Scaling of Oxygen-Methane Reacting Coaxial Jets using
X-ray Fluorescence to Measure Mixture Fraction

John W. Bennewitz®*, S. Alexander Schumaker®, Christopher F. Lietz®,
Alan L. Kastengren?

@Air Force Research Laboratory, 10 E. Saturn Blvd., Edwards AFB, CA 93524, USA
b Air Force Research Laboratory, 1790 Loop Rd., Wright-Patterson AFB, OH 45433, USA
¢Sierra Lobo Inc., 10 E. Saturn Blvd., Edwards AFB, CA 93524, USA
4 X-ray Science Division, Advanced Photon Source Argonne National Laboratory, 9700
Cass Ave, Lemont, IL 60439, USA

Abstract

Stoichiometric mixing length L of reacting coaxial jet flames is a criti-
cal scaling parameter for liquid rocket engine combustors. Previous studies
have shown that L, for shear coaxial flames can be scaled like their non-
reacting counterparts using a nondimensional momentum flux ratio J. In
addition, stoichiometric mixing lengths of reacting and nonreacting coaxial
jets collapse upon a single line by altering J using an effective outer flow gas
density. This effective density is calculated from a modified version of the
equivalence principle, originally developed by Tacina and Dahm [1, 2] and
accounts for the effects of heat release on mixing. However, previous stud-
ies also required a second nonphysical scaling constant S, for the reacting
jets, which is not predicted by the equivalence principle [3]. It was origi-
nally hypothesized that S, is attributed to the limitation of hydroxyl (OH)

planar laser-induced fluorescence, which only infers L,. Direct quantitative
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measurement of conserved scalar fields using conventional optical diagnos-
tics is difficult due to the lack of a tracer that easily fluoresces, survives high
temperature oxygen flames, and is not dominated by quenching effects. To
measure a conserved scalar field, this work implements x-ray fluorescence of
Kr and Ar tracers to obtain quantitative mixture fraction fields. From these
mixture fraction fields, stoichiometric mixing lengths for two CH,/O, flames
are calculated and scaled against nonreacting coaxial mixing lengths using
the equivalence principle. By directly measuring the stoichiometric mixing
length, it is established that the additional constant is a byproduct of the OH
measurement technique and the equivalence principle fully captures the scal-
ing. Comparison with high-fidelity simulation of the flame further supports
this conclusion. In addition to further strengthening this scaling method,
this work represents the first use of x-ray fluorescence to make quantitative

conserved scalar measurements in turbulent flames.

Keywords:
reacting coaxial jets, injector scaling, liquid rocket engines, mixture

fraction, x-ray fluorescence




1. Introduction

Shear coaxial jets are a commonly used injector type for liquid rocket
engine (LRE) applications. Two of the best known examples are the Space
Shuttle main engine [4] and the Vulcain engine of the Ariane 5 [5]. Early
in the combustor design process, it is essential to have simple physics based
models to properly size in tandem the injection system and chamber. A
critical scaling parameter for these combustor elements is the stoichiometric
flame length, which is the axial length from the injection plane to the flame
front in a reacting jet. In addition to scaling efforts for reacting shear coaxial
jets, there has been substantial work for nonreacting jets using the stoichio-
metric mixing length L, which is equivalent to flame length for reacting jets.
Notably, previous work has shown that Ly of nonreacting shear coaxial jets
scale using a nondimensional momentum flux ratio J [6]. Other work demon-
strated that reacting shear coaxial jets scale using a similar nondimensional
momentum flux ratio, but different fuel combinations require different fits
from the nonreacting jets depending on their stoichiometric mixture ratios
and heat release [7]. The prediction capability of determining reacting L
from atmospheric cold flow experiments is desired to greatly reduce testing
cost and time in a development cycle.

Nonreacting and reacting values of mixing lengths have been related in
Tacina and Dahm [1, 2] through the equivalence principle method. This
theory relates the reacting flow field to the simple mixing of two nonreacting
fluids by assuming a new “equivalent” gas density of one of the fluids, which
accounts for the inertial mixing effects caused by heat release in flames.

Tacina and Dahm effectively applied this to multiple turbulent flow fields



including axisymmetric and planar jets, as well as shear layers with air as the
oxidizer [1, 2]. Using air allows an effective temperature to be calculated due
to the piecewise linear nature of the equilibrium temperature state relation.
This temperature is then used to calculate an effective density for use as the
cold flow density in J to account for the propellant gas expansion due to heat
release [1, 2].

Further work used the equivalence principle to describe shear coaxial jets
in pure oxygen flames [3] and developed a method by which to account for
the nonlinear nature of the equilibrium temperature state relation when using
pure oxygen. Using hydroxl (OH) planar laser-induced fluoresence (PLIF) as
an indication of flame length, it was shown that methane-oxygen (CH4/Og)
and hydrogen-oxygen (Hy/O,) shear coaxial flames collapse along a single
curve using this scaling approach. However, an additional nonphysical scal-
ing constant termed S. was required to fit the reacting results to the nonre-
acting flame length curve [3]. In this previous work, this scaling constant was
found to be 2.9, which is a notable correction not tied to underlying physical
mechanisms. It is hypothesized that this required scaling constant is a result
of OH PLIF not directly measuring L,, but rather being proportional to it.
The work reported here shows that this nonphysical scaling constant is not
required when L is directly measured.

Pure oxygen combustion, as common in LRE applications, results in high
flame temperatures that make it challenging to obtain quantitative mixing
field measurements using conventional optical diagnostics. Specifically, PLIF
relies on a tracer that is consumed at these high temperatures, requiring the

use of post-processing corrections or alterations to the flame to reduce its



temperature. Therefore, to experimentally assess the origin of this additional
constant and advance this scaling approach, a method to quantitatively mea-
sure the reacting mixture fraction field is required.

Advanced x-ray diagnostics including florescence and radiography have a
number of advantages compared to laser diagnostics for studying sprays and
flames [7-11]. X-ray fluorescence typically uses noble gas tracers, such as
argon (Ar) and krypton (Kr), which do not react at high flame temperatures
and operate on the inner electron shells of atoms, eliminating quenching
effects. Previous work has successfully demonstrated the use of quantitative
Kr and Ar x-ray fluorescence to measure projected densities in CH, /O shear
coaxial flames [7]. Additional details on x-ray fluorescence can be found
in relevant works [7, 12, 13]. Although x-ray fluorescence measurements
are path length integrated and limited to 100 Hz, it is a robust diagnostic
technique capable of being directly applied to both nonreacting and high
temperature reacting jets to directly measure the mixture fraction field.

In this paper, simultaneous Ar/Kr traced x-ray fluorescence is used to
directly measure the mixture fraction field in turbulent shear coaxial flames.
From these measurements, flames lengths for two momentum flux ratios
are extracted and compared to the modified equivalence principle of Schu-
maker [3], showing that when reacting and nonreacting stoichiometric mixing
lengths are measured directly that the modified equivalence principle suc-
cessfully collapses the two. Results are further compared to a large-eddy

simulation (LES) of the flame and are shown to have consistent agreement.



2. Experimental Setup

The shear coaxial injector used in this study has an inner oxidizer core
diameter of d; = 3.43 mm and uses gaseous oxygen, with a wall thickness of
T, = 0.51 mm. The surrounding fuel annulus has an outer diameter of d, =
5.36 mm with gaseous methane as the fuel. Nitrogen coflowing gas shrouds
the entire reacting jet at an average velocity of 0.49 m/s as a means to remove
any external burning of methane with the surrounding air and minimize the
background detected Ar contained in air. A kapton film enclosure is placed
around the coflowing gas to further reduce ambient air mixing. In order
to apply the x-ray fluorescence diagnostic to this reacting jet, simultaneous
tracing of both the fuel and oxidizer streams are required. Argon tracing is
used in the oxidizer stream at 12% by mass and krypton tracing in the fuel
stream at 9.5%. All propellant and tracing gases are metered using appropri-
ately sized sonic nozzles to provide steady flow for the required flowrates and
drive pressures. For this measurement approach, differential diffusion effects
between the tracing and combustion gases are assumed to be negligible. The
flames investigated in this study are all turbulent, providing a reasonable
basis to assume diffusion effects are minimal.

As this diagnostic requires a high-powered synchrotron x-ray source, mea-
surements are taken at Argonne National Laboratory’s Advanced Photon
Source (APS) in the 7-BM beamline. Additional details on the 7-BM beam-
line can be found in Kastengren et al. [14]. The x-ray beam used for flame
illumination is 5x6 pm in size at the beam focus for full width at half max-
imum intensity, with a deviation of 1.5x2.5 mrad. The incident x-ray beam

intensity is measured using a biased diamond-based transmission photodi-



ode, along with a biased Si-PIN diode for the transmitted x-ray beam inten-
sity (see Fig. 1). Fluorescence photons from Ar and Kr are collected using a
silicon drift diode (SDD) energy-dispersive detector, which is placed orthog-
onal to the x-ray beam and located 125 mm from the flame; this orientation
along with a copper foil shroud shielding the detector from the incident x-ray
beam is implemented to minimize elastic scattering detected by the SDD (see

Fig. 1).
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Figure 1: Schematic of the x-ray fluorescence measurement apparatus.

3. Experimental Results

Turbulent reacting jets are investigated at two momentum flux ratios
to study scaling effects: J = 8 and 10. To ensure turbulent combustion is
achieved at these conditions, Reynolds numbers Re defined using a standard-

ized approach for shear-coaxial jets [15] are all above 10,000. These flame



experiments are conducted at atmospheric pressure with the inlet tempera-
tures for the fuel and oxidizer held constant at approximately 300 K. Flow

conditions for these flames are summarized in Table 1.

Table 1: Flow condition parameters for the investigated flame conditions. All experimental

uncertainties are determined for 95% confidence.

J Re Ur Uox mrg Mox Yon, Yir Yo, Yar X-ray
(m/s) (m/s) (g/s) (g/s) (keV)
8.31+0.01 10,400 44.5£0.15 11.24+0.03 0.214+7E-4 0.134£4E-4 0.905 0.095 0.879 0.121 15
10.1+£0.20 10,300 44.3+0.35 10.1£0.03 0.214+2E-3 0.1214+5E-4 0.905 0.095 0.878 0.122 15
8.47+0.10 10,400 44.6+0.33 11.2+0.02 0.214+£2E-3 0.132+3E-4 0.904 0.096 0.878 0.122 7
10.3£0.08 10,400 45.1+0.12 10.2£0.02 0.215£5E-4 0.121+3E-4 0.908 0.092 0.881 0.119 7

Noble gas tracers have varying threshold energies required to fluoresce
under x-ray excitation. For Ar, the photon excitation threshold energy is
3.21 keV, significantly lower than Kr at 14.33 keV. In general, Kr is a better
fluorescing agent than Ar, as the fluorescing efficiency for Kr is ~5X higher
and is not naturally present in background air. As such, x-ray excitation
at 15 keV is capable of fluorescing both Kr and Ar (albeit at a ~7X lower
signal-to-noise ratio for Ar), while 7 keV only fluoresces Ar but with less
noise. Therefore, x-ray fluorescence measurements at both 7 and 15 keV
photon energy are taken for the two momentum flux ratio flames, J = 8 and

10. Tracer properties are presented in Table 2.



Table 2: Noble gas tracer properties [7].

Tracer Property Argon, Ar Krypton, Kr
Atomic Mass (amu) 39.95 83.80
Threshold Energy (keV) 3.21 14.33

Fluor. Energy (keV) [16] 3.0, 3.2 12.6, 14.1
Fluor. Efficiency [17] 0.12 0.62

3.1. Projected Density

A series of raster-scans at numerous y-positions for increasing axial -
plane locations (see Fig. 1) are performed. As x-ray fluorescence is path-
length integrated in the z-direction for a specific y location, tracer concen-
tration fields for both Ar and Kr are presented as projected density. In order
to relate the collected fluorescence flux to the amount of fluorescence tracer
within the beam, a modified procedure to a previous work [7] is implemented.
This normalization process first considers the captured scans of Ar and Kr
closest to the injector outlet. Assuming the oxidizer core is a circle of con-
stant density and the fuel annulus is a ring of constant density, the Ar and
Kr exit densities (pa, and pg,) are determined from the exit flow conditions
(at z = 0.5 mm). To account for post-tip recirculation, the calibration length
for the circular oxidizer core is the inner jet diameter plus the inner post tip
thickness (dya, = d; + 27},) and the calibration length for the fuel annulus is
the outer jet diameter plus the external post tip thickness (dyx, = d. + 27,).
Using these calibration lengths to determine their respective normalization

areas, the total projected densities partor and pir ot are calculated as pay tot

= pArAAr,norm and ﬁKr,tot = pKrAKr,normy where AAr,norm = (77-/4) (dz + 2Tp)2



and Ay norm = (7/4)(d? — d? + AT, (d. — d;)).

Similarly, the collected fluorescence fluxes for Ar and Kr are integrated
across the respective z position within the calibration areas for the scans
closest to the injector. Finally, the two normalization factors are the ratio
of the respective total projected density calculated from the flow conditions
to the integrated fluorescence fluxes, with units of ng/mm?. Apart from
this normalization, all of the fluorescence data are corrected for variations
in the incident x-ray beam intensity and beam attenuation in the sample,
as well as dead-time effects of the SDD using the approach of Walko et
al. [18] and Schumaker et al. [7]. In addition, Ar measurements also require
a signal trapping correction following the procedure in Peltier et al. [19].
Signal trapping is required for the argon measurements as its fluorescence
photon is at low energy (3.21 keV) and is strongly absorbed by air. At each
height above the burner, the projections are fit to Gaussian or elliptic (near
the injector) profiles for signal trapping corrections; the original fluorescence
data are then normalized by the decrease in signal caused by incident beam
attenuation and signal trapping.

There are some uncertainties associated with this x-ray diagnostic that
can affect the measurements. Apart from the signal trapping correction,
the main uncertainties are due to beam intensity and dead time effects. Esti-
mates of these uncertainties through considering the background fluorescence
outside of the flame are very small for Kr at £0.06% of the maximum concen-
tration and higher for Ar at £0.55% and +1.5% of the maximum for 7 keV
and 15 keV photon excitation, respectively at a 95% confidence. As the Ar

fluorescence also requires signal trapping corrections, this is a separate source
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Figure 2: Tracer fluorescence contour plots of projected density for the J = 10 reacting
jet with (a) Kr traced CHy (left) and Ar traced Oz (center) at 15 keV photon energy, and
(b) Ar traced Os (right) at 7 keV photon energy. It should be noted that a background

subtraction was performed for the 7 keV Ar results.

of measurement uncertainty. Estimates of this uncertainty are based upon
the variation in fluorescence ratio €, i.e., the signal trapped corrected data to
the uncorrected measurements. As an example, the J = 10 at 7 keV has a
fluorescence ratio e = 0.2940.006 with 95% confidence, which is an acceptably
low level of added uncertainty. In total, the maximum uncertainty of the

pathlength integrated fluorescence values, in terms of standard deviations,

11



are estimated to be approximately 0.8% for Kr, 10% for Ar at 15 keV, and
5% for Ar at 7 keV.

Example projected density fields for the J = 10 reacting jet show that the
inner oxygen core reacts shortly downstream with the outer methane jet, as
shown for the simultaneously traced 15 keV raster-scan measurements (see
Fig. 2(a)). As expected, the outer fuel annulus exhibits high Kr concentration
close to the injection plane that reduces axially downstream and towards the
oxidizer core primarily due to species heating of the flame and the transition
of low density hot product tracking. From this data, it is apparent that
there exists some asymmetry present for both the fuel and oxidizer streams,
a result of a slight misalignment of the center oxidizer post, where there
appears to be higher concentrations of Ar and Kr in the right (positive) half
of the flame compared to the left (negative) half. Similarly, the 7 keV raster-
scan measurements for the J = 10 flame (see Fig. 2(b)) show the oxidizer
core partially better defined due to the higher signal-to-noise ratio and the
performance of a background subtraction to the data. In addition, there
appears to be higher concentration present within the inner-core compared
to the 15 keV measurements, causing a higher density core, however with the
asymmetry still present. While projected scan measurements provide some
indication of the stoichiometric mixing length location for the varying J
value reacting jets, the stoichiometric mixture fraction is required to provide

a quantitative measure of L;.

3.2. Mizture Fraction

Mixture fraction f is a conserved scalar that is defined as the ratio of

material mass originating in the oxidizer stream to the total mass of the re-
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acting jet mixture. For this shear-coaxial injector configuration, f is written
as
Mox MmAar + mo,

f= = (1)

- - 9
Mox + Miyel MAar + mo, + myy + mcHy

where m; is the mass of the respective reactant specie or noble gas tracer.
To simplify this expression, the tracer concentrations of the fuel and oxi-
dizer are defined as Cpye = mk,/mcu, and Cox = ma,/mo,, respectively;
these concentrations are taken directly from the mass flow measurements.

Using these definitions, the mixture fraction definition in Eq. 1 simplifies to

X
f_X+Y’

where X = ma, (1 +1/Cox) and Y = mg, (1 + 1/Cryer)-

(2)

In order to quantify the two-dimensional mixture fraction field for the
shear-coaxial reacting jet, the Abel inversion [20] is necessary to generate pla-
nar deconvolutions of the projected density. As this deconvolution method
assumes axisymmetric data, three Abel inversions for the injector streams
are taken using the positive and negative data halves separately, as well as
an average of the two. Example Abel inversion data for the J = 10 reacting
jet in Fig. 3 show that a planar view of the three-dimensional tracer concen-
tration distribution is successfully reconstructed from the two-dimensional
projections shown in Fig. 2. The outer fuel stream (Fig. 3(a)) and inner oxi-
dizer core (Fig. 3(b)) for 15 keV photon excitation energy show well-defined
high concentration regions that outline the reaction zone. Notably, the inner

oxidizer core length for 7 keV photon energy (Fig. 3(c)) is slightly longer
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Figure 3: Abel inversion of the tracer fluorescence projected density fields for the J =
10 flame, including the (a) Kr traced CHy at 15 keV photon energy, (b) Ar traced Oo
at 15 keV, and (c) Ar traced Oz at 7 keV. It should be noted that the abel inversion
considering the positive, negative and average of the data are shown on the left, center

and right, respectively. 14



than the 15 keV data, most likely due to the differences in signal-to-noise
and background subtraction for Ar fluorescence at 7 keV. The Abel inverted
planar distributions highlight the present asymmetries within the reacting
jet, as the lengths of the outer fuel stream and inner oxidizer core are slightly
longer for the positive data compared to the negative. Therefore, the average

Abel inverted data is used to quantify mixture fraction.
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Figure 4: Mixture fraction f fields at 15 keV photon energy for the (a) J = 8 and (b) J

= 10 reacting jets, as well as combined 7 and 15 keV data for the (¢) J = 10 case. The
stoichiometric mixture fraction contour for methane-oxygen at fs = 0.80 is outlined in

white.

Using a combination of the flow condition and Abel inverted data, mix-
ture fraction fields are created using Eq. 2. This permits L, to be directly
quantified, as the stoichiometric mixture fraction f; for CHy/Os is 0.80. Ex-
ample mixture fraction fields for both J = 8 and 10 show that L typically

ranges from z/d; ~ 5-7, depending on the momentum flux ratio (see Fig. 4).

15



As expected, the stoichiometric mixing length of the reacting jet decreases
with increasing momentum flux, from J = 8 (Fig. 4(a)) to J = 10 (Fig. 4(b)).
In addition, f fields are generated using both the simultaneous Ar-Kr data
at 15 keV photon energy, as well as a combination of the 15 keV Kr data and
7 keV Ar data. Combined results for J = 10 (see Fig. 4(c)) exhibit a slightly
smoother reaction zone stoichiometric contour and longer Lg at x/d; = 6.43,

compared to x/d; = 5.48 for the 15 keV results.

4. Modeling and Simulation

The reacting CH,/O shear coaxial jet is simulated using AHFM (AL-
REST High-Fidelity Modeling) [21-23]. Second order temporal and spatial
McCormack schemes are used to solve the fully reactive Navier-Stokes equa-
tions. The chemical source term is closed via the 5-species Westbrook-Dryer
mechanism [24], though no further turbulence/combustion modeling is in-
cluded. Ar, Kr and N, are additionally transported as passive scalars for
this problem to simulate the tracer species and coflowing gas shroud; there-
fore, these species do not affect the reaction kinetics. The domain extends
to x/d; = 25 downstream of the burner in order to fully contain the flame
region, as well as x/d; = 30 upstream into the feed pipes to ensure fully
developed turbulent flow, yielding approximately 11M cells. Boundary con-
ditions for the fuel, oxidizer, and co-flow streams are fixed mass inflows, with
values corresponding to the J=10, 15 keV case. All walls are assumed adi-
abatic with a no-slip condition, while the outflow is subsonic imposing an
atmospheric backpressure.

Figure 5 shows the average mixture fraction contour of the simulated

16



burner upon reaching steady conditions. As with Fig. 4, an isoline denoting
fs = 0.80 defines a maximum axial length corresponding to x/d; = 7.93. This
value closely matches, only a slight over-prediction above the experimental
results. The spread of the flame in the radial direction is similarly broader,
in contrast to the steeply narrowing front obtained from diagnostics. This
points to an overall underprediction of mixing between the fuel and oxidizer

streams, possibly a side-effect of the turbulent diffusivity model.
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Figure 5: Mixture fraction field for the J = 10 coaxial reacting jet created from the high-
fidelity simulation. The stoichiometric mixture fraction contour for methane-oxygen at fs

= (.80 is outlined in white.

5. Flame Length Scaling

The equivalence principle of Tacina and Dahm [1, 2] was developed to
account for the effects of heat release in turbulent shear flows, namely the

inertial effects caused by changes in the density field [1, 2]. In their work,

17



it is shown that changing the density in the momentum flux ratio equation
of the fluid with lower density predicts the decreased mixing resulting from
heat release for turbulent simple jets and shear layers. This work used the
piecewise linear nature of the equilibrium temperature and molecular weight
state relations versus mole fraction and the idea gas law to calculate an
effective density [1, 2]. This method was modified by Schumaker [3] to apply
it to shear coaxial jets and account for dissociation effects in pure oxygen
flames, which results in highly nonlinear equilibrium state relations.

The stoichiometric mixing length of nonreacting shear coaxial jets has

been shown in Schumaker and Driscoll [6] to follow the relation

L _
== G+ G, ©

where d; is the inner jet diameter, C; and Cy are scaling constants, J is the
outer-to-inner jet momentum flux ratio (i.e., J = p,u?/p;u?) and Xg is the
stoichiometric mole fraction based on the inner jet. It should be noted that
Ch and C5 are 2.73 and 1.19, respectively, for turbulent Reynolds numbers
above 10,000.

To consider heat release effects, the modified equivalence principle is used
to calculate an effective outer jet density that accounts for the primary cause
of decreased mixing in flames compared to nonreacting jets, i.e., inertial ef-
fects due to changes in the density field. This effective density is calculated
by simultaneously fitting the molecular weight and temperature equilibrium
state relations for mole fractions greater than Xg, using the fitting func-
tion [3]

pe[(MWe, eff — MW;)(1 — X) + MW
Ru[(Te,eff_irZ)(l_X>+T‘z] ’

P(X)|x>xs = (4)

18



where p. is the flame pressure and R, is the universal gas constant. The

753}
1

subscript “e” references the outer (external) jet, while refers to the inner
jet. Using Eq. 4, the effective density peg is defined as the density evaluated
at X=0. The effective density is calculated by fitting function Eq. 4 to the
equilibrium temperature and molecular weight curves from an equilibrium
chemistry solver such as NASA’s Chemical Equilibrium with Applications
(CEA) code [25]. Applying this method to the Oy/Ar and CH,/Kr mixtures
used in this work at atmosphere pressure and 300 K results in peg = 57.5
g/m3. For reacting jets, pes replaces the outer jet density in the momentum
flux ratio of Eq. 3 and is then denoted as Jog. To calculate the nonreacting

stoichiometric mixing length, J should be used in Eq. 3 and to calculate the

reacting stoichiometric mixing length, J.¢ should be used.
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Figure 6: Stoichiometric mixing length L scaling. The solid blue line is the scaling relation

from Schumaker and Driscoll [6].

19



Previous work has shown that using OH PLIF as a marker of flame length
allows CH4/O4 and Hy/O4 shear coaxial flames to be collapsed upon a single
curve using this scaling approach. However, an additional constant S, =
2.9*(C is required to fit the reacting results to the nonreacting flame length
curve [3]. It was hypothesized that this additional constant is the result
of an indirect measurement of L, due to the use of qualitative OH PLIF
measurements, which did not directly track the stoichiometric mixing length
but was proportional.

Stoichiometric mixing lengths measured from the mixture fraction fields
(Fig. 4) for the various J values, along with the simulation result (Fig. 5) are
compared to the nonreacting mixing length scaling found in Schumaker [3]
in Fig. 6. In addition, these values along with the calculated J.g are tabu-
lated in Table 3. When the L, values for these flames are scaled using the
modified equivalence principle, there is overall agreement, as they are equal
to or slightly higher than the nonreacting momentum flux scaling. This in-
dicates that the additional constant S, necessary to scale from reacting to
nonreacting in Schumaker’s previous work [3] is the result of using OH PLIF
as a marker of flame length. Therefore, when the reacting mixture fraction
field is measured directly, the modified equivalence principle does properly
account for the primary effects of heat release on mixing in shear coaxial jet
flames and the additional 2.9 scaling constant is not required. It should be
noted that the J = 10, 15/7 keV case and both of the J = 8 keV cases sit
above the momentum flux scaling line by approximately 13.5%. The cause of
this small discrepancy is unknown at this time but given the closeness of the

J =10, 15 keV case, it is likely the result of uncertainty in the normalization
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of the mixture fraction fields. However, it could also be tied to the slight
asymmetry of the flames or less likely other effects of heat release such as
buoyancy, diffusion or dilatation. Further work is required to isolate these
discrepancies. Again, these discrepancies are small, less than 16%, compared

to the 290% that the OH PLIF scaling constant represents.

Table 3: Measured Jog and comparison of measured and calculated L/d;.

J  Xeray Jg (JY2X,)™' Ly/d; Lg/d; % Diff.

(keV) meas.  scal.
8.31 15 0.692 1.75 6.73  5.97 11.2
10.1 15 0.840 1.59 2.48  5.53 1.00
8.47 15/7 0.701 1.74 7.06 594 15.7
10.3  15/7 0.853 1.58 6.43  5.50 14.4

Conclusions

Previous studies have shown that the stoichiometric mixing length L of
reacting coaxial jet flames can be scaled similar to their nonreacting coun-
terparts using a nondimensional momentum flux ratio. In addition, the sto-
ichiometric mixing length of reacting and nonreacting coaxial jets collapse
to a single line by modifying the nondimensional momentum flux ratio by
using an effective gas density that accounts for the inertial effects caused by
heat release induced changes in the density field. However, previous stud-
ies require the addition of a second nonphysical scaling constant S., not
predicted by this method. In this work, simultaneous x-ray florescence of

Kr and Ar, added as tracers to the fuel (CHy) and oxidizer (O), are used
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to directly obtain quantitative mixture fraction fields. Using these mixture
fraction measurements, Lg is determined for two momentum flux ratios (J
= 8 and 10) and scaled against nonreacting coaxial mixing lengths using
the equivalence principle. By directly measuring the stoichiometric mixing
length using x-ray fluorescence, it is shown that the previously required addi-
tional constant S. is a byproduct of the measurement technique (OH PLIF)
and the equivalence principle fully captures the scaling. Comparison with
high-fidelity simulation of the flame further supports this conclusion. This
work serves as validation for the scaling approach of reacting shear coaxial
jets using nonreacting jet measurements, which can provide crucial predic-
tion capability for liquid rocket engine combustor element design to reduce
testing costs and development cycle time. In addition, this work demon-
strates the ability to use x-ray fluorescence to make quantitative conserved

scalar measurements in high temperature turbulent flames.
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