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a b s t r a c t

The rapid advances in technology necessitate abundant use of fossil fuels which poses two major chal-
lenges to any nation. One is fast depletion of fossil fuel resources; the other is environmental pollution.
The porous medium combustion has proved to be one of the technically feasible options to tackle the
environmental pollution problem to a remarkable extent. This work presents an experimental investiga-
tion to study combustion emissions using a premixed methane–air mixture within a non-homogeneous
porous inert medium (PIM) under high pressure ratio (1–9), temperature (20–400 ◦C) and thermal output
power (5–40 kW). A new flame stabilization technique in porous inert media (PIM) combustion under
high pressure and temperature has been developed and evaluated. The proposed technique avoids the
draw backs of the hitherto developed techniques by properly matching the flow and flame speeds and,
consequently, ensuring a stable combustion, for a wide range of operating pressure and temperature.
The validity of this new technique has been assessed experimentally in details by analyzing combus-
x tion inside a prototype burner. The superiority of the new concept was confirmed by low CO and NOx

emissions, where a zero value was recorded for CO emissions throughout the whole investigation. The
NOx emissions revealed remarkable performance as compared with conventional PIM techniques. Val-
ues less than 10 ppm were obtained at relative air ratios larger than 1.65 and 1.85 with temperatures of
200 and 400 ◦C, respectively. This indicates the high combustion efficiency and emissions performance

e. Ob
legisl
of the proposed techniqu
environmental pollution

. Introduction

One of the main targets of all current combustion systems, in
ddition to high efficiency and robust performance, is the abil-
ty to meet current and future pollutant emission regulations.
herefore, new concepts based upon a comprehensive understand-
ng of combustion processes have recently been developed to
ntroduce modern combustion systems characterized by ultra-low
ollutant emissions and also satisfying other traditional require-

ents. Porous inert media (PIM) combustion becomes increasingly

mportant, specifically, from the viewpoints of technical interest
nd practical applicability [1–3]. A diverse number of outstand-
ng industrial and residential applications have been proposed,

∗ Corresponding author. Tel.: +962 777912255; fax: +962 3 217 9050.
E-mail address: a.almuhtaseb@ahu.edu.jo (A.H. Al-Muhtaseb).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.077
served results proved remarkable emission performance with respect to
ation.

© 2010 Elsevier B.V. All rights reserved.

e.g. household water heating systems [4] and radiant burners [5].
Combustion of gaseous fuel within the PIM burners distinguishes
itself from other conventional techniques by several advantages
such as, extended lean flammability limit, self re-lightening capa-
bility and lower pollutants emission (CO and NOx) [6]. An extensive
research has been done to improve the performance of porous
medium burners with respect to radiation output, stability, lean
operation and diminishing the issuing gaseous pollutants. Such
elaborative experimental and numerical work employed a vari-
ation in materials and emissive properties [7]. Hsu et al. [8]
proposed a novel method to enhance flame stability using two
porous ceramic cylinders of equal length and diameter but dif-

ferent pore sizes, which were stacked together and insulated
around the circumference. They were succeeded in extending the
flashback limit to a low relative air ratio of 1.54. However, the
influence of power density on this stabilization technique was not
clear.

dx.doi.org/10.1016/j.cej.2010.09.077
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:a.almuhtaseb@ahu.edu.jo
dx.doi.org/10.1016/j.cej.2010.09.077
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Trimis [9] developed successfully a compact household PIM
urner-heat exchanger system with a large turndown ratio of 1:20

n a stable range of relative air ratios between 1.3 and 1.8 using
he quenching layer stability technique. This system was exten-
ively studied at high power densities that reached a maximum
alue of 3000 kW/m2, which was not achieved in previous investi-
ations. Unfortunately, this technique becomes impractical when
he operating conditions are varied from ambient conditions.

Bakry [10] proposed a modified technique based on the
uenching region concept to enhance the flame stability within
tmospheric porous inert media (PIM). The modified technique
liminates disadvantageous features inherent with this category
f PIM combustion, such as the high-pressure drop and the con-
inuous degradation of the quenching region. NOx emission was
ess than 15 ppm at a relative air ratio of 1.4 and drops to 3 ppm at
quivalence ratio of 1.8. However, these values were at atmospheric
onditions.

Mathis and Ellzey [11] studied flame stabilization and emis-
ions for a methane/air porous burner. Two different porous
edia materials, yttria-stabilized zirconia/alumina composite and

irconia-toughened mullite were used in the study. Results showed
hat unburned hydrocarbons (UHC) were elevated at low firing
ates but were low at higher firing rates. CO emissions were less
han 15 ppm for firing rates less than 2000 kW/m2, while NOx emis-
ions were below 10 ppm for all cases studied (firing rate range
00–4000 kW/m2). Similarly, most of the research efforts were
xperimentally and numerically focused toward only atmospheric
ressure. Almost no application or investigation has addressed sta-
le PIM combustion and emissions under both elevated pressures
nd mixture inlet temperatures (which is the case in gas turbine
pplications).

There is an important and well-established fact inherent with
orous inert medium (PIM) combustion which is that PIM com-
ustion is intrinsically flashback in its nature after limiting power
ensity values of (>650 kW/m2) [5]. Therefore, at high limiting
ower density value (>650 kW/m2) a different and new flame sta-
ilization technique should be provided to stop the flame from
ropagating into the mixing section.

At elevated pressure and mixture inlet temperature the quench-
ng distance decreases to the point where the flame can continue
n the quenching layer, causing classical flashback. To prevent this
pstream advance of the flame, the equivalent pore diameter of
he quenching region should be modified. Thus, from the above
iscussion, it can be conclude that the influence of pressure and

nitial mixture temperature on the propagation of the flame in a
IM is significant, and the design of the PIM burner under elevated
ressure and mixture inlet temperature needs new and substan-
ially different ideas from the currently applied concepts. Therefore,
he aim of this work was to introduce a new flame stabilization
echnique, based on the understanding of both the fluid flow behav-
or and combustion characteristics, as a potential solution for the
missions problems (CO/NOx) at elevated pressures and mixture
nlet temperatures. In order to examine the validity of the new
ame stabilization technique proposed and evaluate its perfor-
ance, a special test apparatus has been designed and constructed.

he test facility enables the investigation of combustion within PIM
nder high operating pressures (up to 10 bar) and temperatures
20–400 ◦C). The maximum nominal power (based on the fuel mass
ow rate) is 40 kW with a variable relative air ratio up to 3.

. Experiments
.1. Stabilization technique

The proper selection of the relevant stabilization technique
nder elevated pressure and temperature is one of the main chal-
g Journal 165 (2010) 589–596

lenges that will face the designer of a PIM combustion system. The
main difficulty is caused by the tendency of lean premixed com-
bustion within PIM to be intrinsically unstable flashback at low
and moderate relative air ratios. This behavior of upstream motion
of the flame was not experienced in premixed free flames where
the stability curves cover the entire range of relative air ratios from
rich to lean limits. When the power density is increased, the rate
at which the unburned mixture is supplied to the pre-heat and
reaction zones exceed the rate at which the mixture can be con-
sumed until a match between the two rates is re-established. This
increase in power density also leads to an increase in the radiative
and conductive heat feedback rates. This effect leads to a nonlinear
augmentation in the flame speed. Under certain operating condi-
tions, this nonlinear increase in flame speed dominates the process,
and causes the flame to move upstream until a balance between
the two rates is established again. If the increase in heat feedback
is excessive, conditions of flashback (where the flame travels to
the furthest upstream end of the ceramic matrix) can be reached.
Mital et al. [5] have experimentally shown that the maximum stable
power density in PIM radiant surface burner is less than approxi-
mately 650 kW/m2. At higher power densities, PIM burners become
flashback in their nature.

Therefore, in order to define a new criterion for stable combus-
tion for high power density, the stability limits must first be defined
as a guide for any further discussion. On the one hand, the flash-
back limit is defined in a similar way as in the free space stream,
i.e. the critical minimum mass flow rate (burner power) at a prede-
fined relative air ratio to prevent the flame from propagating in the
upstream direction through the free space before PIM regardless of
the location of the flame. The blow-out limit is defined as the max-
imum relative air ratio at each mass flow rate (burner power) at
which a stable flame can be maintained within the PIM [12]. If any
further increase in the relative air ratio at constant output power
occur, the mixture will be diluted and the velocity will increase
to push the stabilization flame position to the outside of the PIM
matrix or toward the blow out limit at the downstream end, then
combustion becomes unstable, i.e. it propagates into the PIM down-
stream end and finally leaves it. Since an increase in mass flow rate
(burner power) is the main reason for flashback in a PIM, it is, in
turn, the key factor for prohibiting flashback in the free stream.
Thus, if the mass flow rate (burner power) in the free space before
the PIM is kept higher than the critical flashback value defined by
Eq. (1) for laminar [13] and Eq. (2) for turbulent [14] premixed
stream, at any operating conditions, no flashback condition will
exist at the upstream end and the flame will be confined to the PIM
zone. Instead, the farthest location which the flame would reach is
the upstream end of the PIM matrix, or, more precisely, the interface
plane between the ceramic matrix and the free space zone.

Pe = k × Pe2
F (Laminar stream) (1)

Re = 2.0 Pe1.1
F (Turbulent stream) (2)

Therefore, and as a design starting point, 20 mm was chosen for the
premixing tube diameter resulting in a mass flow corresponding to
3 kW at a relative air ratio of 1.2 and any preheating mixture inlet
temperature up to 400 ◦C. This estimation is based on the flash-
back limit (Eq. (1)) and the one-dimensional continuity equation.
In Eq. (1) the flow and flashback Peclet numbers are defined as
Pe = Ud/a and PeF = (SLd/a), respectively. The value of k is 0.0125. The
generalization of this equation was confirmed for any initial pre-
heating temperature in the range 20–400 ◦C for different mixture

compositions in laminar flames.

This mass flow rate (burner power) value is large enough to pre-
vent flashback formation in the burner premixing tube, where the
surroundings have no effects upon the incoming mixture. In the
present case, the existence of the hot PIM ceramic at the end of
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Fig. 1. Schematic diagram of experimental setup [15].

he premixing tube would influence the critical mass flow rate by
ncreasing the radiative and conductive heat transfer from the PIM

atrix into the tube wall. This decreases the quenching distance
f the tube wall. In order to take these effects into considera-
ion, and for safety purposes, the critical minimum mass flow rate
as increased to a value that corresponds to 5 kW thermal output
ower. In fact, 3 kW was successfully tested under atmospheric
onditions and was sufficient to satisfy the no flashback condi-
ion. Thus, the mixture was always pushed into the ceramic matrix
nd stabilized via wakes and the re-circulating zones. However,
his power value (3 kW) was not suitable as a reference factor to
alculate the minimum critical power which should be applied
t each pressure ratio value greater than 1. Pressure ratio can be
efined as the ratio between the absolute measured pressure to
he atmospheric pressure (pressure ratio = 1 is the absolute value).
herefore, 5 kW was selected and successfully examined as the
inimum design power at atmospheric conditions and any pre-

eating mixture inlet temperature, and as a reference factor for the
ntire range of pressure ratio values. The upstream end plane of the
IM ceramic was firmly placed on the outlet rim of the premixing
ube to avoid any separating or re-circulating pre-ignition regions
hat may develop at this position more specific and thorough details
bout the stabilization technique proposed and applied in this
tudy can be found in a previous publication [15].

.2. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup.
ethane 2.5 (>99.5%) was regulated from high-pressure bottles

sing a thermal mass flow controller (Bronkhorst High-Tech B.V.,
he Netherlands) before flowing into the mixing chamber. The
aximum mass flow rate was sufficient to provide a thermal
ower of 40 kW with an accuracy of ±0.05%. The air used in com-
ustion was supplied by the laboratory main air supply (13 bar),
hich was limited to provide a maximum steady combustion air
ow rate sufficient for 40 kW thermal output power at a pressure
atio of 9 and relative air ratio of 2.8. The air flow rate was reg-
Journal 165 (2010) 589–596 591

ulated via a mass flow controller (Bronkhorst High-Tech B.V., The
Netherlands) at a maximum mass flow rate of 3.5 kg/min with an
accuracy of ±0.05%. Both mass flow controllers are used to control
the flow of air and methane for constant thermal output powers
at defined constant relative air ratio ratios. A data acquisition sys-
tem was used to monitor the temperature and pressure distribution
throughout the burner via thermocouples and pressure transduc-
ers. The concentrations of various species in the exhaust from the
burner were measured using a gas analyzer. The test apparatus
consists of the following components: combustion chamber, pres-
surized vessel casing, premixing tube, exhaust gas nozzle, exhaust
gas heat exchanger, air preheating systems, and ignition system. A
schematic diagram of the test apparatus describing the complete
assembly is presented in Fig. 2.

After the premixing chamber, the feed was directed to a premix-
ing tube (highly temperature-resistant stainless steel, DIN 1.4841)
of 280 mm length and 20/32 mm inner/outer diameters, where the
mixture passes through two fine screens to ensure very high mix-
ture homogeneity. The premixing tube penetrates coaxially the
combustion chamber for 100 mm. The combustion chamber con-
tains the porous ceramic matrix. It was designed as a diffuser
transitioning to a cylinder shape and is fabricated from one piece of
a highly temperature-resistant grade of stainless steel. The diver-
gence angle of the diffuser is 40◦. The PIM matrix was formed in the
shape of a cone with a diameter ratio of 20/180 mm and a diver-
gence angle of 40◦. An Al2O3-lamella (fabricated by Pritzkow for
Special ceramic Co., Germany) was selected as the PIM material
owing to its high working temperature, thermal-shock resistance
and low pressure drop. The physical properties for this mate-
rial with a sketch showing its shape and structure can be found
in [16,17]. A 20 mm thickness insulating nonporous material is
installed between the PIM and the inner wall of the combustion
chamber. The insulating material was increased at the inlet to a
length of 44 mm and then a concentric axis-symmetric passage of
20 mm diameter was formed as an inlet tube to the PIM. An addi-
tional ceramic tube of 18 mm height and 20 mm inner diameter was
embedded concentric with the insulating material at the upstream
end and appropriately seated on the upper edge of the premixing
metal tube, which also has a 20 mm inner diameter. Eight radial
holes, each 12 mm in diameter, were bored between the air gap
and the inner insulation surface and positioned at a station lying
next to the PIM matrix. These holes were designed to relieve any
pressure differences within the combustion chamber in the very
hot region. The hottest region of the combustion chamber is con-
tained in the pressurized vessel casing, which was fabricated from
one piece of highly temperature-resistant grade of stainless steel.
The inner wall of the pressurized vessel casing was coated with
20 mm of insulating material.

One may note that the wall has the same angle as the combus-
tion chamber wall, allowing a constant gap of 10 mm of air. The very
low thermal conductivity of the combustion chamber and pressur-
ized vessel insulating layers, and also the air gap, ensure almost
adiabatic combustion and protect the outer surfaces from exces-
sive thermal stresses. Combustion products continue to exhaust
the heat exchanger via a nozzle, which is used to adapt the cross-
sectional area of the combustion chamber to that of the inlet tube
of the heat exchanger. The nozzle was fabricated from one piece
of highly temperature-resistant grade of stainless steel and insu-
lated on the inner surface with a 30 mm thick insulating material.
The exhaust heat exchanger was used to cool the exhaust gas
resulting from the combustion process to a reasonable tempera-

ture for laboratory conditions and for the pressure control valves
(<150 ◦C) (AirCom Pneumatik GmbH: R240-02DV) installed at the
outlet of the heat exchanger. These valves were used to investigate
the influence of pressure on combustion in the PIM. Each valve
can regulate the pressure in the range of 0.14–10 bar and has a
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Fig. 2. Schematic diagram of the burne

aximum flow rate of 1.2 m3/min at 1.4 bar outlet pressure. To pre-
ent condensed water from reaching the combustion zone, the inlet
ube was designed to penetrate the bottom base surface and then
xtend inside the heat exchanger to a level higher than the base.
he collected condensed water on the base surface can be easily
xtracted from time to time during the operation through a ball
alve mounted on the base.

In order to investigate the influence of mixture inlet temper-
ture on combustion in the PIM, an air preheating system was
pecially designed and installed between the air mass flow con-
roller and the premixing chamber. The system is capable of heating
mass flow rate of compressed air corresponding to 40 kW out-

ut thermal power at relative air ratio of 3.0 and a pressure of
0 bar up to 400 ◦C. Heat was provided by an electric heater of

× 5500 W. The preheating system and its connections, piping, and
ttings were made of stainless steel of a grade similar to that of
he combustion chamber, and carefully insulated. The temperature
t the outlet of the preheating unit was adjusted to the desired
alue using a control unit with a K-type thermocouple. In the
apparatus (all dimensions in mm) [15].

present investigation, the temperature distribution in the stream
wise direction was measured to detect the flame and to check its
stability. Therefore, thirteen thermocouples of type S (maximum
operating temperature 1600 ◦C; SENSYCON, 1.5 mm in diameter),
in addition to two thermocouples of K-type (Rössel Messtechnik,
Germany), were employed more thorough details about tempera-
ture measurements procedure, thermocouples specifications, and
measurement accuracy can be found in our previous publication
[15].

2.3. Experimental procedure

The exhaust gas analyzer equipment is turned on and allowed
to warm up for at least 2 h. The equipment is purged using zero-gas

(N2) for 20 min and then undergoes a calibration process for each
of the four channels using bottled calibration gases. Then it was left
on for the entire duration of the experiment. A mass flow rate of air
equivalent to a total thermal output power of 5 kW with relative
air ratio of 1.3 was supplied to the burner before the gaseous fuel
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s introduced. Once the methane has been allowed to mix with the
ir, the ignition system was activated and combustion takes place
t the downstream end of the ceramic matrix. The burner reaches
ts steady state in about 30 min, during which the relative air ratio
s gradually increased to 1.5. During this critical phase of operation,
he thermocouple readings must be closely monitored. As the outlet
emperature reaches 850 ◦C, exhaust analysis is performed.

The emissions levels and the relative air ratio were estimated
rom the measured concentrations of O2 and CO2, respectively.
fter the preheating phase, the desired experimental conditions
ere imposed. First, the air and the methane mass flow were

djusted for the desired power and relative air ratio. The second
tep was to adjust the combustion pressure to the desired value.
he pre-heat mixture inlet temperature was the last parameter set
n the experiment. Up to this point, no measurement was recorded
or evaluation; rather, the readings taken were used only to monitor
he steadiness and stability of combustion.

To judge the stability of the flame, it was necessary to monitor
he variation of the temperature profiles with time. Every 5 min the
emperature profiles were plotted and examined until no changes
ere observed. The maximum relative air ratio for a specific power

utput and mixture inlet temperature was estimated by increas-
ng the air mass flow rate (g/min) incrementally (increment of 0.1)
ntil blow-out was detected. The initial value of the relative air
atio depends on the mixture inlet temperature at which the mea-
urements are performed. The typical values are 1.4, 1.6, and 1.8
or mixture inlet temperatures of 20, 200, and 400 ◦C, respectively.
his procedure was applied repeatedly for each power at each set
f initial conditions.

A sample of the exhaust gases was continuously extracted using
sampling tube downstream of the burner and analyzed in a

as analyzer (Rosemount Analytical Fisher-Rosemount, NGA 2000).
he analyzer has four channels to measure O2 (%), CO2 (%), NOx

ppm) and CO (ppm). By measuring O2 and CO2 concentrations
imultaneously, the relative air ratio was instantaneously defined.
he emissions levels for CO and NOx were also measured. The
perating ranges for the four channels were selected as 0–25%,
–50%, 0–1000 ppm, and 0–100 ppm, respectively, with a precision
f ±0.1% and ±0.1 ppm and an accuracy of ≤1% of full range.

Finally, the instantaneous data were transferred and recorded by
he data acquisition system. The estimated uncertainty in the mea-
urement of NOx was calculated based on 3 replicates and found
o be less than ±2% from the measured value. The accuracy with
hich NOx can be measured is specified by the manufacturer of

he exhaust gas analyzer equipment. The raw calibration data were
urve fitted using computer software.

. Results and discussion

.1. CO emissions

For the entire investigation, zero CO emission value was
btained at all operating conditions applied. This may be attributed
o the following reasons. Firstly, the combustion undergoes an
lmost adiabatic process when there is no cooling air. Thus the inner
all, at high temperature, prevents quenching effects. The second

s the long residence time that the exhaust gas spends in the burner
ntil the exit section owing to the large exit area of the PIM and the

ong distance separating the PIM exit and the heat exchanger. Third,
here was a large efficient heat exchanger to cool down the exhaust

ases from the combustion chamber. In fact, the heat exchanger
lso used to quench the combustion process to prevent the disso-
iation of CO2 again into CO. Thus all of the CO gases oxidized into
O2 and for this reason zero CO emissions were measured by the
as analyzer.
Relative air ratio

Fig. 3. NOx emissions versus the relative air ratio at ambient temperature and atmo-
spheric pressure at different power values.

These CO emission results confirm several important features of
the new technique proposed. First, the combustion process under
any conditions is highly efficient. This is one of the most important
issues for any type of combustion equipment. Second, despite the
operation at the blow-out conditions for a long period (∼20 min),
the zero-emission value is sustained. This indicates a complete
combustion of the fuel in the free space following the PIM and the
very slow extinction process of the PIM due to the adiabatic pro-
cess. The burner is self-relighting by just reducing the value of the
relative air ratio. This ensures the ultimate capability of relighting
even under unexpected operating conditions. Occasionally, these
results leave the NOx emissions as the key item in evaluating the
emission performance.

3.2. NOx emissions

Currently, stationary turbines are regulated to 25 ppm or less of
NOx in many geographical regions. This limit is expressed in parts
per million by volume, referred to 15% oxygen on a dry basis. This is
to avoid ambiguity when comparing different sets of experimental
data and to indicate the combustors burning less fuel are expected
to produce less NOx. A correction is usually made according to the
following equation:

(NOx), 15% oxygen = 5.9 − NOx meas

20.9 − O2 meas
(3)

where NOx concentrations are expressed in ppm (dry) and O2 con-
tent is expressed in volume percent. Correction to constant oxygen
implies correction to a standard reference state by actual or con-
ceptual post flame addition of cooling air, in which the reported
NOx level is not affected by the degree of post-flame dilution. Thus,
NOx emissions data in this study are presented in values of both
measured ppm and/or ppm corrected to 15% O2.

3.2.1. Operation under ambient conditions
In order to compare the present burner design with already

existing PIM burner designs of comparable power densities, NOx

emissions are depicted in Fig. 3 for ambient temperature and atmo-
spheric pressure at different thermal output power rates. Fig. 3
shows the NOx emission results of [18] who used a similar PIM
material in an atmospheric PIM burner based on the quenching

zone technique. Very good agreement between the two sets of
results is shown. It can be seen that very low (<10 ppm) NOx emis-
sions can be achieved at a relative air ratio higher than 1.45. Clearly,
NOx emissions are strongly influenced by the relative air ratio, as
expected. At a relative air ratio of 1.4, the NOx level was 15 ppm,
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ig. 4. NOx emissions versus the relative air ratio at mixture inlet temperature of
a) 200 ◦C, (b) 400 ◦C and atmospheric pressure at different power values.

hereas at a relative air ratio of 1.8 it was 3 ppm. The well charac-
erized behavior of the smooth increase in NOx curves with relative
ir ratio reflects a typical effect of thermal NOx formation as a result
f increasing the flame temperature while decreasing the relative
ir ratio. In contrast, the obvious independence of NOx on thermal
utput power implies that the residence time has a minor effect
n NOx for the moderate and higher relative air ratios studied. This
rend was observed throughout the present study, regardless of the
perating conditions. This is in agreement with the results reported
y [19] concerning the role of the residence time.

.2.2. Operation at elevated initial temperature
The effect of preheating on the formation of NOx is shown in

ig. 4a and b, where the measured NOx (in ppm) is plotted versus
he relative air ratio for a power range of 5–20 kW and preheat ini-
ial temperatures of 200 and 400 ◦C, respectively. It can be seen that
he thermal output power has a minor influence on NOx formation,
nd becomes less important as the relative air ratio increases (as
entioned in Section 3.2.1). Again, the only considerable change

s the significant decrease in NOx formation with relative air ratio.
or an increase in relative air ratio from 1.6 to 2.3 at 200 ◦C, for
xample, a decrease in NOx emissions from 13 to 1.5 ppm can be
een. Also, remarkable emission characteristics can be obtained
NOx < 10 ppm) for relative air ratios larger than 1.65 and 1.85 with

emperatures of 200 and 400 ◦C, respectively. However, if the com-
arison is made for the same relative air ratio, a significant change

s expected. The NOx level results for three initial temperatures
t the same thermal output power of 5 kW at atmospheric pres-
ure are provided in Fig. 5a and b. The effect of increasing the
Fig. 5. NOx emissions versus the relative air ratio at 5 kW and atmospheric pressure
for different mixture inlet temperature values: (a) measured NOx (ppm) and (b) NOx

(corrected at 15% O2).

initial temperature on NOx formation at the same relative air ratio
of 1.8 is clear: the NOx emissions increase from ∼3 to ∼10 ppm
between 20 and 400 ◦C. This reflects the increase in flame tem-
perature with initial temperature at the same relative air ratio. By
increasing the relative air ratio, the differences among the NOx val-
ues decrease again due to the reduction in flame temperature with
relative air ratio. Also, in Fig. 5a, NOx increases from ∼1 ppm up
to ∼13 ppm as the relative air ratio decreases. This trend is nearly
unchanged by varying the initial temperature. In general, one can
observe a common feature; the low-temperature characteristics of
lean flames preclude significant formation of NOx by eliminating
the thermal mechanism. The prompt and nitrous oxide mecha-
nisms, however, continue at lower temperatures and dominate the
combustion process below 1400 ◦C. This may also demonstrate the
independence of NOx production on residence time with increasing
power (Figs. 3 and 4) where the prompt and nitrous oxide mech-
anisms are not dependent of the residence time as is the thermal
mechanism. In Fig. 5b, the measured NOx emission data presented
in Fig. 5a are reproduced and shown in corrected NOx at 15% O2.
This is to compare the emissions values with the regulated value in
gas turbine application (25 ppm at 15% O2) where the three inves-
tigated initial temperature cases yield values of less than 6 ppm at
15% O2 at their corresponding minimum design relative air ratio.

3.2.3. Operation at elevated operating pressure

Pressure effects on NOx formation in a PIM are of special impor-

tance owing to the lack of data in the literature. The NOx emission
values are given in Fig. 6 as a function of relative air ratios for
different values of operating pressure at ambient temperature.
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observed again, namely a significant dependence on pressure at
low relative air ratio. An increase in the relative air ratio noticeably
decreases this dependence. The same explanation stated in Section
3.2.3 applies also for this case. This time, however, the NOx emission
level is lower than 20 ppm (corrected to 15% O2) at relative air ratios
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ig. 6. NOx emissions versus the relative air ratio at ambient temperature for dif-
erent pressure ratios with the same residence time.

hese curves were plotted for the corresponding minimum design
ower for each pressure ratio to isolate any possible effects of the
esidence time by maintaining the mixture inlet velocity approxi-
ately constant. Significant pressure effects on NOx formation are

bvious for relative air ratios less than 1.6, and become negligible
or relative air ratio values greater than 1.6. It is difficult to draw

conclusion based on this observation owing to the complexity
nd lack of proper understanding of the underlying physics. How-
ver, Maughan et al. [20] considered this trend as evidence that
he nitrous oxide and prompt mechanisms, which dominate at low
emperature and are independent of pressure, are the main param-
ters affecting NOx formation at high relative air ratios. The higher
Ox levels at the lower relative air ratios associated with high tem-
eratures are primarily due to thermal NOx, which exhibits a square
oot dependence on pressure. These postulations and conclusions
re fully consistent with those of [21]. Correa [21] studied turbulent
remixed methane–air flames stabilized on the top of an un-cooled
erforated plate burner between 1 and 10 bar. He showed that NOx

missions are independent of the pressure in the leanest premixed
ames. An increase in flame temperature, by decreasing the rel-
tive air ratio, caused the pressure effects on the NOx to increase,

orresponding to NO formation by a thermal mechanism. However,
espite these pressure influences on NOx formation, it is clear that
he NOx emissions level corrected to 15% O2 at relative air ratios
igher than 1.5 for any value of the pressure ratio investigated
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ig. 7. NOx emissions versus the relative air ratio at mixture inlet temperature of
00 ◦C for different pressure ratios with the same residence time.
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Fig. 8. NOx emissions versus the relative air ratio at mixture inlet temperature of
400 ◦C for different pressure ratios with the same residence time.

remained below 15 ppm which is less than the regulated value by
10 ppm.

3.2.4. Operation at elevated pressure and initial temperature
To understand the combined effects of increasing both the pres-

sure and the initial temperature, Figs. 7 and 8 are plotted for the
same conditions as Fig. 6, but for two different initial tempera-
tures (200 ◦C and 400 ◦C). The same trends as shown in Fig. 6 are
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igher than 1.7 and 2. This corresponds to a preheating tempera-
ure of 200 and 400 ◦C, respectively. These NOx emissions values,
owever, remain lower than the regulated value for stationary gas
urbines application by 5 ppm [19].

The influence of the residence time on the NOx formation was
lso examined in this study (Fig. 9). The NOx levels for each pres-
ure ratio at 400 ◦C for different powers are presented in Fig. 9a
nd b. The results confirm what stated in Section 3.2.2. First, the
ndependence of NOx formation from residence time can be clearly
een by the nearly overlaying NOx curves, regardless of the burner
ower (mass flow rate). Second, the NOx emission results measured
hroughout the operating relative air ratio range corresponding
o each preheating temperature value showed comparable val-
es to each other, almost independent of preheating temperature.
he aforementioned observations emphasize the reliability and the
ide stable dynamic modularity of this burner design, especially
hen increasing the preheating temperature. It would be advan-

ageous to employ such a burner as a low emission pilot burner
eplacing the currently used diffusion flame burners in gas turbine
pplications.

. Conclusions

In the present work, a new stability technique of combustion
ithin a PIM based on the matching between the stream velocity

nd the flame speed was developed and examined experimentally.
or the entire operating conditions applied in this work, zero CO
mission value was obtained. The NOx emission performance was
emarkable compared with conventional PIM techniques under
mbient conditions. Values less than 10 ppm were measured at
relative air ratio of 1.45. At constant initial temperature, the
Ox emissions depended significantly on pressure at low rela-

ive air ratios. This dependence decreased with increasing relative
ir ratio. At constant pressure and relative air ratio the NOx

missions were significantly influenced by the initial tempera-
ure. Application of this new PIM combustion technique, with
ts outstanding low emissions performance, will assist in solv-
ng present and future issues of environmental pollutant emission
egulations.
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