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Abstract

The increase of thermal e�ciency compatible with low carbon monoxide (CO) emissions is a challenging

and permanent target in the design of any burning technology such as domestic gas cooking burners.

The main goal of this work is to provide a deeper insight into the CO formation and its relationship with

the �ame structure when natural gas (NG) is burnt in these devices. Given their geometrical complexity,

a simpler con�guration is employed to carry out new experimental tests assuming similar operating

conditions. Then, numerical modeling is validated and subsequently used to deeply analyze the �ame-wall

interaction phenomena. The simpli�ed burner consists of an axisymmetric, partially premixed methane

�ame impinging perpendicularly onto the bottom wall of a water pot. The in�uence of burner-to-pot

distance, �ame thermal power, primary aeration and inside-pot water temperature on CO emissions and

thermal e�ciency is evaluated. A decrease in CO emissions is observed as primary aeration or wall

temperature increases. Nevertheless, non-monotonic trends appear for changes in burner-to-pot distance

or �ame thermal power. The trends are numerically well captured selecting the detailed GRI-Mech 3.0

chemistry mechanism. The analysis of the computational results reveals that CO emissions and thermal

e�ciency are strongly related to the relative boundary position of the inner premixed �ame cone and

the wall. The growth of the distinct zones of the �ame where CO chemically reacts with primary and

secondary air is constrained by the presence of the pot wall. This fact drives the �nal CO concentration,

and incidentally the thermal e�ciency, leading to a factual criterion for the design of NG burners.

Keywords: Methane, �ame-wall interaction, carbon monoxide, single �ame burner, partially premixed

�ame, inner premixed �ame cone.
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1. Introduction

Carbon monoxide (CO) is considered a poisoning pollutant due to the harmful e�ects on human

health when exposed to prolonged inhalation of moderate concentrations of this gas. These e�ects could

include occasional episodes of headaches, fatigue, and dizziness, till chronic heart diseases depending on

the exposure period [1]. In indoor environments, CO is largely produced by combustion sources such

as cooking and heating appliances producing smoke. Although appropriate venting installations can

avoid unhealthy concentrations of pollutants, practically all the countries and manufacturers limit the

production of CO from combustion devices by standards specifying threshold values [2]. In a domestic gas

cooking burner, the combustion process is altered due to the interaction between �ame and solid elements

such as thermocouples, grills or pots. This phenomenon, so-called �ame-wall interaction (FWI), induces

perturbations and quenching of chemical reactions which may lead to undesirable e�ects in pollutant

emissions and heat exchange [3, 4, 5, 6]. For hydrocarbon fuels such as natural gas (NG), a CO threshold

value and the requirement of high e�ciency to minimize the CO2 emissions [7] constrains the possibilities

in the design of this type of con�gurations.

The accurate prediction of this species is one of the greatest challenges facing numerical simulations

and therefore during the design process of gas cooking burners. The combination between their complex

geometries and the need to precisely describe chemical kinetics (skeletal or detailed chemistry) results

in a huge computational load, which makes this type of analyses practically una�ordable. The detailed

experimental characterization of realistic, multiple-�ame cooking burners is also a challenging task, mainly

due to their highly three-dimensional nature [8, 9, 10] and the variety of their designs [11, 12]. Therefore,

simpler con�gurations are commonly used to analyze the chemistry and the FWI phenomena that take

place during the combustion process. For this purpose, geometrically simpler burners with a single

�ame (Bunsen-like burner) perpendicularly impinging onto a wall have been frequently employed. This

type of con�gurations can reproduce most of the relevant features and work in representative conditions

of those present in domestic gas cooking burners. Furthermore, they a�ord a detailed de�nition of

operating variables and boundary conditions, which is crucial to subsequently analyze the process through

computational �uid dynamics (CFD) simulations.

In general, domestic gas cooking burners operate at partially premixed conditions [13]. Hence, the

�ame presents two distinct regions. A fraction of the fuel burns in a thin laminar premixed �ame.

For an axisymmetric con�guration, this �ame is approximately conical, with a cold core of unreacted

fuel-air mixture [14]. In practical NG cooking burners, the primary aeration (de�ned as the reciprocal

of equivalence ratio) is usually in the range 0.4-0.7 [8, 15, 16], so that a large fraction of unreacted fuel

remains downstream of the premixed �ame. This leads to the formation of a second combustion stage,

where the remaining fuel is gradually mixed with the surrounding air and burns in a di�usion �ame.

Understanding this structure and how these two di�erent zones of the �ame interact with a solid wall is

relevant for the global burning rate and the pollutant formation [17].

A great number of studies regarding the interaction between a single methane �ame and a wall have
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been published. Most of them are focused on the experimental analysis of heat transfer and the in�uence

of parameters such as burner internal geometry [18, 19], burner diameter [20, 21, 22], thermal power [23],

equivalence ratio [24, 25], and burner-to-plate spacing [26, 27, 28]. The e�ect of these parameters on

�ame stability was studied by Hsieh and Lin [29], while Hou and Ko [30] and Kuntikana and Prabhu

[31] analyzed their combined e�ect with oblique angle on �ame structure, temperature distribution and

thermal e�ciency. Moreover, Tajik et al. [32] included heat �ux distribution under the e�ect of varying

inlet gas temperature. Some of these works are supplemented with CFD simulations to explain the

distribution of the heat �ux [21, 22, 23, 27, 32]. All the aforementioned studies show that those parameters

have a signi�cant in�uence on heat transfer rate and surely determine the �nal e�ciency of the process.

However, only a few investigations include the analysis of pollutant emissions in this type of con�gurations.

Saha et al. [33] carried out some experiments with impinging rich methane and ethylene jet �ames,

analyzing the e�ect of Re number, equivalence ratio, and burner-to-plate separation distance on heat

transfer and emissions. CO and NOx concentrations were measured in the �ue gas leaving the wall

surface. The results show that the CO emission increases when burner-to-plate spacing is lowered, or

Re number is increased, since in both situations the combustion do not reach completion within the wall

jet region. Other studies [34, 35] carried out CO measurements with laser induced �uorescence (LIF)

for variations in impinging methane/air �ames at lean, stoichiometric, and rich conditions, comparing

their �ndings to numerical predictions. Chien et al. [36] also utilized LIF to correlate CO emission

with variations in the structure of nonpremixed methane/air �ames and OH distribution, as a function

of burner-to-plate distance. Li et al. [37, 38] and Mishra [39] included CO/NOx emissions analyses in

their studies of a premixed �ame jet impinging on a �at wall, varying plate temperature, Re number,

equivalence ratio, and nozzle to plate distance, but using lique�ed petroleum gases (LPG) as fuel instead

of methane.

In all the previous studies, pollutant measurements are performed in the vicinity of the �ame, and

local single-point data are reported. However, although relevant, these values may greatly di�er from

those downstream of the impingement zone, which are more interesting to draw conclusions for practical

domestic gas burner con�gurations. According to the European Standard certi�cation [2], the emissions'

sample must be captured in the upper part of a hood, in the exhaust gas stream where there is no

combustion process and species concentrations have reached a stable value. The present work addresses

this issue through a similar con�guration as the one used in certi�cation tests of gas cooking burners.

Hence, the main goal of this study is to provide a deeper insight into the CO formation and

its interrelationship with relevant performance parameters in a FWI con�guration during the NG

combustion. To do so, new experimental data are obtained and on-purpose validated CFD simulations

are carried out under similar physical conditions of domestic gas cooking burners. The workbench,

speci�cally designed and constructed for this study, consists of a single, partially premixed �ame,

impinging perpendicularly onto the bottom of a pot �lled with cooled water. Pure methane is fed as fuel,

given that it is the main component and the usual reference gas for NG combustion [40, 41]. Temperature
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and CO emissions are evaluated under certain ranges of burner-to-pot distance, thermal power, inside-pot

water temperature, and degree of premixing. These ranges encompass the values present in real gas

cooking burners using NG as fuel. Outcomes from the experiments include: temperature values of the

internal and external pot walls, inside-pot water temperature, jet velocity �eld (non-reacting �ow), spatial

distribution of the �ame temperature, and CO and CO2 emission concentration in the exhaust gases at the

top of the hood (as it is done in the certi�cation tests). Once the experimental program is completed and

used to validate the computational model, the analysis is mainly based on the numerical results to obtain

a complete description of the phenomena. The evaluation of additional intermediate operating conditions

paves the way for a more precise tracking of the boundary of the inner premixed �ame cone, elucidating

its interaction with the wall. A novel approach based on the inclusion of a transport equation for a passive

scalar facilitates the distinction of two CO-involving reaction regions: (1) primary-air premixed zone, and

(2) secondary-air di�usion zone. The speci�c interaction of these zones with the wall distinctively alters

their growing, driving to the �nal CO concentration, and bounding incidentally the thermal e�ciency.

This fact can lead to a factual criterion for the design of NG cooking burners.

2. Experimental setup and procedure

2.1. Workbench description

The experimental facility used in this work was designed to study partially premixed �ames impinging

on a cold wall under closely controlled conditions. A general view is shown in Figure 1 and the main

elements are described hereinafter.
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Figure 1: Schematic representation and main elements of the single �ame burner experimental setup.

2.1.1. The burner

The air-fuel mixture is injected through a convergent nozzle ending in a circular ori�ce of 5 mm

in diameter. The nozzle inner shape was designed to produce a very �at velocity pro�le at the exit

and minimize turbulence intensity. Injector walls are surrounded by a cavity (100 mm in diameter)

within which cold water is recirculated to maintain a constant and low temperature (around 300 K),

recorded by means of two wall thermocouples welded on the injector and the front wall respectively.

These measurements are essential in order to know inlet gas and burner wall temperatures. A premixer

is included upstream to ensure homogeneity of the air-fuel mixture.

2.1.2. Outer shield and air co-�ow

To avoid �ame perturbations due to laboratory air movements, the whole setup is protected by a

cylindrical shield (280 mm diameter). Besides, a coaxial air �ow is forced through a sintered bronze

disk installed around the burner piece. The high pressure drop across the sintered element guarantees a

�at velocity pro�le, which value is adjusted at 0.05 m/s in all the tests. The combination of the outer

shield and the co-�ow provides a controlled and known ambient around the burner, as required to specify

boundary conditions for the numerical simulations.
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2.1.3. The water pot

The �ame impinges on the bottom of a perfectly cylindrical water container, made in stainless steel,

with a height of 150 mm, and 93 and 101 mm of inner and outer diameter respectively. Since the

pot imposes a critical thermal boundary condition, the bottom is carefully instrumented to determine

temperature and heat �ux radial pro�les (see Figure 2). Ten thermocouples are inserted into the 5 mm

thickness bottom wall, identi�ed as S0-S4 (water, upper side) and F0-F4 (�ame, bottom side). They are

distributed at the same radial distances in order to obtain temperature pro�les, local axial temperature

gradient and, hence, local heat �ux. Additional thermocouples are inserted into the side wall (SW) and

in the water (W).

Figure 2: Scheme of the water pot with the location of the thermocouples embedded in the bottom wall (F* and S*), the

side wall (SW), and inside the water (W).

The pot is closed with a lid, which is designed in such a way that the water condensed on its bottom

side drops again into the pot, so that the vapor losses are very low and the level remains virtually constant

during the experiments. Water temperature is also maintained constant throughout each test duration,

so that data are collected for perfectly stable conditions. This is achieved by forcing the circulation of

water through an outer loop with a diaphragm pump. Depending on the desired temperature, the loop

can include a coil immersed in a cold water bath. By adjusting the length of the outer loop and optionally

passing the water through the coil, water temperature can be held sensibly constant at di�erent set points.

In particular, tests are performed at 308 K, 323 K, and 338 K. The water pot is supported on three rods

welded on the top of the pot so as not to disturb the gas �ow. This supporting system can be adjusted

laterally as well as in height, in order to get the pot perfectly centered with respect to the injector and

outer shield, and regulating the burner-to-pot distance as required for the various tests.
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2.1.4. The hood

Combustion products generated in the �ame and �owing around the pot are collected in the upper

part by a hood. It discharges through a cylindrical duct, where the gas sampling probe is installed. This

probe consists of a stainless steel duct with several side ori�ces at selected points, to further ensure that

the gas sample is representative of the average gas composition.

2.1.5. Support structure

All the aforementioned components are assembled and supported on a mounting structure that

includes all the necessary elements to hold them and �nely adjust their relative position, as required

for the conditions of the di�erent tests.

2.2. Instrumentation and measurement techniques

The set of data collected in the tests is obtained with di�erent instruments and techniques:

� Local gas velocity (under cold-�ow conditions) is measured with constant-temperature hot wire

anemometry (TSI, model IFA 300). Two-wire sensors are used to simultaneously obtain axial and

radial velocity components, as well as their cross-correlation. These measurements typically present

an uncertainty of ± 1% [42].

� Local gas temperatures are measured with a bare �ne wire, S-type (Pt-Pt10%Rh) thermocouple,

which is mounted on a 3-D traversing system to register between 1000 and 2000 mean temperature

values across the �ame, depending on the case. The sensing element consists of butt-welded 70

µm wires, supported on thicker (350 µm) wires of the same material. These are inserted into a

two-bore alumina rod, which provides the required rigidity for accurate positioning in the �ame.

In-�ame temperature measurements can be a�ected by conduction and radiation errors. The �ne

thermocouples used in this work have a length/diameter ratio >150, enough to make the conduction

error negligible. As for the radiation error, the measurements are corrected by:

Tgas = TTC +
Dwire ∗ ε ∗ σ ∗ (T 4

TC − T 4
wall)

κgas ∗ (0.35 + 0.65 ∗Re0.45wire)
, (1)

where Tgas is the real temperature of the gas, TTC is the temperature measured by the thermocouple,

and Twall is the temperature of the surrounding cold walls (all of them in K); Dwire is the

wire diameter (m); ε is the emissivity of the thermocouple; σ is the Stefan-Boltzmann constant

(W/m2*K4); κgas is the thermal conductivity of the gas (W/m*K); and Rewire is the Reynolds

number calculated from the wire diameter and the density, viscosity, and velocity of the gas

[43, 44]. Overall, the uncertainties due to the thermocouple material and the radiation correction

are estimated to be around 10 K.

� Water, burner and pot wall temperatures are measured by stainless steel sheathed K-type

thermocouples, which typically have an uncertainty of ± 2.2 K or ± 0.75%.
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� Fuel, primary combustion air and secondary co-�ow air mass �ow rates are controlled and

automatically regulated by three mass �ow meters of the thermal type, supplied by the Bronkhorst

company. They are connected in closed-loop to a control valve through PID (proportional, integral,

derivative) regulators in order to ensure good accuracy and avoid oscillations or drifts during the

tests. Since the �ow rates are above 20% of the measurement range in all the tests, the accuracy is

always better than 1%, as de�ned by the supplier. This also applies to any derived parameter, like

power, velocity at the injector outlet, or primary aeration.

� The gas sample collected at the hood outlet is sent by means of PTFE (Polytetra�uoroethylene)

tubing to a set of individual on-line gas analyzers (non-dispersive infrared (NDIR), manufactured

by Emerson), where O2, CO2, and CO concentrations are measured on a dry basis. Associated

uncertainty in the results of CO is mainly due to the reproducibility of the whole test and

measurement process.

� A computer-controlled three-dimensional traversing system is employed to obtain the

two-dimensional maps of temperature and velocity at di�erent axial and radial coordinates. After

programming the measurement grid and setting the origin of coordinates with respect to a reference

point, this device automatically displaces the tip of the sensor to the selected points with very good

accuracy (± 0.02 mm).

� A color video camera is placed next to the �ame zone in order to record direct imaging of the �ames.

In all the cases, the test is performed in duplicate, with an associated maximum standard deviation

of 2 K in registered wall temperatures and 5% in carbon monoxide measurements.

2.3. Operating conditions

Discrete values of the studied parameters are chosen to cover operating ranges that produce similar

�ow features to those present in real gas cooking burners. Flame thermal power (Ṗ ) is varied from 250

to 500 W, corresponding to Re numbers roughly between 700 and 1400. These Ṗ values are selected in

order to obtain a velocity magnitude value at the injector outlet similar to the ones present at the ports

of a domestic gas cooking burner, typically between 2 and 5 m/s, and speci�ed by �xing the mass �ow

rate at the inlet. Primary aeration, de�ned by the air-fuel equivalence ratio (lambda, λ), relates local

and stoichiometric mixture conditions, and can be calculated by

λ = 1/Φ =
(Yair/Yfuel)

(Yair/Yfuel)stoich.
, (2)

where Φ is the fuel-air equivalence ratio and Y stands for the mass fraction of the mixture components.

λ ranges between 0.35 to 0.65. Burner-to-pot distance, �xed at 20, 50 and 80 mm, is represented by the

H/d ratio (4, 10 and 16), where H is the distance between the injector and the pot bottom wall, and

d is the injector inner diameter. Finally, inside-pot water temperature (Twater) is modi�ed between 308
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and 338 K. Conditions for the baseline case (BC) are: Ṗ=375 W, λ=0.5, H/d=10, and Twater=323 K.

The test program for reacting cases is designed to perform parametric studies about this central case

and includes a total of 15 di�erent test conditions, shown in Table 1. In all these cases the objective is

to characterize the main global parameters such as thermal conditions at the pot wall and CO emissions

(denoted with X). In some selected tests, a detailed temperature �eld characterization is also performed

(O).

Table 1: Experimental matrix with test conditions.

Ṗ [W] H/d

Water Temperature [K]

308 323 338

Primary aeration (λ)

0.5 0.35 0.5 0.65 0.5

250

4 X

10 X XO X

16 X

375

4 XO

10 X XO XO XO X

16 XO

500

4 X

10 XO

16 X

X - Pot temperatures and emissions

O - Temperature �eld

The �ow �eld is also explored in non-reacting conditions. The characterization of the isothermal jet

captures the essential features of the �ow (jet development, velocity decay rate, stagnation near the pot

wall). For this exploration, the velocity �eld is measured when injecting only air through the nozzle,

with H/d=10 burner-to-pot distance and a mean velocity magnitude of 7 m/s at the injector outlet.

This value is higher than the fuel injection speed in the reacting cases and also in gas cooking burner

ports (2-5 m/s), but was deemed adequate for the purpose of this analysis in order to avoid the increased

uncertainties with hot wire anemometry for low velocities [42].

3. Computational setup and procedure

In parallel with the experimental study, CFD simulations are carried out to numerically describe all

the phenomena occurring in the system. For this purpose, continuity, momentum, energy, and chemical
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species transport equations are solved in a steady-state regime using the software ANSYS Fluent [45].

3.1. Computational domain and mesh

First, the domain and the mesh employed in the computational calculations is described. Given the

cylindrical geometry of the setup, a two-dimensional, axisymmetric domain is adopted. The nozzle and

the burner inner volumes are not included in the domain, setting directly the boundary condition values

at the fuel inlet (injector outlet), burner wall, and air co-�ow inlet.

Based on previous experience with this type of con�gurations, the domain is discretized into ≈119

thousand cells for the baseline case (H/d=10), with �ner resolution in the �ame zone, specially in the

vicinity of the injector outlet (where chemical reaction starts) and a gradual in�ation zone to accurately

capture the boundary layer at the hot gas / solid bottom pot wall (see Figure 3).

Figure 3: Two-dimensional axisymmetric mesh of the setup with identi�cation of the main zones and boundaries of the

computational domain.

In the meshing process, the in�uence of the mesh resolution on the results is checked. Di�erent

simulations are performed, using the same settings and convergence criteria, as shown in Table 2 for

the H/d=10 case. Four critical variables are monitored: the averaged temperature of the solid pot, and

the temperature, CO2 and CO mole fraction in the exhaust gases stream at the top of the hood. The
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agreement between the results obtained with the base and the re�ned mesh shows the suitability of the

original mesh resolution. Same criteria for the rest of the burner-to-pot distance H/d=4 and H/d=16

cases are followed, resulting in 84 and 154 thousand cells respectively.

Table 2: Results of the re�nement study of the mesh for the H/d=10 case.

Mesh Coarser Base Finer

Cell number 29713 118852 475408

Cell size (near pot wall resolution, mm) 0.062 0.031 0.016

CPU time (16 cores, s/iteration) 0.76 2.60 8.06

Averaged pot temperature (K) 328.65 328.48 328.48

Temperature (outlet-bell, K) 336.47 332.36 332.48

CO2 mole fraction (outlet-bell, %) 1.176 1.205 1.210

CO mole fraction (outlet-bell, ppm) 48.01 156.99 157.65

3.2. Numerical models

This section introduces the main numerical models used in the calculations with ANSYS Fluent.

Regarding the �uid �ow model, the experimental con�guration was intentionally designed to feed a

laminar jet through the injector (Re between 700 and 1400). However, tests revealed that in most of

the cases, starting from a very low turbulence intensity, the amplitude of velocity �uctuations starts to

grow in the jet after a few millimeters. A transition turbulence model (four-equation Transition SST

(shear stress transport) k-omega [46, 47]) is therefore selected to properly capture the decay rate in

jet velocity. Despite using this turbulence closure, the combustion is Arrhenius-rate governed (Laminar

Finite Rate) by Direct Integration of the chemical kinetics in the Sti� Chemistry Solver of the code, and

none turbulence-chemistry interaction is considered.

Net production rate of each chemical species is calculated by adding the speci�cation of gas-phase

reactions, thermodynamic and transport properties data contained in special formatted �les (Chemkin

format). In order to obtain the most reliable results for the chemical species description, the detailed

chemistry for methane combustion is considered by employing the GRI-Mech 3.0 mechanism [48].

The mixture is considered to be a multicomponent ideal gas where density depends only on

temperature and composition. Kinetic theory is invoked for transport properties such as viscosity, thermal

conductivity and mass di�usivity. Radiation is considered by means of the coupled Discrete-Ordinate

Model (DOM) [49]. For the Species Model option, the e�ect of enthalpy transport due to species di�usion

in the energy equation (Di�usion Energy Source) is explicitly considered whereas multicomponent

di�usion is enabled. Coupled Algorithm for pressure-velocity coupling with PRESTO! (PREssure

STaggering Option) scheme for pressure interpolation is selected, whereas second order upwind spatial

discretization is applied to the rest of transport variables. A complete overview of the governing

equations and their properties can be found in the User's and Theory Guide of the software [45] or
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in the Supplementary Material attached to this manuscript.

3.3. Boundary conditions

Speci�c boundary conditions for the model are summed up in Table 3. The temperatures measured at

the injector outlet and burner wall are very stable throughout the experimental tests, in the range 300±1

K. Therefore, a constant value of 300 K is set for the injected fuel and the burner wall temperatures. The

radial velocity pro�le at the injector outlet is imposed as boundary condition for the fuel jet, together

with the corresponding air and fuel concentrations in each case (λ=0.35, 0.5 or 0.65). Water inside

the pot is not explicitly included in the computational domain. Instead, the interpolated temperature

pro�le from measurements (S0-S4) is allocated in the pot water-side bottom wall. At the pot side wall,

the temperature value is obtained from the thermocouple inserted in that location (SW), and matches

with water temperature (308, 323 or 338 K). For internal wall zones in contact with air, convective heat

transfer boundary conditions are applied. The burner, the bell, and the pot are constructed of stainless

steel, so a value for internal emissivity of ε=0.4 [50] is considered.

Table 3: Speci�c boundary conditions set in the numerical simulation of the �ame.

Zone Type Thermal condition Other

inlet-fuel velocity-inlet Inlet T = 300 K
Exp. velocity pro�le

λ = 0.35/0.5/0.65

inlet-air velocity-inlet Inlet T = 300 K vinlet = 0.05 m/s

wall-burner wall Fixed T = 300 K

wall-shield wall Adiabatic

wall-pot-bottom wall Exp. radial temperature pro�le

wall-pot-side (water) wall Fixed T = 308/323/338 K

wall-pot-side (air) wall Convection (air)
HTCa= 15 W/m2K

T∞ = 308/323/338 K

wall-pot-top wall Convection (air)
HTCa= 15 W/m2K

T∞ = 308/323/338 K

wall-bell wall Conjugate heat transfer

outlet / outlet-bell pressure-outlet Back�ow T = 300 K Pgauge = 0 Pa

a Heat transfer coe�cient
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4. Results and discussion

4.1. Non-reacting �ow characterization

Previous to simulate the reacting cases, the jet is characterized under cold-�ow conditions. For this

purpose, the velocity magnitude pro�le measured along the centerline is compared to those obtained when

simulating the non-reacting case enabling the di�erent viscosity models: laminar, turbulence two-equation

k-epsilon, turbulence three-equation transition k-kl-omega, and turbulence four-equation transition SST

k-omega. Figure 4 shows that the laminar approach is completely inaccurate for these conditions.
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Figure 4: Comparison between experimental and computationally obtained velocity magnitude pro�les along the

centerline in the non-reacting case.

Among the turbulence models, transition SST k-omega clearly shows the best agreement, with a slight

deviation at the beginning of the decay zone (axial position ≈ 0.027 m). The good coincidence between

numerical and experimental results is further con�rmed by the two-dimensional maps shown in Figure 5a

(experimental values are graphically interpolated). In addition, Figure 5b compares normalized contours

of root-mean-square velocity (Vrms), which is representative of the turbulent �uctuations of the velocity

magnitude [51]. It can be observed that turbulence starts to grow only a few millimeters downstream the

injector. The transition SST k-omega turbulence model includes a free-stream correlation to relaminarize

the �ow when turbulent �uctuations are negligible, so it also shows to be valid in the cases when the

mean velocity magnitude, and thus the Reynolds number, are lower [46, 47]. Therefore, it is selected to

calculate the �ow �eld in all the reacting �ow calculations.
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Figure 5: Experimental and transition SST k-omega computational comparison of velocity module (a) and normalized

root-mean-square velocity (b) �elds.

4.2. Reacting �ow characterization

The jet velocity magnitude in the reacting cases is slightly lower (2-5 m/s, depending on the Ṗ ) than

the one observed in the non-reacting case (≈ 7 m/s). Despite the lack of experimental measurements of

velocity components for the combustion cases, Figure 6a shows the axial velocity decay rate inside the

�ame for the constant baseline case conditions (H/d=10, λ=0.5, Twater=323 K) and the three analyzed

Ṗ cases. It can be observed that there is no di�erence between the laminar and the turbulence model

predictions for the lower Ṗ=250 W case. This fact con�rms the capabilities of the transition SST k-omega

turbulence model to relaminarize the �ow when there are no relevant turbulent �uctuations. However,

slight di�erences can be observed for the medium and higher Ṗ cases. The analysis of the radial pot

temperatures shown in Figure 6b determines that the predictions using the SST k-omega turbulence model

agree better with measurements and therefore corroborates a more accurate �ow �eld and conjugated

heat transfer prediction for the �ame-wall interface, mainly in the �ame impingement zone. In the rest of

the �ame �eld, the di�erences between laminar and turbulent predictions are negligible as shown in Figure

6c, where the temperature radial pro�les near the pot wall (3mm below) show a very good agreement

between both numerical predictions and measurements. This fact brings out the suitability of the �nite

rate chemistry approach without needing a turbulence-chemistry interaction model.
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Figure 6: Characterization of the velocity magnitude along the centerline of the �ame jet (a), temperature at the pot

bottom wall (b), and �ow �eld temperature near (3 mm) the pot bottom wall (c).

4.3. Temperature characterization

An accurate numerical description of temperature values is essential to obtain reliable CO emission

data. Once the reacting cases are experimentally and computationally carried out, pot wall temperatures

on the �ame side (F0-F4) are compared in Figure 7, for di�erent thermal power and burner-to-pot

distance, with constant λ=0.5 and Twater=323 K. It can be seen that F-side temperature values are

properly captured in all the cases, with a maximum deviation of ±5 K.
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Figure 7: Measured and predicted temperature pro�les on the F-side of the pot wall for di�erent thermal power and

burner-to-pot distance, at λ=0.5 and Twater=323 K.

To further evaluate the agreement between predictions and measurements, �ame temperatures

are analyzed and compared in Figure 8. Experimental and computational (with detailed chemistry)

temperature �elds are presented for the constant baseline case conditions (H/d=10, λ=0.5, Twater=323

K) and the three di�erent Ṗ cases. A signi�cant deviation was observed in the inner core, inside the

conical premixed �ame. In this zone, no reaction or heat release occurs and, hence, the gas should be at

low temperature, as shown in the computational contours. However, higher temperatures (1000-1500 K)

were experimentally measured in that zone. This was due to an experimental artifact: the heat conduction

along the thermocouple wires together with the catalytic properties of platinum induce oxidation reactions

around the wires, causing signi�cant overheating of the wires and, hence, overestimating the actual gas

temperature inside the premixed �ame cone. Therefore, experimental values are not a valid reference in

this zone, so they are omitted from the comparison. This circumstance does not occur in the di�usion

�ame, where the only signi�cant error source is due to radiative heat transfer and, as it has been indicated

above, is estimated to be around 10 K.
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Figure 8: Experimental and numerical temperature �elds comparison for (a) Ṗ=250 W, (b) Ṗ=375 W, and (c) Ṗ=500 W

(constant H/d=10, λ=0.5, Twater=323 K). Associated direct imaging of the �ames, recorded with the video camera

(visible range), are presented below.

Apart from this experimental issue, it can be generally seen a good agreement between measurements

and computational temperature �elds. The initial part is practically the same in the three cases, indicating

that this zone is not a�ected by the thermal power. Once the �ame reaches the pot, the remaining amount

of fuel reacts in the form of a wall �ame, which becomes larger as Ṗ is raised. This increment gradually

displaces the high temperatures away from the pot center, as it can be observed in the H/d=4 and

H/d=10 cases of Figure 7. The agreement between experimental and numerical temperature �elds is

reinforced by the radial pro�les comparison shown in Figure 6c.

Another important fact is related to the inner premixed �ame cone. For the Ṗ=250 W case, it is

perfectly de�ned, ending at some distance from the pot wall, as it can be seen in the computational

contour and the �ame image of Figure 8a. For higher Ṗ , the injection velocity increases and so does the

height of the conical �ame. As a result, the cold core reaches the pot wall so that the premixed �ame

does not exhibit a vertex but the core impinges and spreads on the cold surface for Ṗ=375 and 500 W.

This e�ect is clearly visible both in the calculated temperature maps and in the �ame photographs, and

explains the lower temperature registered at the F0 with respect to the F1 thermocouple in the tests

with higher thermal power and/or shorter burner-to-pot distance, as shown in Figure 7. Finally, �ame

temperatures close to the wall are reduced due to the signi�cant quenching e�ect produced by the cold

wall, which may a�ect the �nal oxidation steps of certain chemical species.
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4.4. Carbon monoxide characterization

Regarding emissions, CO, CO2 and O2 concentrations (dry basis) are measured in the exhaust gases

stream. Then, CO is air-free corrected (0% oxygen). This value, frequently known as CO Air Free

(COAF), is the parameter used to asses carbon monoxide emissions according to the European Standard

certi�cation [2] for domestic gas cooking burners. It can be calculated by

COAF = (CO)M ∗
(CO2)N
(CO2)M

, (3)

where (CO)M and (CO2)M are respectively the volumetric percentages of CO and CO2 collected at

the hood outlet and measured on a dry basis (after removing the water vapor from the exhaust gases

stream), and (CO2)N is the volumetric percentage of CO2 for the dry, air-free products of the neutral

stoichiometric combustion of the fuel (11.7% for methane). For reference, the threshold COAF value for

domestic gas cooking burners is in the range 1000-1500 ppm, depending on the type of test.

4.4.1. E�ect of inside-pot water temperature

The temperature of the water inside the pot is modi�ed by decreasing and increasing 15 K from the

reference value of 323 K (constant Ṗ=375 W, H/d=10, λ=0.5), in order to evaluate the e�ect of the wall

temperature on CO emissions. As shown in Figure 9a, the increment in the inside-pot water temperature

produces an analogous displacement in the radial temperature pro�le of the pot wall (�ame side).
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Figure 9: Temperature pro�les on the F-side of the pot wall (a) and COAF evolution (b) for di�erent inside-pot water

temperatures (constant Ṗ=375 W, H/d=10, λ=0.5).

Figure 9b shows that COAF steadily decreases as the wall becomes hotter, which seems consistent with

a slight reduction of the quenching e�ect produced by the wall. A good agreement between measurements

and numerical CO values can be observed.

18

Jo
urn

al 
Pre-

pro
of



4.4.2. E�ect of primary aeration

Primary aeration is modi�ed in the Ṗ=250 and 375 W cases, with two additional tests about the

baseline value (λ=0.35, 0.5 and 0.65), and keeping constant H/d=10 and Twater=323 K. As seen in

Figure 10, COAF decreases for both Ṗ as more primary air is supplied. This is an expected behavior and

consistent with the higher availability of primary oxygen in the partially premixed stream, enhancing the

oxidation of CO to CO2. The agreement of measurements with GRI-Mech 3.0 is good, although, for the

lowest λ=0.35, the numerical approach shows a noticeable COAF underprediction; this could be related

to a mismatching in the capture of the �ow pattern between the secondary air and the �ame front, which

leads to di�erent physical conditions for relevant combustion reactions.
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Figure 10: E�ect of primary aeration (λ) in COAF values for Ṗ=250 and 375 W (constant H/d=10, Twater=323 K).

4.4.3. E�ect of �ame thermal power and burner-to-pot distance

Evolution in COAF values may be analyzed either by �xing a burner-to-pot distance H/d, as directly

shown in Figure 11, or by comparing points with the same thermal power Ṗ . In all the cases, the rest

of the reference conditions are kept constant (λ=0.5 and Twater=323 K). For the H/d=16 cases, COAF

grows sharply with increasing Ṗ . This could be seen as the usual trend [33, 37] and a consequence of

a larger fraction of the reactions taking place in a wall �ame (see Figure 8), with signi�cant quenching

e�ects in the layers closer to the wall. For the shortest burner-to-pot distance (H/d=4), the opposite

trend is observed; this might be due to an enhanced cooling of the �ame as Ṗ is decreased, resulting

in higher residual CO concentrations. At the intermediate distance (H/d=10), the COAF displays a

maximum for Ṗ=375 W, which indicates di�erent dominant e�ects at each side.
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Figure 11: E�ect of thermal power on COAF values at di�erent burner-to-pot distance (constant λ=0.5, Twater=323 K).

If results are analyzed for �xed Ṗ and variable H/d, similar trends can be observed. For Ṗ=250 W,

CO emissions decay as the wall is progressively located away from the injector. The signi�cant quenching

e�ect of the cold wall on the oxidation reactions for H/d=4 produces the highest CO emission; on the

other hand, the �ame barely impacts on the pot for H/d=16, which suggests that most of the carbon

compounds have already been oxidized to CO2, leaving sparse residual CO. Di�erent trends are observed

for the medium and the high thermal power. As the pot is moved away from the burner, a peak in the

numerical COAF at H/d=10 can be observed for �xed Ṗ=375 W, while a steady rise is noticed at Ṗ=500

W. This latter increment in COAF values together with the one observed when changing H/d from 4 to

10 at Ṗ=375 W are due to the enhancing of the reactions of hydrocarbon radicals towards CO rather

than the oxidation ones from CO to CO2.

Regarding the comparison between measurements and calculations, a good agreement in COAF

prediction can be seen in the H/d=10 and H/d=16 cases; nevertheless, a constant deviation is observed

in the H/d=4 ones. This discrepancy, together with the one observed for the lowest λ con�guration

at Ṗ=375 W (Figure 10), is attributable to the combination of two factors. Firstly, the ratio between

the length of the �ame and the burner-to-pot distance in these cases is high enough to produce �ow

�uctuations that can increase the uncertainties of the experimental measurements. Secondly, these ratio

may a�ect the numerical description of the mixing rates given by the interactions between the hot gases

from the �ame front and the co-�ow air stream.

4.5. Flame-wall interaction analysis

In order to deeply investigate the observed COAF trends, additional simulations are carried out with

the H/d=10 con�guration and extra values of Ṗ in the range 150-600 W, obtaining a more detailed
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COAF evolution line. In these cases, a convection boundary condition is speci�ed at the pot water-side

bottom wall, with a heat transfer coe�cient of 800 W/m2K and a free-stream temperature of 323 K. The

rest of the boundary conditions are as previously speci�ed. The results in Figure 12 show a maximum

COAF value for Ṗ=375 W. The evolution of the thermal e�ciency of the burner is also included, which

is directly calculated as a ratio between the surface integral of the heat �ux across the pot walls and

the �ame thermal power (computed from the gross calori�c value of the fuel). It can be seen that this

parameter follows the same trend as the COAF. Thus, for this type of con�gurations, there is a coincident

operating point where maximum thermal e�ciency always gives the maximum CO emissions, which can

point out reachable design guidelines in both performance and emission thresholds.
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Figure 12: Detailed COAF and thermal e�ciency evolution at di�erent Ṗ (constant H/d=10, λ=0.5, Twater=323 K).

This behavior is related with the �ame structure resulting from the �ame interaction with the pot.

The temperature contours for each case are displayed in Figure 13. It can be seen that the highest

temperatures of the �ame are gradually displaced from the central axis by the lower temperature of the

inner premixed cone as Ṗ increases. This cone reaches the bottom wall of the pot in the range of 350-400

W, in line with the maximum values of COAF and thermal e�ciency observed in Figure 12.
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Figure 13: Computational temperature contours at di�erent Ṗ (constant H/d=10, λ=0.5, Twater=323 K).

The limit of this conical premixed �ame matches with the spatial starting of the combustion reaction;

kinetic studies show that the radical CH3 is the �rst chemical species generated when CH4 ignites [52, 53],

so it is suitable to accurately de�ne the premixed cone. Thus, a threshold criterion is established in this

study as 10% of the maximum CH3 concentration, represented by the iso-lines drawn in Figure 14.

The results visually con�rm a direct relationship between the evolution of the inner premixed �ame

cone and both the CO emissions and the thermal e�ciency of the burner. As Ṗ increases, COAF and

e�ciency rise as long as the premixed cone is not a�ected by the wall. Once the �ame is long enough and

the rupture of the cone is produced due to its impingement with the pot, COAF and e�ciency values

reach their maximum, with a subsequent smoother decrease if Ṗ keeps being raised.

This also explains the e�ect of �ame thermal power at other burner-to-pot distances shown in Figure

11. For H/d=4 cases, COAF decreases because the premixed cone is broken in the three cases. On the

other hand, COAF increases with Ṗ for the H/d=16 cases: the pot is far enough and the breakage of

the cone does not occur in none of the three cases. In general, this situation would be always observed

in similar situations as long as the pot approaches and perturbs the �ame.
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Figure 14: Limit of the conical premixed �ame, represented by CH3 concentration, at di�erent Ṗ (constant H/d=10,

λ=0.5, Twater=323 K).

The global e�ect from the �ame-wall interaction on the chemical reactions can be assessed by the

de�nition of two parameters to evaluate the reaction completeness of the combustion. On the one hand,

the oxidizer mass balance gives the amount of O2 consumed in each con�guration. Although λ is kept

constant in these cases, the total mass quantity injected in the partially premixed stream depends on

the Ṗ . For this reason, the consumption value needs to be normalized by the CH4 inlet mass �ow. By

stoichiometry, an ideal value of 4 kg of O2 consumed per each kg of CH4 supplied would represent the

complete combustion. Then, the reaction completeness is lower as this consumption value moves away

from 4 kg O2 / kg CH4. On the other hand, the ratio between the integration of the heat released from

the whole �ame and the supplied heat power input can be used as another de�nition of the reaction

completeness.

It can be observed in Figure 15 that both de�nitions show an alike behavior, with reverse trends to

the COAF one observed in Figure 12. This fact con�rms that chemical reactions are naturally a�ected

by the evolution of the �ame structure as Ṗ changes, increasing the e�ects of the �ame-wall interactions.

Once the inner premixed �ame cone reaches the pot wall, its breakage leads to a progressively lower

quenching e�ect, radially spreading the primary mixture towards the pot lateral wall and enhancing the

progress of the combustion reaction.
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Figure 15: Assessment of the combustion reaction completeness from the consumed O2 and the heat released from the

�ames (normalized with the CH4 inlet mass �ow and the thermal power respectively).

At this point, it is straightforward to assert that the structure of the �ame resulting from its interaction

with the pot wall is the key to the two di�erent behaviors observed, divided by the rupture of the inner

premixed �ame cone. In order to evaluate how the CO formation rates are a�ected by the changes in

the �ame structure, a spatial de�nition of the CO-reaction zones is established. To do so, an additional

conservation equation is solved for a passive scalar to individually track the two inlet streams, evolving

from a value of 1 at the partially premixed fuel inlet to 0 at the air co-�ow inlet (see Figure 16a). The

local combination of this transported scalar and the concentration of O2 (Figure 16b) can be used to

identify the oxidizer that comes from the fuel stream (primary O2, Figure 16c) and the air co-�ow inlet

(secondary O2, Figure 16d). For further information, the reader is referred to the Supplementary Material

attached to this manuscript.
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Figure 16: Distribution of the passive scalar (a) and the concentration of O2 in the �ame (b), distinguishing between the

primary oxygen (c) and the secondary oxygen (d). Case conditions: Ṗ=375 W, H/d=10, λ=0.5, Twater=323 K.

Considering only the regions of the �ame where the CO chemically evolves, either by production or

consumption (i.e., where the CO net reaction rate 6= 0), it is possible to de�ne two di�erent zones:

1. The CO-reacting premixed zone, as a result of the spatial combination of the regions where the CO

net reaction rate 6= 0 and where the concentration of primary O2 > 0. Namely, the evolution of

CO in this zone is due to the presence of oxidizer coming from the partially premixed fuel stream.

2. The CO-reacting di�usion zone, de�ned by the spatial coincidence of the regions where the CO net

reaction rate 6= 0 and where the concentration of secondary O2 > 0. Likewise, here CO evolves due

to the oxidizer that comes from the air co-�ow stream.

Both zones are displayed at the top of the Figure 17 for each Ṗ case. For the lowest Ṗ values, the

structure is similar to a free �ame con�guration, although naturally the hot gases need to run over the

bottom and lateral pot walls by buoyancy; once the CO-reacting premixed zone reaches the pot, both

regions propagate along the wall.
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Figure 17: Evolution of the CO-reacting premixed and di�usion zones (top) and the corresponding volumetric

concentration of CO (bottom) at di�erent Ṗ .

In the gap between the zones, the CO does not chemically react but is only transported by convection

and di�usion. The highest concentrations of CO are located in this gap, as can be observed at the

bottom row of Figure 17, where the corresponding CO volumetric concentration throughout the �ame

is shown. This means that most of the CO production occurs in the CO-reacting premixed zone, whilst

its consumption predominantly takes place in the CO-reacting di�usion one. This fact is con�rmed by

the independent evaluation of the CO net formation inside both zones for each Ṗ , normalized by the

corresponding CH4 inlet mass �ow. As can be seen in Figure 18a, the CO-reacting premixed zone is

predominantly a CO production region (net positive values), whilst the CO-reacting di�usion zone is

primarily CO-consuming (net negative values). From these curves, it can be concluded that both zones

are a�ected by the presence of the pot wall, with a stronger e�ect as the �ame grows and approaches the

pot.
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Figure 18: CO net formation at the CO-reacting premixed and di�usion zones (a) and the combination of both regions (b)

at each Ṗ .

A recovery in the growing of both the production in the premixed zone and the consumption in the

di�usion zone can be observed from 450W on. The di�erence between every pair of values at each Ṗ

equals to the net CO formation in the �ame, shown in Figure 18b. These values are naturally in agreement

with the COAF results previously observed in Figure 12. The maximum CO emission value occurs near

a position where the largest di�erence between production and consumption occurs. From this point,

the CO-reacting premixed zone starts to proportionally improve its radial expansion towards the lateral

pot wall (Figure 17), which corroborates that the evolution of this region is intrinsically related to the

development of the net CO emissions.

To clarify the correlation between the evolution of the zones from Figure 17 and CO emissions, their

two-dimensional areas are also quanti�ed and shown in Figure 19a. A linear growing can be observed

for the size of the CO-reacting di�usion zone; nevertheless, the surface growth rate of the CO-reacting

premixed zone slows down from near Ṗ=375 W onwards, the identi�ed condition for the breakage of

the inner premixed �ame cone. Consequently, the ratio between the size of both zones (premixed over

di�usion), shown in Figure 19b, tends to stabilize from that condition. This behavior agrees with the

COAF trend from Figure 12. Then, the constrains for the evolution of the CO-reacting premixed zone due

to the presence of the wall are responsible for the whole �ame structure, modifying the local conditions

(�ow, temperature, species concentration) that drive the global CO net formation in the �ame.

4.6. Statistical evaluation of the modeling

In order to quantify a global accuracy of the numerical approach, the weighted standard deviation is

calculated, separately for temperature and COAF values, by
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each Ṗ .

σw =

√√√√ 1

N − 1

N∑
i=1

(
yi − ŷi
yi

)2

, (4)

where yi and ŷi are the experimental and numerical pot wall temperature (K) or COAF (ppm) values

respectively, and N is the total number of the evaluated data (75 for temperature, 15 for COAF). The

global error is 0.5% and 9.1% from the temperature and COAF results respectively, which is in agreement

with previous �ndings [16].

5. Conclusions

A single, partially premixed methane �ame con�guration (Bunsen-like burner), impinging

perpendicularly onto the bottom wall of a water pot, is designed and constructed. Temperature and CO

emissions are evaluated under certain ranges of �ame thermal power, burner-to-pot distance, primary

aeration, and inside-pot water temperature, under similar and representative conditions of domestic gas

cooking burners using natural gas. CFD simulations representing the setup are also carried out, with the

detailed GRI-Mech 3.0 chemistry mechanism. The following conclusions can be drawn from this study:

� The numerical approach is able to capture all the relevant phenomena occurring in the �ame: the

velocity decay in the jet, the �ame shape depicting the inner premixed cone and the di�usion zone,

the pot wall temperature and its distribution, and the pollutants emission.

� The increase of the inside-pot water temperature produces an analogous rise on the pot wall

temperature, diminishing the quenching e�ect that the wall produces on the �ame, which implies
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a reduction in CO emissions.

� If the primary aeration of the burner is raised, the higher availability of oxygen in the partially

premixed stream enhances the oxidation reactions, such as those where CO evolves towards CO2,

which is translated into �nal lower CO emissions.

� When the burner-to-pot distance or the �ame thermal power is modi�ed, non-monotonic trends in

CO emissions are observed. By means of evaluating intermediate conditions, the post-processing

of the numerical results reveals a strong relationship between the internal structure of the �ame

and the carbon monoxide production. CO emissions rise with an increase of Ṗ as long as the inner

premixed �ame cone is not a�ected by the wall. Once the �ame is long enough and the rupture of

this cone is produced due to its impingement with the pot, the CO emissions reach the maximum

value, with a subsequent smoother decrease if Ṗ keeps being raised.

� The thermal e�ciency of the burner shows the same behavior as the CO emissions. Then, for this

type of con�gurations, there is a coincident operating point where the maximum thermal e�ciency

is linked to the maximum CO emissions, which must be taken into account during the design process

of a new NG burner.

� An extended analysis of the �ame structure shows that COAF and thermal e�ciency are

inversely correlated to the reaction completeness of the combustion, calculated using either the

O2 consumption or the heat released from the whole �ame. Besides, the distinction and study of

the premixed and di�usion zones of the �ame where CO chemically reacts leads to the conclusion

that the �nal value of CO emissions is strongly driven by the �ame structure resulting from its

interaction with the wall. More precisely, it is mainly the propagation of the CO-reacting premixed

zone which is constrained by the presence of the pot, and yields local conditions (�ow, temperature,

species concentration) that alter the �nal CO net formation.

As a general conclusion, it can be stated that CO production is slightly in�uenced by the temperature

of the solid parts that are in contact with the �ame. It is more strongly a�ected by the resulting structure

and regions of the �ame constrained by the interaction with the wall.

Some of these conclusions are of great relevance for the design of NG cooking burners. If a high value

of burner thermal e�ciency is sought, the conical premixed �ame should be as close as possible to the

pot bottom wall, by modifying either the burner thermal power or the distance from the burner ports

to the pot. However, attention should be drawn to CO emissions, which will be also maximum in this

operating scenario.
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Highlights: 

- The interaction of a single methane flame with the wall of a water pot is analyzed. 

- Variable thermal power, burner-pot distance, primary aeration and wall temperature. 

- Experimental tests and CFD simulations of the setup are carried out. 

- CO emissions are influenced by the relative position of the conical premixed flame. 

- Energy efficiency also depends on the inner premixed flame cone location. 
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