NO, Reduction by Lifted Turbulent Jet Flame in Highly 
Preheated Flows;'The First Asia-Pacific Conference on Com- 
bustion, Japan, 298 (1997). 

Hasegawa, T. and Tanaka, R., "Combustion with High Tempera- 
ture Low Oxygen Air in Regenerative Burnel~' The First 
Asia-Pacific Conference on Combustion, Japan, 290 (1997). 

Katsuki, M. and Ebisui, K., "Possiblity of Low Nitric Oxides 
Emission from Regenerative Combustion Systems Using High- 
ly Preheated AN' The First Asia-Pacific Conference on Com- 
bustiun, Japan, 294 (1997), 

Kishimoto, K., "Observational Study of Chemiluminescence 
from Flames with Preheated and Low Oxygen Air;' The First 
Asia-Pacific Conference on Combustion, Japan, 468 (1997). 

NEDO, New Industrial Furnaces of Higher Thermal Efficiency 
Project Report, 1V (1996). 

Sato, J., "Combustion in High Temperature Ah-;' The First Asia- 
Pacific Conference on Combustion, Japan, 286 (1997). 

Toalaka, R., Kishimoto, K. and Hasegawa, "Combustion with 
High Temperature Air" Combustion Sci. Technol. (Japanese 
ed,), 2, 257 (1994). 

Korean J. Chem. Eng.(Vol. 16, No. 4) 


