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very lean conditions. This work aims to study the suitability and potential of AVC to
burn biogas by investigating its combustion characteristics and explaining its ultra-
stable flame behavior. A numerical study was done where the flame stability was
studied by looking at the flow field. Synthetic biogas of various compositions that
reflect palm oil mill effluent (POME) biogas was used in this research. The combustion
characteristics was studied for equivalence ratio ranging from very lean to very rich
that explores the limit of the AVC. The results showed that this combustor is very
capable of stably burning biogas of different compositions with correspondingly low
emissions. This allows ready use of un-upgraded biogas which would have been cost
prohibitive previously. The flame stability envelope is extended beyond that of pure
methane with lean limit reaching down to 0.3 and the rich limit going beyond 2
compared to the published range of between 0.46 to 1.6. Flame stability was found to
be due to two effects; the strong tangential vortex containing the flame region, and
also the trapped vortex effect of the backward facing step which provides a secondary
stable flame. Thus, it can be concluded that raw biogas can be utilized as fuel without
costly upgrading by burning it in an AVC.
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1. Introduction

Presently, concern about climate change and global warming is driving the world to reduce
greenhouse gas emissions. In 2014, the Intergovernmental Panel on Climate Change (IPCC) reported
that between the year 1880 to 2012 the global average temperature has climbed by 0.85 °C [1]. With
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heat and power being generally produced by combustion, fossil fuel contribution towards the global
energy supply mix is expected to continue to be around eighty percent even by 2030 [2].

Transport makes up about twenty percent of energy use [3]. Despite the increasing use
renewable fuels, oil continues to dominate the energy demand for transport [3]. For aviation, with
its weight constraint and range requirement, there is no foreseeable technological breakthrough that
would allow electricity to replace hydrocarbon as fuel. Even though the electric car fleet is expected
to grow to about 300 million cars total globally by 2040 [4], the internal combustion engine vehicles
are projected to continue to grow to about 1.5 billion vehicles at the same time [5]. This means that
combustion will continue to play an important role in transport for many decades to come.

Thus, reducing CO; emissions will continue to be important even with higher adoption of
renewables. For this, biofuel sources are continually investigated as suitable candidates as drop-in
replacement for fossil fuels. Biogas is a promising renewable fuel candidate. It is mainly composed of
methane and carbon dioxide while containing trace amounts of hydrogen sulfide (H.S), carbon
monoxide (CO), siloxanes, and moisture. In Malaysia, palm oil mill effluent (POME) is a major source
of biogas [6, 42]. As shown in the Table 1, for biogas from POME, CHa content can range from 50-
75%, effectively putting the low range into the class of low-quality biogas.

Table 1

Biogas composition of POME [7, 8, 9]
Component Formula POME biogas composition (vol %)
Methane CHa 50-75
Carbon dioxide CO2 25-45
Water H20 2-7
Oxygen 02 <2
Nitrogen N2 <2
Hydrogen sulphide H»S <2
Ammonia NHs <1
Hydrogen Ha <1

Biogas has a low calorific value (LCV) of around 30 MJ/kg (60% CH4) compared to about 50 MJ/kg
for pure methane [10]. The already low flame speed of methane-air mixture of about 43 cm/s is
further reduced by the high content of CO; in biogas. The ignition temperature of methane is about
645 °C and for biogas it is around 700 °C [12]. Due to these factors, the raw biogas has to either be
upgraded (purified), or a more robust combustor design has to be used [11].

Asymmetrical vortex combustor (AVC) is a novel combustor design that has been shown to be
able to hold a stable flame over a very wide range of equivalence ratios [38,13]. Very good mixing
due to the vortex nature of the flow results in complete combustion with very low CO and NOx
emissions [13]. A bluish color of a premixed flame was produced despite the non-premixed nature of
the vortex flame as shown in Figure 1. These characteristics of an AVC presents a very attractive
possible match for the low LCV and poor combustion characteristics of raw biogas, sidestepping the
need for costly biogas upgrades.
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Fig. 1. Typical vortex flame in an AVC

The flame in an AVC can be described as a vortex flame where the flame is stabilized in the forced
vortex itself. In the AVC, air enters tangentially while fuel enter from the bottom and off the central
axis (i.e. fuel and air are not coaxial). The fuel inlet flow is designed to be intercepted and entrained
by the forced vortex flow field of the tangential air stream. This results, first, in the formation of the
reaction zone within the strong forced vortex field and not within the central recirculation zone
dominated by axial flow, and the second is the extremely good mixing between fuel and air [13].

The AVC was first investigated by Gabler [38] who termed the flame the ‘whirl flame’. However,
to distinguish this ‘whirl flame’ from “fire whirls’ [14, 15, 16, 17, 18], the term "vortex flame" is used
here instead. Furthermore, the forced nature of the vortex in vortex combustors distinguished itself
from the induced nature of vortex in fire whirls. Saqr [13] further studied the AVC using a modified
design shown in Figure 2. As depicted in Figure 2(a), 'a’ is the asymmetric distance, 'b’ is the fuel shift
distance, and 'd’ is the inner diameter of the combustor. This design effectively creates a backward
facing step to the tangential air flow.

Air inlet

air Air inlet

Fuel inlets

(b)
Fig. 2. The asymmetrical vortex combustor (a) perspective view and (b) top view.
Figure adapted from Saqr [13]
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The flow field in the combustor can be described as having three distinct regions as shown in
Figure 3 [13]. At the centre, the central recirculation zone (CRZ) forms and recirculates exhaust gases.
The main vortex is where the reaction zone is, and it surrounds the recirculation zone
circumferentially. At the backward facing step region, the flow exhibits secondary recirculation. This
flow structure is scale independent and has been demonstrated both in large-scale AVC [19, 20, 21,
22], and also in mesoscale AVC [23].

Secondary

Reattachment - recirculation
Plane bubble

Separation
Plane

CRZ e

Fig. 3. The main structure of the flow
field inside an AVC [13]

The AVC was found to extend the flame stability envelope far beyond the published values for
methane. Generally low emissions was also achieved with NOx achieving ultra-low values of 15 ppm
and CO emissions below 25 ppm at 15% O,. Even at equivalence ratio of 0.1, the AVC combustor
showed remarkable flame stability compared to the limit of 0.5 for the premixed methane-air flame
[14, 15, 16]. The stability is due to the flame being inside the recirculating forced vortex itself [13]
and also due to the secondary flame in the trapped vortex behind the backward facing step. This is
the basis of the potential of utilizing the asymmetrical vortex combustor to burn low quality fuel such
as raw POME biogas stably while keeping emissions low.

Mazlan et al., had also investigated the performance of the AVC in various configurations and
fuels [24, 25, 23, 26, 21, 27, 28]. Raid studied the AVC as the basis of a flameless combustor running
on methane [25, 27, 28, 29, 30]. Khaleghi investigated the AVC running as a mesoscale combustor
[31, 26]. Khaleghi also did a numerical study of the AVC running on biogas at a single equivalence
ratio of 0.98 for several biogas compositions [24]. All showed enhanced combustion characteristics
and favorable emissions using the AVC either in normal or meso scale.

In this work, a numerical study on the characteristics of biogas flame in an AVC is done for
different blends of biogas over a chosen range of equivalence ratios to look at the flame stability
envelope of the AVC. The flame structure will be studied in detail along with the emissions.

2. Methodology

The investigation is done via numerical simulations and validated with a reference case of pure
methane from Saqgr [13]. The simulations is focused on the flow field profile, temperature profile,
and emissions of the combustor under different biogas compositions at various equivalence ratios.
Synthetic biogas is used by mixing methane and carbon dioxide to imitate real biogas. Four
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compositions from pure methane to 50% methane as tabulated in Table 3 are studied following the
range of published compositions for POME biogas [7, 8, 9]. The geometry is based on Figure 2 as
described previously.

2.1 Equilibrium Calculations

Equilibrium calculations using the NASA CEA package [40] is done to investigate the adiabatic
flame temperature of different biogas compositions at different equivalence ratios. This will also
show the limit of combustibility of the biogas compositions. This limit, in terms of the equivalence
ratio and composition, will be the basis for the range of cases of the numerical CFD investigation.

2.2 Governing Equations

This research studies the flame characteristics of an asymmetrical vortex combustor running on
biogas. This part focuses on the computational solution for the steady chemically reacting vortex
flows. The 3D conservation equations are given below for mass, momentum, and also energy [41].
The mass conservation is given as

dp | dpu;

at 0x; =0 (1)

p and u; are density and flow velocity in the i-direction respectively. Momentum equation is stated
as

a a
a0 Pui + 5 puiy = + + p Yi=1Yefe, (2)
with the viscous tensor t;; expressed as
2 0u ou; ou;
ri,-=——uax"6-+u(—‘,+a—xj) 3)

where p, Yk, and fxj denotes the pressure, the mass fraction of species k, and the volume force that
acts on species k in the j direction respectively, while y and é; j represent the dynamic viscosity and
the Kronecker symbol respectively. The energy equation is given as

DT d aT ou
pCpD_t axl( i) ( ZCPkYka1> +Tl]a +Q +pZkak]Vk] (4)

=1

where variables C,, T, and A represent the mass heat capacity, the temperature, the thermal
conductivity of the mixture, while wy, Cpk, and Q are the rate of heat release, the mass heat capacity
of species k, and the heat source term. The species conservation can be stated as

dpY, 0 i
atk + a(p(ul + Vk,i)Yk) = Wg (5)
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where Viiand wy represent the diffusion velocity of species k in the direction i, and the reaction rate
of species k respectively. Assuming all species stay in the gas phase, we can assume ideal gas
behaviour for all species.

2.3 Numerical Scheme

The flow domain is discretized using a finite volume method via a second order upwind scheme,
and the governing equations are solved by a steady state pressure based solver. The SIMPLE
algorithm [35] is employed to link the pressure field with the continuity equation in the discretized
momentum equation. Solution is assumed to have converged when residuals get below 1x10. For
the conservation equations of energy and species, convergence is assumed when the residuals are
less than 1x10°. ANSYS Fluent Version R19.0 [32] was used to solve the three-dimensional
momentum, energy, species, mass and heat transfer equations using the finite volume method.

2.4 Operating Conditions

Steady flow cases will be investigated for various biogas compositions and mixture strengths. A
composition of 100% methane is used as the baseline and carbon dioxide is added at several
percentages until 50% to simulate real POME biogas. The different composition cases and
equivalence ratios are tabulated in Table 3. For each composition, the reacting flow will be solved for
various equivalence ratios ranging from rich to lean to study the limits of combustion.

The lean limit of 0.1 is determined from equilibrium calculations. At this equivalence ratio, the
mixture did not ignite for any composition of the biogas. The rich limit for pure methane is reported
to be around 1.68 by Hamidi and Suardi in separate works [33, 34]. With addition of CO; it would be
even less. Based on this but considering the ability of the vortex combustor to hold a stable flame at
extended limits, the rich limit for this numerical study is set to 2.0.

2.5 Meshing and Grid Independence

An unstructured tetrahedron mesh scheme is used to discretize the flow domain as illustrated in
Figure 4. A mesh independence test was done using a steady flow case with 100% methane as fuel
at stoichiometric condition to find a suitable mesh size. Five sets of mesh were compared and the
plots of central axis temperature along the axial location for the different meshes were shown in
Figure 5. The final mesh with 649496 was thus chosen for subsequent simulation runs since the
required computing time is still tolerable given the capacity of the computing hardware and platform.
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Fig. 4. Computational domain with tetrahedral unstructured meshing (third quarter bottom view

of the combustor showing tangential air inlet and axial fuel inlets)
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Fig. 5. Mesh independence test

2.6 Turbulence and Chemistry Models

Turbulence models, namely standard k-epsilon, RNG k-epsilon,

——84262 elements
——102750 elements
——200840 elements
358920 elements
——649500 elements

0.35 0.40

and Realizable k-epsilon

turbulence models were compared with experimental measurement of the central axis temperature
of the combustor done by Sagr [13]. From the results, it was found that the Realizable k-epsilon
closely matched the experimental measurements compared with the other models as depicted in
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Figure 6, and it will used from here onwards. This is also expected because the realizable k-epsilon
model is more suitable for high swirl flows which the AVC is as will be shown later in terms of the
swirl number.

The combustion model is simulated with a methane-air two-step reaction scheme. Chemical
reaction was considered volumetric and the Eddy-Dissipation Model (EDM) algorithm was used for
turbulence-chemistry interactions. The EDM reaction model uses only the reaction flow parameters
and ignores the chemical kinetics from Arrhenius equations [39]. Thermal NOx calculation uses the
partial-equilibrium model to predict the O radical concentration required.

Surface-to-gas radiation heat transfer in the vortex combustor is modeled by the Discrete
Ordinates (DO) model. Wall material is steel, with mixed heat transfer (h= 20 W/m?.K) on the outside
surface to an ambient temperature of 300 K. The summary of the chosen models and the boundary
conditions employed to solve the cases are tabulated in Table 2.

2000.00
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Realizable k-epsilon
1200.00
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1000.00 Standard k-epsilon

800.00

Temperature (K)

Experimental

600.00

400.00
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

7 (m)

Fig. 6. Comparison of experimental and several turbulence models’ results of temperature profile along the
centerline for pure CHs combustion

Emissions are studied for CO,, CO and NOx. Thermal NOx occurs via the Zeldovich mechanism
[36] whereby sufficient heat at high temperature conditions leads to nitrogen oxidation. The NOx
formation strongly depends on the maximum flame temperature as well as residence time due to
the high activation energies of the O radical reactions [36]. Fuel NOx are typically formed from liquid
or solid fuels but rarely occurs in gaseous fuel system [37] such as in the present study. At lean
conditions (¢ < 0.8) and low temperatures, NOx could be produced from the intermediate N;O
mechanism [37]. Nevertheless, in real combustion processes only a minute amount of N,O are
produced which later will be oxidised into nitrogen monoxide NO.

Table 2

FLUENT model settings and Boundary Conditions

Turbulence model Realizable k €

Reaction model Volumetric reaction, Species transport, EDM for tubulence-chemistry
interaction, methane-air two-step

Radiation model Discrete ordinates (DO)

Air inlet Mass flow rate: various (depending on ¢)

Temperature: 300 K, Pressure: 100 kPa
Composition: 02 21%, N2 79%.
Fuel inlet Mass flow rate: various (depending on ¢)
Temperature: 300 K, Pressure: 100 kPa
Composition: CHa (various) & CO: (various), depending on composition case.
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Wall Material: steel
Thermal condition: Mixed heat transfer, h= 20 W/m?2.K
Outside temperature: 300 K.

2.7 Inlet Conditions

The air inlet mass flow rate is chosen to ensure a stable vortex is produced in the combustor [13].
Inlet condition is taken to be 100 kPa pressure and 300 K temperature for all cases. Target
equivalence ratios dictate the mass flow rate of methane for a given air mass flow rate. To determine
the inlet fuel mixture mass flow rate, methane and CO; are assumed to be ideal gases and the fuel
mixture mass flow rate is then calculated using Dalton’s law for partial pressures. The resulting inlet
mass flow rates of air and fuel mixtures for the cases investigated are tabulated in Table 3.

Table 3

Air and fuel inlet conditions for all cases

Case 0 1 2 3
XcHa 1 0.7 0.6 0.5
Xcoz 0 0.3 0.4 0.5

¢ m'q(kg/s)  ms(kg/s)  ma(ka/s)  ms(lkg/s)  m a(kg/s)  ms(kg/s)  m a(kg/s)  mf(kg/s)
0.1 0.005534 3.225x10% 0.005534 7.017 x10°  0.005534 9.124 x10°>  0.005534 1.21 x10*
0.2 0.003689 3.225x10° 0.003689 7.017 x10°  0.003689 9.124 x10°>  0.003689 1.21 x10*
0.4 0.002767 3.225x10% 0.002767 7.017 x10° 0.002767 9.124 x10° 0.002767 1.21 x10*
0.5 0.00123 3.225x10% 0.00123 7.017 x10° 0.00123 9.124 x10° 0.00123 1.21 x10*
0.6 0.000922 3.225x10% 0.000922 7.017 x10°  0.000922 9.124 x10°>  0.000922 1.21 x10*
0.8 0.000692 3.225x10% 0.000692 7.017 x10°  0.000692 9.124 x10°>  0.000692 1.21 x10*
1.0 0.000553 3.225x10% 0.000553 7.017 x10° 0.000553 9.124 x10° 0.000553 1.21 x10*
1.2 0.000461 3.225x10% 0.000461 7.017 x10 0.000461 9.124 x10° 0.000461 1.21 x10*
1.5 0.000369 3.225x10% 0.000369 7.017 x10°  0.000369 9.124 x10°>  0.000369 1.21 x10*
1.8 0.000307 3.225x10% 0.000307 7.017 x10°  0.000307 9.124 x10°>  0.000307 1.21 x10*
2.0 0.000277 3.225x103 0.000277 7.017 x10° 0.000277 9.124 x10° 0.000277 1.21 x10*
Note: ycpa and xcoo denote the mole fraction of CHs and CO; respectively

m’" c and m’ rdenote the mass flow rate of air and fuel mixture respectively, in kg/s

2.7 Swirl Number

Swirl number is the parameter that shows the existence and strength of the swirling vortex in the
combustor. This is useful in evaluating the mixing process between the fuel and air. It is also especially
useful in studying vortex decay along the axial length of the combustor and it also gives us an insight
into the stability of the vortex flame. Swirl number is defined as the ratio of the axial flux of the
angular momentum to the axial flux of the axial momentum of swirling flows. Neglecting the pressure
term, the swirl number can be expressed as

~ (pUWrtdr)

S = (©)
R |, pU-rdr)

where p is the density, r the radial coordinate, W the tangential velocity, U the axial velocity, and R

is the combustor radius. In FLUENT, the integrals appearing in the numerator and denominator can

be evaluated by defining a custom function and computing a surface integral of a selected plane, and
hence the swirl number for the plane can be readily calculated separately.

3. Results and Discussion
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3.1 Equilibrium Calculations

Equilibrium calculations for different biogas compositions were done using the NASA CEA
package. Adiabatic flame temperature for equivalence ratios ranging from the ultra-lean to ultra-rich
was investigated for all compositions and plotted in Figure 7.

The range of equivalence ratio between 0.1 to 5 was chosen to cover the anticipated extended
flammability range accorded by the asymmetrical vortex combustor. In lean conditions, it was
observed that the adiabatic flame temperature is almost the same for all compositions. At
equivalence ratio of 0.1, the temperature stayed at 300 K and it is deemed that no flame is possible
for any composition. The highest temperature occurred at ¢ = 1 for pure methane with a value of
about 2280.60 K and for 50% methane it is 2081.10 K for the same ¢. For rich conditions beyond ¢ =
2, the difference between each composition is rather regular with uniform decrease of adiabatic
flame temperature as the equivalence ratio is increased.

Adiabatic Flame Temperature of Biogas

2500 Pure CH4

0.9 CH4
0.8 CH4

2000 0.7 CH4
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I
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Fig. 7. Adiabatic flame temperature for various biogas compositions
3.2 Velocity and Flow Field

The velocity flow field is analyzed by looking at both the tangential and axial velocity profiles.
Tangential velocity profiles were sampled at 3 cm above the combustor base. Axial velocity profiles
were sampled at the axial plane that captures the backward facing step region to be able to study
the flow field features present in this area.

Figure 8 shows the tangential velocity vectors for the representative case of 60% methane at
representative rich, stoichiometric, and lean conditions which are ¢ = 2.0, 1.0, and 0.2 respectively.
All other compositions also showed similar profiles. For all of these cases, we can see three distinct
regions; the main vortex is the region with large tangential velocity vectors circulating around the
combustor, the second region denoted as the central recirculation region where tangential velocity
can be assumed to be non-existent but reverse axial velocity is present, and the third region behind
the backward facing step profile section of the main tangential flow. This recess behind the backward

10
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facing step, holds a secondary recirculation region where a trapped vortex forms. This region shall be
called the trapped vortex region contrary to Saqr [13] who called it as the secondary recirculation
zone. This trapped vortex region gives additional stability by holding a secondary flame (the trapped
vortex flame). This trapped vortex flame which resides in the calm region of the flow acts as a pilot
flame that keeps reigniting the main vortex when the main vortex flame becomes unstable due to
flow or mixture conditions. This stability mechanism is similar to the one in trapped vortex
combustors.

60% CH4

Velocity w S
Vector 1

F 5.000e+000

2.500e+000
+ 0.000e+000
+ -2.500e+000

-5.000e+000
[m s?1)

phi=2 phi=1 phi=0.2
Fig. 8. Tangential velocity vectors at rich (¢ =2), stoichiometric, and lean (¢ = 0.2) conditions for 60%
methane composition

Axial velocity vectors are shown in Figure 9 (in greyscale for better clarity) for the representative
case of 60% CH4 since all cases again showed similar behavior and characteristics. The main feature
of the axial flow field is the upwards direction of the flow within the main vortex region at the
periphery of the combustor. The flow reverses downwards in the middle of the combustor and
completes the circulation at the bottom. The central recirculation zone boundary is where the axial
velocity is zero. This boundary extends along the whole length of the combustor. The flow reversal
also causes outside air to be entrained into the combustor via the exhaust.

) WGO% CH4

Velocity u
Vector

2.117e+001

1.073e+001
: 2.996e-001

-1.013e+001

-2.057e+001
[m st1]

phi=2 phi=1 phi=0.2
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Fig. 9. Axial velocity vectors at rich (¢ =2), stoichiometric, and lean (¢ = 0.2)
conditions for 60% methane

3.3 Swirl Number and Vortex Decay

Swirl number calculated using Eq. (6) gives an indication of the stability of the flame in terms of
sustaining the mixing process and increasing the residence time. The computed swirl numbers are
plotted against axial distance for different compositions and equivalence ratios in Figure 10. The
resulting swirl number range between 0.7 to 5 over all cases, while the cold flow swirl number started
high with a value of 4 and decreased in a uniform manner to 0.1 at the exhaust. Devices with swirl
numbers above 0.6 are considered to be high swirl flow devices [38]. Thus, we can say that the AVC
is a high swirl flow device.

Axial Swirl Number for pure Methane Axial Swirl Number for 70% Methane
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(c) (d)
Fig. 10. Swirl number along axial position for different compositions (a) pure methane (b) 70% methane (c)
60% methane, and (d) 50% methane

Close to the inlets at 3 cm axial distance, the swirl number for all compositions started at high
values of above 1 depending on the equivalence ratio. Generally, we observe an increase of swirl
number at 5 cm axial distance. This is due to the vortex acceleration from the energy release from
combustion that was occurring. The swirl number gradually decreased to around 0.5 at the exhaust
mouth for all cases, which is still considered high. Thus, the vortex did not decay significantly along
the length of the combustor and the combustor possesses persistently high swirl vortex. We can also
notice that after 0.5L axial length, the profiles are almost identical.

12
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3.4 Temperature and Flame

Temperature profile of the central axis is plotted in Figure 11 for all compositions at
stoichiometric condition. Between 1/8L to 5/8L of the length of the combustor, temperature profiles
of different biogas compositions did not differ much from each other. Peak temperature for all
compositions can be estimated to be around 1800 K, which is below the adiabatic flame temperature
for methane. Temperature contours are also qualitatively similar for different compositions over the
range of equivalence ratios. Figure 12 shows the contour for the representative composition of 60%
CHA4. The results show that the AVC can burn the biogas even at equivalence ratio of 2.0, however no
flame is able to be burned at equivalence ratio of 0.2 for all biogas compositions.

Centerline Temperature Profile

2500

2000

1500

Temperature K
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Fig. 11. Central axis temperature profile for different biogas
compositions at stoichiometry
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Fig. 12. Axial temperature profile comparison at different equivalence ratios for 60% methane
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The low peak combustor temperature is in contrast with the result reported by Gabler who
identified a central core of hot gases with temperatures above the adiabatic flame temperature. This
is because Gabler’s combustor employed a tangential exhaust port which resulted in a region of
trapped hot gases in the combustor central core while the AVC here has an open exhaust which
entrains atmospheric air into the combustor causing lower central core temperature as can be seen
in the temperature contour profiles of all the cases shown in Figure 12.

Flame volume can be estimated by looking at a temperature isosurface inside the combustor.
Following Saqr [13], assuming a flame temperature of 1800 K, we construct an isosurface of 1800 K
temperature that reveal the extent of the flame volume. This isosurface was constructed for the
representative condition of 60% methane composition at ¢ = 0.8. The resulting isosurface is
representative of typical vortex flame inside this combustor. This temperature isosurface is viewed
from different angles as shown in Figure 13. Imagining Figure 13(a) as the front view of a clock, the
subsequent figures are viewed from different clock positions.

(a) (b) ()

(d) (e)
Fig. 13. Flame volume represented by the temperature iso surface for 1800 K (a)
front view (b) 12 o’clock view (c) 6 o’clock view (d) 2 o’clock view (e) 5 o’clock view

One salient feature that is not apparent when viewing the flame from above is the irregular shape
of the flame. Figure 13(a) shows that the flame has two main parts, the bottom main vortex part, and
the bigger vase-like top part. Viewed from the top (Figure 13(b)) the quiescent central recirculation
zone is not quite apparent, but it can be clearly seen as the empty central zone surrounded by the
main vortex when viewed from the bottom (Figure 13(c)). This is proof that the flame resides within
the main vortex and is stabilized by it. Viewed from 2 and 5 o’clock (Figure 13(d) and 4.27(e)) the top
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vase-like structure also shows an irregular shape where we can see the vortex twisting upwards along
with the flow.

3.5 Emissions

Emission characteristics of the vortex combustor was analyzed by looking at carbon dioxide,
carbon monoxide and nitrogen oxide emissions. Figure 14 shows the carbon dioxide concentration
along the centerline of the combustor for different compositions at stoichiometry. As expected, 50%
methane composition has the highest CO; due to the CO, which is already present as part of the
biogas. The downward trend is due to the entrainment of outside air from the exhaust that flows in
reverse in the central recirculation zone as discussed earlier.

Figure 15 shows the CO concentration along the centerline at stoichiometric condition for
different compositions. Pure methane showed the highest CO concentration. Other compositions
have lower CO concentrations but at comparable levels with each other. For this vortex combustor,
CO emission is high near the bottom of the combustor but drops to almost a constant value of about
0.002 mass fraction of CO at around the 3 cm axial position. This could be due to further oxidation of
CO to CO2 in the vortex flame.

Centerline CO2 Emission

0.40
035
0.30

0.25
——50% CH4

——60% CH4
0.20
70% CH4

——80% CH4

CO2 mass fraction

015 90% CH4

100% CH4
0.10

0.05

0.00
0 5 10 15 20 25 30 35 40

Axial position {cm)

Fig. 14. Carbon dioxide emission along centerline for ¢ =1
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Centerline CO Emission

0.025

0.020

0.015
—50% CH4

— 60% CH4
70% CH4
——80% CH4

CO mass fraction

0.010
——90% CH4

100% CH4

0.005

0.000

Axial position (cm)

Fig. 15. Carbon monoxide emission along centerline for ¢ =1

Figure 16 shows the NOx emission along the combustor centerline at stoichiometric condition for
different biogas compositions. 90% and 80% methane compositions gave significantly higher values
of NOx compared to other compositions including pure methane. For 60% and 50% methane
compositions, NOx is virtually non-existent in all operating conditions due to low flame temperatures.
The overall NOx emission is considered ultra-low since the highest concentration is of the order
3.45x10 mole fraction which translates to less than 1 ppm. NOx emission is considered ultra-low
when it is below 25 ppm [38]. This is due to the low flame temperature present in the vortex
combustor.

NOx Emission Along Centerline

4.50E-05
4.00E-05
3.50E-05

3.00E-05

——50% CH4
2.50E-05
——60% CH4

70% CH4
2.00E-05

NO mass fraction

——80% CH4

—90% CH4
1.50E-05
100% CH4

1.00E-05

5.00E-06

‘
0.00E+00 x

0.05 0.1 0.15 0.2 0.25 03 035 04

Axial position (cm)

Fig. 16. NOx emission along centerline for¢p =1

4. Conclusions
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Experimental and numerical investigations that were just concluded showed a very favorable
combustion and flame characteristics of the asymmetrical vortex combustor in terms of flame
stability and emission. Swirl number was calculated and found to be above 0.6 for all operating
conditions, reaching up to 3 in some cases, which puts the AVC in the category of very high swirl.
Emissions from this combustor are generally low, NOx emission can be classified as ultra-low, below
25 ppm for all cases studied. The AVC flame ultra-stability was found to be due to two factors; the
stable main vortex holing the flame region, and the trapped vortex region giving additional stability
during unstable conditions. The AVC was able to hold a stable flame for a large range of equivalence
ratio and even for low quality biogas (50% methane). This is a testament to the great potential of the
asymmetric combustor design as a flexible fuel combustor.
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