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Combustion Efficiencies of Supersonic Flames
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Measured values of combustion efficiency 7)., which quantify the amount of hydrogen fuel that remains unburned
because the fuel has insufficient residence time in the reaction zone of a supersonic flame, are reported. Trends are
reported as the fuel flow rate and the stagnation temperature are systematically varied. The combustion efficiency
measurements are needed to assess chemistry submodels of numerical simulations of supersonic flames. A hydrogen
jet flame is stabilized on the axis of a Mach 2.5 wind tunnel, and to explain why some fuel remains unburned images
were obtained of the fuel concentration and the OH radical concentration using planar laser-induced fluorescence.
Increasing the fuel flow rate (and overall fuel-air equivalence ratio from 0.034 to 0.068) is found to increase the
combustion efficiency and the flame length. It is believed that the increased residence time of fuel in the longer
flames causes the observed increase in efficiency. The increase the combustion efficiency caused by an increase in
the stagnation temperature is quantified. Oblique shock waves were added and were found to decrease combustion
efficiency if the waves are positioned to create a radial outflow of fuel away from the OH radical zone, which

reduces the residence time.
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Introduction

T HE goal of this researchis to measure certain parameters within
a simple supersonic jet flame, which can provide a sensitive
assessment of new models of supersonic combustion. Previously a
hydrogenjet flame was stabilized along the centerline of a Mach 2.5
wind tunnel, and measurements were made of the flame lengths,! the
blowoutlimits,>3 and wall pressures*> Recently, Roy and Edwards®
reported some results of their hybrid k-w/k-¢ numerical simula-
tion of the present experiment; they simulated the present geome-
try with a 129 x 153 x 49 grid, and for their inlet boundary condi-
tions they used measured values of flow properties that are found
in Refs. 1-5. Roy and Edwards® were able to simulate accurately
the shock/expansion wave pattern and wall pressures of the present
experiment.

The present paper reports a systematic set of measurements of
the combustion efficiencies of supersonic flames, which quantifies
the amount of hydrogen fuel that remains unburned because it has
insufficient residence time in the reaction zone. Previously, only
a few measurements of the combustion efficiency of supersonic
flames have been reported in the archival literature.”~® Supersonic
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flames involvecomplex interactionsbetween large fluid-mechanical
shearingrates and shortresidence times during which the chemistry
isincomplete.For example, Roy and Edwards® simulated the present
supersonic flame using a 9-species,21-reactionhydrogen oxidation
mechanism, but they have not yet reported values of combustion
efficiency. Other chemistry schemes are employedby the supersonic
flame models of Eklundetal.,'’ Villasenoretal.,'"' Zheng and Bray,'?
and Baurle et al."?

Combustionefficiency . is defined by Heiser and Pratt'* (p. 331)
as

_ M H2 Burned T H2 unburned

¢

=1 —

o))

th2.Total th2.Total

which is the mass-flow rate of hydrogenthat burns ity pymeq divided
by the total mass-flow rate of hydrogen iy ot - Equation (1) can
be recast as

YH2.unburned

ne=1-— (2)

Y, H2,initial

Y12, unbumea 18 the mass fraction of unburned hydrogen that is mea-
sured with a sampling probe far downstream of the flame, and
Y2 inisiar 18 the known ratio of the injected hydrogen mass-flow rate
to the total incoming mass-flow rates of hydrogen and air at the fuel
injector (x =0). Other studies’ ™ have used the same definition of
combustion efficiency as is given by Eq. (2). Heiser and Pratt'* also
describe a second way to define combustion efficiency, which is the
enthalpy that is liberated by combustion divided by the enthalpy
of combustion that is available; this second definition was not used
because temperature was not measured.

The purpose of the present work was not to simulate actual
scramjet conditions, but to study a supersonic jet flame which is
of sufficiently simple geometry such that it can be simulated us-
ing current models. Stagnation temperatures and fuel flow rates of
the present experiment are described next and are much less than
values associated with actual scramjets. However the present condi-
tions allow flow visualization diagnostics to be used. Other studies
of laboratory-scalesupersonic flames have been reported by Cheng
etal.,'” Segal et al.,'s and Barlow et al.'”
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Experimental Arrangement

A schematic of the experiment is shown in Figs. 1a and 1b; addi-
tional dimensions and details are reported in Refs. 1-5. Hydrogen
fuel is injected along the centerline of a Mach 2.5 wind tunnel, as
shown in Fig. 1a. The wind tunnel shown in Fig. 1b consists of
a compressed air supply, a 250-kW electrical air heater, a settling
chamber, a Mach 2.5 converging-diverging nozzle, a rectangular
test section with four quartz optical windows, and a water-cooled
diffuser. The rectangular test section is 55.3 cm long, and two of
the sidewalls diverge at an angle of 4 deg, as shown in Fig. 1a, to
maintain a uniform Mach number as heat is added to the flow. The
location x =0 is the upstream boundary of the test where the fuel is
injected; at x =0 the wind-tunnel dimensions are 5.77 x 4.06 cm.
The fuel injector is a circular tube that has an outer diameter of
2.54 cm and an inner diameter of 0.64 cm. The fuel and airflow
rates were measured using calibrated choked orifices and calibrated
pressure gauges. The test section has a rectangular cross section

x =553 cm
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Fig. 1a Schematic of the University of Michigan supersonic combustor
test section. Boundary conditions atx = 0 are listed in Table 1; hydrogen
fuel = fully developed pipe flow, supersonic air velocity profiles (see
Ref. 5).

4

because of the need for flat windows for laser diagnostics. The fuel
injector is a circular thick-lipped tube on the centerline; the fuel
injector was chosen to be an axisymmetric tube, rather than a two-
dimensional-slot,in order to avoid flame interaction with sidewalls.

Table 1 is a list of the inlet boundary conditions, including the
fuel velocity, air velocity, fuel density, and air density at the fuel
injectionplane (x = 0). The velocity profile in the airstreamat x =0
was determinedfrom pitot probe surveys > The velocity profile of the
hydrogen stream at x = 0 was not measured, but can be assumed to
beidenticalto the profile for fully developedpipe flow thatis givenin
Hinze'® because the length of the hydrogeninjector tube is 60 times
its inner diameter. The hydrogen is frictionally choked in the fuel
tube so that the fuel-tube exit Mach number is unity. The convective
Mach number M, was computed to be 0.30 at the fuel injection
plane (x =0) for condition 1 listed in Table 1. Papamoschou and
Roshko" showed that M, is (U, — U,)/a,, where the convective
velocity U, is (U,ay + Usa,)/(a; + a). At the injector plane for
condition 1, the fuel velocity U; is 1191 m/s, the air velocity U, is
745 m/s, and the speed of sound a, is 1191 m/s while a, is 299 m/s.
M., decreases in the downstream direction because the air Mach
number remains constant but the velocity in the fuel jet decreases
so that M, is everywhere less than 0.3. Reference 19 indicates that
for the present values of convective Mach number the effects of
compressibility on the mixing are negligible. The supersonic flame
has the appearance of a jet flame, but the flame base is lifted about

Table1 Boundary conditions at the fuel-injection plane (x =0)
for three supersonic flames

" SAMPLING PROBE

Case number 12 2b 3¢
Fuel mass flow mp, g/s 0.8 1.6 1.6
Air stagnation temperature Tp4, K 500 500 284
Air Mach number M4 2.5 2.5 2.5
Air velocity Uga, m/s 745 745 561
Air stagnation pressure po4, atm 6.44 6.44 6.44
Air static pressure p4, atm 0.38 0.38 0.38
Air mass flow m 4, kg/s 0.80 0.80 1.06
Air static temperature T4, K 222 222 126
Overall equiv. ratio ¢ 0.034 0.068 0.052
Fuel stagnation pressure pr, atm 2.5 5.0 5.0
Fuel velocity Ur, m/s 1191 1191 1191
Fuel Mach number M g 1.0 1.0 1.0
Fuel Reynolds number Ur d/vF 76,000 152,000 152,000
Convective Mach number M, 0.30 0.30 0.45
21 = baseline.

b2 = increased fuel flow rate.
€3 = lower stagnation temperature Tp4 .
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Fig. 1b Schematic of air heater, choked orifice flowmeters, settling chamber, and sampling probe.



RATNER ET AL. 303

5 cm above the fuel tube. The fuel tube acts as a bluff body that
creates a recirculationzone of subsonic velocitiesin which the flame
base stabilizes. The visible flame length varies from 12 to 25 cm as
the fuel flow rate is increased.!

Combustion efficiency is defined by Eq. (2) and was determined
by measuring the mass fraction of unburned hydrogen fuel using a
gas sampling probe that has an inner diameter of 1.3 mm. The probe
was mounted on the centerline 2 m downstream of the combustor.
The hydraulicdiameterof the test sectionis 7 cm, and so the probe is
located 28 hydraulic diameters downstream of the combustor. The
product gases are well mixed at this downstream probe location,
as has been shown in previous studies with sampling probes.?’ In
Ref. 20 the sample probe was traversed radially across the exhaust
duct from one wall to the other wall, and no significant change
in the probe reading occurred. The present experiment is operated
at a higher Reynolds number and with a probe that was farther
downstreamthan in Ref. 20 so that the exhaust gases are well mixed.

The sensoris a Toximet Series Hydrogen Detector, manufactured
by Enmet Corporation, and its operation is based on the catalytic
principle. Hydrogen bonds to the sensor surface, causing a change
in its electrical resistance. The detector requires 1-1.5 min to yield
a steady reading. The sensor reading is denoted Xy sensors and this
mole fraction is related to the mass fraction of unburned hydrogen
by

XH2,sensor = C1 YH2.unburned (3)

The quantity c; is described in the Appendix; it depends on the
standard relation between mole fraction and mass fraction, as well
as a standard (small) correctionof 3-6% that is required because the
sensorreadingis adry readingbecause water vapor must be removed
from the sampling line. The relation for combustion efficiency is
obtained by combining Egs. (2) and (3) to yield

(XH2.sensor/Cl) } (4)

Ne = 1- B B N
{ [1ta,in / (M AR in + FH2,in) ]

Combustion efficiency was determined by using Eq. (4) and the
sensor reading Xy sensor- 1he calibration constant ¢, is described in
the Appendix, and the fuel and air mass-flow rates (71 y2 in, M AIR,in)
were measured using flow meters. An uncertainty analysis for the
measurement technique is given in the Appendix.

To image the fuel mixing zone, acetone was added to the hydro-
gen fuel in trace amounts; the acetone mole fraction was 0.0072
and 0.0058 for the 1.4 and 0.95 g/s fuel mass-flow rates, respec-
tively. A fraction of the total hydrogen flow was bubbled through
liquid acetone. It was verified that the acetone mole fraction in
this stream of hydrogen was approximately the known saturation
mole fraction because the acetone mole fraction [as monitored
by the planar laser-induced fluorescence (PLIF) system] did not
change with the residence time of the gas in the acetone cham-
ber. The use of acetone as a flow tracer is described by Lozano
etal.,”! Grischetal.,?? and Bryant et al.>* Acetone fluorescence was
excited using a Spectra-Physics GCR-250 Nd-YAG laser operated
at a wavelength of 266 nm.

Images of the OH concentrationfield were obtained by tuning the
outputof a Lumonics HD 300 Nd: YAG-pumped dye laserto 282.75
nm to excite the Q; (5) line of the (1, 0) band of the A2Y < X°I1
transition of the OH molecule. A cooled, slow-scan, intensified
charge-coupled device array camera (Princeton Instruments ICCD
576) was used to image a field of view of 5.3 x 8 cm; the laser light
sheet thickness was 0.3 mm.

Results

Sources of Combustion Inefficiency

The sources of combustion efficiency are better understood by
considering Fig. 2, which is a set of PLIF images of the fuel-air
mixing zone and the OH radical zone in the supersonic flame. It is
seen that Fig. 2 consists of five images; each image was taken at a
different time but the images are positioned to indicate the overall
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Fig. 2 Measured images of the OH reaction zone and the fuel mixing
zone in the supersonic flame, using PLIF.

structure of the supersonic flame. The lowest image indicates the
contours of the hydrogen fuel mass fraction, which are proportional
to the contours of the fluorescence from the acetone that was seeded
into the hydrogen. The upper four images in Fig. 2 show the OH
fluorescence contours.

Figure 2 shows that three physical processes occur: 1) the su-
personic flame is lifted by 5 cm above the fuel injector and that
much of the fuel-air mixing takes place upstream of the flame base,
2) the centerline region appears to have the structure of a fuel-rich
premixed flame because fuel-rich conditions occur just upstream of
the OH reaction zone, and 3) peninsulas of fuel appear at each side
of the fuel mixing zone; these peninsulas are caused by the shear
layer associated with the supersonic airstream, which entrains fuel
and convects it downstream.

Based on the images shown in Fig. 2, it is believed that there
are two major sources of combustion inefficiency: insufficient res-
idence time to burn the fuel that enters the OH radical zone and
the bypass of fuel around the OH radical zone as a result of the
supersonic shear layer. This fuel bypass phenomenonis believed to
be a general property of supersonic flames because nearly all super-
sonic flames reported in the literature,! % 1*~!7 including all flames
studied in our laboratory, are lifted to some degree. It is usually not
possible for a supersonic flame base to remain attached to a fuel
injector, whether it be an axial fuel injector or a sidewall fuel injec-
tor into a transverse flow. It is not possible to see the fuel actually
bypass the OH radical zone in Fig. 2 because fuel concentrations
just upstream of the OH radical zone are too small to be imaged
with current diagnostics. The supersonic shear layer rapidly mixes
some of the fuel to a concentration of typically 4000 ppm, which
is no longer flammable and is no longer detectable with imaging
diagnostics.

For comparison purposes Fig. 3 shows the computed images of
the OH radical zone and the fuel mixing zone that were reported by
Roy and Edwards® for the presentgeometry, flow rates, and inlet pro-
files. Figure 3 shows that the Roy and Edwards® simulation correctly
predicts that the flame is lifted by about 5 cm, that the OH radical
zone is separate and downstream of the fuel mixing zone, and that
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1.7cm 4.4 cm

Fig. 3 OH radical zone and the fuel mixing zone computed by Roy and
Edwards® for the exact geometry and fuel/air boundary conditions as
the present experiment. Computation uses Menter’s hybid k- model
with 9 species, 21 reaction hydrogen chemistry.

the model approximately predicts the measured length of the fuel
mixing zone. The length of the OH radical zone is somewhat under-
predicted, and some other features are not predicted accurately for
reasons that require additional research. However, because both the
experimental images and numerical model of the supersonic flame
have only recently been made available, the general agreement is
encouraging.Roy and Edwards® do notreportany computed values
of combustion efficiency.

Effect of Varying Fuel Mass Flow and Stagnation Temperature
on Combustion Efficiency

Figure 4 illustrates how the combustion efficiency of the super-
sonic flame varies as the fuel mass-flow rates and stagnation tem-
peratures are varied. Although the relatively low stagnationtemper-
atures of 500 and 284 K are not intended to represent propulsion
conditions, they were chosen because they provide a fairly wide
range of combustion efficiencies, which are a good test of numeri-
cal models; it is seen that 5, varies from 0.70 to 0.88 in Fig. 4.

Increasing the fuel flow rate is seen to cause an increase in the
values of 7. in Fig. 4, which is believed to be a result of several
reasons. First, the flame becomeswider and has an increased volume
as the fuel flow rate increases;the flame occupiesa larger fraction of
the wind-tunnel cross-sectionalarea so that it is less likely that fuel
can be convected around the flame and remain unburned. Second,
the flame region near the centerlineis expectedto be similar to arich
premixed flame, based on the physical image presented in Fig. 2. It
is believed that some fuel passes through the rich premixed flame
near the centerline and enters the OH radical zone, but not all of
this fuel can be oxidized because of the limited residence times at
supersonic conditions. Increasing the fuel flow rate causes a large
increase in the flame length, as reported by Driscoll et al.,' and the
longer flames provide a longer residence time for fuel oxidation. In
addition, the fuel in the supersonic shear layer can be preheated as
it is convected near the upstream boundary of the OH radical zone
in Fig. 2; larger fuel flow rates create flames having larger volume,
which would be expectedto preheat the nearby fuel more effectively,
and reduce the possibility that the fuel-air mixture can escape the
heating process.

Increasing the stagnation temperature from 284 to 500 K is seen
to cause an increase in the combustion efficiency, as expected. The
data in Fig. 4 quantify the sensitivity of the combustion efficiency
to stagnation temperature; a reasonable two-parameter empirical fit
to the temperature sensitivity of Fig. 4 is

ne = [Aexp(E/RTy) + 1] 6))
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Fig. 4 Measured combustion efficiencies 7). for the supersonic flames
for various fuel flow rates and two different stagnation temperatures.
Combustion efficiency defined by Eq. (1). For these cases no wedges on
the sidewall were used to create shock waves.

where A has the value 0.0483 and is proportional to the ratio of
a characteristic chemical reaction time to the residence time, and
E is 1.28 kcal/mole for the baseline fuel flow rate of 0.8 g/s; the
universal gas constant R is 1.987 cal/mole-K. Properly predicting
the measured sensitivity to temperature given by Eq. (5) represents
a challenge for future supersonic flame chemistry codes.

Effects of Shock Waves on Combustion Efficiency

Because our previous work® has shown that introducing shock
waves causes a significant effect on flame properties (such as flame
blowout limits), the effect of shock waves on combustion efficiency
was measured. Photographsin Figs. 5c and 5d show the wedges that
were mounted on the sidewalls at x =2.8 cm; these photographs
were previously reported by Huh and Driscoll’ and are presented
to document the shock-wave locations. The wedges have a slope of
10 deg and extended 6 mm from the wall and were mounted at either
x=2.8cmorat595cm.

Figure 6 shows that the shock waves do have a significant effect,
and, in general, they reduce the combustion efficiency by a signifi-
cantamount (from 85 to 75%). Shock waves have two major effects:
they raise the static temperature of the gas, and they produce a turn-
ing of the flow, which can create radial inflow or radial outflow,
dependingon the shock location, which affects the width and length
of the OH reaction zone.

Figure 5 proves that the shock waves clearly make the flame
narrower because the maximum diameter of the flame in Fig. 5c is
less than that of Fig. 5a. Similarly the flame diameter in Fig. 5d is
less than in Fig. 5b. This is expected because the shock waves turn
the flow toward the centerline; in fact the flame diameterin Figs. Sc
and 5d is decreasing in the downstream direction, forming a visible
“neck” in the flame caused by the shock waves. The shock waves
alsocausea “splitting” of the flame seen in Fig. Sc; the flame appears
to be locally extinguished near the tip, and several bright regions
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a) Fuel flowrate = 1.2 g/s no b) Fuel flowrate = 1.2 g/s no
wedge wedge

. N
c¢) Fuel flowrate = 1.2 g/s 10 deg d) Fuel flowrate = 1.6 g/s 10 deg
wedge wedge

Fig. 5 Direct photographs and schlieren photographs of the super-
sonic flames; top row: no wedges on sidewalls to create shock waves;
bottom row: wedges on sidewalls were used to create the shock waves
shown. T = 284 K.
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Fig. 6 Effect of shock waves on the combustion efficiency 7). of super-
sonic flames. In some cases shocks reduce the combustion efficiency by
diverting fuel away from the OH radical zone, whereas in some cases
shocks increase efficiency by diverting fuel toward OH radical zone.

b) State 2-flame locally extin-
guished by shocks

a) State 1-continuous flame no
local extinction

Fig. 7 Different observed states of the supersonic flame caused by
shock waves impinging on the flame, showing how the combustion effi-
ciency is affected.

are separated by dark zones. The dark regions of local extinction are
believed to be a result of the radial inflow of cold air caused by the
shocks.

The reduction in combustion efficiency caused by shock waves
thatisreportedin Fig. 6 is believedto be aresultof both the observed
narrowing of the flame and the observed zones of flame extinction.
A narrow flame can allow more fuel to convect around the OH
radical zone and remain unburned. The observed regions of flame
extinction also can allow fuel to remain unburned.

The flame can be consideredto be in one of two possible states, as
shown by Fig. 7, whichis a schematic drawing of the photographsin
Fig. 5. State 1 is a continuous flame having no observed dark zones
(i.e., no local flame extinction); state 2 is a locally extinguished
flame, which has the dark zones seen in Fig. 5 where the shock
waves extinguish the flame. In state 2 there is enough fuel flow rate
so that the flame relights downstream of the shock-wave region.
While the primary shock waves narrow the flame and cause radial
inflow of air, one also sees a series of reflected shocks that widen the
flame downstream of the neck region. The large x-shaped shocksin
Figs. 5¢ and 7b represent a secondary recompression shock and its
reflection. To correctly model supersonic flames and their combus-
tion efficiency, especially if shock waves exist, it is important that
the general shape and structure of the flames (as shown in Figs. 2,
5, and 7) be known and modeled correctly.

Conclusions

1) The combustionefficiencies of supersonichydrogen-airflames
of simple geometry have been quantified for 50 different run con-
ditions in order to deduce general trends that can be numerically
simulated. Combustion efficiency is a parameter that provides a
sensitive test of the chemistry and mixing submodels of supersonic
flame models.

2) As the fuel flow rate is increased, the combustion efficiency
increases linearly. This is believed to be a result of an increase in
the flame width, which prevents fuel from passing around the OH
radical zone, and an increase in flame length, which increases the
residence time of fuel in the OH radical zone.

3) The sensitivity of the combustion efficiency to increases in the
stagnation temperature was quantified; results are represented by
Eq. (5). Proper simulation of this measured temperature sensitivity
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can provide an assessment of the chemical kinetics submodels used
to simulate supersonic flames.

4) Images of the fuel mixing zone and the OH radical zone in
the supersonic flame are presented in the attempt to understand
where the fuel mixes and how it could escape the combustion re-
gion. However, the sources of the combustion inefficiencies require
further research.

5) Adding shock waves causes a significant decrease in the com-
bustion efficiency of the present flames; shock waves cause the
flames to become narrower and form a “neck,” which is believed
to allow more fuel to convect past the OH radical zone and remain
unburned.

Appendix: Hydrogen Sensor Calibration
and Uncertainty Analysis

Calibration of the hydrogen sensor requires that the quantity ¢,
in Eq. (3) of the main text be experimentally determined:

XH2,sensor = C1 YH2.unburned (3)

A common problem associated with sampling techniques is that
the detector reading has to be corrected by a few percent because
after combustion some of the water that is generated condenses out
on the wall of the wind-tunnel cooling section or in the sampling
probe. Therefore, a standard procedure was used, which utilized an
ice bath to remove all the water vapor, and thus xyy sensor 18 @ dry
measurement of the hydrogen mole fraction. A small correction to
the dry measurement must be made to obtain the actual hydrogen
mole fraction, which iS Xy2 unbumed, thus

XH2.sensor = €2 XH2,unburned (A1)
The relation between hydrogen mass fraction and mole fraction is
XH2.unbumed = €3 YH2 unburned (A2)
and it follows from Egs. (3), (A1), and (A2) that
Cp =003 (A3)

To obtain the functions ¢, ¢,, and c3, consider the case for which
one mole of hydrogenis consumed and a moles of hydrogenremain
unburned. Then (1 4+ a) moles of hydrogen will form one mole of
water vapor and a moles of unburned hydrogen, as given by

(1+a)H, + (1/2¢)0, + (1/2¢) ()N, = aH, + H,0

+(1/2¢ — )0, + (1/2¢) (2)N, (A4)

¢ is theknown overall equivalenceratio, which is the mass-flow rate
of fuel injected divided by the mass-flow rate of air, normalized by
the stoichiometric fuel-air ratio. The dry mole fraction of unburned
hydrogenis the ratio of a moles of hydrogento the number of moles
on the right side of Eq. (A4), excluding the water vapor:

Xizsensor = @/[a +0.5¢7" — 0.5+ 1.88¢ "] (AS)

while the actual wet value of the mole fractionof unburnedhydrogen
is the ratio of @ moles to the total moles on the right side of Eq. (A4),
including the water vapor:

Xti2unbumed = @/[a +1+0.5¢7" — 0.5+ 1.88¢"']  (A6)

The quantity a is determined by solving Eq. (A5) for a because both
XH2.sensor and ¢ are known:

a = (238 - O~5¢)XH2.sensor (A7)
Combining Egs. (A1) and (A5-A7) yields

_ ¢(1 — XH2.sensor)
=t R 05 (A8)

The mass fraction of unburned hydrogenis the molecular weight of
hydrogen (2.016 g/mole) multiplied by a moles and divided by the
mass of the quantities on the right side of Eq. (A4), thus

(238 B 0'5¢)[XH2.sensor/(1 _XH2.sensor)]
(238 - 0'5¢)[XH2.sensor/(1 _XH2.sensor)] + ¢ +34.33
(A9)

YH2. unburned =

The quantity c; is determined from Egs. (A3), (A6), (A7), and (A9)
to be

i = 14.42 4+ 042¢ + (1 B O~21¢)[XH2.sensor/(1 B XH2.sensor)]
: 1.0+ 021¢ + (1 - O~21¢)[XH2.sensor/(1 - XH2.sensor)]
(A10)

The resulting value of ¢, that is required in Eq. (3) is obtained from
Eqgs. (A3), (A8), and (A10). The Table lists a typical sensor read-
ing and the values of quantities used to determine the combustion
efficiency.

The sensoris temperaturecompensated,and both temperatureand
hydrogen gas calibrations are performed by the manufacturer. An
additional calibration was performed in the present facility; known
amounts of fuel and air were mixed in the wind tunnel and then
sampled. The detector has good repeatability and linearity over
the range from 200 to 20,000 ppm of H,, as shown by Fig. Al.
The uncertainty in measuring the unburned hydrogen mass fraction
Yo unbumea caused by the detector is 2%. The uncertainty in mea-
suring the initial mass fraction of hydrogen in the hydrogen and air

Table Typical reading of the hydrogen sensor and the
resulting mass fraction of unburned hydrogen

Quantity Value
Sensor reading (XH2.sensor) 2240 ppm
Overall equiv. ratio ¢ 0.034
2 [Eq. (A8)] 1.014
Correction for dry reading (1 — ¢;) 1.4%
c3 [Eq. (A10)] 14.33
c1 [Eq. (A3)] 14.53
[77th2,in / (M AR in =+ 1itH2,in) ] 9.85x 107#
ne [Eq. (4)] 0.84
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Fig. A1 Calibration of the hydrogen detector. The horizontal axis is
the known hydrogen mole fraction (logarithmic units), and the vertical
axis is the detector reading. No flame present.
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inlet streams (Yy iniia ) Was 2%, which is caused by uncertainties
associated with reading the pressure gauges for the choked orifice
flow meters. Therefore the resulting uncertainty in the combustion
efficiency determined from Eq. (2) is the square root of the sum of
(0.02)? and (0.02)?, which is 3%.
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