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Micropower generation and micropropulsion are two emerging fields where micro- and miniature-scale combustors are
anticipated to play a significant role. Today, there is a growing interest in combustion-based direct energy conversion modules
such as thermoelectric and thermophotovoltaic micropower generators. In this study, the effects of swirl addition to fuel flow
and airflow on combustor operational envelope, flame blowout limit, combustion efficiency, exhaust gas temperature, mean
outer wall temperature, emitter efficiency, and normalized temperature standard deviation of a miniature-scale (mesoscale)
combustor are studied under various equivalence ratios. The findings demonstrate that swirling flows improve the flame
blowout limit and operational envelope of the combustor; however, this improvement is more significant for airflow swirl.
Besides simultaneous swirling flows of fuel and air result in the highest blowout limit. Additionally, it has been shown that
swirl addition improves combustion efficiency and causes a significant amount of heat to be generated, which raises the
temperature of the exhaust gas, the mean outer wall temperature, and the emitter efficiency. Furthermore, mean outer wall
temperature and emitter efficiency have the highest values for simultaneous swirling flows of fuel and air. It is also observed
that increasing the fuel flow swirl number generally lessens the normalized temperature standard deviation (NTSD) and
consequently improves the combustor wall temperature uniformity, while for the airflow swirl case, a swirler with 30° vane
angle for airstream has a lower NTSD than a 45° vane angle swirler. The results obtained in this study provide useful
information for designing a combustion-based direct energy conversion module.

1. Introduction

At present, with the increasing demand of microdevices, the
need for high-density power sources for long operation periods
has noticeably increased. The significant energy density of
hydrocarbon fuels, short recharge periods, and advances in
the miniaturization of devices have drawn attention to
combustion-based micropower generators [1–3]. Typical
hydrocarbon fuels have energy densities approximately 50 to
100 times higher than modern batteries. Even, with taking into
account the conversion efficiency of combustion-based power

systems, they are considered as a viable alternative to batteries
for portable power generation. Hence, studying microscale
combustion is of great importance in micropower generation
and chemical microthrusters for small spacecrafts which can
be utilized in orbit change and attitude control [4–6].

One approach to define a “microscale” combustion is
based on the physical dimensions of the combustor: if the
characteristic physical length is less than 1 or 2mm, the
combustion is called “microcombustion,” and if the above-
mentioned length is of the order of a few millimeters, the
combustion is called “mesoscale combustion” [7]. As the
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combustor size is decreased, flame extinction due to thermal
and radical quenching is inevitable. The former is due to an
increase in the surface-to-volume ratio and large surface
heat loss, and the latter results from the absorption and
recombination of excessive chain branching radicals [7].
Large heat loss from micro- or mesoscale combustors is
favorable for direct energy conversion modules such as ther-
moelectric (TE) and thermophotovoltaic (TPV) generators.
Several strategies have been offered and employed for flame
stabilization in micro- and mesoscale combustion such as
catalytic combustion [8–10], excess enthalpy concept
[11–13], and vortex flows [14–17]. Lei et al. [18] developed
a microcombustor taking advantage of the excess enthalpy
concept for micropower generation using a TPV cell. They
reached a maximum overall chemical-electrical conversion
efficiency of 3.15% in a combustor with a 1mm inner diam-
eter. They found out that a combustor with heat recircula-
tion has a higher flammability limit than one without heat
recirculation. Gan et al. [19] developed a mesoscale combus-
tor with electrospray which can be coupled with direct
energy systems for power generation. Thermal efficiencies
ranging from 22.0 to 48 0% were obtained in their work.
Hosseini et al. [15] studied a mesoscale vortex combustor
with and without thermal recuperation. Thermal recupera-
tion resulted in higher emitter and thermal efficiency. Shi-
mokuri et al. [20] developed a TE combustion-based power
generation system using vortex flow. Maximum electrical
output power of 8.1W was reached at the thermal input
power of 355W with 2.4% conversion efficiency. Yang
et al. [21] studied the thermal performance of a microswirl
combustor in premixed and nonpremixed modes compara-
tively. Their results showed that the premixed mode has bet-
ter thermal performance at small equivalence ratios and
leads to better wall temperature uniformity at high hydrogen
mass flow rates. Another type of micropower generation
device is combustion-based indirect energy conversion mod-
ules which involve complex moving components and fric-
tional losses. MEMS-based silicon gas-turbine engines were
built at MIT with an overall size of 2 1 cm × 2 1 cm × 0 38
cm [22, 23]. The utilized fuel was hydrogen, and the output
electrical power was ranging between 10 and 50W. A
MEMS-based microrotary engine with a rotor size of
10mm was developed at the US Berkeley Combustion Lab
[24]. A hydrogen/air mixture was used, and an electrical
power of 3.7W was obtained at 9000 rpm. A microscale
rotating free piston engine was developed at the University
of Michigan which was capable of operating in a four-
stroke Otto cycle and producing an electrical power of
20W [25]. The fuel was butane. and the overall conversion
efficiency was 14%. This micropropulsion engine is one of
the other promising applications of microcombustion. The
aim of the micropropulsion and microthrusters is to meet
as the main propulsion and attitude control of a microspace-
craft. Wu et al. [14] tested micro- and mesoscale vortex
combustors for gaseous flame stabilization which can be uti-
lized in micropower generation and micropropulsion sys-
tems. Various fuels were studied, and it was found out that
flame stabilization in small combustors requires the enrich-
ment of oxygen. A maximum chemical efficiency of 97%

and 85% were obtained for hydrogen/air mixtures and
methane/oxygen/air, respectively. Wu and Lin [26] devel-
oped a bipropellant microthruster. The dimensions of the
thruster chamber were 5 22mm × 1 6mm × 1 19mm. The
output thrust was between 0.2mN and 1.97mN and was lin-
early proportional to the total mass flow rate.

Although vortex and swirl combustion have been pro-
posed and utilized in micro- and mesoscale combustion,
using double annulus axial flat vane swirlers to fuel flow
and airflow to stabilize methane/air flames for potential uses
in micropower generation has not been studied and com-
pared as far as authors’ knowledge. Hence, the present work
focuses on the effects of fuel flow and airflow swirl on the
stability and thermal performance of a miniature-scale
(mesoscale) combustor for possible use in direct energy con-
version systems such as TE and TPV generators.

2. Experimental Setup and Flow
Delivery System

The experimental setup and swirl burner are shown in
Figures 1(a) and 1(b), respectively. The setup consists of air
and fuel supply systems, a data acquisition system for exhaust
gas and wall temperature distribution measurement including
ADAM 4018+ and ADAM 4520, six 0.5mm K-type thermo-
couples, a flue gas analyzer, and a digital camera. The methane
and air are supplied to the burner from an air compressor and
high-pressure cylinder, respectively, which are equipped with
pressure reduction valves and pressure gauges. The mass flow
rates of methane and air are regulated precisely by Kobold
DMS-5 and AZBIL MPC0020 mass flow controllers with the
accuracy of ±1% full scale, respectively. In order to measure
postcombustion emission, the combustor is placed inside a
steel-made duct with a visualization window for imaging. Six
temperature-measuring holes, five for the temperature distribu-
tion of the combustor outer wall and one for exhaust gas mea-
surement, are drilled along the duct. Flue gas concentrations are
measured using a Testo 350-XL flue gas analyzer. The measur-
ing ranges and accuracies of this analyzer are presented in
Table 1. The flame images are captured taking advantage of a
Canon PowerShot G16 digital camera with an exposure time
of 1/30 s. Ambient conditions were obtained using Lutron
PHB-318, and values for pressure, temperature, and humidity
were 88270 ± 15 Pa, 23 9 ± 0 8°C, and 28 5 ± 3%, respectively.
In order to study the effects of fuel flow and airflow swirl, five
double annulus axial flat vane swirlers were built by the selective
laser melting (SLM) process. A quartz mesoscale combustor
was used in this study. Its length, inner diameter, and thickness
are 50mm, 8.8mm, and 1.6mm, respectively. The flow swirl
strength is characterized by a nondimensional swirl number
which is calculated as follows [25]:

Sn =
2
3
1 − Dh/Dsw

3

1 − Dh/Dsw
2 tan θ, 1

where Dh, Dsw, and θ are the swirler hub diameter, swirler tip
diameter, and vane angle, respectively. Table 2 presents the
specifications of the constructed swirlers.
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Figure 1: Continued.
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3. Results and Discussion

In this section, the effects of fuel flow and airflow swirl on
the combustor operational envelope (stability map), flame
characteristics, and emission and thermal performances

of the mesoscale combustor are studied under various
equivalence ratios. The mentioned equivalence ratio is
the global equivalence ratio which is defined as Φ =
mair/mfuel stoic/ mair/mfuel . The numerator of this ratio is
the stoichiometric air-to-fuel ratio (which is 17.1 for
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Figure 1: (a) Experimental setup and flow delivery system. (b) Swirl burner, miniature-scale combustor, and axial swirler geometry. (c) K-type
thermocouples.

Table 1: Measuring ranges and accuracies using Testo 350-XL flue gas analyzer.

Parameters Measuring range Accuracy Resolution

O2 0…25 vol. % ±0.2 vol. % 0.01 vol. %

CO, H2-comp 0…10000 ppm

±10 ppm (0…99 ppm)

1 ppm±5% of reading (100…2000 ppm)

±10% of reading (2001…10000 ppm)

COlow, H2-comp 0…500 ppm
±2 ppm (0…39.9 ppm)

0.1 ppm
±5% of reading (40…500 ppm)

CO2 (IR) 0…50 vol. %
±0 3 vol % + 1% of reading (0…25 vol. %) 0.01 vol. %

±0 5 vol % + 1 5% of reading (25.1…50 vol. %) 0.1 vol. %

Table 2: Specifications of studied swirlers.

Inner annulus Outer annulus
Swirler no. Name Vane angle (°) Sn (-) Vane angle (°) Sn (-)

1 F0O0 0 0 0 0

2 F30O0 30 0.49 0 0

3 F45O0 45 0.84 0 0

4 F0O30 0 0 30 0.48

5 F0O45 0 0 45 0.83

No. of vanes 6 8

Vane thickness (mm) 0.45 0.80

Hub diameter (mm) 2.4 4.5

Tip diameter (mm) 3.6 7
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methane and air), and the denominator is the ratio of sup-
plied mass flow rates of air and fuel to the combustor.

3.1. Fuel/Oxidizer Swirl

3.1.1. Flame Characteristics and Combustor Operational
Envelope. Practical combustion systems often include swir-
ling flows because of the well-known role that swirl plays
in flame stability [27, 28]. According to [29], turbulent burn-
ing velocity is enhanced by using a swirl, and the recircula-
tion zone induced by swirling flows acts as a heat source
and entrains hot products inside fresh reactants. Hence,
the fuel flow and airflow swirl on the stability map of the
combustor are investigated. The process for determining
the operational envelope of the combustor for each swirler
is as follows: First, a specified fuel flow rate is supplied,
and a stable diffusion flame is formed at the combustor
rim; next, the air is fed, and its flow rate is raised by 0.1 slpm.
The airflow rate at which the flame moves inside the com-
bustor is defined as the lower limit of the operational enve-
lope for the set fuel flow rate. The airflow rate is increased
until the flame inside the combustor extinguishes (blows
out) owing to low residence time. The airflow rate at which
the flame blows out is the operational envelope’s upper limit
(or blowout). Hence, the flame can sustain inside the meso-
scale combustor between these two limits. These steps are
repeated for fuel flow rates varying from 0.050 slpm to
0.500 slpm, and the combustor operational envelope is
obtained for each swirler. The procedure is repeated three
times for each fuel flow rate, and the average values for lower
and upper limits are reported in this study. As presented in
Table 1, five axial flat vane swirlers are utilized to study the
flow swirl. Each swirler is designated a name which corre-
sponds to its fuel or airflow (oxidizer) vane angle. For exam-
ple, F0O30 indicates a swirler in which the fuel is in jet form
and the oxidizer (air) is passed through vanes of the angle of
30°. Figures 2(a) and 2(b) illustrate the effects of fuel flow
and airflow swirl on the combustor operational envelope,
respectively. The observations are as follows:

(i) Both lower and upper limits increase with an incre-
ment in the fuel flow rate

(ii) Nonswirling flames (F0O0) and flames with fuel flow
swirl configurations cannot sustain inside the com-
bustor for fuel flow rates greater than 0.150 slpm

(iii) Adding a swirl to fuel or airflow rate causes the
flames to move inside the combustor at lower air-
flow rates compared with nonswirling flames due
to the well-known effects of swirling flows in fuel/
air mixing. Although adding a swirl to fuel flow
enhances the operational envelope of the combus-
tor, a coaxial airflow swirl has a more noticeable
effect. F30O0 and F45O0 configurations enhance
the operational envelope by approximately 11%
and 30%, while the enhancement for F0O30 and
F0O45 is 798% and 862%, respectively, when com-
pared with nonswirling flames

(iv) Stable flames inside the combustor are formed
mostly in fuel-lean conditions

(v) When the methane flow rate is lower than
0.200 slpm, the flame resistance against extinction
is better for F0O30 when compared with F0O45,
although for fuel flow rates equal and greater than
0.200 slpm, F0O45 presents better performance in
the blowout limit. The latter is because of the
well-known effect of swirling flows in flame stabi-
lization leading to better mixing of fuel and oxi-
dizer due to enhancement of the turbulent
burning velocity, acting as a heat source, increas-
ing the residence time, and perquisite role of
recirculation zone induced by swirling flows in
flame anchoring [27–30], while in the former,
the swirl effect may be negligible and less due to
lower airflow rates for blowout limit

(vi) As shown in Figure 2(b), in a narrow part of the oper-
ational envelope of F0O45 shown in cyan color and is
near to blowout limit, the flame changes between type
A and type B. As the airflow rate increases, the fre-
quency of this occurrence increases, too. Then, the
flame takes the type B form and then blows out with
an additional airflow increment

Figure 3 represents flame images as a function of
equivalence ratio where the methane flow rate is fixed at
0.150 slpm. It is observed that the swirl strength of air
has a noticeable influence on flame appearance and shape.
It is also observed that F0O30 reveals bowl-shaped flames.
Besides, flame lift-off height and length decrease with a
decrease in the equivalence ratio (increase in the airflow
rate) where the fuel flow rate is fixed. Indeed, the lift-off
height of F0O0, F30O0, and F45O0 flames are more sensi-
tive to equivalence ratio when compared with airflow swirl
modes. It is observed that some reddish and yellowish
zones downstream of the primary zone at equivalence
ratios near 1, which is an indication of soot formation
and represents that some of the fuel is not mixed thor-
oughly into the air stream, and there are localized rich
regions.

The effects of the fuel flow rate on nondimensional
flame lift-off height and length where the airflow rate is
fixed at 2.4 slpm are presented in Figure 4. The flame
lift-off height (LO) and length (L) are determined using
the same image processing techniques as those used in
[31–33]. LO is defined as the length between the flame
base and the swirler exit plane, and L is defined as the
length between the flame tip and base. This is done by
applying a 50% intermittency distribution to a series of
100 images for each operating condition in order to gener-
ate the flame probability distribution. It is shown that for
all cases, increasing the fuel flow rate at a given airflow
increases the flame lift-off height and length almost line-
arly. This behavior is due to decreasing the flow residence
time by increasing the fuel flow rate. As the fuel flow rate
is increased, the fuel is not entrained and mixed with the
air in an effective manner, and the methane and air mix
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over a longer distance, which subsequently leads to an
increase in LO and L. Besides, according to the curve-fit-
ting, lift-off of flames related to the F0O30 swirler exhibits

the least sensitivity compared to the flames of the other stud-
ied swirlers (category 1: F0O0, F30O0, and F45O0; category
2: F0O0, F0O30, and F0O45). It is also revealed that the flame
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Figure 2: Effects of (a) fuel flow swirl and (b) airflow swirl on the combustor operational envelope.
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length increases at almost the same rate as an increment in the
fuel flow rate for the flames of the second category.

3.1.2. Emission and Thermal Performance. Large values of
carbon monoxide (CO) in the flue gas are an indication of
incomplete combustion which results from imperfect mixing
of fuel and air and short residence time. Complete combus-
tion (low values of CO) is accompanied by a significant
amount of heat [34]. CO oxidation is feasible through the
two following routes [35]:

(1) Wet route

CO +OH⟶ CO2 + H 2

In the wet route, OH radical plays a significant role in
CO oxidation to CO2. This radical is formed mainly through
the following chain branching step which is active for tem-
peratures above 1100K.

H +O2 ⟶OH +O 3

(2) Dry route

CO +O2 ⟶ CO2 + O 4

In this route, oxygen (O2) availability is of great
importance in carbon monoxide oxidation, so in the
fuel-rich zones of the combustion, this route loses its effect
in carbon monoxide oxidation. Similar to the previous
route, the dry route is also active for temperatures above
1100K.

Figure 5 is an illustration of the CO concentration versus
the methane/air equivalence ratio where the methane flow
rate is fixed at 0.150 slpm under fuel flow and airflow swirl.
Increasing the equivalence ratio at a constant fuel flow rate
means a decrease in the airflow rate. It is observed that the
CO emission has a U-shaped dependence on the equivalence
ratio for all swirlers. This trend can be explained by dividing
the curves into three sections:

(i) Section I: 0 2 ≤Φ < 0 5

In this section, large values of CO result from high airflow
rate and consequently short residence time, insufficient mix-
ing of fuel and air, and low combustion temperature which
is discussed later that suppresses both routes of CO oxidation.

(ii) Section II: 0 5 ≤Φ < 0 8

In this section, the lowest values of CO and the most
complete combustion occur which is due to high combus-
tion temperature, a decrease in the airflow rate, and suffi-
cient residence time for fuel and air for reaction. This
section is accompanied by a large amount of heat due to
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Figure 3: Effects of equivalence ratio on flame appearance for (a) fuel flow swirl and (b) airflow swirl at the fixed fuel flow rate of 0.150 slpm.
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combustion completeness and better efficiency. The mini-
mum CO takes place at the equivalence ratio of 0.7.

(iii) Section III: Φ ≥ 0 8

In this part, the airflow rate is low and O2 availability plays
the most significant role in CO oxidations, although the com-
bustion temperature does not differ noticeably from the previ-
ous section. Low amounts of O2 can deactivate both the dry
route and wet route by suppressing OH radical production.

It is also shown that adding swirl to fuel flow and airflow
lowers the CO emission in the fuel gas which can be attrib-
uted to the favorable effect of swirl on flow residence time
and methane/air mixing. So, it can be concluded that fuel
flow and airflow swirl lead to complete combustion and a
large amount of heat produced.

According to [36], the ratio of CO2/CO on the mass basis is
an indication of hydrocarbon conversion and combustion effi-
ciency. Hence, this parameter is studied to compare the non-
swirling and swirling flames on combustion efficiency.
Figure 6 shows the ratio of CO2/CO on themass basis as a func-
tion of the equivalence ratio at the fuel flow rate of 0.150 slpm. It
is observed that CO and the ratio of CO2/CO are related to each
other in an inverse manner, and the second section of the CO
curves as discussed earlier has the highest combustion effi-
ciency. Furthermore, it is obvious that adding a swirl rises this
ratio and consequently improves combustion efficiency.

Figure 7 illustrates the effects of the equivalence ratio on
the exhaust gas temperature (Texh) where the methane flow
rate is fixed at 0.150 slpm. The TC6 K-type thermocouple
which is located 3mm above the combustor exit plane is used
to measure the temperature of the exhaust gas (Figure 1(c)). It
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Figure 4: Effects of fuel flow rate on flame lift-off height and length of various swirlers at the fixed airflow rate of 2.4 slpm.
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is observed that Texh has an increasing-decreasing trend with
an increment in the equivalence ratio. This trend can be
explained in Figure 6 in which the ratio of CO2/CO versus
the equivalence ratio shows a similar trend. As stated earlier,
high values of this ratio indicate high combustion efficiency
and consequently high combustion temperature. The exhaust
gas temperature can be a good representation of the combus-
tion temperature. It is shown that the temperature of the
exhaust gas is low at low equivalence ratios, so it can be con-

cluded that the combustion efficiency is low, too. Hence, due
to low combustion temperature, CO oxidation through wet
and dry routes, which are active at temperature above 1100
K, is suppressed (Figure 5). It is observed that adding a swirl
increases the exhaust gas temperature due to its positive effect
on combustion efficiency.

The significant energy density of hydrocarbon fuels and
large heat loss in the forms of radiation and convection from
micro- and mesoscale combustors make small-scale
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Figure 5: Effects of (a) fuel flow swirl and (b) airflow swirl on CO concentration as a function of equivalence ratio at the fuel flow rate of
0.150 slpm.
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combustion-based direct energy conversion modules such as
TE and TPV generators for micropower generation attractive
alternatives to batteries. In these modules, the combustor
outer wall temperature, its uniformity, and emitter efficiency
play the most significant role in micropower generation. So,
the focus of this part is on the effects of fuel flow and airflow
swirl on combustor mean outer wall temperature, its unifor-
mity which is characterized by normalized temperature stan-
dard deviation (NTSD), and emitter efficiency. As depicted
in Figure 1(c) schematically, the outer wall temperature distri-
bution is obtained using five K-type thermocouples which are
contacted to the outer wall with a thermal paste to ensure bet-
ter conductivity and heat transfer. The abovementioned
parameters are expressed as follows:

Tave =
∑Aw,iTw,i
∑Aw,i

, 5

Qrad =〠Aεδ T4
ave − T4

amb , 6

η = Qrad
mCH4

× LHVCH4

× 100%, 7

NTSD =
∑Aw,i Tw,i − Tave

Tave∑Aw,i
× 100%, 8

where Tave, Qrad, η, and NTSD are mean outer wall tempera-
ture, radiation heat loss, emitter (radiation) efficiency, and
normalized standard deviation. In Eq. (5), Aw,i and Tw,i are
the area and temperature of the wall of the ith element. In
Eq. (6),A, ε, δ, andTamb are combustor outer wall surface area,

emissivity of the wall, Stephen Boltzmann constant
(5 67 × 10−8 W/ m2 −K4 ), and ambient temperature. In Eq.
(7), mCH4

and LHVCH4
are methane mass flow rate and lower

heating value. Figure 8 illustrates the effect of fuel flow and air-
flow swirl on the mean outer wall temperature and emitter
efficiency at various methane/air equivalence ratios where
the methane flow rate is fixed at 0.150 slpm. It is observed that
mean outer wall temperature and emitter efficiency exhibit an
increasing-decreasing trend which can be explained by the
ratio of CO2/CO versus the equivalence ratio plots
(Figure 6). It is also observed that swirl addition to fuel flow
and airflow increases both mean outer wall temperature and
emitter efficiency. The former is because of the combustion
efficiency enhancement and an increase in the amount of heat
released by swirl addition as discussed before and the latter
results from Eqs. (7) and (8) in which larger mean outer wall
temperature leads to higher emitter efficiency. It is observed
that a maximum emitter efficiency of about 7% and 8% are
obtained for F45O0 and F0O45 configurations, respectively.
Hence, it can be concluded that flows with high swirl numbers
are better choices for TPV power generators from the emitter
efficiency point of view among these swirlers with only fuel or
air swirl.

Figure 9 presents the effects of methane flow rate on
mean outer wall temperature and emitter efficiency at the
fixed airflow rate of 2.4 slpm. As this figure shows, mean
outer wall temperature and emitter efficiency reveal an
increasing trend by increasing the fuel flow rate. This trend
is due to an increase in the input power by incrementing
the fuel flow rate that leads to large heat release. Further-
more, it is observed that increasing the swirl number
enhances the mean outer wall temperature and emitter
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Figure 7: Effects of (a) fuel flow swirl and (b) airflow swirl on the exhaust gas temperature as a function of equivalence ratio at the fuel flow
rate of 0.150 slpm.
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efficiency because of the enhancement of combustion effi-
ciency and the amount of heat released at the same operating
conditions (Figure 6). The enhancement of the emitter effi-
ciency when compared with nonswirling flames is presented
in Table 3 for three fuel flow rates.

Figure 10 shows the effects of fuel flow, airflow swirl, and
equivalence ratio on the normalized temperature standard
deviation (NTSD) which is an indication of wall temperature
uniformity. It is observed that the obtained NTSD for the
studied operating conditions is less than 18%, and the NTSD

generally increases with an increment in the equivalence
ratio except for the F0O30 configuration which shows an
increasing-decreasing-increasing trend. From Figure 10(a),
it is also observed that the NTSD of F45O0 is less than that
of F30O0, and for Φ ≥ 0 5, the F45O0 configuration reveals
the lowest values of NTSD among studied configurations
in fuel flow swirl mode (F0O0, F30O0, and F45O0). So, it
can be concluded that a high fuel flow swirl number is a
good choice to get the most uniform wall temperature. The
highest value of NTSD among these configurations is
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Figure 8: Effects of (a) fuel flow swirl and (b) airflow swirl on the mean outer wall temperature and emitter efficiency as a function of
equivalence ratio at the fuel flow rate of 0.150 slpm.
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Figure 9: Effect of fuel flow rate increase on the thermal performance of the combustor for different swirlers at the airflow rate of 2.4 slpm:
(a) mean outer wall temperature and (b) emitter efficiency.

Table 3: Enhancement of emitter efficiency when compared with nonswirling flames (F0O0) at three fuel flow rates.

Swirler
Emitter efficiency enhancement (%)

QCH4
= 0 050 slpm QCH4

= 0 100 slpm QCH4
= 0 150 slpm

F30O0 18 9 13

F45O0 38 18 37

F0O30 353 126 43

F0O45 412 173 57
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17.77% and occurs for F30O0 at the equivalence ratio of 1.1.
From Figure 10(b), it is observed that the NTSD of F0O30 is
lower than that of F0O45, and for Φ ≥ 0 5, F0O30 has the
lowest values of NTSD and the most uniform combustor
wall temperature among three configurations of F0O0,
F0O30, and F0O45. It is also observed that the NTSD of
F0O0 takes the highest values for Φ ≥ 0 8. Furthermore,
the NTSD of F0O45 remains almost constant and is not sen-
sitive to the equivalence ratio for Φ ≥ 0 7.
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Figure 10: Effects of (a) fuel flow swirl and (b) airflow swirl on normalized temperature standard deviation as a function of equivalence ratio
at the fuel flow rate of 0.150 slpm.
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Table 4: Enhancement of combustor operational envelope with
F45O45 when compared with F45O0 and F0O45.

Swirler Operational envelope enhancement (%)

Compared with F45O0 846

Compared with F0O45 27
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Figure 12: Exhaust gas temperature as a function of equivalence
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3.2. Simultaneous Swirling Flows of Fuel and Oxidizer. It was
observed that adding a swirl to fuel flow or airflow enhances
the operational envelope of the combustor. Besides, increas-
ing the swirl number of fuel flow or airflow enhances the
mean outer wall temperature and emitter efficiency of the
combustor because of the enhancement of combustion effi-
ciency and the amount of heat released at the same operating
conditions. So, F45O0 (from the group including F0O0,
F30O0, and F45O0) and F0O45 (from the group including
F0O0, F0O30, and F0O45) have the highest combustor oper-
ational envelope, combustor mean outer wall temperature,
and combustor emitter efficiency. Based on these outcomes,
in this section, a swirler that takes advantage of simultaneous
swirling flows of fuel and oxidizer (F45O45) is investigated,
and its operational envelope and thermal performance are
compared with two other swirlers, F45O0 and F0O45.

Figure 11 represents the combustor operational envelope
of swirlers F45O0, F0O45, and simultaneous swirling flows
of fuel and air (F45O45). This figure indicates that without a
coairflow swirl, it was not possible to maintain the flame
within the combustor at fuel flow rates greater than
0.150 slpm. This graph also shows how the blowout limit of
the combustor increases significantly when a swirl is added
to the coairflow. Furthermore, it is observed that simultaneous
swirling flows of fuel and air (F45O45) enhance the blowout
limit compared to solely airflow swirl. By comparing the lower
limits related to F45O0, F0O45, and F45O45, it is observed
that flame formation inside the combustor takes place at
higher airflow rates for F45O45 compared with other swirlers.
This can be attributed to the weak performance of F45O45 in
fuel and air mixing at low airflow rates. However, the combus-
tor operational envelope is the best for the F45O45 configura-
tion. This enhancement is summarized in Table 4.

Figure 12 depicts the variation of exhaust gas tempera-
ture as a function of the equivalence ratio for the abovemen-
tioned swirlers. It is observed that as the equivalence ratio
rises (the airflow rate falls), the temperature of the exhaust
gas shows increasing-decreasing behavior. Additionally, it
has been demonstrated that swirlers with coaxial airflow
swirl (F0O45 and F45O45) result in higher exhaust gas tem-
peratures compared with the swirler with fuel flow swirl
(F45O0). Moreover, the exhaust gas temperature has the
highest values in simultaneous swirling flows of fuel and
air. This can be attributed to the completeness of the com-
bustion due to better mixing and the higher amount of heat
generated in the case of F45O45.

Figures 13(a) and 13(b) show the variation of mean
outer wall temperature and emitter efficiency with the equiv-
alence ratio at the fixed fuel flow rate of 0.150 slpm. The
lower values of mean outer wall temperatures and emitter
efficiencies at lower equivalence ratios (higher airflow rate)
can be explained by lower combustion efficiency and flow
residence time, which subsequently lead to a lower amount
of heat generated and insufficient time for heat to be trans-
ferred to the combustor wall. It is observed that swirlers with
coaxial airflow swirl (F0O45 and F45O45) result in higher
mean outer wall temperature and emitter efficiency com-
pared with the swirler with fuel flow swirl (F45O0). This
can be attributed to the enhancement of combustion effi-
ciency and the amount of heat released by utilizing airflow
swirl at the same operating conditions. Besides, the mean
outer wall temperature and emitter efficiency have the high-
est values in simultaneous swirling flows of fuel and air at
the same operating conditions compared with other swirlers.
That is because of the completeness of the combustion due
to better mixing and the amount of heat generated in the
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Figure 13: Variation of (a) mean outer wall temperature and (b) emitter efficiency with equivalence ratio at the fixed fuel flow rate of
0.150 slpm for three swirlers of F45O0, F0O45, and F45O45.
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case of F45O45. It can also be attributed to the longest flow
residence time related to F45O45, which provides more time
for heat produced to be transferred to the combustor wall.

4. Conclusion

In this work, due to the well-known impact of swirling
flows in flame stabilization, the effects of fuel flow and air-
flow swirl on the combustor operational envelope, flame
blowout, and emission and thermal performances of a
mesoscale combustor are studied. The obtained results
can be useful in designing combustion-based thermopho-
tovoltaic micropower generators. The main findings are
summarized as follows:

(1) Swirl addition to fuel flow or coaxial airflow
enhances the combustor operational envelope and
the flame resistance against extinction (blowout).
The operational envelope enhancement achieved
for airflow swirl addition mode is more significant
(≈798% for 45° vane angle for airflow) than that of
for fuel flow swirl addition mode (≈30% for 45° vane
angle for fuel stream) when compared with nonswir-
ling flames. Hence, it can be concluded that airflow
swirl is more favorable for flame stabilization when
compared with fuel flow swirl. Furthermore, simul-
taneous swirling flows of fuel and air enhance the
combustor operational envelope further (≈846%
compared with F45O0 and ≈27% compared with
F0O45)

(2) Combustion efficiency and the amount of heat
released increase with a swirl addition to the fuel
flow or the airflow, which consequently influences
the exhaust gas temperature, mean outer wall tem-
perature, and emitter efficiency. The mentioned
parameters reveal an increasing-decreasing trend
with an increment in the equivalence ratio where
the methane flow rate is fixed. Furthermore, as the
swirl strength of the fuel or airflows increases com-
bustion efficiency, exhaust gas temperature, mean
outer wall temperature, and emitter efficiency rise,
too. Besides, the mean outer wall temperature and
emitter efficiency of simultaneous swirling flows of
fuel and air (F45O45) have the highest values com-
pared with other swirlers. So, it can be concluded
that the F45O45 swirler is the best choice for a
combustion-based thermophotovoltaic power gener-
ation from the emitter efficiency point of view

(3) Increasing the fuel flow swirl number generally
lessens the NTSD and consequently improves the
combustor wall temperature uniformity, while for
the airflow swirl case, a 30° vane angle swirler for air-
stream has lower NTSD than a 45° vane angle swir-
ler. Besides, the 30° vane angle swirler for airflow
reveals the lowest values of NTSD and the most wall
temperature uniformity for Φ ≥ 0 5 among the three
configurations (nonswirling flames, the 30° vane
angle swirler, and the 45° vane angle swirler)

Nomenclature

QCH4
: Methane volume flow rate (slpm)

Qair: Airflow rate (slpm)
Φ: Equivalence ratio (-)
Sn: Swirl number (-)
Dh: Swirler hub diameter (mm)
Dsw: Swirler tip diameter (mm)
θ: Swirler vane angle (°)
Tamb: Ambient temperature (°C)
Pamb: Ambient pressure (Pa)
RH: Ambient humidity (%)
Texh: Exhaust gas temperature (K)
Tw,i: Wall temperature of element surface i (K)
Aw,i: Area of element surface i (m2)
ε: Emissivity (-)
δ: Stephen-Boltzmann constant (5 67 × 10−8 W/

(m2-K))
Qrad: Radiation heat loss (W)
η: Emitter (radiation efficiency) (%)
Tave: Mean combustor outer wall temperature (K)
mCH4

: Methane mass flow rate (kg/s)
LHVCH4

: Lower heating value of methane (kJ/kg)
A: Combustor outer wall area (m2).
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