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Abstract

Combustion in high-preheat and low oxygen concentration atmosphere is one of the attractive measures to re-
duce nitric oxide emission as well as greenhouse gases from combustion devices, and it is expected to be a key
technology for the industrial applications in heating devices and furnaces. Before proceeding to the practical ap-
plications, we need to elucidate combustion characteristics of non-premixed and premixed flames in high-preheat
and low oxygen concentration conditions from scientific point of view. For the purpose, we have developed a
special mixing nozzle to create a homogeneous mixture of fuel and air by rapid mixing, and applied this rapid-
mixing nozzle to a Bunsen-type burner to observe combustion characteristics of the rapid-mixture. As a result, the
combustion of rapid-mixture exhibited the same flame structure and combustion characteristics as the perfectly
prepared premixed flame, even though the mixing time of the rapid-mixing nozzle was extremely short as a few
milliseconds. Therefore, the rapid-mixing nozzle in this paper can be used to create preheated premixed flames as

far as the mixing time is shorter than the ignition delay time of the fuel.
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1. Introduction

One of the recent attractive technologies in com-
bustion industry is “High Temperature Air Combus-
tion (HiTAC)”, in which high performance as well
as extremely low nitric oxide emission can be
achieved using the highly preheated and diluted air
produced by a heat regenerator [1]. The specific
feature of HiTAC is that the highly preheated air
mixes with burnt products in the furnace before it
reacts with the fuel issued separately into the fur-
nace, and it has been held that combustion of low
Damkohler number takes place in HITAC due to
the enhanced mixing and prolonged reaction-time
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in low oxygen concentration condition resulting in
the “Well-Stirred Reaction” regime [2]. The data-
base on combustion characteristics and flame struc-
ture in low oxygen concentration atmosphere has
not been collected in the past, particularly in high
temperature range near auto-ignition temperature of
the fuel, and several basic researches on HiTAC
have been carried out recently paying an attention
on the fine-structure of flames [3-9]. As a result,
new knowledge is available on “non-premixed
combustion” of HiTAC. However, the other ex-
treme would be “high-preheat premixed combus-
tion”, as the flame structure may change depending
on the local Damkohler number. Therefore, we
believe that further study on high preheat premixed
combustion is necessary to elucidate and under-
stand HiTAC before we apply HiTAC to practical
combustion devices and systems.
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Experimental burner for high preheat premixed
combustion was not available in the past, particu-
larly for the temperature range of auto-ignition
temperature of the fuel used due to flash-back or
auto-ignition in the upstream mixture supply line.
In order to produce a preheated air stream of 1000
K, some heating methods, such as an electric heater
or a pebble heater, are now available. Therefore, if
uniform mixture of fuel and oxidizer is formed
within a very short duration just before being issued
from the nozzle exit, actually shorter than the igni-
tion-delay time of the fuel, we can produce high
preheat premixed flames. What we need to precede
a further step on HiTAC research will be the devel-
opment of rapid-mixing nozzle making sure of
“high-preheat premixed combustion”.

The objective of the present paper is to describe
the development of a specially designed mixing
nozzle called rapid-mixer of fuel and air to perform
turbulent premixed combustion. Practically, we
examine whether the inhomogeneity of mixing or
fine-scale concentration fluctuations still remains in
the reactants stream. From the combustion engi-
neering point of view, we are going to observe the
compatibility of the mixture produced by rapid-
mixer and the perfectly prepared homogeneous
mixture by comparing combustion characteristics of
the two mixtures.

2. Numerical analysis of rapid mixer

2.1 Design of experimental burner and geometry of
rapid-mixer

We need some idea in designing new combustion
rig to observe high-preheat premixed flame. The criti-
cal design requirement of the burner is the flow rate
capacity of the air-heating device and its operating
temperature. Actually, we selected an air-heater,
commercially available, working over 1073 K, and
the flow rate ranges 50-150 L/min. To reduce the heat
loss from the heated air supply line, we adopted a
ceramic insulated stainless supply tube, inner diame-
ter of which was 13 mm. Since the ratio of volumetric
flow rate of air to fuel is usually large in generating a
combustible mixture, we adopted co-axial arrange-
ment of fuel tube placed at the central axis, the outer
diameter of which was 6 mm. The estimated Rey-
nolds number based on the annular slit ranges 1,800-
5,400 at room temperature.

Calculation domain

Fig. 1. Calculation domain and geometries of mixer.

In order to mix small flow rate of fuel into the main
air flow, the lateral injection of fuel jets may be the
most preferable measure as far as we do not use any
powered mixing devices. Since allowable mixing
time should be shorter than the auto-ignition delay
time of the fuel, the twelve lateral fuel injection holes
were aligned circumferentially in the cross-section of
42 mm upstream from the nozzle exit, taking the typi-
cal ignition delay time in compression ignition en-
gines into consideration.

Under the condition of constant fuel flow rate, the
combination of injection holes area and injection
velocity may play significant influence on the cross-
sectional uniformity of mixture at the mixing-nozzle
exit, and the mixing baffles are expected to enhance
the mixing during a short pass-time. Therefore, we
carried out CFD prediction searching the preferable
geometry of the rapid-mixing nozzle.

Fig. 1(a) shows the 50 mm calculation domain of
CFD. The outer and inner diameter of the annular air
flow channel is 13 mm and 6 mm, respectively. Fig.
1(b) through (e) show the cases with mixing baffles
changing their number or orientation, which will be
discussed later.

2.2 Mathematical model

In order to see the flow and mixing in the rapid-
mixer, numerical simulations were carried out by
changing design factors and geometry of rapid-mixers
already shown in Fig. 1.

The time-averaged governing equations for steady
turbulent flows are written in the following general
form,
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where, the dependent variable ¢ stands for mass, 1,
velocity component in Cartesian coordinates, u, ,
scalar, é, scalar fluctuation intensity, , turbulence
kinetic energy, k, and dissipation rate, ¢ . The mix-
ture fraction is one of the scalars and is expressed as
follows.

f=(m, - mf,a)/(mf.b —mg, )s

f = (E - mf,n)/(mf,b - mf,a) (2)

Although the definition of fluctuation intensity of
mixture fraction, g, is given by the following equa-
tion, actual values are calculated directly by solving
the governing equation of the general form,

g=(f~f) 3)

where, over-bar is the time-averaged value, m, is
mass fraction of fuel, and the subscript @ and b denote
the values in air and fuel stream, respectively [10].
The dependent variable of each governing equation
and corresponding model constants are tabulated in
Table 1 and 2.

Turbulence model used was RNG k—¢ . Calcula-
tion domain of 50mm x 3.5mm x 30degree of fan-
shape sector was divided into 100 x 7 x 5 calculation
grids, and the discritized governing equations were
solved by SIMPLE algorithm [11] in FLUENT soft-
ware.

2.3 Numerical results and influencing factors of
rapid mixing

Fig. 2 shows the influence of fuel injection velocity
as well as the momentum of fuel jet on the uniformity

Table 1. Dependent variable and corresponding terms in
general form Eq. (1).
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of mixture fraction at the exit of rapid-mixer. Deep
penetration of lateral fuel jet is not predicted in case
of low injection velocity. When fuel injection velocity
is increased keeping the area of fuel injection holes
constant, hence the increased fuel flow rate, the peak
position in radial distribution of mixture fraction
moves outward. Although the radial profile is not yet
uniform, injected fuel has reached the peripheral part
of the main flow. It means that the momentum of fuel
injection should be high to some extent to mix the
lateral jet with the main air flow, and some additional

Table 2. Turbulence and mixing model constants.
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Fig. 2. Influence of fuel injection velocity with constant
injection hole area (Equivalent diameter = 0.5 mm).
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Fig. 4. Influence of mixing baffle.
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enhancement of mixing in the mixing-nozzle will
probably bring about the uniformity at the exit of the
mixer.

To verify the effects stated above, we changed the
opening area of fuel injection holes keeping the fuel
flow rate constant. In Fig. 3, the low velocity fuel jet
from wide injection hole produced the profile of mix-
ture fraction partial to the inner side of the main flow,
and the more uniform distribution is predicted in case
of high velocity fuel jet from small injection hole.
Namely, in order to mix a small lateral jet with a large
main flow, the momentum of the small jet should be
high so that the fuel jet penetrates deeply into the
main flow. Accordingly, we selected the fuel injec-
tion hole diameter of 0.5 mm with injection velocity
of 27.3 m/s to carry out the present experiments tak-
ing account of further effects of mixing baffles.

Fig. 4 shows the effect of baffles on the mixing
processes. Since a baffle bends the streamline and
generates a recirculation flow behind it, mixing proc-
esses are enhanced by the baffle. We have compared
the influence of mixing baffle by adding baffles as
illustrated in Fig. 1. The radial mixture faction pro-
files at the exit of rapid-mixer are seen to be more
uniform as the number of baffles increases. When the
orientation of baffles is changed alternatively, the
resulting radial mixture fraction profile is affected by
the winding motion of the main flow forced by the
orientation of baffles.

The more baffles, the better mixing we can expect.
At the same time, however, the total pressure loss in
the supply line will increase. The increase of total
pressure loss from two-staged to three-staged baftles
was predicted to be 20 Pa. Since machining process
on ceramic insulation tube is not easy, we decided to
adopt multi-staged mixing baffles on the inner tube,
and concluded that case (e) of Fig. 1 is the best to
generate the preferable mixture distribution among
the cases examined.

We can apply our present idea to large scale burn-
ers, however, the geometries shown here is not al-
ways a design standard, because the most predomi-
nant design factor of well mixing of a small lateral jet
into the main flow was found to be the momentum
ratio of the two streams. In that sense, physical prop-
erties, such as density and diffusivity, of the miner
fluid may also be important factors to affect on the
momentum ratio, even if we keep Reynolds num-
ber constant.

Fig. 5. Rapid-mixer and burner configuration.

3. Burner and fuel mixing nozzle

3.1 Experimental apparatus

Taking into consideration of the results obtained in
the previous section, we designed a rapid-mixing
nozzle for premixed combustion expecting to create
homogeneous mixture in several milliseconds. Figure
5 shows the details of the rapid-mixer. A ceramic tube
of 13 mm inner diameter is used for the insulation of
air supply tube and the lateral fuel jets from fuel tube
of 6 mm outer diameter are injected through 12 holes
of 0.5 mm diameter to give large lateral momentum
in the cross-section of 42 mm upstream from the noz-
zle exit. Three staged mixing baffles of the same ori-
entation are placed downstream of the fuel jets and
the tip of mixing-nozzle is sharpened to expand the
mixture flow into the burner, and the sudden expan-
sion step of the mixer works as a flame stabilizer of
the burner. The coordinate of measuring positions are
set as in the figure. The nominal pass-time of mixture
from fuel nozzle to the mixer exit was estimated 4.5
ms, when the flow rate of air was the minimum
among the experimental conditions.

3.2 Experimental procedures

Fig. 6 shows the experimental set-up. In case of
premixed combustion, homogeneous mixture is pre-
pared in the mixing chamber settled far upstream
from the burner by introducing compressed combus-
tion air and city gas. By switching the three-way
valve, fuel is introduced directly to the rapid-mixing
nozzle placed in the center of burner when we want to
operate with rapid-mixture.

In preliminary experiments, flow rate of mixture
was varied between 55 L/min and 110 L/min taking
the air flow rate of future experiments. The corre-
sponding Reynolds number was estimated as 2000
and 4000, respectively, based on the flow velocity
and the width of the annular flow channel. We de-
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Table 3. Experimental conditions.

Q,;» L/min | t ., ms u', m/s ¢
Premixed (PP) 55 - 1.15 0.7
Rapid-mixed (RM) 55 4.5 1.15 0.7

3way valve

Seed feeder

Air compressor Dry air City gas 13A

Fig. 6. Experimental set-up.

cided to keep the equivalence ratio constant of 0.7,
because the mixing processes would not be influ-
enced by the equivalence ratio. The value was deter-
mined to keep the estimated temperature lower than
the durable limit of the fine-thermocouple used in
later experiments. The experimental conditions car-
ried out are tabulated in Table 3.

The flow and turbulent characteristics were meas-
ured by laser Doppler velocimetry (LDV). Laser
source used was Ar" CW laser (NEC, Model GLG-
3462) and the receiving optics was DANTEC (Model
57X10). The micro-silica balloon of 2.7 pm mean
diameter was used as the tracer of the flow and mixed
with combustion air as shown in Fig. 6. The detected
LDV signal were processed by an LDV signal proc-
essor (DANTEC, Model 58N10) and recorded by a
personal computer. We deduced the mean flow veloc-
ity, turbulent intensity and integral scale of turbulence
from 32768 LDV data obtained by the acquisition
rate of 5 to 60 kHz. The integral scale was calculated
by the slot-method using time series intermittent ve-
locity signals [12, 13].

Gaseous species were sampled through a water-
cooled probe and analyzed by a gas chromatograph
and a NOx analyzer, and the obtained concentrations
are time-averaged values,

Temperature was measured using a silica coated R-

type thermocouple of 25 um wire diameter. Voltage
signal of the thermocouple was amplified by a pre-
amplifier, passing through a low-pass filter of 5 kHz
and converted by an A/D converter, and then re-
corded by a PC. The recorded signals were compen-
sated for the thermal inertia due to heat capacity of
the welded bead of the couple and its radiation heat
loss. Though the frequency limit of compensated
thermocouple was estimated to be around 10 kHz, no
signals higher than 2.5 kHz were observed in actual
flames. So, the frequency limit of compensated ther-
mocouple system was thought to be about 2.5 kHz
[14].

Detection of ion-current in flames is a useful meas-
ure to examine local reaction-zone structures of turbu-
lent premixed flames, and we can evaluate spatial
scale of existence of chemical reaction [15]. The sens-
ing wire of electrostatic Langmiur probe was a Pt-
Rh13 wire of 0.1 mm and 0.5 mm long, and kept -
18V relative to the burner and the earth. The detected
current signals were transformed into voltage signals
by I-V converter (NF Electronic LI-76) and amplified
by a V-V amplifier and filtered by a low pass filter
(cut off frequency 2.5 kHz), then recorded by a PC
through an A/D converter (sampling time 20 ps). The
characteristic time scale of existence of chemical
reaction was obtained from auto-correlation coeffi-
cient.

4. Experimental results and discussion

4.1 Direct photography and fuel concentration in
reactants

Fig. 7 shows the direct photographs of perfect pre-
mixed (PP) flame and rapid-mixed (RM) flame
formed on the Bunsen-type turbulent burner, which
were taken with same exposure time and magnifica-
tion for the both cases. The shape, length and color of
the rapid-mixed flame look similar to the perfect
premixed flame. If mixing between fuel and air was
imperfect and some fluctuations in concentration
retained, the total flame length would be longer for
rapid-mixed flame and local yellow flickering of
flame would appear. It was difficult to point out the
differences between the two images, which may sug-
gests us that the mixing by the rapid-mixer is almost
perfect. As was suggested by numerical prediction,
mixing in higher velocity cases, though not shown
here, looked better judging from the shape, length and
color of the flames. Therefore, we will examine the



M. Katsuki et al. / Journal of Mechanical Science and Technology 23 (2009) 614~623 619

zmm
)
S

140
130
120
110
90
80
70
60
52 >
-18 0 18
Tmm

(a) Premixed flame (PP) (b) Rapid-mixed flame (RM)

Fig. 7. Direct photograph of flames.

combustion characteristics of lower velocity cases by
detailed measurements.

We measured the fuel concentration in the reactant
stream to examine the uniformity of fuel distribution
in the burner by analyzing sampled mixtures. As a
result, the time-averaged fuel concentration showed
the same value as of the perfect mixture. Since the
measured concentrations obtained by a gas chromato-
graph are time-averaged values, there remains a doubt
that the existence of concentration fluctuations, in
other words, small-scale inhomogeneity, which may
influence on combustion reaction. Accordingly, we
carried out the observation of fine structure of turbu-
lent flames formed in the rapid-mixture using flame
diagnosis, and compared the data with those of per-
fect mixture.

4.2 Flow field and turbulence characteristics

The distributions of axial velocity, turbulence in-
tensity and integral length scale of turbulence are
shown in Fig. 8. The time-averaged axial velocity
takes almost uniform value along the axis. The turbu
lence intensity does not show a noticeable change
from upstream to downstream as is like the time-
averaged axial velocity. Since the actual turbulence
intensity is around 1 m/s, the flame seems to be
dominated by relatively weak turbulence. The integral
scale of turbulence starts from about 3 mm at the
mixer exit to grow gradually and suddenly to be 20
mm downstream toward the flame tip. When we
compare the distributions of axial velocity, turbulence
intensity and integral length scale of turbulence for
the perfect premixed mixture with those for the rapid-
mixture, the measured quantities are resemble each
other, and we can say that the equality of turbulence
characteristics in both flames is quite high. Accord-
ingly, turbulence characteristics defined mostly by the

14
12
é 10fgp0e220002222000000R0ensen
sk
2 6Lk pp U u
B=1 _._ 707
2 ‘2‘ E RM —A——A
o -
> LE00:6:0:0:00:0:0:0m:0:0:00.0.00 0.6 DANR RN
60 70 80 90 100 110
Z mm
(a) Mean velocity and turbulence intensity profile
20 g
L et
g 16F . 0;,,03% ¢
12 F a2l
it
g 3
- E j&q@—d PP  —@—
BN Sennonan AN

60 70 80 90 100 110
z mm
(b) Euler scale profile

Fig. 8. Flow and turbulence properties.

2000

0 b

44 48 52 56 60 64 68 72 76 80 84 88 92 96 100
z mm

Fig. 9. Mean temperature and fluctuation intensity.

geometry of mixer, mixing baffles in particular,
dominate the turbulence field of the burner, and the
influence of cross-flow jets of fuel is not significant.

4.3 Temperature and flame structure

The distributions of mean temperature and rms of
temperature fluctuations along the axis are shown in
Fig. 9. The profile of mean temperature rises up
around Z=44 mm and reaches the maximum around
Z=90 mm, and rms of fluctuations takes the maxi-
mum value around Z=60 mm and declines gradually.
The gradual decay in the downstream side of the
maximum value of mean temperature and small tem-
perature fluctuations means that most of fuel is
burned until the maximum mean temperature that is
taken as the nominal flame tip. Those features stated
above are similarly observed in either flame run by
perfect premixed mixture and by rapid-mixture.

Fig. 10 shows probability density distributions of
temperature fluctuations for both perfect premixed
flame and rapid-mixture flame. The shape of distribu-
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(b) Rapid-mixed flame

Fig. 10. Probability density distributions of fluctuating tem-
peratures.

tion changes from the unburned state where high
probability appears at low temperature of unburned
mixture to the final burned state where high probabil-
ity stands at high temperature of burned gas through
the intermediate stages where bi-modal distributions
including intermediate temperatures to some extent

PDF, %

depending on the progress of combustion reaction[16].

Adding to the fact above, the same features in prob-
ability density distribution of temperature distribu-
tions were observed for other experimental conditions
not shown here.

Temperature level for fully burned gas varies de-
pending on the local equivalence ratio of mixture.
Then, if there are any fuel concentration fluctuations
in the unburned mixture, we will have a widened
peak at high temperature side in the probability den-
sity distribution. Since the width of high temperature
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Fig. 12. Auto-correlation coefficients of ion current signals.
peaks for the rapid-mixture flame looks almost the
same for the perfect premixed flame, we can conclude

that the rapid-mixture flames have the similar thermal
structures as the perfect premixed flames.

4.4 Ion-current in flames

Judging from the flow velocity and turbulence



M. Katsuki et al. / Journal of Mechanical Science and Technology 23 (2009) 614~623 621

12k
| PP O é
@10_ RM @ %
s gl
z | @é
2 6F g
é“' 8@
8 ol QQ
~ ee®?®
ok

50 60 70 80 90 100

Fig. 13. Distribution of nitric oxide formed in flames.

characteristics discussed in the previous section, we
consider the fine structure of turbulent premixed
flames we are interested here is classified to be the
regime of “wrinkled laminar flame”. Therefore, the
measured ion-current signals correspond to passage of
thin reaction zone, that is a flamelet, being carried by
turbulent motion of fluids.

The typical examples of probability density distri-
butions of ion-current signals and auto-correlation
coefficients are shown in Fig. 11 and Fig. 12, respec-
tively. Characteristics of ion-current for the perfect-
premixed flame and for the rapid-mixed
flame seem to be almost identical each other.

Based on those facts, we conclude that the structure
of reaction zone and the spatial density of reaction are
almost the same for both flames. Accordingly, mixing
enhancement by the rapid- mixer can create almost
perfect mixture within a short passing-time.

4.5 Nitric oxide emission

We measured nitric oxide emission of the two
types of flame we had been observing. The gases in
flames were sampled through a water-cooled probe
and analyzed by a NOx analyzer. The values of con-
centration are as measured. The change of nitric oxide
concentration along the burner axis is shown in Fig.
13. From upstream to downstream, nitric oxide con-
centration increases with the progress of combustion,
and the almost perfect coincidence of distributions for
the perfect premixed flame and the rapid-mixture
flame was obtained. It has been held that the forma-
tion rate of nitric oxide in flames strongly depends on
temperature as well as on residence time particularly
in high temperatures over 1800 K. Therefore, the
agreement of nitric oxide concentration in the two
flames means that combustion characteristics and

thermal structures of the perfect premixed flame and
the rapid-mixture flame are considered to be com-
patible from the stand point of practical combustion
engineering.

5. Concluding remarks

We have successfully developed a rapid-mixer to
create homogeneous mixture of fuel and air using
CFD design procedure, and exploited the combustion
characteristics and flame structure of the flame
formed by the rapid-mixture comparing with those of
the perfect premixed flame.

We measured the flow and turbulence characteris-
tics, thermal structure and chemical structure as well
as nitric oxide emission of the rapid-mixture flames,
and compared them with those of perfect premixed
flames. The mixture created by the rapid-mixer
showed similar combustion characteristics to the per-
fect premixed mixture in spite of the short pass-time
through the rapid-mixer. Accordingly, we believe that
the rapid-mixture flames described in this paper were
classified premixed flames from the practical com-
bustion engineering point of view.

The facts shown above are not new scientific find-
ings by themselves but of hopeful new experimental
measure to enable us to pursue future scientific ob-
servation on premixed combustion in extremely high
preheat circumstances. It also gives us a basic concept
in designing practical combustion devices free from
flash-back.
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