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Development of Low-NOx DME Multi-Port Burner”

Ryosuke MATSUMOTO™, Mamoru OZAWA**, Isao ISHIHARA™,
Shingo SASAKI** and Masahiro TAKAICHI**

This study focuses on the fundamental characteristics of DME (Dimethyl Ether) com-
bustion, aiming at the development of low-NOx multi-port burner suitable for the tube-nested
combustor. In the tube-nested combustion, the water tubes are moved into the furnace closely
to the burner to cool the burning flame directly in the field of burning reaction leading to NOx
reduction. To prevent the unburned combustibles emission, the diffusion burner used in the
tube-nested combustor needs a high performance of the fuel-air mixing. Multi-port burner
consists of a fuel-port and surrounding multi-air-ports, which induce a strong re-circulation
flow. Thus the fuel-air mixing is enhanced so that the thermal NOx and CO emissions are
significantly reduced. The NOx emission of the DME from the co-axial diffusion burner was
over 130 ppm at 0% O,. On the other hand, NOx emission of DME from the multi-port
burner was reduced to 60 ppm at 0% O,. With the help of the tube-nested combustion, NOx
emission of DME was further reduced to 20 ppm at 0% O.
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1. Introduction

Increasing attention has been focused on a new alter-
native fuel, DME (Dimethyl Ether), from the energy se-
curity and the environmental aspects. DME is a new syn-
thetic fuel and the most simple ether compound, expressed
by the chemical formula, CH;0OCHj3. Recently, the direct
synthesis process of DME from CO and H; are being re-
formed from the coal gasfication’. Thus, DME can be
produced from any kinds of carbon resources, such as nat-
ural gas, coals and coal-bed methane associated in the coal
mine.

DME does not contain sulfur component and is quite
suitable for diesel engine because of high cetane number
and no emission of suspended particle matters. Adiabatic
flame temperature is sufficiently high, but DME has rather
low ignition temperature with high burning velocity com-
pared with propane and methane. This fact causes diffi-
culty in the use of pre-mixed system for low-NOx combus-
tion. In order to develop combustion technology of DME
for boilers and gas turbines, it is essential to introduce new
and alternative concept for low-NOx combustion®®.

Diffusion burner is required to be used in DME com-
bustion, yet the diffusion burner has high potential of NOx

* Received 30th September, 2005 (No. 05-4182)

™ Department of Mechanical Engineering, Kansai Univer-
sity, 3—-3-35 Yamate-cho, Suita, Osaka 564-8680, Japan.
E-mail: matumoto @kansai-u.ac.jp

JSME International Journal

DME, Diftfusion Combustion, Tube-Nested Combustor, NOx Reduction, Boiler

emission. Thus it may be necessary for low NOx combus-
tion to introduce even partly a premixed process very close
to the burner plate for flame holding. At the same time, the
large flame leading to an appearance of hot spot must be
avoided by introducing segmented flame.

This study focuses on the fundamental characteristics
of DME combustion, aiming at the development of low-
NOx multi-port burner suitable for the tube-nested com-
bustor. The tube-nested combustion® is a concept of the
low-NOx combustion. In the conventional boiler, the wa-
ter tubes are installed as a membrane water-wall surround-
ing a furnace. In the tube-nested combustor, the water
tubes are moved into the furnace closely to the burner
and cool down the burning flame directly in the field of
burning reaction. Agitation of the burning flame with the
installed water-tube-nest enhances combustion and brings
about a uniform flame temperature distribution leading to
the NOx reduction. To prevent the unburned combustibles
emission by the flame quenching on the water tube sur-
face, the burner used in the tube-nested combustor needs
a high performance of mixing at the burner exit.

Multi-port burner consists of multiple small holes for
gaseous fuel and air supply. A burner unit consists of
a centered fuel-port and air-ports. On a small scale, the
strong re-circulation flow is formed by the small jet unit,
thus the fuel-air mixing is enhanced and the small flames
form a cluster on every burner unit so that the thermal NOx
and CO emissions are significantly suppressed to a very
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low level.

In the course of the present development, first we con-
ducted laboratory combustion test with the co-axial diffu-
sion burner® and then with the newly designed multi-port
burner. Numerical simulation was also applied to investi-
gate the mixing characteristics of fuel concentration. The
clustered multi-port burner, which consists of three down-
sized multi-port burners, is examined to achieve the evenly
distributed flame in the cross-section of the combustion
chamber.

Nomenclatures

D, : air hole diameter of multi-port burner
D¢ : fuel hole diameter of multi-port burner
Dy : outer diameter of burner
D,,; : outer diameter of water tubes
Dp : diameter of co-axial burner plate
u, : averaged air velocity air at the nozzle exit
ugy : averaged fuel velocity at the nozzle exit
¢ : equivalence ratio
Pq - density of air
pgy : density of fuel

2. Experimental Apparatus

2.1 Experimental setup

Figure 1 shows the experimental setup for the dif-
fusion combustion. Main parts consist of a blower, ori-
fice flow meters and a diffusion combustor. City gas is
supplied from a gas piping equipped in the laboratory,
while the DME and LPG (liquefied petroleum gas, 99%
of propane and 1% of ethane) are supplied as a gas state
from a gas cylinder. The purity of the DME gas is 99.9%.
The city gas consists of 88% of methane, 6% of ethane,
3% of propane and 3% of butane and its low heating val-
ues is 41.6 MJ/m?\I. The temperature of supplied fuel gas
is room temperature.

The combustor, shown in Fig. 2, consists of the dif-
fusion burner and the combustion chamber equipped with

Exhaust gas
sampling hole /

Sight glass

Combustor
\ "

Orifice flow meter

Blower

Valve

Needle valve &P

Fig. 1 Experimental setup
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water tubes. The combustion chamber has a cross-section
of 100 mm X 90 mm and 582 mm in height. At the bot-
tom of chamber, the diffusion burner is installed. All
the inner walls of the chamber are covered with fireproof
materials. All the metallic parts of the setup consist of
SUS304. In the combustion chamber, the water tubes with
an outer diameter of D,,, = 13.8 mm are arranged in the
5%5 in-line array with the tube spacing of H/D,,, = 1.6
and L/D,,; = 2.0 in a transverse and a stream-wise direc-
tions, respectively. The heat transfer rate from the burning
gases to the tube banks is calculated from the cooling wa-
ter flow rate and the temperature difference between the
outlet and the inlet. Thus obtained heat transfer rate was
kept nearly constant at about 4 — 5 kW.

The combustion gases are sampled at 530 mm from
the burner exit by using a water-cooled sampling probe.
The combustion gas is analyzed by the gas analyzer
(Horiba Corp. PG-235a). The CO, NOx, and O, concen-
trations are measured by infrared absorption, chemilumi-
nescence, and zirconia oxygen sensor, respectively. The
gas temperature is measured by R-type thermocouple at
the same position.

The diffusion burners consists of outer cylinder with
Dy = 55mm in ID. and inner gas-supply cylinder with
21.7mm O.D., and air flows through this annular gap. The
heat release rate is kept constant at 11.6 kW except the
experiments on the clustered multi-port burner.

2.2 Burner plate

Two types of burner plates were examined in the
present experiments. The first one is referred to as ‘co-
axial burner’, as shown in Fig.3(a). The combustion
air is issued in the form of annular jet and the fuel gas
from the center hole. To improve flame holding, eight air
holes of 1.5mm in diameter are arranged on the burner
plate around the center fuel hole. The second burner plate
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Fig.2 Combustion chamber with water tube-nest, scale in mm
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(a) Co-axial

(b) Multi-port

Fig. 3 Burner plates of diffusion burner, scale in mm

Table 1 Dimensions of burner plate, scale in mm

Co-axial burner Multi-port burner
D/ Dp | Annular gap d, D;/ n-Dy
3/47 4 4/12-4
4747 4 4/18-4

4/50 2.5 5/6-4
5/45 5/12-4
5747 4 6/12-4
5/50 2.5 7/12-4
5/51 2 8/12-4
5/52 1.5 3/24-2
6/47 4 4/24-2
6/50 2.5 5/24-2
6/51 2 6/24-2
77147 7/24-2

8/24-2

shown in Fig. 3 (b) is referred to as ‘multi-port burner’,
which is an improved type from the former one, aiming
at low-NOx combustion, i.e. this plate is so designed as
to achieve well-mixed condition of fuel gas, steady and
strong re-circulation followed by stable combustion and
small but uniformly distributed flames. To increase air
velocity, the total area of air-ports on the burner plate is
reduced from that of co-axial burner. The annular gap of
the former one is removed. Instead, small multiple ports
are placed around the fuel port. The dimensions of these
burner plates are listed in Table 1. The total of 12 co-axial
burner plates and 13 multi-port burner plates were exam-
ined in this experiment. Every burner plates is installed
30 mm down the burner exit.

3. Results and Discussion

3.1 Co-axial diffusion burner
Figure 4 shows the NOx and CO concentrations of
the flue gas of DME as a function of O, concentration
from the co-axial diffusion burner with or without water
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Fig. 4 Flue gas properties of DME combustor at 11.6 kW with

co-axial diffusion burner of Dg/Dp=4/50 [mm/mm]

tubes. In the previous report™®, the optimal burner plate
has been selected among the burner listed in Table 1 based
on the combustion tests without water tubes. The burner
plate of Dg/Dp =4/50 [mm/mm] shows a wide range of
stable combustion for DME, LPG and the city gas. Mea-
surements were carried out using the co-axial diffusion
burner of Dg/Dp =4/50 [mm/mm] at pre-determined heat
release rate 11.2kW by changing the air flow rate suc-
cessively between the lift off limitation and the critical
flame length (530 mm) determined from the length of the
combustion chamber. The O, concentration of the flue
gas is approximately related to the equivalence ratio by
¢=(21-0,[%])/21.

Figure 4 shows the typical characteristics of the tube-
nested combustion. The flue gas properties of the co-
axial burner without water tubes have high NOx emis-
sion of around 120 ppm, however, the CO emission is low
enough in the wide equivalence ratio. By applying the
tube-nested combustor, NOx emission is reduced to about
50 ppm. The water tubes cool down the burning flame di-
rectly so that the local high-temperature point in the fur-
nace vanishes and the uniform temperature distribution is
achieved™®. The temperature of the flue gas is decreased of
about 320 K by applying the tube-nested combustor. The
ranges of stable combustion become wider than that with-
out water tubes at the high equivalence ratio. Matsumoto
et al.®-© reported that the flow pattern in the tube-nested
combustor was dominated by the tube arrangement, espe-
cially near the burner exit. The tube banks causes a strong
re-circulation at the burner exit and then enhances the mix-
ing. However, the CO emission is higher than the accept-
able range except at the equivalence ratio ¢ =0.7. At a
low equivalence ratio ¢ < 0.7, the burning gas is exces-
sively cooled by the water tubes due to high heat transfer
performance of burning gas. At the high equivalence ratio
¢ =0.9, the CO emission increases because of the weak
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Fig.5 Relationship between momentum flux ratio and NOx
emission in the tube-nested combustor with co-axial
burner

fuel-air mixing by the low air-velocity at the burner exit.
The tube-nested combustor has a relatively narrow com-
bustible range with low-NOx and low-CO emissions, as
shown in Fig. 4.

For further NOx and CO reduction, it is necessary to
improve the performance of the diffusion burner. Figure 5
shows the relationship between the momentum flux ratio
and the equivalence ratio including the data of all the co-
axial burner plates with the water tubes. The open plots
indicate low-NOx emission less than 40 ppm. Momentum
flux ratio, pgu; /pau;, is the ratio of momentum fluxes of
the fuel-gas jet to the annular air-jet. u, and u, are the
area averaged velocities at the nozzle exit. p, and p, are
the density of fuel and air, respectively. In this type of
diffusion burner, the re-circulation occurred at the burner
plate plays an important role for the flame holding and
the fuel-air mixing. The low-NOx emission is real-
ized at low momentum-flux ratio less than one. At low
momentum-flux ratio, however, the flame pattern becomes
unstable®. Figure 6 shows the flame patterns of DME. At
high momentum-flux ratio, pgué /pau® = 1.4, Fig. 6 (a), sta-
ble combustion flame was observed. However, at high air
ratio, i.e. at low momentum-flux ratio, Fig. 6 (b), the flame
becomes short and partially lifts.

Flow visualization photographs are shown in Fig. 7.
This flow visualization was carried out in the cold model
facility with the smoke wire method. The working fluid
was air. The momentum flux ratio, which is the key pa-
rameter for the flow pattern®, corresponds to those of
Fig. 6. At high momentum flux ratio, i.e. high velocity of
the fuel-jet, the fuel-jet flows through the re-circulation, as
shown in Fig. 7 (a), thus the fuel-air mixing is not suitable.
However, the pilot flames formed at the eight small holes
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(a) Stable flame
¢=0.40, pgué/pauﬁ =14
uy=16.4m/s, u,=17.8 m/s

(b) Suppressed flame
$=0.22, pgué/pauﬁ =043
uy=16.4m/s, u,=32.1m/s

Fig. 6 Flame patterns of DME combustor with co-axial burner
Dg/Dp=4/50 [mm/mm)]

(b) pgug/pauﬁ =0.48
uy=17.1m/s, u, =24.8 m/s

(a) pgu;/pauﬁ =122
uy=27.5m/s, u, =24.8m/s

Fig. 7 Flow pattern in co-axial burner model Dg/Dp =

4/50 [mm/mm)]

of 1.5 mm diameter causes the stable and long flame, as
shown in Fig. 6(a). At low momentum flux ratio, how-
ever, the fuel-jet is suppressed by the re-circulation, and
then does not flow through the re-circulation. The fuel-jet
is bent by the strong re-circulation at low momentum-flux
ratio and becomes unstable as shown in Fig. 7 (b), then the
flame holding is also unstable, but the fuel is mixed in the
re-circulation and flame length becomes short, which is
appropriate for low NOx emission and low CO emission.
The improvement of burner plate must be investigated to
solve such conflicts between the mixing problem, flame
length and flame holding. The multi-port burner is one of
the solutions for the mixing problem and flame holding
problem for such conflicts.
3.2 Numerical simulation on multi-port burner

Numerical simulations with Phoenics Ver.3.4 are per-
formed to investigate the velocity and concentration field
at a non-reacting condition. The burner plate model is
shown in Fig. 8, which has 7 central ports and 42 surround-
ing ports of 1.2 mm in diameter in hexagonal arrangement.
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The working fluid is air, however, the Schmidt number is
set at Sc¢ = 0.672, which corresponds to the diffusion of
methane in air. The computational domain has 70 mm in
streamwise length. The boundaries of computational do-
main are free outlet conditions. The number of grids is
about 1600000. The steady solutions for turbulent flow
field are calculated with standard k-¢ model.

Figure 9 shows the velocity field (b) and concen-
tration field (c) at two different momentum flux ratios,
pgug /pau> =1.0 and 0.11. Flow visualization experiments
with the same geometric burner plate were carried out by
smoke wire method as shown in Fig.9(a). The vector
maps of the simulation results are consistent with the ex-
perimental results. In terms of the multi-port burner, the
flow pattern is classified into two patterns: the penetration
flow and the suppressed flow similar to the flow patterns
in Fig. 7.

In Fig.9(b), at high momentum-flux ratio, the cen-

22.8mm(193mesh)

3 i3DA @ Surrounding ports n-D,=42-1.2
0000 O Central ports n-D,=7-1.2
Q ...o.o D,=Ds=1.2mm

3D,e o ee3D, T

Z | Port pitch P=1.8mm
€| Distance §=2.4mm

Fig. 8 Simulation model of multi-port burner

pgugz/pauf:l .0, ug=1.0m/s, u,~1.0m/s

(a) Flow visualization in cold model

(b) Velocity field (simulation)
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tral jets flow through the re-circulations. The jets from the
central and ambient ports merged together at z =10 mm,
and the velocity profile becomes almost uniform. The
concentration field indicates the concentration of gas from
the center jets. The mixing at high momentum-flux ra-
tio is weak, because mixing occurred downstream of the
re-circulations zone. This weak mixing causes a long
flame pattern as shown in Fig. 6 (a). On the contrary, the
suppressed flow pattern at low momentum-flux ratio has
large and strong re-circulations. Mixing occurs in the re-
circulation zone. The suppressed flow pattern has a high
performance of mixing.

Figure 10 shows the flow pattern map obtained in the
simulation model Fig. 8. At low momentum-flux ratio, the
suppressed flow pattern is observed. From Fig. 10, the
flow pattern is decided by the momentum-flux ratio and
is independent of the air velocity u,. The same results are
obtained by the flow visualization of co-axial burner as
shown in Fig. 7.

This simulation model has 2 rows of surrounding
air-jets on the burner plate. However, the outer-row
surrounding-jets have almost no contribution to the mix-
ing with fluid from central-jets, as shown in Fig. 9 (c). In
the experiments, therefore, the ambient ports are arranged
in one row as shown in Fig. 3 (b).

3.3 Combustion test with single multi-port burner

Figure 11 shows the NOx and CO concentrations
of the flue gas of DME as a function of O, concentra-
tion. Data include all the multi-port burners without wa-

(c) Concentration field (simulation)

Fig. 9 Velocity and concentration field along the centerline of simulation model
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Fig. 10 Flow pattern map of multi-port burner model

ter tubes. The open circle plots with dashed line indicate
the flue gas properties of co-axial burner with Dg/Dp =
4/50 [mm/mm]. The NOx emission of the multi-port
burner is reduced to around 60 ppm at 0% O, concentra-
tion. The area of air-jets on the multi-port burner plate
decreases to 18 —73% of that of Dg/Dp = 4/50 co-axial
burner, thus the high air velocity and low momentum-flux
ratio induce a good mixing condition. The momentum flux
ratios at these combustion conditions are sufficiently low
at about 0.01 to 0.8. The CO concentration is also ade-
quate. The distributions of CO emission show a unique
relationship to O, concentration throughout all multi-port
burners in Fig. 11.

The relationship of the NOx emission and air velocity
is shown in Fig. 12, where the open plots indicate the low
CO emission and the solid plots means the high CO emis-
sion over 500 ppm. Plots are classified into three groups
by the burner type and air-ports diameter D4. In the case
of co-axial burner, NOx concentration decreases with the
air velocity, however, high CO emission occurs at low
NOx concentration less than 60 ppm, being considered as
due to the transition of the flow pattern from the pene-
tration flow to the suppressed flow. Applying the multi-
port burner with the air-ports diameter of D4 =4 mm, the
NOx concentration slightly decreases with the air veloc-
ity, however, the NOx emission does not decrease with the
air velocity of over 40 m/s. In the case of D4 =2 mm, the
NOx concentration is almost constant against the air ve-
locity. The use of this type of multi-port burner, therefore,
results in further increase in the air velocity, thus further
reduction in the air-ports area on the burner plate has no
significance for the NOx reduction.

In Fig. 11, the combustible range of the multi-port
burner expands to low air ratio. The burner plates D¢ /n—
D4y =6/12—-4 and 5/24 —2 show the lowest NOx emis-
sion in the multi-port burner plates and the burner plate
Dg/n—Dy =4/18—-4 has a good flame stability. Figure 13
shows the flame pattern of these burner plates. Multi-port
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Fig. 11 Flue gas properties of DME combustion with multi-

port burner, but without water tubes
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Fig. 12 Relationship between NOx emission and air velocity of

DME combustion with multi-port burner, but without
water tubes

burner has a high potential of flame holding even at high

air velocity because of the small but uniformly distributed

flames placed around the fuel port as shown in Fig. 13.
By applying the tube-nested combustion to three

JSME International Journal



(@) Dg/n—Dy
—4/18-4

(b) Dg/n—Dy
=6/12-4

() Dg/n—Dy
=5/24-2

Fig. 13 Flame patterns of DME combustor with multi-port
burner at ¢ =0.67
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Fig. 14 Flue gas properties of DME combustor with multi-port
burner installed in the tube-nested combustor

types of multi-port burner listed in Fig. 13. The NOx
emission is reduced as shown in Fig. 14. The multi-port
burner plate of Dg/n—Dj =4/18—4 shows relatively low-
CO (80 ppm) and low-NOx (45 ppm at O, 0%) emissions
at the equivalence ratio ¢ = 0.76. The equivalence ra-
tio having the lowest CO emission shifted to the higher
equivalence ratio, i.e. lower air-flow rate, than that of co-
axial burner, because of the high mixing performance of
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Fig. 15 Clustered multi-port burner

the multi-port burner. The burner plates of Dg/n—Dy =
6/12 -4 and 5/24 — 2 have about 20 ppm of NOx emis-
sion with the help of the tube-nested combustor, but the
CO concentration is at a higher level than that of co-axial
burner. In this experimental system, water flow rate in the
tubes is kept high to avoid the boiling, then, CO emission
become high due to the excess cooling by the water tubes.
The CO concentration may be reduced by optimizing the
water temperature of the water tubes.
3.4 Clustered multi-port burner

Clustered multi-port burner, which consists of three
down-sized multi-port burners in this experiment, is de-
signed to produce further uniformly distributed the small-
flame and the burning gas velocity. The burning gas flow-
ing uniformly into the water tube-banks prevents the lo-
cal excessive cooling, thus the CO emission will be de-
creased. Segmentation of single burner into multiple burn-
ers brings about short mixing zone but with high perfor-
mance of mixing and flame holding. Figure 15 shows the
structure of the clustered multi-port burner with the three
units of multi-port burner Dg/n— D4 =3.5/12-2.3 in the
equilateral triangle arrangement. One unit of this clustered
multi-port burners has the flow area of one-third of the sin-
gle multi-port burner Dg/n— Dy =6/12—4, thus the total
area of air and fuel ports are the same between them. The
burner plates are installed 20 mm down the burner exit.
The fuel gas is distributed through the gas manifold.

Figure 16 shows the flue gas properties of DME with
clustered multi-port burner. The air velocity and the mo-
mentum flux ratio are the same with the single multi-port
burner Dg/n— D4 =6/12 -4, therefore, the NOx and CO
emissions of the clustered multi-port burner without the
water tubes are almost the same that of the single multi-
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Fig. 16 Flue gas properties of DME combustor with clustered
and single multi-port burner in the tube-nested
combustor

port burner at the 11.2 kW heat release rate. By applying
the tube-nest combustor, the NOx emission drastically re-
duced to about 18 ppm at 0% O, with 180 ppm of the CO
emission at the equivalence ratio ¢ = 0.94. However, the
CO emission increases with decreasing the equivalence ra-
tio. By increasing the heat release rate, the CO emission
decreases. The heat transfer rate to the water tubes de-
creases relatively to the heat release rate, thus the exces-
sive cooling is prevented. At the 16.2kW, the low-NOx
emission of about 25 ppm at 0% O, is achieved at the
equivalence ratio from ¢ =0.76 to 0.85 with the CO emis-
sion less than 180 ppm. At the equivalence ratio ¢ =0.85,
the NOx and CO emissions are 25ppm at 0% O, and
51 ppm, respectively.

4. Conclusions

Experimental investigation on the DME combustion
characteristics was conducted aiming at the development
of low-NOx multi-port burner suitable for the tube-nested
combustor. The results are summarized as follows:

(1) Based on the co-axial diffusion burner, the NOx
reduction from 130 ppm to 50 ppm at 0% O, is achieved
with the help of the tube-nested combustor.

(2) The numerical simulation indicates the high
performance of mixing at low momentum flux ratio

pg“; [Palty,-

(3) Newly designed multi-port burner yields NOx
emission of DME at about 60 ppm at 0% O,. By apply-
ing the tube-nested combustion, NOx emission of DME is
reduced to 45 ppm at 0% O,.

(4) Clustered multi-port burner with three units
shows the low-NOx and low-CO emissions at 16.2kW
of the heat release rate. The low-NOx emission less than
25 ppm at 0% O, is achieved at the equivalence ratio from
¢=0.76 to 0.85 with the CO emission less than 180 ppm.
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