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In this work, the viability of using premixed biogas+H, flames together with a thermoelectric generator [TEG), for
direct heat-to-electricity conversion, was studied. We aimed to understand the influence from different fuel blends and
flame conditions in TEG working temperatures and operating point. Inthesetup used, a TEG module contacts a wall of
acombustion chamber, where a flame stabilizes in side wall quenching. The major challenges for power and efficiency
optimization were found to be related with the heat transfer from flame and burnt gases to the wall and TEG. Gases
velocity field, flame quenching and heat release rate (HRR) were hence studisd via PIV and the chemiluminescence
of excited OH* and CH* radicals. A mathematical model was developed to predict TEG operation for the different
fuel and Hame conditions, resorting to the finite volume method and a neural network. Its results correlated well with
experimental ones (R & 0.97), with a small over-prediction.

Even in small amounts (up to 206% in volume), we found that H, addition to biogas (BG) improved both TEG operation
{power yielded increased by 16%) and flame stabilization (quenching distance d; was reduced by 18%, to levels typical
of methane). The Impact of L, was more significant for the lower BG grades, which emphasized its importance for
EG use in smaller, portable applications, with downsized combustion chambers (where the importance of flame-
wall Interaction Is bigger). Correlations between chemiluminescence, HRR and d, were deduced: it was found Ot
chemiluminescence to be strongly related with 4, and convection to contribute in the same order of magnitude as

conduction for heat transfer in the quenching region.

1. Introduction

The technological development has led to an increas-
ing demand for energy worldwide. In 2019, only ca. 50%
of the total energy produced was consumed and only ca.
40% of the energy designated to power plants was converted
intoelectricity [1], which reinforces the importance of study-
ing energy management and conversion processes. Fuels re-
main important energy sources, valued for their high energy
density. However, with the awareness of global warming
and need for decarbonizing energy systems, renewable fu-
els have drawn attention recently. Biomass anaerobic diges-
tion is a powerful waste management tool: it avoids soil and
water contamination, at the same time that, by capturing gas
(called biogas or BG) from decomposing biomass, avoids air
pollution. BG is mainly composed of CH, and CO,. Carbon
dioxide is responsible for biogas poor combustion properties
and hence is often removed in industrial processes [2]. Since
that is not always possible, the addition of small quantities
of H, (another renewable fuel) has been a focus of study in
recent years, to permit the direct use of raw biogas.

Electricity is an important form of energy that is still of
difficult access in rural areas (not connected to the grid) and
in activities isolated from communities (expeditions, hiking,
camping). Thermoelectric generators (TEGs) are devices
capable of direct heat-to-electricity conversion. The con-
stant technological advances made them more competitive
and suitable to integrate new energy management and con-
version processes [3]. We believe they have a say in integrat-
ing portable and compact solutions for the decentralization
of power generation, using a small flame as heat source.

The use of BG flames in smaller combustion chambers

(that portable devices entail) encompasses challenges regard-
ing flame-wall interaction (FWT). Quenching is a FWI phe-
nomena that refers to flame extinction near the combustion
chamber walls, due to heat losses and/cr radical recombina-
tion reactions. FWI is important across several combustion
applications, for influencing flame stabilization, acoustics,
combustion chamber lifetime or even pollutants formation.
For the application here studied, it will largely influence the
amount of heat transfer from flame to the thermoelectric (ul-
timately affecting power and efficiency vielded).

Due to (i) small time and length scales, (i) strong tem-
perature and species concentration gradients and (iii) ambi-
guity in defining flame front boundaries, there is a consensus
in scientific community to consider FWI a complex process,
difficult to model and study experimentally.

In this paper, FWI of premixed laminar BG+H, flames
will be studied, with the particular application to thermo-
electric power generation. Methods to monitor TEG perfor-
mance will be described. Particle Image Velocimetry (PIV)
and chemiluminescence (of CH* and OH* excited radicals)
will be used to extract information about flow-field, quench-
ing distances and heat release in the flame near the quench-
ing zone. The last two proved to be dependent and important
correlations were obtained from those. As an important step
in any type of engineering work, some remarks regarding
results uncertainties are also presented.

2. Burner and TEG setup

Different experimental setups were used for diagnosing
thermoelectric generator (TEG) performance and flame wall
interaction; three can be distinguished: (i) power and tem-
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Figure 1: Experimental setup.

Table 1

GM200-49-45-30 thermoelectric general characteristics.
Dimensions (mm) 62Xx62x%x5.8

Maximum temperature: Ty, =200°C T, =175°C
Performance for: Ty =200°C, T, =30°C
Rated output power 7.5W

Matched load resistance  0.28Q + 15%

Open circuit voltage 28V

Heat flow in TEG ~ 149W

perature acquisitions, (ii) particle image velocimetry (PIV)
for perceiving flow velocity field, and (iii) chemilumines-
cence setup for analyzing flame structure, quenching dis-
tances and heat release rate (HRR).

The laminar flame stabilizes on a lamella burner with
two slits (40X 2mm - [ X w) and a stainless steel flame holder
(Figure 1), acquiring a 2D V-shape. Side Wall Quenching
(SWQ) occurs as one of the flame branches approaches the
surface of an Aluminium (Al) plate (90 X 75 X 1mm), po-
sitioned 2 mm apart from the flame holder (Figure 2) and
henceforth designated by wall.

The TEG is placed between the wall and a CPU-adapted
heat exchanger (HX) (Phanteks Glacier C350i), which serves
as the system heat sink. Table 1 contains information about
the GM200-49-45-30 (European Thermodynamics) TEG. It
is positioned above the flame holder height, to be in contact
with the hottest region of the wall. To diminish the thermal
contact resistances between wall, TEG and HX, a thermal
paste (AG Termopasty HPX) with a thermal conductivity of
2.8 Wm™! K was used; its dielectric constant of 5.1 ensures
it does not affect the thermocouples readings. The men-
tioned components are fixed with bolts to a 3D printed piece
(Figure 2), facilitating its change between different analysis.

Tap water is supplied through a tube connected to the
bottom of the heat exchanger. The water exits in the same
manner, from the top of the HX, after passing through a se-
ries of fins. For a water flow of 1.619 LPM, it has an estimate
head loss of 0.945 m of water based on experimental tests.

Six OMEGA K-type thermocouples and a DataTransla-

]
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Figure 2: Details and dimensions of burner, TEG and Al plate
(units in mm); XYZ cartesian coordinate system considered for
experimental results.

RTEG 120 kQ
TEG voltage divider DT9828

acquisition board

Uoc C") R load % e % Um
~3V max N\ Ucc )
Um/Ucc = 120/(1000+120)
0 - 312mV reading
Um/Ucc = 0.107

Figure 3: Electric circuit; from left to right: TEG electrical
equivalent, voltage divider circuit, DT9828 acquisition board.

tion DT9828 acquisition board were used to monitor system
temperatures: four of the thermocouples are placed in the
hot and cold sides of the TEG (two on each side), 25 mm
apart in the y direction (Figure 2) and at z = 0 plane. The
other two thermocouples are placed right before (after) the
inlet (outlet) of the HX. The acquisition board is connected
to a computer, where data is visualized and exported using
QuickDAQ software.

The TEG terminals are connected to an electric load,
composed of ceramic resistances, which help improve the
closed circuit voltage (U,.) stability in steady state opera-
tion. Based in TEG datasheet information, the electric load
was dimensioned to have a resistance always above TEG’s
matched one, i.e. R,;,,; > R,1pg- This ensures that we
are working always beyond the maximum power point and,
consequently, that the variation of power with the heat across
the TEG is monotonic. It diminishes the complexity of vari-
ables, avoiding erroneous reasoning and inferences from ob-
tained measurements. The final measured resistance value
was R, o5 = 0.281 Q.

The closed circuit voltage U,,. was also monitored, us-
ing the same acquisition board and software described for
the thermocouples. A voltage divider circuit was connected
in parallel with TEG’s terminals, since the acquisition board
analog inputs can only handle voltages up to 312 mV. Figure
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Table 2
Overview of fuels and operating conditions tested.

100, 150, ..., 300, 350
0.7, 0.8, 0.9, 1.0

Reynolds number, Re

Equivalence ratic, ¢

Base fuels BG10G, BGSO, BG6O
H, daope 0%, 10%, 20%

Min flame power, Py, . ~203W

Max flame power, Py, .. ~ 1387W

Water flow rate in the HX, VHlo 1.25LPM

3 contains a scheme of the electrical circnit used. The mea-
sured voltage in the acquisition board, denoted U, is nearly
10 times smaller than U/,

The different flame conditions are obtained using four
Alicat Scientific M-series gas flow meters, one for each gas.
After being dried and filtered, air passes through a flow me-
ter with a capacity of 50 SLPM. CH, and H, are drawn from
gas bottles {Air Liquid Alphagaz 99.95%). Their flow me-
ters have a maximum capacity of 5 SLPM and 1 SLPM re-
spectively. Finally, CO,, also drawn from a gas bottle (Air
Liguid 99.95%), can have a maximum flow rate of 5 SLPM.
The mixture is blended in a small chamber, which then con-
nects to the burner using a single tube. The water flow rate
in the HX is controlled using an Alicat Scientific LCR flow
meter with 21L.PM capacity.

The flow meters set points were defined through a in-
house designed LabView software, that allowed to compute
each gas flow rate directly from type of fuel, Reynolds num-
ber (Re) and mixture equivalence ratio (¢b) conditions.

For the experiments, several fuels, flame conditions and
hydrogen concentrations were used (Table 2). Biogas mix-
tures were simulated with a blend of CH 4t COZ, since these
gases account for more than 95% of the composition of BG
produced by anaerobic digestion [2]. Pure methane (BG100)
and two types of biogas fuels were used. For a mixture
termed BGX Y%H,, the molar fraction ¥ of each specie
can be calculated through:

Ty = Y/100 (1)
Zem, =X(l _XHz) 2
XYoo, =1=Xu —Zcm, 3)

The Reynolds numbers tested range from 100 to 350. In
the lower limit the flame is small and close to flashback. In
the upper limit the flame tips are close to resonate. Three
lean and a stoichiometric equivalence ratios were chosen.
For not affecting TEG performance significantly, water flow
rate in the HX was fixed in VHZO = 1.251LPM. This simpli-
fied the analysis by reducing the number of variables.

The burner Reynolds number is defined with a charac-
teristic length equal to the burner slit width > = 2 mm, and
described by the equation:

_Vxw _ W/wxhlxw V,
T v, T Ixv,

Re (4)

28

where V, is the unburnt mixture volumetric flow rate, v, rep-
resents the mixture kinematic viscosity and ! = 40 mm is the
burner slit length. I is the mean velocity of the gases at the
slit exit.

The unburnt gases exiting the burner were assumed to
be at room temperature T, = 298.15K and at atmospheric
pressure. To calculate the volumetric flow rate at STP con-
ditions (used in flow meters) the ideal gas law p = p,RT
was employed. The flame power Py, was calculated from
the mixture low heating value (LHV) and unburnt mixture
density (p,):

Py =LHVX p, XV, (3)

The Cantera [4] Python module was used to calculate
different mixture properties. Whenever calculating dynamic
viscosity, thermal conductivity or other transport quantity,
the GRI-Mech3.0 [5] mechanism was used, taking into con-
sideration the transport properties of each species individu-
ally.

3. TEG performance measurement

The direct measurement of electrical current I, through
the electrical load To calculate power vielded Prgp- is im-
practical since R, ,,,; value is small. For that reason, the
precise determination of R, ;,,; and measurement of closed
circnit voltage U was used instead. The load resistance ter-
minals were connected to a current generator to ensure that
the load would maintain a stable and constant resistance over
time, for different currents. This allowed at the same time
the precise measurement of R, ;,,;. Prre can be estimated
using the formula:

U Ul
PTEGzUchIe =Uccx = (6)
Re,foad Re,laad

This same method is used by other authors to evaluate the
electric output of the TEG [6].

In the computer, the analog input channels of the acquisi-
tion board were configured for the K-ype thermocouples and
for the characteristics of the voltage divider circuit, enabling
the direct and continuous monitoring of power and temper-
ature. The acquisitions lasted 3 min each, with a 5 min in-
terval between them to ensure steady state condition was at-
tained.

The heat rejected in the TEG in the celd side (g) was
assumed to be absorbed by the water in the HX, increasing
its temperature from THZO,M to THzo,ouZ:

9c R Ty oy o (THEO,auf = THzo,m) (7

where mH20 [kgps=1] = VHZO [LPM] x Puo /(1000 x 60)
denotes the water mass flow rate and .0 the water specific
heat (4180J kg~ K1)
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Figure 4: Top view of PIV experimental setup, showing (1)
laser, (2) camera and lens, (3) 532 nm optical filter, and (4)
main setup shown in Figure 1.

4. Flow velocity field

Aluminium oxide (Al,O,) particles were used as trac-
ers for their inertness and high melting point, needed when
studying combustion reactive flows. Their diameter of 1 um
and density of 3950 kg/m? led to an estimate Stokes number
in the order of 104, which is below the maximum advised
value of 0.1 [7] hence having a sufficient response time for
the flow characteristics.

An ANDOR Zyla 5.5 sCMOS camera, combined with a
Nikon AF Nikor 60mm {/2.8D lenses, was used to capture
particle images (Figure 4). The camera, with 5.5MP, is ca-
pable of double-frame acquisitions at 15 Hz.

The Dantec DualPower 65-15 Nd:YAG laser was used
to illuminate the Al,O, particles with a 532 nm laser beam.
The laser sheet intensity profile is Gaussian distributed to
avoid complete black-out of particles with velocity compo-
nent perpendicular to plane. Whenever acquisitions with a
flame were performed, a 532 nm CVI Melles Griot light filter
(3 nm bandwidth) was used (transparent only to the scattered
light from illuminated particles).

Finally, the laser and camera were connected to a syn-
chronizer (BNC Model 575). The camera acquisitions were
processed in a computer with the Dantec DynamicStudio
v5.1 [8] software.

The camera lens was used with the aperture set to its
maximum (f /2.8) to capture sufficient light from particles,
have a shallow depth of field and use small exposure times
(avoiding the blur of particles). The focus plane was set
away from the minimal focal length, to diminish the optical
aberrations. It was found that the resolution of 33.2 pix/mm
(res = 30.12 um/pix), with a magnification factor of M =
4.607, was adequate to capture the flow in detail and avoid
pixel locking (particle Airy disk diameter D 4;,., smaller than
a single pixel), which introduces large uncertainties. The re-
gion of study took an approximate area of 25 mm X 50 mm.
This led to a small characteristic time scale: for some flame
conditions, it would take 1/60s for a particle to travel across
the mentioned region of interest. Therefore, the temporal

wall

e

m( V,, 298K, A)

Figure 5: PIV methodologies to estimate the required time
interval between frames At; (a) particle displacements smaller
than the region defined by Ax,, . X Ay,,. in the IA ensure
particles are detected between frames; (b) to predict V.
burnt gases are assumed to reach T,
volume.

y.max’
T,; in a confined control

resolution was set to be the smallest possible (15 Hz).

Since the flow is studied in an Eulerian description, it is
fundamental to define interrogation areas. Their pixel size
HA,, 1A ], velocity vector 17, image resolution (res) and over-
lap percentage between interrogation areas [oj4 ., 014 ,] dic-
tate the required time interval between frames At

) (8)

A< min( 1A IA ] X (1 = [orax: 01a,])
VeV,

for the particles movement not to be lost between frames.
At should then be the minimum of the two possible values
that result from the piece-wise multiplication and division of
the vectors presented. As Figure 5a illustrates, when parti-
cle displacements are smaller than a bounding region (con-
strained by Equation 8) inside the IA, it is guaranteed their
movement is not lost between frames.

A 1A size was firstly defined in [TA,,IA,] = [16,32]
since it was expected V,, > V. A maximum value for V,, was
predicted considering a mass balance in a control volume, in
which burnt gases were not allowed to expand in x direction
and would reach the adiabatic flame temperature (Figure 5b).
The burnt gases velocity is given by:

]Xres

fu o 2L ©)
f

The interrogation areas overlap was set to oy, = 50% both
in x and y directions.

Since the IA size and IA overlap were fixed in Equation
8, different values of V}, translated into different A¢t. The
time between frames was chosen to be 50 us, 75 us or 100 ps,
whichever was closer to the value of At calculated for each
condition.

A pre-processing of images (Figure 6), prior to the cross-
correlation between frames, allowed to obtain more particle
contrast and hence more and better correlations. Since the
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Figure 6: PIV pre-processing of (a) raw image involved: (b)
the black-out of regions not to analyze, (c) filter applied to
minimize unbalanced brightness and correct light sheet non-
uniformity, and (d) top-hat Gaussian filter to enhance and ho-
mogenize particles contrast.

25 f =———e— Re100,z=0
sreeegmeane Re100, z=-11
e Re200, z=0
— Re200, z=-11
. Re300, z=0

laser
sheet

o Re300, z=-11
~——e—— Re350, z=0
EETEPT PPN Re350, z=-11

i
*X

flame holder

~. BURNER TOP VIEW

05

1 15 2 25
x [mm]

Figure 7: PIV isothermal tests; vertical velocity (V) profiles
measured at y = 2mm for two different z planes, without the
wall; burner top view (inset).

flow is statistically steady, average correlation was employed
to analyze the 200 pairs of frames acquired. This process au-
tomatically despises weak correlations (that may arise from
insufficient particle density in some frames) and sporadic er-
roneous correlations (that are not consistent throughout the
frame pairs).

Preliminary tests were conducted in isothermal condi-
tions, both with and without the wall, in two different z co-
ordinates. Those intended to evaluate if the flow could be, in
fact, be described as two dimensional. The obtained results
validated the methodology described so far and, as can be
observed on Figure 7, verified that the velocity profiles do
not change considerably along z coordinate. Taking these
into account it is possible to assume that, in the plane of
study:

oV

37 a0 ~0 10)

Figure 8: Chemiluminescence experimental setup with (1)
camera, (2) image intensifier, (3) camera lens, and (4) op-
tical filters.

P V. V,.0] (1)

5. Quenching Distances and Flame Structure

In this setup, the same camera, synchronizer and soft-
ware described for the PIV were used. To capture the radi-
cals chemiluminescence, a Coastal Optics 105mm f/4.5 UV-
Micro-APO camera lens, which is permeable to the UV light,
was used (Figure 8). Animage intensifier (Hamamatsu C9547-
03L3) was placed between lens and camera. The gain of the
intensifier is adjustable through an analogical potentiome-
ter. A support for the different filters is placed after the lens,
to block the majority of surrounding light. Two optical fil-
ters are used to monitor chemiluminescence from OH rad-
ical with peak emission at 309 nm (Andover 310FS10-50,
Tyax = 17.40%, 4 = 311.142 nm) and CH radical with peak
emission at 431 nm (Andover 430FS10-50, z,,,, = 50.76%,
A = 430.850 nm). The chemically excited radicals are hence-
forth denoted OH* and CH*, respectively.

The focal distance was set to the minimal supported by
the lens, in order to have the highest possible resolution of
56.51 pix/mm (res = 17.70 pm/pix). The final captured
area had an approximate size of 13x27mm. A f /16 aperture
and an exposure time of 10 ms were used. Similarly to what
was done in PIV, the acquisitions were conducted in a dark
environment to reduce image noise and enhance contrast.

All the fuels mentioned in Table 2 were studied in this
analysis. For each of them, two equivalence ratios and two
Reynolds numbers were chosen: ¢ = {0.7,0.9} and Re =
{200,300}. For BG100, the range of flame conditions was
extended to include ¢ = {0.8, 1.0} for Re = 200.

Prior to all acquisitions, an image intensifier gain for
each OH* and CH™* was set. The gains defined were main-
tained across all tests, to permit the comparison between re-
sults. The gain was increased until pixels started to saturate
for the flame condition with stronger chemiluminescence, to
have the best image contrast possible for the weaker flames.
When using the image intensifier, one should be careful not
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Figure 9: Equipment is fixed in platforms capable of y axis (1)
translation and (2) precise rotation.

to operate 1t with small gains: that would imply to increase
camera aperture and let more light to enter 1n the lens, which
could burn the photocathode ot the image intensifier. In
order to have a more precise estimation of d,, 30 images
were captured at a rate of 5 Hz for each flame condition. A
S min 1nterval was kept between acquisitions for the system
to reach steady state conditions.

The accurate measurement ot quenching distance d, re-
lies on (1) correct calibration of setup (11) information of wall
position x,,, ./,
est to the wall x 4/,

d, (Mm] = (X 71,0 [PIX] = X gy [Pix]) Xres [um/pix] (12)

In the following sub-chapters, methods to accomplish these
requirements are described.

S5.1. Alignment and wall coordinate

Prior to 1mage acquisitions, a series of steps were carried
out to ensure that the wall and camera were aligned with a
precision down to the tenth of degree. To determine quench-
ing distance, this alignment process 1s crucial: a 1° angle
misalignment can represent a deviation about 350 um 1n the
estimation of d,. Therefore, the setup 1s mounted in a mov-
able cart endowed of precise y translation and rotation move-
ments, shown in Figure 9. At the end, this method permits
(besides the alignment) the calculation of 1image resolution
and exact determination of wall pixel location (x,, ,;; coordi-
nate).

The method was adapted from the one used by Haber and
Suntz [9] and uses a small ball bearing sphere, with diam-
eter D pere = 10.3mm, that gently touches the wall (Fig-
ure 10) and 1s supported by small rod. Unlike a rectangular
shape, the spherical shape can be 1dentified even 1t partially
hidden. This shape 1dentification 1s done using the Hough

and (111) location of flame front boundary clos-
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M0mm
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Figure 10: Cropped photos of sphere touching the wall at z =
0, for a (a) not yet aligned and (b) aligned setup; sphere edges
and centers are identified and the vertical thin line represents

the coordinate where the sphere touches the wall, r.e. x , ...
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Figure 11: Camera and wall alignment involves different steps
(a-d); the sphere of diameter D, .., is used for perceiving the
wall surtace; at the end, the wall surtace should be perpendicu-
lar to the lens (misalignment angle f ~ 0) and in the half-width
of the image.

camerla ;I
(a)i (b)

transtorm in MATLAB 1mage analysis toolbox, which re-
turns the sphere center and radius. For these 1images taken
during alignment, the camera aperture was set to the smallest
one (f/32), to obtain silhouette shapes with sharper edges
and facilitate 1mage processing.

Figure 11 contains, from left to right, a scheme with dit-
ferent steps followed during the alignment. The process can
be divided 1n six main steps:

1 The wall was moved to the left a distance equal to the
radius of the sphere (Ax = —Dy .../2). Then, with
the sphere touching the wall, 1ts center was located at
the coordinate where the wall surface once was (Fig-
ure 11a).

2 With the sphere touching the wall at z = 0, the setup
must be moved until the center of the sphere was close
to the half-width of the image captured. This made, at
the end of the alignment, the wall surtace to be cen-
tered 1n the camera 1images.

3 The sphere was moved along z coordinate (Figure 11b)
and pictures were taken at each position; the z coor-
dinate displacement should be maintained relatively

Page 6 of 10



Impact of H, in biogas FWI for thermoelectric power generation

25

0.812°
S 0.324°_ - \ 2
. H ®
. v
15 - - %
7
E 101 poas—" 7/° ¢
£ v /B
= B W,/ e
0 -
c y
8 -5 e Jal v Legend
o aE 7 | v @ 1% alignment
™ -10 /’ AN I 5 wl gli
/e /m B 2" alignment
[ e‘ __ ¥ 39alignment
®
20 4 @
_25 T T T T T T

-10 -5 o 5 10 15 20 25
x affset [pix]

Figure 121 Sphere center offset for different z coordinates
along the wall, in consecutive alignments. From the I align-
ment to the 3 one, the misalignment angle § was reduced
dawn to 0.045°.

small (in the present work it was no more than 20 mm),
before optical aberrations preclude the assumed linear
relation between pixel horizontal distances and z co-
ordinate, along the wall planar surface.

4 The images obtained in the previous step were pro-
cessed: contrast was maximized to facilitate the iden-
tification of spherical shape using Hough transform,
and sphere center coordinates were determined foreach
image.

5 The mizalignment angle £ was estimated from pixel
horizontal offsets, calcnlated at each z coordinate; {f it
was not small enough (the objective was set to 0.14° in
the present work!), corrections were made using milli-
metric angle adjuster and we went back to step 3; oth-
erwise, we proceeded to the next step. At this point,
although the evaluated sphere radius varies with z co-
ordinate, the sphere center remains at the same x pixel
if 8 = 0 (Figure 11c). The image in Figure 10a was
taken after this step.

6 Lastly, the wall was moved to its final position (moved
Dy pnere/ 2 to the right); the wall surface was then per-
pendicular to the camera lens and close to the half-
width of image captured (Figures 10b and 11d).

The sphere z coordinates were varied every 2 mm. The
angle of misalignment was estimated using linear fitting to
the data points, shown in Figure 12. When aligned, x,,.;;
pixel coordinate (identified with vertical lines in Figore 10)
iz obtained vsing the evaluated sphere center coordinate and
rading. Image resolution is evaluated as well, from res =

DSphere [Um]/Dsphere (pex].

Ufor estimated quenching distance errors associated below 50 um

5.2. Chemiluminescence images processing

There are multiple methodologies for identifving flame
front. Some authors use the HRR and {ts derivative VHRR
[10]. Others, base themselves in temperature profiles and
heat fluxes near the wall [11, 12]. The concentration and/or
molar fraction of species (COQ, CH, CH4) [13, 14] or even
radicals fluorescence (OH usually) [11, 10] can also be em-
ploved to anchor the flame front position. In the present
work, another common methodology already emploved in
sirnilar studies [9], was chosen.

The flame front was traced using the points where the
concentration of OH* and CH* reached 50% of their max-
imum value. It was shown that there {s a proportional rela-
tion between radicals concentration and their chemilumines-
cence {ntensity [15]. The use of the 50% intensity presents a
robust technique, since this region of the flame has a better
signal-to-noise ratio and iz less sensitive to small perturba-
tions in the flame, that could increase the uncertainty of the
measurernent.

Independently of the method chosen, its applicability and
validity for all the conditions tested should be a major con-
cern, Nurmerical simulations of a one-dimmensional, adia-
batic flame confirmed that OB* and CH* peak concentra-
tions are consistent with maximumHRR location for BG and
BG + H, flames, endorsing the method chosen to identify
the flame front. These simulations are based on GRI-Mech
3.0database, which {s supplemented with chemiluminescent
species kinetics [15], to simulate the concentrations of ex-
cited radicals. Flame was simulated with initial conditions
T,=1298.15K, p = latm.

The outcome of image processing techniques applied to
an OH* chemiluminescence photo can be seen in Figure 13,
The process involves image magnification by a factorof five
(linear interpolation’, to increase its resolution, trace the flame
front with sub-pixel precision, and thus enable a better sta-
tistical description of d, (since its value will not be locked
in multiples of pixel resolution). The pixels whose value is
greater than I, /2 define the region of the flame front. 4,
can now be computed from the most left pixel and the well
determined wall position coordinates (Equation 12).

Concentration of OH* was known to be a good indicator
ofthe location and intensity of the HRR and that the relation
between radical concentration and HRR was approximately
linear [16]. This was of major importance to give a phys-
ical interpretation of the pixzel intensity from OH* cheri-
luminescence (Zng), and hence extend the meaning of our
results. Since the flame surface is projected on z axis, Loy
can be translated into the total volumetric heat generated g/
along the flame length (in z direction):

12
IOch/ g dz (13)
_12

where! {sthe burnerlength (approximately equal to the flame
length). If dimensions are to be attributed to Ihg, it repre-
sents a power per surface area i.e. [W/mz] ;

For the results analysis, two useful variables related to
the heat release were defined: heat releass thickness 6, oy
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OH* radical intensity I

h flame

0.5 0 0.5 1 15 2 25 0 0.5 1 15 2 25
X [mm] x[mm)

Figure 13: Photo of a BG60 20%H, flame (¢ = 0.9,Re =
300) using OH* radical (left) and the correspoding processed
image (right), with the flame front position outlined in white;
it corresponds to the pixels where the radical intensity reach
50% of the maximum; the quenching distance is determined
knowing the wall pixels location (x,,,) a priori.

50%

IOH/IOH,maz
o
w
1

0.1 1

2.0 —m 11—
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
x [mm]

Figure 14: Calculation of relevant variables (d,, heat release
thickness 6, o, and heat release in quenching q;,OH) from OH*
chemiluminescence from profile of normalized pixel intensity in
the x direction and at the height of the pixel defining quenching
point.

and heat release in quenching q'; oy Figure 14 shows how
those can be computed numericaflly from the profile of Igy
at the y coordinate of quenching point.

The heat release thickness is defined as the distance be-
tween the points where normalized pixel intensity rise above
(X f1m,1) and drops below (x 7, 2) 25%:

04.0H = X fim2 = X fim,1 (14)

where, given the assumptions and the close relation with

HRR, most of the combustion heat is produced. Those points
are at the same height as of the pixel that defines quenching
distance.

As for the heat release in quenching, it is determined
from the integral of pixel intensity, in the same interval that
defines 6, op:

’ Xfim,2
dyon = / Top dx (15)
X fim,1

and thus is an indicative figure of the amount of energy re-
leased in that area, per unit length in y direction [W/ rn].

6. Uncertainties

In this section, uncertainty of any result or measurement
with expected value a presented as a =+ ugsq,, correspond to
the upper and lower bounds of the 95% confidence interval of
possible values. If the uncertainty is presented as a percent-
age a + u, %, it refers to the relative uncertainty, calculated
from:

U, = 5% 5 100 (16)
a

Guidelines advised from Abernethy et al. [17] about
quantifying uncertainties were followed. Populations of mea-
surements were assumed normal distributed (except for PIV
results). Student’s t-distribution was used for populations
smaller than 30, with an adequate degree of freedom. Ta-
ble 3 contains the absolute and relative uncertainties of dif-
ferent measured/estimated quantities and dependent results.
Whenever possible, average and maximum uncertainties are
presented. Sources of systematic errors have a single value
presented in the table, corresponding to the respective bias.
All the other variables with multiple columns correspond to
statistical sources of error.

The flowmeters uncertainty presented in datasheet de-
pend on the flowmeter capacity and on the value of setpoint.
This uncertainty has a direct impact in Re, ¢ and Py,. In
general, as the setpoint diminishes, the final relative uncer-
tainty of the result increases.

For TEG power yielded Prgg, the sources of error re-
sult from the systematic and statistical errors associated with
acquisition board reading, from the statistical uncertainty
when determining R and from the relation between U,
and U,,.

To evaluate cross correlation uncertainty in PIV analysis,
a radial velocity error is deduced using a DynamicStudio’s
tool based on the quantification of signal-to-noise ratio [18].
Histograms with the uncertainties of all image interrogation
areas were then analyzed to compute the most expected and
95% confidence values, which are presented in Table 4. An
expected value E is used to characterize, instead of the typi-
cal average value, the non-normal probability distribution.

The pixel resolution does not have a significant impact in
the PIV uncertainty. The diameter of the Airy disk, D 4.,
produced from small particles Mie scattering, can be cal-
culated from the magnification factor M, camera f number

e,load >
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Table 3

Uncertainties from sources of error and their impact in impor-
tant resulis; entries with unique value correspond to systematic
errors; entries without a value for u, do not have a reference
value

U u ected since the quenching region is located at half-wi
s 3 glected since the quenching region is located at half-width
max avg max of the image and hence d,, does not suffer significant distor-
VCH4 [SLPM] | 9.3¢-3 | 0.45%  0.83% ti.onsé1 Tl}gl stﬁtisctlical erTors aris? from t(lr;eo un(iertainty assoc-1
@ ; 5 5 clated with the determination of x,,,,; values measure
s & 1_/(302 [SLPM] | 5.3e-3 0'84:0 3'09:5 at the same z coordinate) and flame tip positions (evaluated
_% z Vi [SLPM] | 3.2e-3 | 0.26% 1.07% from the 30 flame images).
sk ¥y [SLPM] | 0.188 | 1.11%  1.70%
g £ Re 5.395 | 1.97%  2.93% 7. Conclusions
LE 0.021 | 1.21%  2.12% )
E P [W] | 5.547 | 0.43%  0.75% In this paper imPortant ‘experiment‘al me‘thodologies to
Vo [SLPM] | 0.046 | 3.70%  3.70% study the flame-wall interaction of premixed biogas+H, flames
were presented. is important for flame stabilization in
2 y 7 p ted. FWI is important for fl tabilization i
o ¢ Rotoaa [ | et 0'34°° 0'340" small scale combustion chambers and for heat transfer from
T3 Uee [Vl | 49e2 | 1.51%  4.89% flame to TEG, to improve power vielded. Using PIV and
@
% 5 Prrg [W] | 0.352 | 3.10% 9.81% chemiluminescence of CH* and OH* radicals, information
& £ Temperature [FC] | 0.18 - 0.95% about flow field, quenching distances and heat release rate
pixel sl can be obtained.
= resolution The main findings related with the analysis of obtained
& e ella{'m [mmjs] | 257 | 5.40% 5.49%  resultsare:
radial error
pixel 8.85 1. TEG power increases largely with ¢ and slightly with
reselution [ve] ’ Re. In opposition to TEG efficiency, heat transfer ef-
@ ¢ optical fi] sl ficiency varied significantly (more than 3 times with
£ § aberrations different flame conditions tested) and influenced sys-
§ g Xyt [pra] | 21.1 - - tem efficiency the most.
< ﬁa"_‘ﬁf front ] | 138.8 | 5.63% 10.11% 2. For a flame in SWQ, the decrease in gases density in
posutlc;:? the flame front induces the deviation of streamlines
jlus igﬁczg , [wm] | 139.0 | 5.71% 10.13% farther away from the wall, right after the quenching

Table 4

PIV correlation radial uncertainty for four representative flame
conditions of BG100; the statistics presented take into account
the uncertainty associated with each interrogation area in the
image; the expected value (letter E} was used to describe the
prabability distribution of values

14 absolute relative
[m/s] | error [mm/s] error
Re ¢ E E Ugsep ‘ E i,
200 | 0.7 2.16 i4 34 2.24% 5.49%
200 | 0.8 | 2.18 70 172 2.16% 5.29%
300 | 0.7 | 3.03 | 103 252 2.18% 5.34%
300 | 0.9 | 3.13 | 105 257 2.23% 5.46%

(f#) and the laser light wavelength A [7]:

Dy, =244 # (M +1) 4 a7

The AL, O, particles produce an Airy disk with a diame-
ter of 191 um, which is about 6.35 times the pixel resolution,
making the used resolution small enough for the software to
compute the intensity peak with subpixel precision and prov-
ing that the contribution of this source of error to the global

uncertainty is negligible.

Finally, the precision of measurement of quenching dis-
tances has systematic and statistical errors associated. The
systematic errors arise mainly from the pixel resolution and
the lens optical aberrations. Optical aberrations can be ne-

region. That reduces velocity (and temperature) gra-
dients in the vicinity of the wall, inhibiting the heat
transfer and causing most of the heat to be lost to the
atmosphere.

3. Adding H, to BG is very effective to increase power
harvested in the TEG module and to decrease flame
quenching distances, essential for better flame stabi-

lization and heat transfer in downsized combustion cham-

bers. The lower the grade of BG fuel blend, the higher
the impact of H,: with 20% addition to BG60, Py
improved by 10% on average, and quenching distances
were reduced by 18%.

4, For the close relation with HRR, chemiluminescence
intensity from OH* can be used to diagnose d g AL
was found (i) the intensity of chemiluminescence to be
proportional tod %*? for lean mixtures of any BG+H,
fuel blends tested and (ii) convection not to be negli-
gible for heat transfer, in the quenching region.
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Nomenclature
Grecek symbols
g Camera - Al plate misalignment angle
At PIV time between pulses
K Thermal conductivity
A Wavelength of electromagnetic wave
v Kinematic viscosity
0 Density
@ Air-fuel mixture equivalence ratio
x Molar fraction
Roman symbols
D Diameter
d, Quenching distance
1 Intensity of image pixel
I, Electric current
1A,  PIV interrogation area width, height
! Burner slit length
m Mass
o1 PIV interrogation area overlap
Py, Flame power
Przs Power yielded by TEG
q Heat exchange rate
q Heat generation
R, 1,q Electrical circuit load resistance
R, rre TEG internal electrical resistance
Re Reynolds number
res Pixel resolution
T Temperature
ugsy  Uncertainty with 95% confidence level
u, Relative uncertainty
U, Voltage measured in acquisition board
U, Open circuit voltage
U,. Closed circuit voltage
V Velocity
14 Volumetric flow rate
x, ¥,z Cartesian coordinates
w Burner slit width
Yz Fuel mass fraction
Subscripts
i initial conditions
f final conditions
ad adiabatic conditions
fim with respect to flame
b referring to burnt gases
u referring to unbwrnt gases
wall  referring to Al plate surface
q relative to quenching
¢ TEG cold side
H TEG hot side
meax maximum
iR minimum
Bix referring to air-fuel mixture
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