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To experimentally assess the fuel/air mixing performance of high-speed fuel injectors, one-
dimensional metrics that quantify the degree of mixing completeness downstream of the fuel
injection location are required. The most accurate assessment of mixing performance is
achieved with the mixing efficiency parameter. In order to experimentally determine the
mixing efficiency parameter, the spatial distributions of both mass flux and fuel mass fraction
must be measured. In-stream gas sampling techniques are commonly used to measure the fuel
mass fraction distribution; however, the mass flux distribution is not easily determined because
it requires the measurement of three independent aerothermodynamic variables in addition to
the gas composition. Therefore, to experimentally determine the mixing efficiency parameter,
the spatial distributions of four independent properties must be measured, with each property
generally requiring its own unique probe. Because of this difficulty, it is commonly assumed
that alternate metrics, which rely solely on the fuel distribution, are good indicators of mixing
performance. However, since these alternate metrics do not provide a mass flux-weighted
measure of mixing completeness, they can lead to incorrect conclusions being drawn about the
mixing performance of the studied fuel injector configuration. Recognizing this shortcoming,
this work proposes two new alternate mixing performance metrics that are easier to obtain than
the mixing efficiency parameter. The analytical development of the new metrics, as well as their
application to relevant CFD and experimental data of high-speed fuel injector configurations,
is presented in this work. For two different experiments, the new metrics are shown to provide
an excellent representation of the true mass flux-weighted mixing performance, unlike the
traditionally-used alternatives. The results presented herein suggest that the new metrics can
serve as accurate surrogates for mixing efficiency in future high-speed fuel/air mixing studies.

L. Introduction

F the many fluid dynamic challenges that are encountered in scramjet flowpath design, perhaps one of the greatest is

the need to achieve rapid fuel/air mixing. The primary difficulty is due to the fact that the flow remains supersonic
in the scramjet combustor, thereby drastically limiting the amount of time available for the injected fuel to mix and
chemically react. In fact, the rate-limiting step in the fuel injection/mixing/combustion process in a scramjet engine
is the mixing of the fuel and air [1]]. Therefore, by enhancing the rate at which the fuel and air mix it is possible to
both reduce the combustor length and achieve significant gains in engine performance. To this end, past research
efforts have devised and studied various fuel/air mixing enhancement strategies and injector configurations for scramjet
applications. Many of these strategies have been reviewed previously by Seiner et al. [2], Gutmark et al. [3], and Lee et
al. [4]. Despite the advances summarized in these works, further research and development is required in order to
design high-speed fuel injection systems that sustain and enhance engine performance across a wide range of flight
Mach numbers at both on-design and off-design conditions.

For fuel/air mixing studies, it is necessary to define a metric to compare the mixing performance of different fuel
injection concepts. Ideally, this metric should be a one-dimensional parameter (varying only in the primary flow
direction) that quantifies the degree of mixing completeness of the fuel/air mixture at any cross-stream plane downstream
of the injection location. One metric well suited for fundamental, nonreacting, mixing studies is the mixing efficiency
parameter (henceforth referred to simply as “mixing efficiency,” for brevity). This mass flux-weighted parameter is
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defined as the fraction of the least available reactant that would react if the fuel/air mixture were brought to chemical
equilibrium without further mixing [3].

The calculation of mixing efficiency at a given cross-stream plane requires the spatial distributions of both mass flux
and fuel mass fraction. In an experiment, although the fuel distribution is relatively straightforward to measure with
in-stream gas-sampling techniques, the mass flux distribution is not easily determined; it requires spatially distributed
measurements of three independent aerothermodynamic properties, in addition to gas composition. This is most
commonly accomplished by augmenting planar gas-sampling data with the spatial distributions of pitot pressure, total
temperature, and static pressure measured at the same plane [6]]. This method is challenging in practice because each
of the four property measurements requires its own uniquely designed measurement probe and many repetitions of
the experiment are needed to obtain a sufficiently dense spatial distribution of each property at every downstream
plane. This process becomes untenable when several injector configurations must be tested. An alternate method that
uses iodine planar laser-induced fluorescence (PLIF) to measure all of the properties required to calculate the mixing
efficiency has been demonstrated in the past [7]. However, the implementation of the iodine PLIF technique presents a
number of challenges (such as iodine seeding and corrosion issues, a complex optical setup requiring multiple laser
sheet directions to measure velocity, and larger uncertainties than intrusive probe-based measurements [8]]) that limit its
adoption as a standard measurement technique.

Because of the difficulty in experimentally determining the mixing efficiency, a common practice in many fuel/air
mixing experiments is to assume that alternate metrics, which rely solely on the fuel distribution, are good indicators of
mixing performance. Metrics commonly used for this purpose are the decay of maximum fuel mass fraction, the spatial
unmixedness parameter, and various plume area-based metrics [6, 9, [10]. However, because these alternate metrics do
not provide a mass flux-weighted measure of mixing performance, they could lead to different conclusions from those
based on mixing efficiency. This was demonstrated by the authors in a previous work wherein a variety of alternate
mixing performance metrics were calculated from the results of CFD simulations of different injector configurations.
This work found that some of the commonly used alternate metrics were better correlated with mixing efficiency than
others and, more importantly, which injector was deemed the “better” mixer depended upon which metric was used [[L1].

Recognizing both the challenge of experimentally determining the mass flux distribution and the potential hazards of
the traditional metrics based solely on fuel distribution, the motivation for the present work was to develop a new mixing
performance metric. The new metric must meet two criteria: one, it must be easier to obtain than mixing efficiency
and, two, it must also be a better representation of the a mass flux-weighted mixing performance than the traditionally
used alternatives. Specifically, the new metric must be able to be calculated from the experimental data obtained in
the Enhanced Injection and Mixing Project (EIMP), a fuel/air mixing study currently underway at the NASA Langley
Research Center. The EIMP [[12] is investigating the underlying fundamental physics relevant to fuel injection and
mixing for scramjets with flight Mach numbers greater than eight in order to develop mixing enhancement strategies
that minimize the total pressure loss incurred during the fuel/air mixing process at the high Mach numbers of interest.

The approach taken by the EIMP utilizes both experiments and computational simulations. The experiments
consist of helium injection into a Mach 6 airstream using a test bed platform that accommodates interchangeable fuel
injectors. Helium mass fraction, pitot pressure, and total temperature are obtained via in-stream probes in the mixing
flowfield downstream of the injectors. The data from the experiments are used to anchor computational fluid dynamics
(CFD) simulations which, in turn, are used to provide flowfield details and calculate performance metrics—such as
the mixing efficiency. The experimental data were also originally intended to enable rapid screening of fuel injection
concepts, however, based on the subsequent findings mentioned above [11]], screening and ranking injectors based on the
traditionally-used fuel distribution-based mixing metrics would be highly suspect. Therefore, the authors sought to take
advantage of the additional flowfield information provided by the measurements of pitot pressure and total temperature
to develop a new mixing performance metric that would reliably correlate with mixing efficiency.

It will be shown that two newly proposed metrics not only correlate well with mixing efficiency, but yield remarkably
good approximations of the mixing efficiency for the flow conditions and cases investigated thus far for the EIMP. To
test the validity of the new metric across a wider range of freestream conditions and injector geometries than those
present in the EIMP, it is also applied to a set of data from an earlier, independent, mixing study performed at Mach 2
flow conditions in the Transverse Jet Facility (TJF), also at NASA Langley Research Center [[13]. It will be shown that
the newly proposed metrics also provide an excellent approximation of mixing efficiency for the TJF data set. Therefore,
it is concluded that the metrics’ applicability extends beyond the particular conditions of the EIMP, suggesting that they
can be used in a wide variety of fundamental fuel/air mixing experiments. The potential impact on such experiments is
significant because it enables the accurate determination of mixing performance with a very simplified experimental
setup compared to that needed to experimentally determine the true mixing efficiency.



To begin, this work describes the specific test conditions and injector configurations investigated. This is followed
by a simple analysis, using only compressible flow relations, to investigate the range of flow conditions under which the
new metrics can be expected to yield an acceptable substitute for mixing efficiency. Proof of both metrics’ applicability
to high-speed fuel/air mixing studies is then demonstrated with the use of both computational (EIMP) and experimental
(EIMP and TJF) data.

IL. Injector Configurations and Experiment Descriptions

A. Enhanced Injection and Mixing Project

Thus far, three different fuel injectors, a strut, a ramp, and a flushwall injector, have been studied in the EIMP both
numerically [14-16]] and experimentally [18]]. These injectors represent the three basic injector types commonly
considered for high speed propulsive flowpaths. The injector configurations tested are derived from configurations
previously examined in the literature [19] 20]]; however, in the EIMP they are tested at a higher Mach number than those
at which they were previously studied in the cited works. This approach is consistent with the primary goal of the EIMP,
which is to investigate the fundamental physics of the fuel injection and mixing processes for scramjets with flight Mach
numbers greater than eight.

The injectors are experimentally tested in the Arc-Heated Scramjet Test Facility (AHSTF) at the NASA Langley
Research Center [21H23]]. The heated air has a stagnation pressure of 625 psia and expands through a facility nozzle to
an exit Mach number of 6.48 and a Reynolds number of 5 x 10° f¢~!. These conditions approximate the combustor
entrance conditions of a notional vehicle flying at Mach 15 with a dynamic pressure of 1500 ps f. To reduce cost and
complexity, the tests are conducted at reduced total temperatures (1310 °R or 1760 °R) and with an inert fuel (helium,
simulating hydrogen), which allow for uncooled test hardware. The injectors are tested on an open flat plate to allow
for easy optical and in-stream probe access to the fuel/air mixing region, but this requires that an intended fueling
area (IFA) for each injector configuration be defined in order to set the global equivalence ratio. The impact of the
differences between the ground test configuration (reduced total temperature, open flat plate, inert fuel simulant) and the
notional flight vehicle configuration (true flight enthalpy, ducted flow path, reacting fuel) on the behavior of the mixing
flowfields has been investigated computationally by Drozda et al. [T6]], which confirmed the practical relevance
of the conditions replicated by the simplified experimental setup. Schematics of the three injector configurations are
shown in Fig. [T|where the outlined box depicts a single injector’s intended fueling area.
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Fig. 1 EIMP injector configurations. Strut (top left), ramp (top right), and flushwall (bottom).



The in-stream measurements of pitot pressure, total temperature, and gas composition are made with probes
that can be traversed across any cross-stream plane downstream of the injectors. The pitot pressure and total
temperature measurements are made using standard techniques. The gas composition measurements are made with a
constant temperature anemometer (CTA)-based gas sampling technique that is commonly used to make concentration
measurements in binary gas mixtures [24H27]]. For a further description of the experiment, including the test articles
and instrumentation hardware, the reader is referred to the work of Cabell et al. [[12].

B. Transverse Jet Facility

To test the validity of the newly proposed metrics for injector geometries and freestream flow conditions that are
different from those in the EIMP, they are applied to the experimental data set presented in Doerner and Cutler [13]. In
Ref. [13], a total of ten different ramp and flushwall injector configurations were used to study the effects of swirling
and skewed fuel injection on mixing performance. The experiments were performed in the Transverse Jet Facility at the
NASA Langley Research Center. This facility delivers unheated air (Pg = 115 psia and Ty = 538.2 °R) through a Mach
2 nozzle with an exit cross section of 3.5 x 1.5 in’ to a rectangular duct test section of the same dimensions. For each
configuration studied, an underexpanded helium jet was injected supersonically into the ducted Mach 2 freestream. In
these experiments, measurements of the mixing field were made with a pitot probe, a cone static pressure probe, a total
temperature probe, and a gas-sampling probe, which used the same CTA-based gas composition measurement technique
as the EIMP system. Because four independent properties were measured, all remaining aerothermodynamic variables
could be computed. Consequently, the mixing efficiency, 71,,,, can be calculated from the experimental data and allows
for a direct one-to-one comparison with the newly proposed metrics. For further details about these experiments and
their conclusions, the reader is referred to Ref. [13]].

I11. Analysis of the Alternative Mixing Performance Metrics
The mixing efficiency, 7,,, is the primary metric used to quantify injector mixing performance in the EIMP because
it is a true mass flux-weighted measure of mixing completeness. It is defined as the fraction of least available reactant,
a, that would react if the fuel/air mixture were brought to chemical equilibrium without further local or global mixing.
The definition used herein is the one proposed by Mao et al. [3], i.e.,
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In the formulation above, the integration is over a single downstream cross-stream plane and « is either the fuel or
oxidizer mass fraction, depending on whether the flow is globally fuel-lean or fuel-rich, respectively. In both the EIMP
and TJF experiments, the equivalence ratio is less than or equal to one for each injector configuration. Therefore,
in Egs. |1 and |2} @ denotes the mass fraction of helium and a; is taken to be 0.0285, which is the stoichiometric
hydrogen mass fraction for hydrogen/air mixtures. The product of p, the local density, and u, the component of velocity
normal to dA, is the mass flow per unit area, i.e., the mass flux. The mixing efficiency varies from 0 to 1 with n,,, =0
corresponding to a completely segregated mixture and 77,,, = 1 corresponding to a perfectly mixed mixture.

As mentioned previously, practical challenges of obtaining in-stream distributions of three independent aerother-
modynamic variables, in addition to gas composition, often prevent the experimental determination of the mass flux,
pu, and, therefore, the mixing efficiency. This is the case for the EIMP, where the measurements consist only of pitot
pressure, total temperature and gas composition. Since one intent of the EIMP experiments is to enable rapid screening
of injectors based on the obtained fuel distributions, the authors previously sought to find a metric based solely upon
fuel distribution that correlates strongly with mixing efficiency, but none proved satisfactory [11]]. Thus, it was clear
a new metric had to be developed in order to experimentally characterize the EIMP injectors’ mixing performance.
This process began by asking: of the parameters that are measured or can be calculated from the EIMP experiments,
is there one that is proportional to pu that could be substituted in its stead in Eq.[I|to yield a new mixing metric that
approximates 1, better than the previously investigated alternatives?



To answer this question, it is instructive to express pu in terms of the parameters that are measured in the experiment.
Using the ideal gas law and the definition for the speed of sound in a thermally perfect gas, mass flux is first written as:

pu = —M-fy. 3)

Note that because the flowfield is a binary mixture of helium and air, the specific gas constant, R, is known from the
helium mass fraction measurement. For illustrative purposes, we invoke the calorically perfect gas assumption to relate
the static properties to stagnation properties, denoted with the subscript “0”. The subscript “2” has been used to indicate
properties downstream of a normal shock. Quantities without the subscript ‘“2” are the same on both sides of the normal
shock in a calorically perfect flow. After making use of the calorically perfect gas relations, Eq. [3]becomes:
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where all the parameters outside the square brackets are known from the EIMP experiments. Thus, it can be seen that
the mass flux is directly proportional to any factor of the quantity 0 Z . Despite the fact that the calorically perfect gas

assumption was used to derive Eq. 4] the proportionality still holds for a calorically imperfect gas because the stagnation
properties are still directly proportional to the static properties even if they cannot be related in closed form. Because of
this proportionality, \/ﬁ as a substitute for pu
in Eq.[I] Examination of Eq.[T|reveals that if the ratio of mass flux to that parameter is nearly constant across each
downstream plane at which n,, is calculated, this would yield a valid approximation of 7,,. The parameter proposed for
initial investigation was pitot pressure. This was based upon the authors’ past experience in comparing scramjet engine
data from various ground test facilities with a range of freestream conditions and test gases where it was observed that
the ratio of inlet captured mass flux from one facility or condition to another was nearly identical to the ratio of inlet
pitot pressure. This suggested that mass flux is a strong function of pitot pressure and that by substituting pitot pressure
for mass flux in Eq.[I} a reliable approximation for mixing efficiency could potentially be developed. If this is done,
then the proposed alternative metric is:
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However, this is not a realistic general expectation for a complex supersonic mixing flowfield. It is important to note
that this requirement needs only to hold true in the actual fuel/air mixing region, as regions of pure fuel or pure air
correspond to @g = 0 and, therefore, contrlbute nothing to 77,,,. The range of conditions for Wthh S is approximately
constant can be investigated by plottlng S asa function of upstream Mach number, M, noting that M, = f(My,y),
for a given gas (y and R) and total temperature Such a plot is shown in Fig. 2 for a range of gases that have typically
been used in fundamental mixing experiments. Many of these studies, like the EIMP, have used helium to simulate
hydrogen fuel [6} 13} 28] 29]], while some have simply injected hydrogen at conditions that did not promote chemical
reaction [30]. Other experiments have studied the mixing of hydrocarbons such as methane [[10] or ethylene [10}31] in
nonreacting environments, while others have used heavier fuel surrogates, such as argon [32]] or carbon dioxide [33]], to
simulate hydrocarbon fuels. For simplicity, this plot was generated using calorically perfect relations with all gases at
the same total temperature of 540 °R, since many of the cited studies were performed "cold" with both the fuel and air
near room temperature. However, the effect of a higher total temperature for any gas can easily be understood as a
lowering of the values in the curves by a factor of 4/540/7p, where the total temperature is expressed in degrees Rankine.
Figure ' shows that as the Mach number increases, IfT asymptotically approaches constant, but unique, values for
each gas at a given total temperature. Above Mach 3, the ratio is nearly constant and can be assumed to be, approximately,
independent of Mach number. In the fuel/air mixing region, the range of possible values of % should be bounded by
the curves for pure air and pure fuel at their respective total temperatures. What cannot be depicted in Fig.[2h is that,
as the flow mixes, both the fuel mass fraction and flow total temperature should become more uniform, which will



further narrow the possible range of ﬂ in the mixing region. As seen in Fig. ' when cold flow mixing experiments

utilize nonreacting hydrocarbons, or hydrocarbon surrogates, the difference in P “ between the pure fuel and air is

small compared to that for helium or nonreacting hydrogen. This suggests that the use of the nm  metric is valid in
these experiments as long as the Mach number is greater than ~ 3, or does not vary greatly across a given downstream
plane as this Mach number range restriction need only be within a given cross-stream plane where 17,, ™2 is calculated.

However, this does not mean that experiments studying the mixing of light gases with air cannot use the 775,0’2 metric
when both gases have the same total temperature. First, the mixing performance of an injector will most likely be
assessed at some downstream distance where the fuel and air have had a chance to mix and as explained previously, the
variation in Jf—) across the mixing region will have decreased. Secondly, because % P— of a mixture is a mass-weighted
term, its value will rapidly skew toward the value for pure air with fairly little mixing on a molar basis due to the large

difference in molecular weights between helium and air.
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Fig. 2 (a) S Vs. Mach number for various gases at 7Ty = 540 °R, and (b) S Vs Mach number for conditions

relevant to the EIMP.

Figure o shows the variation of & p “ S asa function of Mach number for the two gases and total temperatures relevant

to the EIMP: pure helium, which is 1nJected with Ty = 540 °R, and pure air at both 7y = 1310 °R and Ty = 1760 °R, as
the experiments can be conducted with the freestream air at either total temperature. Here, % was calculated without
the calorically perfect gas assumption. The effect of increased air total temperature can be seen by comparing the two
curves at Tp = 1310 °R and Ty = 1760 °R with each other and to the curve at Ty = 540 °R in Fig.[2h. The possible range
of values in the mixing region, bounded by the curves for fuel and air, has been greatly reduced with the increased
air total temperature. Given the Mach 6 inflow of the EIMP, it is expected that a vast majority of the flowfield will
have Mach numbers greater than 3. Therefore, using the asymptotes that are approached by each curve, the maximum
pou

expected variation in Pos is 17% when the air total temperature is 1310 °R and is 9% when the air total temperature is

1760 °R. Again, as the flow mixes, both the fuel mass fraction and flow total temperature should become more uniform,
which will further narrow the possible range of p The effect of the increased total temperature of the air, which

serves to decrease the maximum expected Variation in £4 P across the mixing region, highlights the fact that in the future

pu

it could be possible to tailor the total temperatures of the 1njected fuel and air in order to minimize the variation in Pos

. s L P
which would minimize the potential differences between 77;,,”> and 7,,,.
In summary, two conditions have been identified that must be met in order for the assumption of % ~ C to be
valid. One, there must be sufficient mixing such that the possible range of % lies within a narrow band between the
. . . . ' Y
bounding fuel and air curves; and, two, the Mach number in a given cross-stream plane at which n,7 is calculated must

be greater than 3 or, if the Mach number is less than 3, its range must be sufficiently small such that the variation in
p—“ due specifically to the influence of Mach number is also small. Although the ﬁndings from this simple analysis

have shed light on the conditions under which it might be possible to approximate & L% as constant, it remains to be



determined how much it varies during the mixing process in an actual, highly complex, supersonic flow. This is easily
accomplished using the results of CFD simulations for the specific conditions in the EIMP and can also be done by
performing pretest CFD for any experiment in which the applicability of this metric is of interest.

As noted above, the quantity \Z% and any of its factors (i.e., %, ﬁ, etc.) are also directly proportional to mass
flux and could be considered as a replacement for pu in Eq.[I} Although a similar analysis with results analogous to
those of Fig. 2| could be carried out for any of the aforementioned factors, the approach taken by the authors was to
investigate each factor of \Zg% directly by calculating its associated substitute mixing performance metric from the
available EIMP CFD results. As will be shown in later sections, there are two metrics that yield remarkably good
approximations of the mixing efficiency. These are the previously discussed n,ff”z and the metric obtained by substituting
R~/ for mass flux in Eq. |1} or n%. The latter is of particular interest since flowfields of typical nonreacting mixing
experiments are treated as binary mixtures of fuel and air and the local value of the specific gas constant, R, can be

calculated simply from the measurement of the fuel mass fraction. Therefore, 7% is solely dependent upon the measured

fuel distribution and, thus, requires fewer measurements than either 77,, or 17.*2. The extent to which both 7* and nR
can serve as reliable approximations for mixing efficiency in the EIMP is demonstrated with both CFD and experimental
data subsequently in Sec.[[V]and Sec.[VJA] Section uses the data from the TJF mixing experiments to investigate
the applicability of both metrics under conditions of lower inflow Mach number where the injected helium fuel and
freestream air have the same total temperature.

IV. Application to EIMP CFD Data

The numerical simulations were completed pretest with boundary conditions consistent with the 1760 °R total
temperature experimental ground test condition. They were performed using the Viscous Upwind algorithm for
Complex flow ANalysis (VULCAN-CFD) code [34]. VULCAN-CFD is a multiblock, structured-grid, cell-centered,
finite-volume solver widely used for all-speed flow simulations. For this work, Reynolds-averaged simulations were
performed. For further information on the CFD simulations, including the specific details of the numerical schemes
used, the reader is referred to the previous works of Drozda et al. [14-16]. In order to familiarize the reader with the
general flow features of the EIMP’s strut, ramp, and flushwall injectors, contour plots of Mach number are shown in
Fig.[3] In this figure, the solid black lines denote the stoichiometric value of the fuel mass fraction and show how the
shape of the injected fuel plume evolves downstream.

From Fig.[3] it can be gleaned that the three different injector types each act in a different manner to mix the injected
fuel with the surrounding air. The strut injector serves primarily as a fuel placement device, protruding into the flow to
place fuel directly into the core of the incoming airstream. The ramp injector’s main purpose is to augment the fuel
mixing process by introducing large-scale streamwise vortices that enlarge and stretch the fuel/air interface, which it
does by shedding a counterrotating vortex pair (CVP) from its upper surface. Like the ramp injector, the flushwall
injector serves to introduce vorticity into the mixing field; however, instead of accomplishing this task with a physical
body placed in the flow, the vortical motion is created by the interaction of the injected fuel jet with the freestream. Due
to the differences in wetted surface area and projected frontal area, each injector will also produce different amounts of
total pressure loss (i.e., drag) in addition to different mixing performance. Though injector drag must undoubtedly be
taken into account during the design of any realistic injector system, the focus of this work is solely on the quantification
of mixing performance. For a more detailed discussion on the different physical flow features and performance of the
different injectors, the reader is referred to Drozda et al. [14]].

Shown in Fig. [ are a collection of mixing performance metrics calculated from the CFD simulations of the strut,
ramp, and flushwall injector configurations plotted versus x, the distance downstream from the injection plane. Figure[dp
depicts the mixing efficiency, 7,,, and the remaining subfigures, Figs. @b—f depict traditionally used alternate mixing
performance metrics that are calculated solely from the spatial distribution of the fuel mass fraction. These metrics are
one minus the maximum helium mole fraction, 1 — Y, max; One minus the spatial unmixedness parameter, 1 — Us;
relative fuel plume area, A; fuel plume area normalized by the intended fueling area, A, /IFA; and the flammable
plume fraction, Af /A, respectively. The complete definitions of each of these metrics can be found in the authors’
previous work [11]]. Fig. ] shows that conclusions differing from those based on mixing efficiency, about both the rate
of mixing and the overall ranking of the best mixing configuration, can be made depending upon which alternative
performance metric is used. For example, the initial rate of mixing indicated by the maximum helium mole fraction and
the spatial unmixedness parameter, Figs. @p and c, is much higher than that indicated by the fuel plume area-based
metrics, Figs. @d-f, which are closer to the initial mixing rates displayed by mixing efficiency. If the three injectors
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Fig.3 Mach number contours for the strut (top), ramp (middle), and flushwall (bottom) injector configurations.
The black lines denote the stoichiometric value of the fuel mass fraction.

were ranked based upon any of the alternate mixing performance metrics, only flammable plume fraction, Fig. @f,
would correctly rank the injectors. However, the relative performance differences between the injectors (i.e., how much
better one injector is than another) would not be correctly conveyed. These contradictions highlight the most important
conclusions from Ground et al. [[11].

Figure. [5|shows that these issues are remedied by both the 77,1;0‘2 and nR metrics. In Figs. |5 and c the solid lines
represent 1,,, and the symbols represent 7720‘2 or R, respectively. Figures - and d depict the absolute value of the
differences between the two new metrics and the mixing efficiency. Overall, there is a remarkably high level of agreement
between 77,,, and n,l:lo’z across the entire flowfield for each injector configuration, with the maximum difference between
them never exceeding 0.01. The maximum difference between 7,, and n,io‘z is seen within the first five inches of the
injection location, after which the difference between 7, and 775,0‘2 is less than 3% for the flushwall injector and less
than 1.5% for the strut and ramp injectors. It will be shown later that these differences are smaller than the measurement
uncertainty of the 17,1;0'2 metric measured in the EIMP experiments, which makes 17,1;0‘2 virtually indistinguishable from
1 for the flow conditions and injector geometries of the EIMP. Figure shows that, while 7% is not as accurate a
representation of mixing efficiency as 77,1:,0‘2 is, it is still accurate enough to distinguish the relative differences in mixing
performance between the three different injector configurations. This stands in stark contrast to the traditionally used
fuel distribution based mixing performance metrics depicted in Figure ] which are not able to accomplish this task.
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Fig. 4 CFD predicted mixing performance metrics. (a) 77,,, (b) one minus the maximum helium mole fraction,
(c) one minus the spatial unmixedness parameter, (d) relative fuel plume area, (e) plume area normalized by the
intended fueling area, and (f) flammable plume fraction.

V. Application to Experimental Data

A. Enhanced Injection and Mixing Project

To date, experimental data has been collected at the low temperature test condition (7Tp = 1310°R) for the strut
injector at five planes that are x = 0.5, 1,2, 4 and 6 in. downstream of the injection location. For each of the planes
surveyed, measurements were acquired in a grid with a nominal 1/8 in. by 1/8 in. spacing in the y and z directions,
respectively. The resulting contours of helium mole fraction and pitot pressure are shown in Fig.[6] Post-test CFD
simulations at the low temperature test condition are not yet available for direct comparison. An in-depth comparison
between the CFD and experimental results will be the focus of a future work. Nonetheless, the experimental results
show that, qualitatively, the fuel plume evolves as expected from the pretest CFD predictions at the high temperature test
condition (Tp = 1760°R) shown in Fig. 3]

The data of Fig.|6|were used to calculate the experimentally derived values of n,ljlo’z and R at each survey location.
Results are shown in Fig.[/|along with the results from the pretest CFD for reference. The experimental results include
uncertainty bars indicating the 95% confidence interval on the experimentally measured metrics. The uncertainty
analysis used Monte Carlo methods to propagate the systematic and random uncertainties of every measurement,
including uncertainties from the hot-wire calibration procedure, into an uncertainty in the fuel mole fraction and pitot
pressure at each individual location in the measurement plane. The uncertainties in fuel mole fraction and pitot pressure
at every location in the measurement plane contribute to the overall uncertainty in the experimental metrics, which is
slightly different for each measured plane. In each plane, the uncertainty in 77,1;0’2 is larger than the difference between
nm and n,ﬁo’z in the CFD data, shown in Fig. . Therefore, even if enough variables were measured to calculate
mixing efficiency from the experimental data, 7, and 17,1:,0‘2 would be indistinguishable from one another given their
respective uncertainties for the EIMP conditions. In fact, it is highly probable that 1, would have a larger uncertainty
than n,}:,o’2 due to the fact that the measurement uncertainty from two additional variables (the spatial distributions of
total temperature and static pressure) would propagate into the result. This could be another potential benefit of the
n,io’z metric. Like r]f,o‘z, nR can be measured with a small enough uncertainty to be able to rank injector performance
experimentally. However, due to the larger difference between the values of 17,,, and 7% shown in Fig. , it is conceivable
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Fig. 5 Comparison of 7,, and the newly proposed mixing metrics in the EIMP CFD data. (a) Raw metric
values. 7,, is represented by the lines and n,}:f’z by the symbols. (b) Absolute value of the difference between 7,,,
and n,’;"’2 (c) Raw metric values. 7, is represented by the lines and 17X by the symbols. (d) Absolute value of the
difference between 7,,, and nX.

that a more accurate determination of mixing performance could be made by experimentally determining the mixing
efficiency—though this would come at the cost of needing to measure the spatial distributions of three additional variables
at each interrogated plane.

Two points must be made prior to comparing the experimentally calculated r],l:,“’z and R profiles with those from
the CFD simulations. First, although the pretest CFD is for a higher temperature condition, it nevertheless provides a
valuable comparison because the difference in total temperature between the two conditions is expected to have only a
slight effect on the mixing efficiency[35]. Second, it is important to use the coarsened experimental grid resolution,
where the data are sampled exactly at the experimental measurement locations, as differences in the metrics from the
full and reduced resolution CFD can be significant. The important conclusion to draw from the results shown in Fig.
is that it is possible to measure both of the newly proposed metrics with low enough measurement uncertainty to capture
the trend identified in the CFD data.

These results, taken together with the results presented in Sec. [[V] clearly demonstrate the superiority of the two
newly proposed mixing performance metrics over the historically-used alternatives to mixing efficiency. To calculate
n,}:,o'z, the spatial distribution of only one other variable, pitot pressure, is required to be measured in addition to the fuel
mass fraction distribution. Thus, this metric achieves the primary goal stated at the outset of this effort, which was to

define a metric that is easier to obtain than mixing efficiency while also being a more accurate representation of the
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Fig.6 Experimental data contours atx = 0.5, 1,2, 4 and 6 in. of (a) Helium mole fraction, and (b) pitot pressure.
At the x = 6 in. station, the nominal experimental sampling grid is depicted.
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Fig. 7 (a) Plot of 775{”2 from experimental data, and (b) Plot of % from experimental data. CFD comparisons
are shown for reference.

mass flux-weighted mixing performance than the traditional fuel distribution-based surrogates. Despite being solely
based upon the fuel distribution, n® provides a good approximation of mixing efficiency—one that is significantly better
than any of the other fuel distribution-based metrics used in the past. Therefore, even though Fig. [5d shows it to have a

slightly larger deviation from mixing efficiency than 7],1:,‘)’2, the fact that it requires only the experimental measurement of
the fuel mass fraction distribution could make it preferable to 77,1;0’2 in some situations. The following section investigates
whether these newly introduced metrics also yield a good approximation for 77,,, when applied to the TJF data set.
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B. Transverse Jet Facility

As mentioned in Sec. Doerner and Cutler [13]] studied a total of ten different ramp and flushwall injector
configurations in order to investigate the effects of swirling and skewed fuel injection on mixing performance. Here,
two of these configurations are used to discuss the applicability of the nff’2 and nR metrics to the TJF data. They
are: (1) the no swirl, 0° skew flushwall injector (designated NO) and (2) the swirling injection, 25° skew flushwall
injector (designated S25). The two injectors were probed at stations 1, 5, and 9 in. downstream of the injection location,
respectively. Although no CFD simulations of the TJF experiments are available to calculate and compare metrics,
recall that enough independent measurements were made to calculate both 7, and the proposed alternatives from the
experimental data. Fig.[8]depicts the comparison of the metrics to mixing efficiency in the selected TJF data. Ref. [13]
estimates the uncertainty in 7,, to be £5%.
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Fig. 8 Comparison of metrics in the TJF data. (a) n,, and n,’:{"z, (b) absolute value of the difference between

7m and 77,1;0‘2, (¢) n,, and 7751, and (d) absolute value of the difference between 7,,, and nﬁ.

At the 5 and 9 in. downstream stations, the agreement between 1,, and 77,1;0'2 is on par with that seen between the two
metrics in the EIMP CFD data in Fig. E]), with differences less than 0.005 between them. However, at the 1 in. station,
the differences are more pronounced—with a difference of 0.051 between the two metrics for the NO injector and 0.025
for the $25 injector. The magnitude of these differences results in an underprediction of the mixing performance by
the 7]20’2 metric by approximately 54% and 25% for the NO and S25 injectors, respectively, at the nearfield station. To
illustrate the reason for this discrepancy, the contours of helium mole fraction and Mach number are shown for the NO

injector in Fig. @ At the farthest two downstream stations, where there is negligible difference between 1,,, and 77,1;‘"2,
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the Mach number in the fuel plume is quite uniform—between Mach 1.6 and Mach 1.8 even though the helium and air
have yet to completely mix. From the data presented in Fig.[8] it can be concluded that the amount of mlxmg present at
these two stations is sufficient for pitot pressure to reliably approximate mass flux, thereby allowing for 17 * to serve
as a dependable quantitative metric of mixing completeness. On the other hand, at the 1 in. station, there is both a
large range in the Mach number within the fuel plume, between Mach 1.4 and Mach 3.6, and high helium mole fraction
values, a maximum of 0.98, because the fuel has had very little time to mix with the surrounding air. Referring back to
Fig. b, both the wide range of low supersonic Mach numbers and the presence of a large area of relatively unmixed
helium within the fuel plume will result in a larger spread in the values of p , making the assumption that this ratio is
approximately constant much less accurate at the 1 in. station. Although not shown here, a similar scenario exists at the
1 in. station of the $25 injector. However, the range of Mach numbers in the fuel plume is smaller (between Mach 1.5

and 2.5), which results in a smaller difference between 1, and 1, Foz compared to the NO injector.

Xhe
0.5 0.75 1

Mach N umber

_:

1.5 2 2.5 3 3.5

6

x (in) T

Fig.9 Contours of helium mole fraction (top) and Mach number (bottom) for the N0 injector of the TJF mixing
experiments. The experimental sampling grid is depicted at each station.

Figures and d show that the n® metric is also a very good approximation for mixing efficiency in the TJF data. In
fact, the difference between 7,,, and 7% in these measurements is slightly less than the difference seen between the same
two metrics in the EIMP CFD data presented in Fig. . More importantly, the n% metric is a much more accurate
representation of mixing efficiency than 71,1,310‘2 at the x = 1 in. station for the TJF injectors. The reason for this is still
under investigation.

It is important to note that of the ten total injector configurations studied in Ref. [13], only the two discussed herein
probed the 1 in. station. The remaining injectors were probed at only the 5 and 9 in. stations. Though the data from the
other eight injectors are not presented herein, the differences between 7,,, and the newly proposed metrics were assessed
for each configuration. Similar to the comparison of the metrics shown for the NO and S25 injectors, the difference
between the new metrics and 7,,, at both the 5 and 9 in. stations is very small-less than 0.015 for both metrics for all
eight of the other injectors studied in the TJF. Unfortunately, in none of the configurations studied were any stations

13



between 1 and 5 in. probed, so it is not possible to state at what distance downstream from the injection location 7720’2
becomes an acceptable approximation of 7,,. However, as was mentioned previously, the mixing performance of an
injector will most likely be assessed at distances far enough downstream for this approximation to be valid. To this end,
all ten of the injectors studied in Ref. [13] were ranked at the 9 in. station according to the mixing efficiency, 1,,, the
newly proposed 77,1;0'2 and 7R metrics, and the five traditionally-used fuel distribution-based metrics presented in Fig.
Of these seven alternatives, only 7],1:10’2 and nR rank the injectors in the same order that they would be ranked by mixing
efficiency. This is notable for the nff” metric because the TJF has, according to Fig. , flow conditions that present
one of the more challenging environments for % to be assumed constant. Likewise, this fact is notable for the n%
metric because a metric based solely on the measured fuel distribution was able to correctly rank the injectors according
to their mixing performance, something no other fuel distribution-based metric was able to achieve. The fact that these
two metrics perform as demonstrated in the two largely different freestream environments of the EIMP and TJF, speaks
favorably towards their applicability across a wide range of fundamental fuel/air mixing studies of high-speed injector
configurations.

VI. Conclusions

This work has tackled a common challenge in high-speed fuel/air mixing experiments. In these experiments the
parameter that most reliably quantifies fuel/air mixing performance, the mixing efficiency parameter, is difficult to
obtain because it requires the measurement of the spatial distributions of mass flux and fuel mass fraction. The primary
difficulty lies in obtaining the spatial distribution of mass flux, which requires the measurement of three independent
aerothermodynamic quantities in addition to fuel mass fraction. Typically, to lessen the burden of an experimental
injector characterization, alternate metrics based solely upon the measured fuel distribution are used to experimentally
quantify injector performance. The problem with the traditionally-used alternatives is that they can lead to incorrect
conclusions about an injector’s mixing ability, as proven by the authors’ previous work.

To remedy this issue, this work has proposed two new alternate mixing performance metrics, denoted 7]510’2 and
nR . These metrics substitute either pitot pressure or R~!/? for mass flux in the mixing efficiency equation and, thus,
require the spatial distributions of fewer parameters (one or two) to be measured for their calculation than mixing
efficiency (four). The analytical reasoning behind these metrics was presented, as well as their application to two
separate high-speed fuel/air mixing studies that have taken place at the NASA Langley Research Center. The application
of the metrics to the current Enhanced Injection and Mixing Project (in both computational and experimental data) and
previous experiments performed in the Transverse Jet Facility, have proven their validity as quantitative measures of
mass flux-weighted mixing performance for different types of injectors and two different Mach number ranges.

The development of these new mixing performance metrics is beneficial in several ways. First off, specific to the
EIMP, they enable the screening and ranking of injectors solely from the EIMP experimental data, which was an original
goal of the project. Additionally, the metrics have the added benefit of serving as quantitative global parameters with
which to anchor the EIMP CFD simulations to the experimental results. Previously, the anchoring was to be performed
simply by the point-to-point comparison of experimental versus computational fuel and pitot pressure contours, which
is not as rigorous as a comparison based upon a global metric. More broadly, this work has proven that it is not required
to experimentally determine mixing efficiency, which requires measurement of four independent aerothermodynamic
variables, to obtain the true fuel/air mixing performance of a specific fuel injection strategy. This enables accurate
determination of mixing performance with a reduced and simplified set of measurements. This conclusion has potentially
wide-ranging implications for future experimental studies of high-speed fuel injectors. By using the metrics introduced
herein, the experimental characterization of an injector’s mixing performance can be expedited, and reliance on CFD
can be decreased, without sacrificing the accuracy of the conclusions reached. This will allow for many more injector
configurations to be tested in a shorter amount of time than has been traditionally possible.
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