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Abstract. The present study aims at estimating the uncertainties in the measurement of laminar flame speed in a constant
volume reactor (CVR). In this laboratory equipment, the laminar flame speed of air-fuel mixtures is measured indirectly
from the optical observation of the outwardly propagation of a spherical flame. The measurement random errors in the
values of laminar flame speed originate from random errors in the mass filing of the reactor with fuel and air, in the
initial pressure and temperature of the reacting mixture, in the acquisition and treatment of the high-speed visible images
and on the mathematical treatment of the effects of flame stretch. The random errors in these variables propagate in
a complex way to compose the final measurement error. In this work, a Monte Carlo technique is used to assess the
error propagation. The calculations were performed in Matlab. For the common conditions found in the measurement
of laminar flame speed for liquid hydrocarbon fuels, the propagation of random errors resulted in uncertainties that
range from £ 3.5 % at stoichiometric ratios of 0.7 and 1.4, to = 0.8 % around the stoichiometric ratio of 1.1, where
the effects of random errors reduce to a minimum. The errors in unburned temperature have the greatest importance for
fuel lean mixtures and those in unburned pressure and mass of fuel are the most important for fuel rich mixtures. Higher
temperatures reduce the effect of temperature in the overall errors.

Keywords: Laminar flame speed. Constant volume reactor. Error propagation. Monte Carlo method.
1. INTRODUCTION

The laminar flame speed is an important physical-chemical characteristic of the fuel-oxidant mixtures. It affects heat
release, flammability limits, flame stability and emissions (Law, 2010). There are several methods to measure the laminar
flame speed (Egolfopoulos, 2012). The constant volume reactor (CVR) confines the premixed reactant mixture in a closed
vessel, usually cylindrical or spherical, promotes a central spark ignition and follows the outwardly propagation of the
laminar flame front (Bonhomme et al., 2013; Omari and Tartakovsky, 2016; Park et al., 2016; Lefebvre et al., 2016;
Xiouris et al., 2016; Giannakopoulos et al., 2019; Faghih et al., 2019; Bradley et al., 2019). The position of the flame
surface is measured along time from the ignition. From the treatment of the image data, the laminar flame speed in
indirectly determined (Kelley and Law, 2009; Chen, 2011; Lipatnikov et al., 2015; Wu et al., 2015; Liang et al., 2017,
Huo et al., 2018; Beeckmann et al., 2019). The method has the intrinsic disadvantage of producing stretched laminar
flames subjected to unburned pressure and temperature variations, heat loss and instabilities (Jayachandran et al., 2014;
Yu et al.,2014; Bauwens et al., 2019). Conversely, the method has the advantages of using small amounts of fuel, allowing
for fast measurements and for the measurement of flame speeds in high unburned temperatures and pressures, typical of
the applications in internal combustion engines (Moghaddas et al., 2012). Therefore, it has been used extensively since the
1960’s. Recently, the errors induced by the mathematical treatment of the image measurements have been addressed both
experimentally and by simulation and several guidelines have been suggested (Chen, 2015; Jayachandran et al., 2015;
Xiouris et al., 2016). However, there is still a need to quantify the effects of the random errors in the measurement of the
input variables, i.e., temperature, pressure and mass, in the output results, i.e., equivalence ratio and laminar flame speed.
This quantification allows for correctly expressing the uncertainties in the reported results and also for improvements in
the experimental set-up.

In the CVR method, each measurement starts with the evacuation, heating and feeding of the reactor. The evacuation
aims at removing all traces of previous experiments and creating a low pressure condition that favors the liquid fuel
vaporization. The heating of the reactor sets the unburned mixture temperature T, (K). Then, according to the equivalence
ratio ® (nond.) desired, a given mass of fuel my (g) is injected and flash vaporized. Then, dry air is injected until the
total pressure reaches the unburned mixture pressure p,, (kPa) desired. The reactor is let to reach thermal equilibrium at
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T, and all flow caused by the air injection is dissipated by viscous dissipation, producing a stagnant mixture. Now, the
ignition is done, image acquisition occurs and the analysis follows. During the first stages of flame propagation the reactor
pressure deviates less than 10 % of the initial unburned pressure and this is called the constant pressure period. When the
pressure reaches about 1.1 times the initial pressure, the flame front has displaced about 30 % of the reactor volume. The
confinement of the reactor walls cause the pressure to increase at increasingly higher rates until reaching the maximum
pressure, controlled by the amount of energy contained in the unburned mixture, the composition, the reactor volume
and the heat loss to the reactor walls. The image analysis is performed in the constant pressure regime and, therefore,
the pressure may be assumed constant during flame propagation. For a given fuel-air mixture, usually a minimum of
3 measurements are performed. Periodically, the reactor is open and cleaned, with special care of the windows and
seals. Therefore, a thorough measurement of the laminar flame speed for a fuel at different equivalence ratios, unburned
temperature and pressure is a time-consuming effort (Monteiro, 2015).

To improve the accuracy of the measurements and reduce the number of experiments needed for a given characteri-
zation, the uncertainties in stoichiometric ratio, unburned temperature and pressure, and the consequent propagation of
these errors to the laminar flame speed, must be minimized. A starting point is to known the importance of each of these
errors in compounding the final measurement uncertainty in the laminar flame speed.

Here, we use the Monte Carlo technique (Herrador and Gonalez, 2004) to produce a large sample of virtual measure-
ments affected by random errors in the input variables and evaluate the statistical properties of the large ensemble of final
values of laminar flame speed. In the following, we first review the basis of the measurement method, we then describe
the application of the Monte Carlo technique, present and analyze the results, and finally draw a few conclusions about
error minimization in the application of the CVR method.

2. MEASUREMENT PRINCIPLE AND EQUIPMENT
2.1 Outwardly propagating laminar premixed flame

Figure 1 presents a sector of a Schlieren photograph of a spherical, outwardly propagating, laminar, premixed flame
(Adapted from Monteiro (2015)). The ignitors are located in the center of the reactor and at this time instant the flame
surface has a radius Rp. The burned mixture occupies the region within the flame surface, at r < Ry, and the unburned
mixture lays outside the flame surface, at » > Rp. In this figure, the velocities of the unburned and burned mixtures are
u,, and up, and the unburned and burned flame speeds are S, and Sy, respectively. All velocities are assumed normal to
the flame surface.

Figure 1. Schlieren photograph of a propagating flame, depicting the flame radius Rr, the speeds of the unburned and
burned mixtures u,, and u; normal to the flame sheet, and the unburned and burned flame speeds .S,, and Sy, respectively.
(Adapted from Monteiro (2015)).

In a plane, stationary, laminar premixed flame, the laminar flame speed Sy, is equal to the flame consumption speed,
i.e., the speed in which the reactant mixture is consumed in the flame. It is also equal to the flame displacement speed,
i.e., the speed in which the unburned fuel mixture moves towards the flame. This is not true for the outwardly expanding
(transient) flame.

For the transient, outwardly expanding flame, the speed of the moving flame front measured in respect to a coordinate
system fixed in the center of the spherical reactor, named flame displacement speed Sr, is determined from the time
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recording of the flame position Ry as

dRp

An overall mass conservation over a control volume around the flame sheet (see Fig. 1) moving with speed Sr provides
R%p, (uy, — Sr) = Ripy (up — Sr), 2

or,
RipuSu = Rgprb, 3

where p,, and py, are the density of the unburned and burned mixtures, and u,, = [(u-n)], and u, = [(u-n)], are the
speeds of the unburned and burned mixtures in respect to the coordinate system fixed in the center of the spherical reactor
at positions R,, and Rp.

This kinematic description carries a number of ambiguities already noted before (Bonhomme et al., 2013). First, the
flame position R is an artifact of the flame surface detection technique, usually, a shadow or schlieren flame visualization
technique. Secondly, the flame surface is not sharp, but has a flame thickness of the order of {7 ~ «/S,, where « is
the thermal diffusivity (the reaction zone has a characteristic length scale of the order of 3~'¢; where 3 is the Zeldovich
number). Therefore, the overall mass balance carries an ambiguity related to where the position of the flame surface, R,
is defined and where the variables p,,, pp, 4, and u; are measured. Moreover, the unburned mixture speed u,, is formed by
two components. One component is the flame conversion speed S, i.e., the speed in which the unburned mixture crosses
the flame front as reactants are converted to products. The second component derives from the outward movement of the
unburned mixture towards the reactor wall as a result of the expansion of the burned mixture downstream from the flame
front. Since the flame is initiated in the center of the reactor, the burned mixture is progressively compressed towards the
center of the reactor as the flame moves outwardly. This results in an inward burned mixture speed up. This complex
interplay of fluid motion renders it difficult to unambiguously define the conversion speed .S, for the outwardly expanding
flame from kinematic arguments only.

Bonhomme et al. (2013) proposed a mass balance approach. The equation for the conservation of the mass of chemical
species ¢, assuming spherical symmetry, is given as

0

En ropY; (u+ Vi) = M, 4

1
Yi) + <+
(pYi) + 55 |
where Y; is the mass fraction of species 7, u is the mass averaged flow speed, V; is the diffusion velocity of species ¢ and
w; is the molar production rate of species .

Integrating from » = 0 to r = R,, where R, is the radius of the spherical reactor, we obtain

dm; Ro
c% + [471'1"2,0)/} (u+ Vi)L:RO = 4n M, / wrdr, (5)
0
where,
Ro
m; = 477/ pYiridr, (6)
0

is the total mass of species ¢ contained in the reactor.
Using Eq. (3) for the consumption speed .S,,, the conservation of mass of species ¢ becomes
dmi
dt

+ [4mr?pY; (u + V3)]

r=R, - 477Rzpusu(1/2,u - Yvi,b)~ (7)

Let us take species 4 as a product species, say CO,, Yoo, (r = R,) = 0. Then,

R,
mco, = 47T/ cho2r2dr. ®)
0

Assuming that the mass concentration of CO,, pvYco, b, is uniform within the burned mixture and zero in the un-
burned mixture region, we have

4
mco, = ?R?vabycowb. 9)
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We notice that, in fact, Ry becomes defined by Eq. (9), i.e., R is the radius of the sphere that encompasses the entire
mass of CO, at any given instant of time. Then, writing the conservation of mass of CO, we have

dmco2
dt
and replacing mco, by Eq. (9), we obtain

= _47TR(2)puSuYC'02,b7 (10)

dmco, d [4 4 9 dRp )
dt = % {SWRFPbYCOwb = 47TRFPbYCOQ,bW = _47TRupuSuYCOQ,b7 (11
or,
Pb R% dRF
Sp=——7%——. 12
Now we can make a final flame sheet assumption by defining R,, = Rp. Therefore,
oy dRp
Sy =——. 13
Y py dt (13)
In summary, the hypothesis defining the flame speed are:
1. The experimentally detected flame position R is the radius of the sphere that encompasses the entire mass of CO,
at any given instant of time.
2. The mass concentration of CO,, pbYCO2,bs is uniform within the burned mixture and zero in the unburned mixture
region.
3. The position where the conversion velocity .9, is defined is the same as the experimentally detected flame position,
R, = Rp.
The speed of the outwardly propagating spherical flame is affected by flame stretch. The flame stretch rate C is defined
as
1 dAp
- 14
Ap dt ’ (14)

where Ap is the flame surface area. The flame stretch rate is a measure of the deformation of the flame surface resulting
from its motion and the underlying hydrodynamic strain. For the outwardly propagating spherical flame, Ap = 47 R2
and

2 dRp
K=——. 15
Rr dt (15)
Thus, the outwardly propagating spherical flame is positively stretched, i.e., it is extended.
For stretched flames, the laminar flame speed S, has been related to the consumption speed .S, as

Su=5L—LK, (16)

where L is the Markstein length. This equation is known as the linear model.
In a more comprehensive model(Kelley and Law, 2009), the laminar flame speed S}, has been related to the consump-
tion speed S, as

2 2
(:22) In <:§Z> = f%IC, a7
where, as above, L is the Markstein length. This equation is known as the non-linear model.
In summary, the method of measuring the laminar flame speed in a CVR consists in:
1. Measuring the Rr as a function of time ¢ while the pressure increase remains below 10 % of the initial pressure p,,.
. Extracting the time derivative of Rp, Rp = dRp /dt, using some smoothing technique.

2
3. Calculating the stretch rate L = 2R r/Rp.
4

. Calculating the flame speed in respect to the unburned mixture S, = Rp /E, where E = p,/py is the expansion
ratio.

150

Curve fitting the linear model, Eq. (16), obtaining first estimates of Sy, and L.
6. Curve fitting the non-linear model, Eq. (17), obtaining the final estimates of Sz, and L.

7. Evaluating the statistical uncertainties in Sy, and L.
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2.2 Experiment and data treatment

Figure 2 presents the experimental apparatus developed by (Hartmann, 2014; Monteiro, 2015). The CVR consists of
two stainless-steel hemispheres that form an 150 mm radius sphere with volume of 14.8 liters. The windows are made
of quartz and have diameter of 190 mm and thickness of 50 mm. They are mounted parallel to each other, one in each
hemisphere. The CVR is instrumented with K type thermocouples at the wall and at an internal position 75 mm from the
center, static and dynamic pressure sensors, injection septum, spark plugs, and filling/emptying piping systems. The spark
plugs have long prongs that form a 2 mm gap. The hemispheres and windows are sealed with o’ring seals. The heating
system provides a maximum power of 1400 W. The maximum design temperature and pressure are 150 °C and 35 MPa,
respectively.

PC  Personal Computer
DAqg Data Acquisition
CA Charge Amplifier

Mirror _— Mirror IB  Ignition Box
Coil Automotive Coil
o VP  Vacuum Pump
%_ BV Ball Valve
a8 NV Needle Valve
§ NV PV1 Pressure Sensor Valve 1
P PV2 Pressure Sensor Valve 2
VP L//// BV RVi Reactor Valve “in”
Qy?lsze Edge ' RVo Reactor Valve “out”
\ Air VA Valve to Atmosphere
i \"Camera VV  Valve to Vacuum Pump
H P1  Pressure Sensor (200 kPa)

- | ) 1
| PC | | DAq| | CA | | IB | P2 Pressure Sensor (1100 kPa)
HER t H 1

Figure 2. Rendering of the experimental apparatus. (Adapted from Monteiro (2015)).

The mass of liquid fuel m (g) in a given experiment is drawn in a precision syringe, measured in a scale and then
injected in the reactor. The amount of air is controlled knowing the volume V,. (m?), temperature T, (K) and the static
pressure p, (Pa) measured in the reactor. Complete evaporation of the fuel and the ideal gas behavior are assumed
(Monteiro, 2015).

Figure 3 presents typical radius and pressure versus time measured in the reactor for a mixture of iso-octane and air,
at equivalence ratio ¢ = 1.002, unburned pressure p,, = 100.1 kPa, unburned temperature 7;, = 398.3 K. The mass of
iso-octane injected in this condition is m ¢ = 0.8479 g. The measured laminar flame velocity is S, = 52.40 cm/s and the
burned Markenstein length is L, = 1.017 mm (Monteiro, 2015).

Given the final measured values of laminar flame speed Sy, obtained for a given fuel-air mixture, they are usually
correlated to equivalence ratio ¢, unburned pressure p,, and unburned temperature 77, using different semi-empiric
equations. Metghalchi and Keck (1982) proposed a flame speed correlation function in the form

T nr P ngp

St =S yer | —— L 1—dYy)% 18

L Loref <Tref) <pref) ( 1Yai)“?, (18)
where,

Spref = a0+ ai1¢p + axd?® + azg®, nr =bo +bi1¢+ b2d*, n, = co. (19)

In this expression, Yy;; is the mass fraction of an inert in the reactant fuel-air mixture. The parameters for each
mixture are ag, a1, as, as, by, b1, ba, ¢y, d1, do. When there is no diluent in the fuel-air mixture, Yz;; = 0. This expression
presents a very good agreement to measurements in the entire flammability region. However, it is important not to exceed
the flammability region or the equation may return unrealistic values. There is an extensive data-base of fuels curve-fitted
to this equation and it will be used here.
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Figure 3. Flame radius Rr (mm) and pressure p (kPa) for a flame of iso-octane and air, at equivalence ratio ¢ = 1.002,
unburned pressure p,, = 100.1 kPa, and unburned temperature T,, = 398.3 K. The measured laminar flame velocity is
St = 52.40 cm/s and the burned Markenstein length is L, = 1.017 mm. (Monteiro, 2015).

3. ERROR PROPAGATION

It is assumed that y;, j = 1,2, ..., M, is a measurement output that depends on NN input variables x;, i = 1,2,..., NV,
thus, y; = f(z1, 22, ..., xn). Here, the output variable is the laminar flame speed .Sz, and the input variables are the mass
of fuel my, the unburned temperature T, and pressure p,,. This dependence is expressed as St = f(my, Ty, pu)

The input variables are set by an experimental matrix that defines the desired initial conditions for each test x;. Their
real values z; ., attained in a given run, are influenced by uncertainties in the set-up of the test, random errors in the
measurement instruments used, and inaccuracies induced by the environment and the operator. Therefore, it is assumed
that the measured values are accompanied by random errors and their expected values can be represented by

Ti = Tid + ;. (20)

In the Monte Carlo method, the random errors in the input variables u; are assumed to follow a known probability
distribution density f(u;). The method then reproduces the outcomes of a large number of runs, each of these runs
affected by random errors. Assuming that the expected values of the random errors in the input variables x; are u; and
making & a random variable with value —oco < £ < oo that follows a known probability distribution density, the error in
the input variable is estimated as

Table 1 summarizes the inputs for the calculation of laminar flame speed. The fuel is represented by a general chemical
formula C, H3O~. For a fuel made of a mixture of chemical species, the constants «, 3 and +y are such that the measured

H/C ratio, H/O ratio, and molar mass are reproduced. The desired operating conditions for the measurement are the
equivalence ratio, ¢4, the unburned temperature, T, 4, and pressure, p,, 4.

Table 1. Inputs for the error propagation analysis for a fuel with general chemical formula C,HgO,.

Desired operation conditions:

From the fuel composition and the desired values of T}, and p,, and ¢, assuming simplified standard-dry air and ideal

Equivalence ratio nond. 03]
Initial temperature K Tu,a
Initial pressure kPa Du,d
Hydrogen/carbon ratio | nond. | H/C = 5/«
Oxygen/carbon ratio nond. | O/C=+/«
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air behavior (Law, 2010), the desired fuel mass my 4 is obtained from

— GafsM, My Du,dVr I = My " _2xa+05xB—v
PET My + ¢afeMa \RuTug)’ 7° asM,” °° 0.21 x 2

(22)

In the equations above, My and M, (kg/kmol) are the molar masses of fuel and air, 12, (J/kmol-K) is the universal
gas constant, V. = 14.3 x 103 (m?) is the volume of the reactor, f, is the stoichiometric fuel/air mass ratio and a, is the
stoichiometry number of mols of air per mol of fuel.

Each of the input variables is accompanied by a random error. The best estimates of the input variables, following
Eq. 21, are

myr=mgd tum = mgd & Um, Pu = Pu,d i'U'p = Pu,d t&uyp, Ty= Tu,d Tur = Tu7d ifap- (23)

Form these best estimates, the mass of air m, becomes

_my

Mg = 7 24)
The stoichiometric ratio becomes
My ( MyV,p, -
b= AV (25)
fs Mg RuTumf

The estimated laminar flame speed is then calculated using Eqgs. (18) and (19). Finally, the effects of the errors in the
input variables may be expressed as sensitivities.

Finally, a relative sensitivity of the relative error u, ; /y; in the output variable y; in respect to the relative error u, ; /x;
in the input variable z; is calculated from

Syms = Uy,i/Yi _ Ti Uy,
)z = = )

(26)

4. RESULTS AND ANALYSIS

A mixture of iso-octane (o« = 8, f = 18 and v = 0) and air was selected for this study since it is representative
of the behavior of oil derived, light, liquid fuels. Its flammability limits and flame speeds are typical of automotive
fuels. The coefficients for the laminar flame speed correlation were obtained from (Monteiro, 2015) and are given in 2.
Measurements for mixtures of iso-octane and air at 7, = 398 K and p,, = 100 kPa resulted in an average flame speed of
56,1 cm/s and confidence interval (for 95 % confidence level) of £ 1,2 cm/s, which is consistent with the values reported
in the literature. Individual errors in mass, temperature, pressure and volume were estimated and are consistent with this
overall error in flame speed. Table 3 presents an assessment of the measurement errors in mass, temperature, pressure and
volume for the experiments in the CVR. Convergence of the Monte Carlo method was assumed after 10000 samples.

Table 2. Coefficients for the laminar flame speed correlation, lower flammability limit (LFL) and higher flammability
limit (HFL). Sy, is calculated in cm/s. The reference values are 1.y = 398 K, p,.; = 100 kPa (Monteiro, 2015).

Fuel ao al a2 as b() b1 b2 Co LFL HFL
iso-octane | —88.73 | 211.26 | —27.06 | —42.59 | 5.11 | —7.07 | 3.51 | —0.2 | 0.469 | 1.626

Table 3. Typical values of confidence intervals (95 % coverage) for the input variables in experiments in the CVR.

Input variable | Estimated random error
Mass (mg) +4.4
Temperature (K) +2
Pressure (Pa) +700
Volume (cm3) +10

Figure 4(a) presents the spread of the values of laminar flame speed calculated from the Monte Carlo runs considering
the simultaneous effect of the typical errors on all input variables, at T;, = 398 K and p,, = 100 kPa. The results indicate
that the effect of measurement errors increase towards the leaner and richer equivalence ratios, reaching a confidence
interval (2 o) of £ 3.5 % at pht = 0.7 and + 3.6 % at ¢ = 1.4. There is a minimum error bar of + 0.72 % at ¢ = 1.16.
The behavior illustrated in this figure can be better explored as the effects of each individual variables are sorted out.
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Figure 4. Values of laminar flame speed S, as a function of equivalence ratio ¢ calculated from the Monte Carlo runs
considering (a) the simultaneous effect of the typical errors on all input variables and the individual effects of the errors
in (b) Ty, () py, and (d) my at T,, = 398 K and p,, = 100 kPa. See Table 3 for the magnitude of the individual errors.

Figure 4(b) presents the values of laminar flame speed calculated from the Monte Carlo runs considering the individual
effects of the errors in T}, at T, = 398 K and p,, = 100 kPa. The errors in Sz, caused by errors in 7, have a minimum at
¢ = 1.27, as a result of the combined effects of T}, in ¢ and directly in S;,. Figures 4(c) and (d) present the effects of the
errors in p,, and my. Both errors have no effect on Sy, at phi = 1.1, where S, reaches a maximum (dSy,/d¢ = 0). This
means that the effect of the errors in p,, directly in Sz, are small, and the errors in p,, and m; mostly affect Sz, through ¢.
The behavior displayed in Figure 4(a) is a combination of these three effects.

Figure 5(a) summarizes the confidence intervals illustrated in Figure 4(b). At ¢ = 0.7, all errors contribute approxi-
mately equally to the the total error in S;. At ¢ = 1, the error in Sy, is entirely due to the errors in 7T;,. Conversely, at
¢ = 1.4, the errors in Sy, are primarily due to the errors in p,, and my. The confidence interval in the values of Sy, for
0.4 < ¢ < 1.4 remains under + 3.5 %.

Figure 5(b) presents the relative sensitivities of the individual errors in the errors in laminar flame speed, according
to Eq. 26. The relative sensitivities are calculated assigning random relative errors of 1 % of the desired value to each
variable. The relative sensitivity expresses the relative importance of the errors in T, at low ¢ and of p,, and m at higher
¢. Figure 5(b) also indicates that, at low ¢, positive errors in T3, and m ¢ result in positive errors in Sz, while the opposite
occurs with the errors in p,, and V,.. This situation is inverted at high ¢. The sensitivities presented in figure 5(b) are
listed in Table 4. At higher temperatures, the effect of temperature in the overall errors is reduced. The relative errors are
insensitive to the increase in pressure. We note that the errors in ¢ have a practically direct sensitivity to the errors in the
input variable. In this table, the sensitivities of the errors in H/C ratio are also included. However, these sensitivities were
calculated considering only their effect in ¢, not the direct effect on Sy, since these would require a more complete model
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of laminar flame speed.
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Figure 5. (a) Confidence intervals (2 o) in the laminar flame speed S, as a function of equivalence ratio assuming isolated
errors in each input variable (T3, py, mys, H /C) and the simultaneous effect of the errors in all input variables (all), and
(b) relative sensitivities of the individual errors in the errors in laminar flame speed (according to Eq. 26). Calculations
for iso-octane/air, at T, = 398 K and p,, = 100 kPa.

Table 4. Sensitivity of the errors in S, and ¢ in respect to the errors in the input variables, calculated for 1 % error in

the input variables. The first three columns are the desired conditions, the next 5 are the sensitivities of the error in Sy,

to the error in each input variable individually (the remaining are set to zero), the next column is the overall error in Sy,

when all variables present 1 % error simultaneously, and the remaining 6 columns are the same estimates for ¢. The fuel
is iso-octane, with H/C = 2.25.

Condition St 1)

) T, Pu T, Pu Vi my H/C all T, Pu V. my H/C all
nond. K kPa | nond. nond. nond. nond. nond. nond. | nond. nond. nond. nond.

07 398 100 | 440 266 247 251 061 620 | 1.02 100 1.00 1.02 021 2.02
1.1 398 100 | 1.51  0.13 0.06 006 0.06 147 1.02  1.01 .02  1.02 021 204
14 398 100 | 228 4.14 426 441 .21 7.79 1.02 1.04 102 1.02 022 2.0I

0.7 498 100 | 404 237 218 216 045 558 1.02 1.02 102 1.01 021 203
1.1 498 100 | 1.67 030 0.10 0.10 0.02 1.70 | 1.01 1.02  1.01 1.02 022 204
14 498 100 | 142 329 350 352 075 6.07 1.02 1.01 1.04 1.03 022 2.06

0.7 398 500 | 441 2,65 250 248 052 6.15 1.02 099 1.01 1.01 021 2.00
1.1 398 500 | 149 0.13 006 0.06 0.01 1.50 1.00  1.00 1.01 099 022 204
14 398 500 | 230 4.14 443 436 095 7.90 1.02  1.01 1.03 1.03 022 2.07

5. CONCLUSION

Here, the error propagation in the measurement of laminar flame speed from the outwardly propagation of spherical
flames in constant volume reactors is estimated using a Monte Carlo method.

The base case for analysis considered a mixture of iso-octane and air at 7,, = 398 K and p,, = 100 kPa with typical
errors (90 % confidence intervals) of +2 K in T;,, £700 Pa in p,, £4.4 mg in my and £10 cm? in V,.. Under these
conditions, typical of measurements in CVR, the results indicated that the effect of measurement errors in the input
variables increase towards the leaner and richer equivalence ratios, reaching a confidence interval (2 o) of £ 3.5 % at
phi = 0.7 and £ 3.6 % at ¢ = 1.4. There is a minimum error bar of & 0.72 % at ¢ = 1.16. The confidence interval in
the values of Sy, for 0.4 < ¢ < 1.4 remains under + 3.5 %.

Considering the individual effects of each input variable in the laminar flame speed, it was observed that the errors in
S, caused by errors in T;, have a minimum at ¢ = 1.27, as a result of the combined effects of T}, in ¢ and directly in Sp,.
The errors in p,, and m have no effect on Sy, at phi = 1.1, where Sy, reaches a maximum (dS,/d¢ = 0). This means
that the effect of the errors in p,, directly in Sy, are small, and the errors in p,, and m ; mostly affect Sz, through ¢.

The analysis of relative sensitivity showed that the errors in T;, are more important at low ¢ and those of p,, and m
at higher ¢. Also, at low ¢, positive errors in T3, and m result in positive errors in S, while the opposite occurs with the
errors in p, and V.. This situation is inverted at high ¢. The errors in ¢ have a practically direct sensitivity to the errors
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in the input variable. At higher temperatures, the effect of temperature in the overall errors is reduced. The relative errors
are insensitive to the increase in pressure.

The results indicate that a relatively very precise measurement can be obtained at ¢ around stoichiometry by just
minimizing the errors in 7, since the errors in the remaining input variables have relatively small importance at this
equivalence ratio. The minimization of errors in 7T, require a uniform heating of the reactor and the measurement of
temperature in several positions around the reactor, assigning the average black-body cavity temperature, i.e., the average
T* temperature, as average T},. Also, higher T}, contribute to the reduction of the effects of the errors in temperature.
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