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Abstract

In the present work a detailed analysis on direct heat-to-electrical power generation resorting to
thermoelectric technology using a methane-air flame as the heat source is conducted, and the impact of
flame-wall interactions on the net power generation is assessed. To better understand these phenomena,
a mathematical model based on three distinct methods was derived, relating the fundamentals of
thermoelectric technology and the main mechanisms of flame-wall interactions (FWI). An experimental
analysis was conducted to validate and complement the model. Studies were carried out on the system’s
sensitivity to parametrical variations of equivalence ratio φ, Reynolds number Re and cooling water
flow rate V̇w. Stainless steel and aluminium walls were tested. A qualitative expression of the form
P ∝ 1/dq was derived showing an hyperbolic dependence. To validate this expression, all the electrical
power results were plotted against the quenching distance and a power-type trendline was fitted to
the data. The fitting equations obtained demonstrated satisfactory agreement with the hyperbolic
expression allowing to conclude that, to maximize the power generated, the quenching distance must
be minimized.
Keywords: Thermoelectric, Flame-Wall Interaction, Mathematical Model, Quenching Distance,
Electrical Power

1. Introduction

Recent studies show that improvements being
made to the materials used in TEG modules can
lead to heat-to-electricity efficiencies of up to 20%
[1]. A thermoelectric device exhibiting efficiencies
of this magnitude can directly compete with inter-
nal combustion engines and Rankine power cycles in
the production of electricity, since the former have
thermal efficiencies ranging from 15% to 32% [2]
while the latter usually demonstrate efficiencies not
exceeding 24% for organic cycles and generally not
more than 30% for steam cycles [2].

A biofuel such as biogas (mainly methane CH4

and carbon dioxide CO2), being a renewable en-
ergy source [3], is a viable solution to serve as the
heat source for a direct heat-to-electricity system
using a thermoelectric generator device (TEG). The
present work serves as a starting point for this ob-
jective, where a pure methane flame is used as a
first step, for the sake of simplicity. The analysis
performed for pure methane might then serve as a
basis to continue the study towards the biogas.

In order to harness the energy released from the
combustion reaction, the TEG device is to be placed
in contact with the walls of a combustion chamber.

The flames resulting from the combustion are in di-
rect contact with these walls, to which they lose
heat. This phenomenon of interaction is designated
by flame-wall interaction (FWI) and is of key impor-
tance for the study being performed, since it signifi-
cantly affects the performance of the system. Many
studies have been conducted on this subject [4–6],
where the authors showed that the quenching dis-
tance is an adequate parameter do describe FWI
phenomena.

As such, it is of the greatest importance to per-
form a detailed study on FWI and its implications
on the electrical power generated by the TEG. The-
oretical modelling is a great tool to understand phe-
nomenological relations, perform qualitative anal-
yses and evaluate the sensitivity of complex sys-
tems to parametric variations, therefore justifying
the commitment that was made in the development
of a complete mathematical model framing thermo-
electric fundamental principles and flame combus-
tion processes. It is also important to highlight that
there is no record of a TEG mathematical model de-
rived with the purpose of being coupled with a flame
combustion model in order to analyse the behaviour
of a flame-to-TEG system.
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2. Mathematical Model

2.1. TEG model

Thermoelectric power generation operates on a
fundamental principle termed the Seebeck effect,
which follows the expression [7]

U1 − U2 = S(T1 − T2) (1)

where S is the Seebeck coefficient (units of volts/K)
and T1 and T2 are the hot side and cold side tem-
peratures, respectively (Figure 1).

Another phenomenon, termed Peltier effect,
takes place at the interface between the semicon-
ductors and the thin metallic conductors and con-
sists in the absorption or generation of heat due to
the flow of current. It can be expressed as [8]

Q̇P = −I(STp − STn )T = −ISTp−nT (2)

where STp−n is the differential Seebeck coefficient
calculated at temperature T . Peltier heat absorp-
tion occurs at the top (x = −H) while Peltier heat
generation occurs at the bottom (x = H).

Figure 1: A simplified thermoelectric circuit of one pair (N = 1)
of semiconducting pellets. Adapted from [8]

Ohmic dissipation takes place inside each of the
two semiconducting pellets due to the passage of
current. The electrical resistance expression is
Re,si = ρe,si(2H)/Ac,s and therefore the uniform
volumetric heat generation rate within each pellet
can be expressed as [8]

Q̇′′′gi =
I2Re,si
V

=
I2ρe,si
A2
c,s

(3)

where the subscript i can be substituted by p or n
type materials, and V is the volume.

Taking into consideration all the phenomena pre-
sented, and wiring N >> 1 pairs of semiconductors,
the expressions for heat transfer rate into and out
of the TEG module, Q̇in and Q̇out respectively, and
total power generated P , can be written as

Q̇in =
(Th − T c)
Rt,cond,mod

+ ISTh

p−n,modTh−
I2Re,mod

2
(4)

Q̇out =
(Th − T c)
Rt,cond,mod

+IST c

p−n,modT c+
I2Re,mod

2
(5)

P = I(STh

p−n,modTh − S
T c

p−n,modT c)− I
2Re,mod (6)

where Rt,cond,mod = 2L
NAc,s(ksp+ksn ) , S

T j

p−n,mod =

NS
T j

p−n and Re,mod = NRe,scouple
are the module’s

thermal conduction resistance, differential Seebeck
coefficient and total internal electrical resistance,
respectively. Th and T c are mean temperatures
of the hot and cold side of the TEG module and
are measured experimentally (more details in Sec-
tion 3). It can be showed that maximum power gen-
eration is achieved when the load resistance matches
the electrical resistance of the thermoelectric, or
Re,load = Re,mod [9].

Knowing Th and T c it is possible to calculate the
TEG properties resorting to the expressions pre-
sented in Table 1 [10].

Table 1: Formulae for TEG properties.

Property formula Units Temp. (K)

ksp = 3.616× 10−5T 2 − 2.635× 10−2T + 6.222 (W m−1 K−1) T

ksn = 3.346× 10−5T 2 − 2.335× 10−2T + 5.606 (W m−1 K−1) T

ρe,sp = (1.560T 2 − 1.571× 103T + 4.466× 105)−1 (S m−1) T

ρe,sn = (1.057T 2 − 1.016× 103T + 3.114× 105)−1 (S m−1) T

Sp = −3.638× 10−9T 2 + 2.744× 10−6T − 2.962× 10−4 (V K−1) Th, T c

Sn = 1.531× 10−9T 2 − 1.081× 10−6T + 2.834× 10−5 (V K−1) Th, T c

T = (Th + T c)/2 is the average temperature of
the pellets [11].

2.2. Combustion model

The flame submodel derived here aims to predict
the flame temperature at the shortest distance from
the wall. There are several ways of defining this
temperature. In this work three methods were used
and compared:

i. For Method 1 (M1), the flame was achored to
isothermal of Tf,m1 = 1500K [12].

ii. For Method 2 (M2), the flame position was an-
chored to the isothermal of (Tf,m2) correspond-
ing the point between the maximum change in
heat release rate ∇Q̇ω and maximum heat re-
lease rate Q̇ω [13] (see Figure 2).

iii. Method 3 (M3) anchors the flame to the
isothermal of the maximum temperature
(Tf,m3) the flame would reach considering the
heat loss to the wall.

M1 requires no further explanation since the tem-
perature is constant and equal to 1500K. For M2,
the profiles shown in Figure 2 were calculated for a
freely-propagating, non-stretched, one-dimensional
flame using Cantera software [14] with GRI 3.0
mechanism [15] and a complementary MATLAB R©

routine was developed in order to find the temper-
ature of the point defined.
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Figure 2: Simulated profiles for a laminar premixed methane-air
flame (φ = 0.8, Re = 300).

M3 consists in solving a combustion problem as
the one illustrated in Figure 3.

Figure 3: Combustion reaction scheme.

Considering eleven chemical species present in
the products, the combustion reaction can be writ-
ten as

ṅCH4
CH4 + 2

ṅCH4

φ
(O2 + 3.76N2) −→

ṅCO2
CO2 + ṅH2OH2O + ṅO2

O2

+ṅCOCOṅH2
H2 + ṅOHOH + ṅOO

+ṅHH + ṅN2
N2 + ṅNN + ṅNONO

(7)

where the 11 molar flow rates (ṅi) are unknown.
Counting with the temperature of the products,
Tf,m3, there are 12 variables to be calculated. Of
the 12 equations necessary to solve the problem, 4
derive from the mass conservation of the atoms and
are presented in Table 2.

Table 2: Mass balances to the atoms.

Atom Mass balance

C ṅCH4
= ṅCO2

+ ṅCO

H 4ṅCH4
= 2ṅH2O + 2ṅH2

+ ṅOH + ṅH

O 4
φ ṅCH4

= 2ṅCO2
+ ṅH2O + 2ṅO2

+ ṅCO + ṅOH + ṅO + ṅNO

N
(

2
φ × 2× 3.76

)
ṅCH4

= 2ṅN2
+ ṅN + ṅNO

Considering the dissociation of 7 species, 7 more
equations can be written. These are presented in
Table 3.

The last equation comes from the energy balance

Table 3: Dissociation of the species.

Specie Chemical Equation Equilibrium Constant

CO2 CO + 1
2O2 ⇔ CO2 Kp,CO2 =

ṅCO2

ṅCO

√
ṅO2

(
p

pambṅtot

)− 1
2

H2O H2 + 1
2O2 ⇔ H2O Kp,H2O =

ṅH2O

ṅH2

√
ṅO2

(
p

pambṅtot

)− 1
2

OH 1
2H2 + 1

2O2 ⇔ OH Kp,OH = ṅOH√
ṅH2

ṅO2

O2
1
2O2 ⇔ O Kp,O = ṅO√

ṅO2

(
p

pambṅtot

) 1
2

H 1
2H2 ⇔ H Kp,H = ṅH√

ṅH2

(
p

pambṅtot

) 1
2

N 1
2N2 ⇔ N Kp,N = ṅN√

ṅN2

(
p

pambṅtot

) 1
2

NO 1
2N2 + 1

2O2 ⇔ NO Kp,NO = ṅNO√
ṅN2

ṅO2

to the system of Figure 3, and can be written as∑
i

react

ṅih
0

f,i(Tref )−

∑
j

prod

ṅj

(
h

0

f,j(Tref ) + ∆hi(Tf,m3

)
− Q̇in = 0

(8)

where the reference temperature is equal to Tref =
Tamb = 298K. The 12 equations were solved for
the temperature of the flame and for the molar
flow rates using an iterative routine developed in
MATLAB R©.

2.3. Global model

Combining the models derived in sections 2.1 and
2.2 it is possible to compute the quenching distances
dq. A one-dimensional Fourier’s law can be used to
describe the heat transfer from the flame to the cold
surface [16]. This law is described as [17]

dq =
Ac,s,effkmix

Q̇in
(Tf,m − Twall) (9)

where kmix is the thermal conductivity of the cold
mixture, evaluated at 298K. This temperature rep-
resents a good approximation since new cold mix-
ture is continuously flowing into the region where
heat transfer conduction is occurring [17]. Twall is
the temperature of the wall surface, Tf,m is the tem-
perature of the flame (depends on the method used)
and Ac,s,eff is the effective area of heat transfer,
corresponding to the area of the TEG above the
flame height (the region below is assumed to be at
the unburned mixture’s temperature, 298K).

3. Experimental Analysis

3.1. Burning system

This group includes a single flame holder, two-
dimensional lamella burner (Figure 5), which is con-
nected to two digital flow meters (Alicat Scientific
M-series, 5 and 50 SLPM1 of capacity) that control

1Standard litre per minute
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Figure 4: Experimental setup scheme.

the intake of methane and air. This burner consists
of two rectangular channels from where the mixture
is supplied, with width, length and height of respec-
tively wch = 2mm, lch = 40mm and hch = 25mm.
Separating the channels is a flame holder with thick-
ness tfh = 3mm, where the flame settles.

Methane is drawn from research grade bottles
with a purity higher than 99.95%, while atmo-
spheric air enters the mixture from a compressor
line, after being filtered and dessicated. A software
was used to set the correct flow rate for each gas,
for any desired equivalence ratio (φ) and Reynolds
number (Re), with Reynolds calculated as

Rewch
=
ρmixvuwch
µmix

(10)

where ρmix, vu and µmix are the unburnt mixture’s
density, velocity and dynamic viscosity and wch is
the channel’s width (Figure 5).

Figure 5: Burner schematic view and TEG system with dimen-
sions.

3.2. Thermoelectric system

This group encompasses a metal plate (with di-
mensions of Wwall ×Lwall = 75× 90mm, the TEG
module (WTEG × LTEG = 62 × 62mm) and an
aluminium water heat exchanger (HX). The metal
plate protects the TEG from the high temperatures
of the flame, while the HX ensures that the right
side of the TEG remains cold, therefore keeping the
temperature gradient across the system. A digital
flow meter (Alicat Scientific LCR-series, 2 SLPM of
capacity) was used to control the cooling water flow
rate, V̇w. The TEG module used in this work is a
European Thermodynamics Ltd model GM250-49-
45-30 [10].

3.3. Acquisition system

The acquisition group includes the imaging sys-
tem, which is used to capture images of the flames
in contact with wall. It is composed by a fixed
CCD monochromatic camera (JAI CV-a11) with
a AF Micro-Nikkor 60mm f/2.8D and an optical
bandpass filter that was placed in front of the lens
to select the emission wavelength of CH* (CW =
430 nm, FWHM = 10 nm, T > 50%). The multi-
meter (Fluke 123 Scopemeter) was used to acquire
voltages data from the TEG. Temperature measure-
ments were achieved by means of a set of thermo-
couples connected to a Data Translation DT 9828
acquisition board.

3.4. Measurements

The mean temperatures of the hot and cold side
were approximated as the average value of the tem-
peratures measured in two points for each side, at
distant of yT,top = yT,bot = 20mm from the top
and bottom limits of the plate (see Figure 5), as in
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Equation 11.

Th =
Th,top + Th,bot

2
, T c =

Tc,top + Tc,bot
2

(11)

The internal load resistance of the TEG module
is approximately 0.27Ω± 15% [10] for the range of
temperatures reached during the experiments. This
value is of the same order of magnitude as the in-
ternal resistance of the multimeter used (≈ 1.00Ω
and it is, therefore, unattainable to wire it in se-
ries with the electrical resistance. The current is
therefore, calculated by

Ucc = Uoc − IRe,load ⇔ I =
Uoc − Ucc
Re,mod

(12)

where Uoc is the open circuit voltage drop (or elec-
tromotive force) and Ucc is the voltage drop ob-
tained at the terminals of the load resistance with
the circuit closed.

3.5. Experimental procedure

Three sets of analyses were conducted:

i. φ variation: fixed Re = 300 and V̇w = 1.0
SLPM, while φ was incremented of 0.15 be-
tween φ = 0.70 and φ = 1.30;

ii. Re variation: fixed φ = 0.80 and V̇w = 1.0
SLPM, while Re was incremented of 50 be-
tween Re = 200 and Re = 400;

iii. V̇w variation: fixed φ = 0.80 and Re = 300,
while V̇w was incremented of 0.5 between V̇w =
0.5 and V̇w = 2.0.

The analyses were conducted for a stainless steel
wall and then repeated for aluminium.

3.6. Image processing: dq

First, the camera is placed at the required dis-
tance to focus the middle plane of the flame holder
with the lens focus distance set to a minimum.
Then, after gathering the pictures of the flame, as
in Figure 6a, the image’s pixel matrix is remapped
to fill the entire 8-bit greyscale pixel spectrum, from
0 (black) to 255 (white). The methodology used to
define the flame front is similar to the one used by
Häber et al. [13], and consists in defining the flame
contour as the isoline at which the flame’s chemilu-
minescence intensity drops to 50 % of its maximum
value. As such, the thresholding operation sets to
black all pixels in Figure 6b within the interval of
127 (half maximum) to 255 (maximum), resulting
in the flame of Figure 6c. The routine than detects
the rightmost (xf ) and uppermost (hf ) pixels of the
flame.

The wall position (xw) is obtained by means of
pictures taken with the flame put out (Figure 6d),
as well as the pixel/mm ratio and flame height refer-
ence (href ) (Figure 6e). The graph paper is placed

(a) Original flame
image

(b) Remapped image (c) Binary image

(d) Wall image (e) Graph paper im-
age

Figure 6: Image processing procedure, implemented in Matlab.
Images taken for a methane/air flame with φ = 0.85 and Re =
300, in contact with a steel wall.

on the focal middle plane defined before and it is
marked with a scale starting at the top of the flame
holder. The effective area is calculated using the
formula

Ac,s,eff = WTEG(LTEG + h∆ − hfh − hf ) (13)

where h∆ is the offset of the TEG relative to the
plate, hfh is the height of the flame holder outside
the burner and hf is the flame height from the top
of the flame holder (see Figure 5).

4. Results and discussion

4.1. Equivalence ratio variation

Figure 7 shows the variation of quenching dis-
tance as a function of equivalence ratio φ for a
methane-air flame in contact with a cold wall (stain-
less steel on the left, aluminium on the right). The
Reynolds number was set constant and equal to
Re = 300, while the cooling water flow rate was
set to V̇w = 1.0 SLPM. Each experimental point is
the mean value resulting from the analysis of the
10 flame images, while the error bars represent the
1σ-standard deviation and have a maximum value
of ±48.8µm for φ = 0.7.

Figure 7: dq vs. φ for stainless steel and aluminium walls.
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It is clear from the figure that the results obtained
from M3 are the worst, when comparing with the
experimental data. M1 and M2 show similar re-
sults, both being fairly close to the experimental.
This behaviour was expected since the tempera-
tures calculated using M2 are very close to 1500K,
the temperature used in M1 (explicit in Figure 2).
It is also understandable that the results obtained
with M3 are the most diverted, since the definition
of flame temperature used for this method is not
in accordance with the definition used in the ex-
periment. The image treatment procedure defines
the flame contour at half chemiluminescent inten-
sity of CH*. Figure 2 shows that the temperatures
for half CH* mole fraction (which is assumed to
coincide with half CH* light intensity) are approx-
imately the ones obtained with Methods 1 and 2
(1400 to 1650K), while the flame temperatures ob-
tained with Method 3 (1700 to 1900K) are located
much more to the right.

For φ = 1.15 the results obtained from the model
differ widely from the experimental data. This
might be caused by an abnormal instability of the
flame observed for this value of equivalence ratio,
manifesting a higher than normal horizontal oscil-
lation and with one of the sides of the V-shaped
flame occasionally coming down and attaching to
the side of the flame holder. M2 shows the best
general agreement with experimental data.

Figure 7 also shows that quenching distances de-
pend strongly on the equivalence ratio and reach a
minimum for near stoichiometric conditions. This
behaviour has a direct impact on the electrical
power generated by the TEG. It is possible to un-
derstand this by observing Figure 8 and comparing
it with Figure 7. The quenching distance decreases
with increasing heat rate to the wall and maximum
electrical power generation occurs around its mini-
mum value, for near stoichiometric flames.

Figure 8: P , Q̇in and ∆TTEG vs. φ, for stainless steel and
aluminium.

Figure 9: dq vs. Re for stainless steel and aluminium walls.

4.2. Reynolds number variation

Figure 9 shows the variation of quenching dis-
tance as a function of the Reynolds number of the
mixture flow, Re, for a methane-air flame in con-
tact with a cold wall. Two materials were tested,
with the stainless steel and aluminium walls being
presented on the left and right plots, respectively.
The equivalence ratio was set constant and equal
to φ = 0.8, while the cooling water flow rate was
set to V̇w = 1.0 SLPM. Each experimental point
is the mean value resulting from the analysis of
the 10 flame images and the error bars represent
the 1σ-standard deviation and have a maximum of
±22.8µm for Re = 200.

Once again the results obtained with Method 3
diverge considerably from the empirical data, al-
though its curve demonstrates the same decreas-
ing behaviour for continuously increasing Reynolds
number. Methods 1 and 2 show similar results, the
latter being slightly closer to the experimental.

To better understand this behaviour, Figure 10
is introduced. The electrical power generated P ,
heat rate into the system Q̇in and temperature gra-
dient inside the TEG ∆TTEG slightly increase with
increasing Reynolds number. A higher Reynolds
number implies a higher quantity of mixture being
burned and, as such, more energy generated and

Figure 10: P , Q̇in and ∆TTEG vs. Re, for stainless steel and
aluminium.
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Figure 11: hf and Ac,s,eff vs. Re for stainless steel and alu-
minium.

transferred to the cold wall. Therefore, and just
like in the last section, quenching distances decrease
with increasing heat rate transferred to the wall.

This behaviour, however, starts to cease for val-
ues of Reynolds number of around Re = 350,
with an interruption of the growth trend and even
demonstrating a tendency to start decreasing. This
can be explained by analysing the flame height and
effective area of heat conduction, both presented in
Figure 11. As the Reynolds number increases, the
flame height also increases as shown in the following
equation [18]

ṁ = ρambASL (14)

where ṁ is the reactants mass flow rate, ρamb is
the density of the cold reactants, A is the area nor-
mal to the flame’s propagation direction (not to be
confused with Ac,s,eff ) and SL is the laminar flame
speed of the flame. Since the equivalence ratio is
constant, the mixture’s composition doesn’t vary
and therefore ρamb and SL are also constant. This
means that a flow with a higher Reynolds number
(implying a higher mass flow rate) will require a
higher normal area, resulting in a increased flame
height. As the flame’s height rises, the effective
area of the metal plate subjected to the high tem-
peratures of the products of the combustion Ac,s,eff
decreases, which will mitigate the effect of a higher
Reynolds number. This explains the tendency for
decreasing behaviour discussed before.

4.3. Cooling water flow rate variation

The effect of the cooling water flow rate V̇w on
the quenching distance is presented in Figure 12. It
is straightforward to conclude that this parameter
practically does not affect the quenching distance.
The results also showed that the electrical power is
virtually independent of the water flow rate.

4.4. Model vs. experimental

Figure 13 shows two scatter plots. The one on the
left displays the experimental vs. model (Method
2) quenching distances, for all the experiments car-

Figure 12: dq vs. V̇w for stainless steel and aluminium.

ried out in this work (φ, Re and V̇w variation). The
plot on the right has the same purpose, but in this
case the parameter illustrated is the electrical power
generated. Each point has as abscissa the value
corresponding to the calculation performed resort-
ing to the mathematical model and as ordinate the
corresponding value measured experimentally. A
perfect model would yield results exactly equal to
the empirical and all the points would be along the
45 degree line. However, the model cannot make
flawless predictions and the points will, therefore,
be scattered across the graph.

Analysing Figure 13, it is possible to visualize
that the majority of points lie slightly below the
perfect line, specially for the points related to the
stainless steel wall, in white. These results seem
to be aligned along an imaginary line parallel to
the 45 degree line, but shifted downwards. This
means that the model is forecasting results which
demonstrate virtually the same behaviour as the
experimental, but are increased by a constant of
approximately 100 µm. The aluminium results tend
do be more close to the 45 degree line. The results
plotted on the right figure, concerning the electrical
power generated P , all seem to lie practically on
top of the 45 degree line, but the scatter is slightly
higher.

Besides the 45 degree line, two dashed parallel
lines are also presented. This lines represent the
equations dq,exp = dq,mod ± 100 µm and Pexp =
Pmod ± 1.0 W, for the left and right plots, respec-
tively. The dashed lines give a visual perception of
the region inside which the results deviate, at most,
100 µm and 1.0 W from the 45 degree line. The
vast majority of the results lie inside this region,
allowing to conclude that the mathematical model
predictions are, overall, satisfactory.

4.5. Comparison with literature results

Comparison with the literature is complicated for
the case of electrical power generation since the re-
sults will rely on the type of thermoelectric used,
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Figure 13: Scatter plot of dq calculated with the model (Method 2) vs. experimental dq on the left, and electrical power generated
calculated with the model vs. experimental on the right.

the way it is assembled in the setup, the fuel used,
among other factors. The comparison performed
here will, therefore, be restricted to quenching dis-
tances.

One solution that allows for direct comparison of
quenching distances measured with different setups
and conditions, is subtracting the minimum quench-
ing distance value observed for each respective ex-
periment. The left plot of Figure 14 shows the dif-
ferential quenching distance, which is the variation
of the quenching distance in relation to the mini-
mum value of quenching distance for that experi-
ment, ∆dq = dq−dq,min. The results for quenching
distances between parallel plates (inverted triangle)
were divided by four to account for the different ge-
ometries [13].

The agreement between the results obtained in
this work and the literature is good, with the ex-
ception, once again, of the values with respect to
φ = 1.15. The parametric response of the systems
for all the different experiments carried out are all
equivalent, demonstrating minimum quenching dis-
tances for near stoichiometric flames.

Another way to directly compare the results is

Figure 14: Comparison of dq − dq,min and Peq with different
literature results.

resorting to the quenching Peclet number, Peq =
dq/δf . The plot on the right of Figure 14 shows
the data of the experiment, the model M2 and the
results obtained by Häber et al. [13]. Experimental
quenching Peclet numbers obtained in this work are
slightly lower than the ones measured by Häber et
al..

4.6. Relation between P and dq

The effects of the variation of φ, Re and V̇w were
already assessed, and an inverse relation between
power P and quenching distance dq was observed.

Figure 15 represents a plot of power P versus
quenching distance dq. Since the objective here is
to study the relation between the two variables to
better understand the influence of flame-wall inter-
actions in the generation of power, only experimen-
tal data is presented. Two sets of data are shown,
one for stainless steel (dots) other for aluminium
(squares). The two lines are to be ignored for now,
as they will be explained later on.

It is clear from the plot that the electrical power

Figure 15: Electrical power generated P vs. quenching distance
dq .
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generated P decreases with increasing quenching
distances dq. A qualitative expression relating P
and dq is now pursued. The analysis starts by writ-
ing the energy balance to the TEG device, following

P = Q̇in − Q̇out (15)

which, of course, takes as an assumption that no
heat is lost to the surroundings. The heat rate into
the system, Q̇in is given by

Q̇in =
Tf,m − Th

twall

kwallAc,h,eff
+

dq
kmixAc,h,eff

+
ttg

ktgAc,h,eff

(16)
Introducing Equation 16 into Equation 15, and per-
forming a simplified analysis assuming that all the
variables are constant except for dq and kwall, it is
possible to obtain an expression of the form

P (dq) ∝
C1kwall

C2 + C3 + dqkwall
− C4 (17)

where C1, C2, C3 and C4 are constants for the
present analysis. It is possible to mathematically
demonstrate that an increase of the thermal con-
ductivity of the material kwall, will cause an in-
crease in the power. Therefore, as a first analysis,
the function P (dq) is expected to follow an hyper-
bole. To verify if this is the case, a trendline of
type power was fit to the data of Figure 15. The
equations obtained were, for the stainless steel

P (dq) =
450

d0.707
q

(18)

and for the aluminium

P (dq) =
395

d0.675
q

(19)

These lines are presented in Figure 15 and the
correlation to the data is satisfactory. The expo-
nents obtained for dq are not equal to 1 as in Equa-
tion 17. The lower exponents derive from the fact
that the variables which were assumed to be con-
stant are actually slightly depend on the quenching
distances, which means that C1,2,3,4 = f(dq). It
is also clear from the two lines that, for the same
quenching distance, the aluminium wall generates a
slightly higher power, when compared to the steel.
Having in mind that kal > kst, this result is in ac-
cordance with Equation 17, where it can be demon-
strated that as kwall increases, the generated power
P increases as well.

The analysis conducted in this section and the
results illustrated in Figure 15 allow for an impor-
tant conclusion to be stated: in order to achieve
the maximum possible amount of power generated
P , the quenching distance needs to be reduced as
much as possible. This might be achieved by apply-
ing wall coatings or by using different wall materials
with higher thermal conductivities.

5. Conclusions

The main goal of this work was to assemble and
analyse a system of direct conversion of heat from a
laminar premixed methane-air flame into electrical
power using thermoelectric technology. The flame
used as heat source interacts very intensively with
cold walls, which leads to the need for a detailed
study of flame-wall interactions (FWI). A mathe-
matical model was derived. This model is able to
relate the key variables that are representative of
the two phenomena under investigation: dq and P .

The most important conclusion was achieved in
Section 4.7 where, with the help of the mathemat-
ical model, a qualitative expression demonstrating
the relation between P and dq was accomplished.
This expression leads to the ultimate conclusion:
the electrical power varies in an almost hyperbolic
way with the quenching distance, meaning that the
latter must be decreased as much as possible in or-
der for more energy to be produced.

The major achievements of the present work are
hereby listed:

i. The mathematical model results lie within a
region considered to be of a good degree of ac-
curacy, as depicted in Figure 13, meaning it is
predicting satisfactorily the experimental data.

ii. The experimental setup assembled and the
methodology used for image processing and
flame front definition were adequate to provide
correct measurements of quenching distances,
which was proven by comparing with literature
results by means of a differential quenching dis-
tance ∆dq and a quenching Peclet number Peq.

iii. The flame-wall interactions, characterized by
the parameter dq, strongly depend on the sto-
ichiometric conditions (φ) of the flame, as can
be observed in Figure 7. The Reynolds num-
berRe has a slightly weaker influence on dq and
the cooling water flow rate practically does not
affect this parameter (Figures 9 and 12).

iv. Different wall material cause a practically lin-
ear shift on the results, while the response and
evolution to variations in the conditions re-
mains identical. This is noticeable in all the
figures presented in Section 4, that compare
the results for stainless steel and aluminium.
These behaviour is even more evident in Fig-
ure 15, showing that aluminium walls, due to
the higher thermal conductivity, are able to
produce slightly more electrical power.

v. The expression achieved demonstrating the
near hyperbolic relation between electrical
power generated and quenching distance dq was
the most important achievement of this thesis.
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This is an extremely important result when it
comes to understanding the influence of flame-
wall interactions on the generation of electric-
ity, meeting the goal stated in the beginning
of this work. The ultimate conclusion is that,
in order to maximize the net amount of elec-
trical power generated by the system P , efforts
must be done in the direction of minimizing the
quenching distances dq.
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