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Abgtract

Flame blowout limits have been measured for the case of a hydrogen jet flame
surrounded by a heated, supersonic, coflowing air stream. The stagnation temperature of
the Mach 2.0 air stream was varied from 294 K up to the autoignition temperature of 900
K; hydrogen injection velocities were varied up to 1300 m/s. It was found that the flame
blowout curves display two distinct stable regions which are bounded by the: (a) far-field
blowout limit and (b) near-field blowout limit. Far-field blowout occurs after a flame first
lifts off and is associated with a sufficiently large fuel velocity; the shape of the far-field
blowout curve can be explained by previous lifted flame analyses. Near-field blowout is a
sudden blowout which occurs after no liftoff, and requires a sufficiently large air velocity.
Current analyses have yet to explain the near-field limits.

The present measurements show how to select parameters in order to extend the stable
region of the near-field blowout limit curve so that it extends into the regime of supersonic
air velocities. Supersonic flame stability requires sufficient stagnation temperature, fuel
tube outer diameter and fuel tube lip thickness. The improved stability due to elevated
stagnation temperature can be explained by the temperature dependence of the chemical
reaction rate. Air density also is shown to be important since it is the momentum of the air
stream that determines how the velocity profile and stoichiometric profiles overlap. Also
quantified were other parameters that are needed to model the flame stabilization process,
including the flame liftoff distance and the flame length,
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In ion

The purpose of the present work is to quantify the fairly narrow range of conditions that
allow a hydrogen jet flame to be stabilized in a coflowing supersonic air stream. It was
decided to use a simple geometry (a fuel jet surrounded by a coflowing air
stream) because the boundary conditions are most appropriate for numerical modelling of
the flame blowout problem. It also was decided to operate a relatively small facility, as
described below, having a supersonic test section with an inlet area of 14 ¢cm2, an exit area
of 45 cm? and a length of 55 cm. It is argued that the trends reported herein are of a
general, facility-independent nature because the physics of the type of flame stabilization
process that is studied depend only on the near-field flow pattern in the 2-3 ¢m region just
downstream of the fuel wbe exit. In fact, it is shown below that the flame blowout limits
did not change significantly even when the supersonic test section walls were removed
entirely.

The physics of the flame blowout problem are sufficiently well known to explain the
general flame stability diagram shown in Fig. 1. This schematic diagram summarizes
measurements made for relatively low-speed fuel jets injected into subsonic coflowing air
streams [1-7]. There are two mechanisms that lead to the blowout of non-premixed jet
flames: (a) far-field blowout of a lifted flame, which is characterized by the limit (a) that is
plotted in Fig. 1, and (b) near-field blowout, which occurs suddenly and with no liftoff and
1s characterized by the limit denoted (b) in Fig.1.

It is the near-field blowout limit that is of interest in the present study. Note that the
near-field limit in Fig. 1 occurs when the fuel flowrate is relatively small compared to the
air flowrate, (ie., stoichiometric or less) which is characteristic of propulsion devices. The
near-field blowout limit is a lobed-shaped curve that can extend far to the right (ie. to large
air velocities) in Fig. 1; the goal of the present work is to quantify some general ways to
extend the near-field blowout limit into the supersonic air velocity regime. In general, the
way to extend the near-field blowout limit curve to higher air velocities is to increase the air
temperature, increase the fuel tube lip thickness, or to increase the fuel tube diameter, for
reasons that are discussed below. Another way to significantly increase the near-field
blowout limit is to add swirl to the air stream, as demonstrated in our laboratory [8] and in
the ramjet experiment of Nejad et. al [9]. However, swirl was not considered in the present
work.,

The far-ficld blowout process has been analyzed using premixed flame concepts [10-12]
since such flames are lifted prior to blowout and considerable premixing must occur in the
liftoff region. Van Tiggelen [10] argues that the base of the flame will be stable at a location
where the local turbulent (premixed) burning velocity equals the local gas velocity. His
analysis and measurements [11,12] show that for the case of entrained air (no coflow
velocity), the fuel velocity at blowout is:

Ur = c1dr (S.2/ o) (1

The fuel jet diameter is dg, Sg, is the maximum laminar burning velocity, and ¢ is the
thermal diffusivity; the constant ¢ depends on fuel properties, including gas densities, the
Prandtl number and the value of the stoichiometric mixture ratio. The uppermost point in
the flame blowout curve shown in Fig. 1 has been found to be accurately predicted by Eq.
1. Physically, Eq. 1 is explained by the concept that the turbulent burning velocity of the
base of a stable lifted flame is just balanced by local gas velocity; increasing U increases
the local gas velocity, which is destabilizing; increasing Sy increases the burning velocity,



which is stabilizing. Larger jet diameter dp lengthens the flame so that the longer
stoichiometric contour overlaps lower velocity and lower strain regions downstream, which
is stabilizing. The nonlinear dependence of Sy arises from the nonlinear formula for
turbulent burning velocity used in Ref. 11. When coflowing air is used, the analyses of
Refs. 4 and 5 include the air stream momentum to determine the gas velocity near the base
of the lifted flame in the far field.

It is seen in Fig. 1 that from any stable condition just to the left of curve (a), one can
blow out the flame by either increasing or by sufficiently decreasing the fuel velocity. The
excessive fuel velocity limit is explained by the competition between burning velocity and
gas velocity that was described above. Decreasing the fuel velocity leads to instability
because the flame becomes shorter with coaxial air present. The gas velocity in the
downstream region of the stoichiometric contour remains relatively large because of the
coaxial air, therefore there no longer exists a sufficiently low velocity region near the
stoichiometric contour at which the base of the lifted flame can stabilize.

The near-field blowout limit (region (b) in Fig. 1), which is the focus of the present
work, cannot be modelled by the premixed analysis above because the stable flame is
attached and insignificant premixing is believed to occur upstream of the flame base.
Instead, stability is believed to occur if the instantaneous stoichiometric contour overlaps a
region of sufficiently low velocity such that the diffusion flame is not strained out [13].
Figure 2 illustrates the overlap of the stoichiometric contour and the low velocity wake-like
flow field behind the fuel tube. Turbulence models are available that can predict the mean
velocity profiles, the mean stoichiometric contour, and the mean strain rate in terms of the
scalar dissipation rate [13]; but to date the near-field blowout limit has not been predicted.
An objective of the present work is to optimize the overlap of the stoichiometric contour
and the low velocity region near the flame base, in order to increase the size of the stable
region that is denoted region (b) in Fig. 1. The use of a thick fuel tube lip (ie. a bluff-
body) [7] or swirl [8] increases the size of the low-velocity region and therefore can
significantly extend the near-field stability curve to larger air velocities. No swirl is
considered herein.

The four most important parameters that govern the near-field blowout process are:

Ugr/Ua, do/di .  PF/PA. (Ua/do)/ (SL2/ @) .

The first three parameters affect the location of the stoichiometric contour and the strain
exerted on this contour, Subscripts F and A denote fuel and air averaged properties at the
fuel injection location and the fuel tube outer and inner diameters are d, and dj . The fourth
parameter is the inverse Damkohler number; it depends on the reaction rate associated with
the particular fuel-air chemistry.

In addition to the above parameters, the wall confinement geometry was varied by
considering two cases: flames confined within the test section described below, and flames
for which the test section is removed and the supersonic air jet and flame expand into the
laboratory. In the above list the Mach number is not included because it was held constant
during supersonic operation since a single nozzle was used. The stagnation temperature of
the air also is not included; it is argued that temperature effects are taken into account by

the temperature dependence of the above reaction rate (Sy.2/ &) and by the temperature
dependence of the above density ratio.



Experimen igurati

A schematic of the University of Michigan Supersonic Combustion Tunnel is shown in
Fig. 3. A 250 kW electrical resistance heater is used to provide a high enthalpy air stream
having stagnation temperatures up to 1100 K (1520 F). Electrical heating was used instead
of using vitiated air from a combustion process because flame blowout is sensitive to the
radicals which are present in unknown concentrations in vitiated air. The settling chamber
is 10.82 cm (4.26 in.} in diameter; stagnation pressures are varied up to 130 psia. The
Mach 2 nozzle is two-dimensional, having a width of 4.06 cm and a length of 10.16 cm;
the method of characteristics was used to design the contoured sidewalls [14]). The
combustor test section has two sidewalls that are parallel and separated by 4.06 cm. The
other two sidewalls each have a divergence angle (that equals the test section divergence
half-angle) that can be varied from zero to six degrees but was set to four degrees for the
present study. Proper sidewall divergence is required to prevent thermal choking and to
maintain a constant Mach number in a supersonic stream with heat addition. The
combustor length is 55 cm (21.7in) and the combustor inlet heigth is 3.45 cm. The
combustor outlet heigth is 11.2 cm for the 4 degree test section divergence half-angle used.
All components are made of stainless steel. The diffuser wall is water cooled. Eight static
pressure taps are located at equally spaced intervals. Eight Vycor glass windows provide
optical access for imaging diagnostics.

Various fuel tubes having different inside and outside diameters are mounted on the
tunnel centerline to provide hydrogen at 294 K. The fuel nozzle exit is 16 cm downstream
of the end of the supersonic air nozzle. The fuel and the air mass flowrates are monitored
using calibrated choked orifices. An ignitor port is located 2 em downstream of the fuel
nozzle. When the flame was operated in the unconfined mode, the test section was
removed and the Mach two nozzle described above was replaced with a Mach two
axisymmetric nozzle which had a throat area that was 45% larger than the original nozzle.
Sortpe desg;iptions of combustors used in previous supersonic flame studies are given in
Refs. 15-23.

Resul - raphs and Air Pr

A direct photograph of the hydrogen jet flame in the unconfined supersonic airstream is
shown in Fig. 4. The flame length is 47 d; , where d; is 0.64 cm. This flame length is
considerably less than that of a turbulent hydrogen jet flame in ambient air, which is 150 d;,
because air is forced into the flame shown in Fig. 4. It is interesting to note that the flame
in Fig. 4 has a narrow neck region just downstream of the stabilization location, ie., it does
not have the same shape as a jet diffusion flame with no coflow. The neck region is
believed to be due to the high strain exerted on the flame by the air stream; the flame
appears to be brighter in the region upstream of the neck, which is a region of relatively
low velocity in the wake of the fuel tube. The neck region has relatively little flame
radiation and appears to be on the verge of local flame extinction.

A photograph of the base of the confined supersonic flame is shown in Fig. 5 The
flame is observed to be locally extinguished immediately downstream of the fuel nozzle
exit, which is the inner circle seen in Fig. 5. Instead, the flame is stabilized at a location
near the outer edge of the bluff body. The stoichiometric contour begins at the fuel nozzle
exit and can be distorted by two recirculation zones that are driven by the fuel stream and
the air stream, respectively, as has been shown by Chen and Driscoll [24). Therefore, the
unreacted fuel and air are in contact at the stoichiometric contour for a distance of several



fuel jet diameters before réaction occurs. The degree of molecular mixing of fuel and air
during this igniton delay time is not known, but the degree of mixing may greatly influence
whether the resulting flame is similar to a premixed or a nonpremixed strained flame,
Previous work by Roquemore, et al. [25] also showed how a bluff-body flame is stabilized
at the outer edge of the bluff-body and not at the fuel nozzle exit. The flame tip is not
shown in Fig. 5; for this confined flame the tip is open in that the maximum axial location
of flame radiation occurs near the walls (similar to a rod-stabilized premixed flame) and not
near the centerline. The unconfined flame has a closed flame tip such that the maximum
location of flame radiation occurs on centerline, stmilar to a jet diffusion flame.

The wall static pressure measurements that are shown in Fig. 6 indicate that the
supersonic flowfield in the combustor is shock-free and that the Mach number is nearly

constant at all locations, With no flame ($=0.0), the wall static pressure decreases in the
axial direction, as expected, due to the combustor divergence half-angle of four degrees.

Operating the flame at an overall equivalence ratio (¢) of 0.05 to 0.18 causes the static
pressure to be larger than the static pressure with no flame, as expected, because heat
addition decreases the Mach number and increases the static pressure. The four degree wall
divergence was chosen because it provides a static pressure decrease with axial distance
that just counteracts the static pressure rise with axial distance associated with heat release.
Therefore the upper four curves in Fig. 6 do not vary appreciably in the axial direction and
the Mach number is 1.9, to an accuracy of plus or minus 0.1.

Resul - _How Blowout Limi 1 ith Fuel T r Di r

Figures 7 and 8 shows some typical near-field flame blowout limits that were measured
for the confined and the unconfined flames, respectively. The shapes of these curves are
similar to the schematic that appeared in Fig.1. In addition, some far-field limits of the
unconfined flame are shown in Fig. 8; similar lifted flames were not obtained in the
confined geometry and are not shown in Fig.7 because of limitations to the hydrogen fuel
flowrates. The hydrogen mass weighted velocity (Up) that is plotted is defined as

PFUF/PF,stp where Up is the fuel velocity and pr sip is the fuel density at 298K and 1 atm.
The quantity ppUF was measured by dividing the measured fuel mass flow rate by the fuel

tube area (md;%/4 ). The air mass weighted velocity (U,) is defined in a similar manner.
Figures 7 and 8 show that the mass weighted air velocity is the relevant parameter, rather
than the air velocity alone. After Mach 1.9 conditions are achieved, the Mach number and
the air velocity remains constant, yet further increases in the air mass flowrate (ie. increases

in pa) lead to flame blowout. Therefore flame blowout and the contours of gas velocity
and stoichiometry that were shown in Fig.2 depend on both the gas velocity and the gas
density, as expected. However a detailed model is needed to show how an increase in the
air stream density (ie., air stream momentum) distorts the velocity profiles and the
stoichiometric contour in such a way that the flame is destabilized.

Both Figures 7 and 8 indicate that improved stability is achieved by increasing the
outer diameter of the fuel tube, while maintaining a constant inner diameter. The larger fuel
tube rim thickness creates a larger bluff-body recirculation zone, which allows the
stoichiometric contour to overlap a low velocity region, as was shown in Fig. 2. It also is
seen that the far-field blowout curve in Fig. 8 is not affected by variations in d,, as
expected; all the data obtained for U above 1100 m/s collapse to a single curve.,



The effect of wall confinement is deduced by comparing Fig.7 to Fig. 8. The
maximum air velocities associated with each of the curves is approximately the same for the
confined flames (Fig.7) and the unconfined flames (Fig.8). The major difference is that the
confined flames are more stable and do not lift off at fuel velocities above 1000 m/s, as do
the unconfined flames. The reasons for this difference is not yet known; however the
flowfields differ in that the unconfined flame exists in a supersonic flow downstream of an
overexpanded nozzle, which consists of a diamond-shaped plume of oblique shock waves
and expansion fans, whereas the confined flowfield is shock-free.

Resul -_Eff ing the Air ion T

It was decided to quantify the expected improvement in the flame stability as the air
stagnation temperature was increased from 294 K up to the autoignition temperature of 900
K. Existing theories that apply for near-field blowout (ie., strained diffusion flames(13,
26]) and for the far-field blowout (of lifted, partially premixed flames[4,10-12]) predict

that an increased gas temperature will increase the flame stability limits by the factor (Sp.2/

o), where the temperature sensitivity of the laminar burning velocity St is known. Figures
9 and 10 show that the maximum air velocity at which the flame is stable can be increased
by a factor of ten (from a minimum of 60 m/s to a maximum of 600 m/s) by increasing the
air stagnation temperature. The air velocity in Figs. 9 and 10 is weighted by the density

ratio p/pTo where pTo is the reference gas density at 1 atm and the particular stagnation
temperature.  Autoignition was observed in some instances when T was 900K.

lts (d) - i i i

Some comparisons of the present results to previous work that was conducted in a
lower air velocity range are shown in Fig. 11. For comparison purposes, the present
flames were made less stable than for the above cases by using a thin fuel tube lip (dg-d;)
equal to 0.10 cm. and by setting T, equal to 294 K. Vranos [2] reported subsonic
hydrogen flame blowout limits for similar conditions and his results are in reasonable
agreement with the present trends that appear in Fig. 11, Takahashi [3] reports hydrogen
flame blowout limits for lip thicknesses that are significantly smaller than those used herein;
his near-field blowout curve shown in Fig. 11 does not extend to air velocities that are as
large as those illustrated by the other curves shown, which is expected.

The flame liftoff height is another parameter that can be used to assess the validity of
flame stability models; some typical liftoff heights are shown in Fig 12 for the high fuel
velocities (up to 1248 m/s) that were used in the present work. At present there is no
general model that predicts liftoff heights when coflowing air is used, but analysis of a jet
flame with no coflowing is reported in Ref.13. This model is based on the idea that the
~ flame base lifts off to a location where the local strain rate is sufficiently low such that the

non-dimensional scalar dissipation rate, which could be computed using a k-epsilon code,
equals a critical, universal value. Figure 12 indicates that the liftoff height is nearly a linear
function of the air velocity. The increased air velocity exerts strain on the flame base,
which increases the liftoff height. The increased air that is forced into the fuel jet also
causes the stoichiometric contour to move radially inward where the jet velocities are
maximum, which can explain the positive slope seen in Fig. 12. As the stagnation
temperature of the air is increased to 600K, Fig. 13 shows that approximately twice the air
velocity is required to lift off the flame for the heated air conditions (solid symbols) than for
the unheated air conditions {open symbols).

The visible lengths of the hydrogen-air flames were measured since flame length is a
parameter that affects the far-field flame blowout limit. Flame length indicates the overall



rate that air is entrained into the flame. In a short jet flame, most of the flame experiences
relatively high velocity and high strain rate, while in a long flame there is a downstream
region where there is a stoichiometric region where a low strain rate occurs, and the flame
can lift to such a region. Flame lengths shown in Fig. 14 increases linearly with the fuel
flow rate, which is characteristic of flames having a coflowing airstream. In contrast, a
turbulent jet diffusion flame with no coflow has a length that is constant and is independent
of fuel flowrate. For such a flame, increasing the fuel flowrate causes a corresponding
increase in the fuel-air mixing rate so the flame length remains constant. The flame length
does not remain constant in Fig. 14 because the fuel-air mixing rate is determined by the
airflow velocity, which is constant, rather than the fuel velocity. Therefore an increase in
the fuel flowrate (with a constant mixing rate) results in the longer flame, which explains
the trends seen in Fig. 14,

It is noted that the lengths of the confined flames (closed symbols in Fig.14) are equal
to the lengths of the unconfined flames (open symbols), but this result may be coincidental.
The unconfined flame experiences numerous weak shock waves and expansion waves in
the diamond-shaped overexpanded plume and these waves are expected to affect the fuel-
air mixing process. However, the effects of these waves on the gas velocity may be
compensated by the opposite effects of the waves on the gas density.

Before a conclusive model can be developed to predict the type of flame blowout
limits presented herein, several local measurements are suggested. It is planned to obtain
images of the instantaneous velocity profile, the flame location (from OH imaging) and the
scalar dissipation rate, which is a measure of the strain exerted on the flame. Chen and
Nejad [27] have developed a method to obtain the velocity profile near the base of a
supersonic flame using OH-Flow-Tagging Velocimetry. Velocity profiles downstream of
their Mach 2 fuel injector were imaged. Namazian, et al [28], Dahm and Buch [29] and
Feikema and Driscoll [30] have measured the scalar dissipation rate in jet flows using
Planar Rayleigh Scattering Imaging. The conserved scalar was imaged and the spatial
derivative was computed in order to obtain instantaneous images of the scalar dissipation
rate at the location where the flame would be stabilized,

nclusion

1. Hydrogen jet flames could be stabilized in a supersonic airflow; as the mass-weighted
air velocity is increased, the flames exhibited sudden near-field blowout without lifting
off. The complete supersonic flame blowout curve displayed a trend that is similar to
subsonic near-field blowout limit curves.

2. To extend the near-field blowout limit to supersonic airflows, the critical values of fuel
tube lip thickness and air stagnation temperature are quantified.

3. Flame attachment occurs at the outer edge of the bluff-body fuel tube and not near the
inner diameter where the fuel first exits the tube at velocities typically exceeding 1000
m/s. Some local extinction occurs for even the most stable, attached flames.

4. Flame liftoff height scales linearly with coflow air velocity and is independent of fuel
tube outer diameter. The lengths of the supersonic flames increase linearly with fuel
velocity, as is expected for flames with coflowing air.

5. Removing the combustor walls entirely did not significantly change the maximum air
velocity at blowout for a range of fuel nozzle sizes, which indicates that blowout
depends primarily on the local near-field conditions just downstream of the fuel
nozzle.
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Figure 1. Schematic of the Stability Limits of a Non-Premixed Jet Flame That Is
Surrounded by Coflowing Air. Note: the near-field limit (b) may not extend to
large air velocities as shown unless the fuel tube lip is sufficiently thick.
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Figure 2. Schematic of Near-Field Flame Stabilization. Stabilization occurs where the
instantaneous stoichiometric contour overlaps a sufficiently low velocity wake
region.
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Figure 3. Schematic of the University of Michigan
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Figure 4  Direct Photograph of an Unconfined Supersonic

Combustion Tunnel. :
Hydrogen-Air Flame. M =1.75, Toa= 294 K,
hydrogen mass weighted velocity = 862 my/s



Figure 3. Direct Photograph of a Confined Supersonic Hydrogen-Air Flame. Ma=2.0),
Toa= 294 K. hydrogen mass weighted velocity = 764 m/s
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Figure 6. Wall Static Pressure Distribution in the Supersonic Combustor for Various

Amounts of Heat Addition. Overall fuel-air equivalence ratio is ¢. Local Mach number,

deduced from pressure data above, exceeds 1.8 for all flame locations. P, =94.7 psia, To=
294 K, dg= 2.54 cm, dj = 0.64 cm.
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Figure 7.

AIR MASS WEIGHTED VELOCITY (M/S)

Effect of Varying the Fule Tube Quter Diameter {d,) on the Blowout Limits of

the Hydrogen-Air Flames. Case shown is confined. Toa =294 K,

HYDROGEN MASS WEIGHTED VELOCITY (M/S)

d; = .64 cm.
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Figure 8. Effect of Varying the Fuel Tube Outer Diameter (d,) on the Blowout Limits of
the Hydrogen- Air Flames. Supersonic airflow occurs to the right of

the dotted line. Case shown is unconfined. Ty =294 K, d; = (.64 cm.
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Figure 9. Air Stagnation Temperature Effects on Confined Flames; Temperatures Up
To 600 K. d,=1.91 cm and 2.54 cm, d; = (.64 cm,
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Figure 10 Air Stagnation Temperature Effects on Unconfined Flames; Temperatures U
To 900 K. dy=1.27 cm, d; = 0.64 ¢m. P =P
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Figure 12 Flame Lift-Off Heights For Hydrogen Mass-Weighted Velocities of 862 and

1248 my/s. Sonic velocity of hydrogen is 1315 m/s. Toa =294 K.
@O :08cm ma :127cm, e ¢ :1.91cm,

d0=

a

1 2.54 cm,



30

[\S]
o

FLAME LIFTOFF HEIGHT (CM)
o

| b L

]
- - - BLOWOUT

- o GF =862 M/S, 300 K -
PS UF=862 M/S, 600 K
A - DF= 1248 M/S, 300 K 1

- GF= 1248 M/S, 600 K

1 1 1 L

0 20 40 60 80 100
COFLOW AIR VELOCITY (M/S)

Figure 13 . Effect of Varying the Air Stagnation Temperature on the Flame Liftoff Height.
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do = 0.84 cm, dj =0.64 cm.
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Measured Flame Length for Confined and Unconfined Cases. Air flow Mach
number at fuel tube exit is 2.0. The stoichiometric fuel-air mass ratio is

denoted 1.



