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Liquid thermometry during primary and secondary breakup of liquid sprays is challenging due to the presence of
highly dynamic, optically complex flow features. This work evaluates the use of x-ray scattering from a focused,
monochromatic beam of the Advanced Photon Source at Argonne National Laboratory for the measurement
of liquid temperatures within the mixing zone of an impinging jet spray. The measured scattering profiles are
converted to temperature through a previously developed two-component partial least squares (PLS) regression
model. Transmitive mixing during jet merging is inferred through spatial mapping of temperatures within the
impingement region. The technique exhibits uncertainties of 2 K in temperature and 2% in capturing the cor-
rect scattering profile, showing its potential utility for probing liquid temperature distributions in multiphase

flows. © 2021 Optical Society of America

https://doi.org/10.1364/A0.417796

1. INTRODUCTION

Characterization of liquid spray breakup is crucial in many engi-
neering devices within the combustion, propulsion, chemical,
and materials processing industries [1]. Knowledge of param-
eters such as the mass distribution, mixing, and temperature
fields in liquid sprays are needed for the development and
validation of predictive numerical models to improve device
efficiency and performance.

Measurement of the temperature field in sprays has been
shown with a variety of techniques. The axial temperature dis-
tribution can be measured through oil calorimetry [2], which,
although easy to set up, does not give any indication of in-plane
2D temperature distribution. More advanced laser-based diag-
nostics for temperature measurement have been developed
in recent years, including temperature-dependent two-color
laser-induced fluorescence (LIF) in doped flows [3,4], calibrated
thermographic phosphorescence lifetime [5], and two-line
emission [6] measurements. Two-color planar laser-induced
exciplex fluorescence has shown promise in evaporating fuel
sprays through temperature-dependence of the exciplex and
monomer emission. Such measurements require extensive char-
acterization and are complicated by cross talk between the liquid
and vapor phase signals [7,8]. Structured laser illumination
planar imaging has been shown to be beneficial in removing
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unwanted background signal in high optical depth regions of
liquid sprays [9], and when coupled with LIF techniques has
been used to measure temperature in a hollow cone spray [10].
However, key challenges in these laser-based diagnostic tech-
niques are that they tend to require seeded flows, entail careful
image system gating to filter out spurious light scattering from
the liquid interfaces, are constrained by optical depth in realistic
sprays, and/or have limited ability to resolve complex liquid
morphologies [11].

As scattering from liquid interfaces plays a lesser role in x-ray
transmission [12], x-ray diagnostics can provide an alternative
approach for evaluating sprays with higher optical depths and in
the presence of complex liquid structures. X-ray radiography has
been used, for example, to map liquid mass distributions of vari-
ous sprays [13—15] and to image spray breakup [16-18], while
x-ray fluorescence has been used to track liquid- and gas-phase
mixing processes [19,20]. Ultra-small-angle x-ray scattering has
been utilized to characterize the droplet distributions in diesel
sprays [21], and large-angle scattering has been used to measure
liquid path lengths in a pressure-swirl atomizer [22].

Recently, the temperature of isolated super-cooled water
droplets has been inferred through x-ray scattering [23], and
later this concept was used to demonstrate liquid-phase ther-
mometry in uniform jets of various fuel surrogates [24]. This
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paper further extends this recent work on x-ray scattering ther-
mometry to spatially map the temperature distribution in a
doublet impinging jet spray and to evaluate measurement accu-
racy and precision under conditions with local spatiotemporal
dynamics.

Previously, planar LIF-based techniques have been utilized
to study the mixing behavior in doublet impinging jet sprays
at locations farther downstream from the impingement point
region [25,26]. As the impingement point can have a strong
impact on the overall mixing rate of the two jets [25], x-ray
approaches have also been used to probe the large, optically
complex liquid structures present near this region [16,20,27—
30]. The current study of x-ray scattering in impinging jets
comprised of different temperatures is of practical research
interest due to local temperature variations that can occur in
propulsion sprays [30-32] due to jet mixing and the onset of
chemical reactions.

2. EXPERIMENTAL METHODS

The experiment was conducted at the 7-BM beamline at
the Advanced Photon Source (APS) in Argonne National
Laboratory. As described in an initial feasibility study of liquid
thermometry using x-ray scattering measurements [17], the
monochromatic beam was focused with Kirkpatrick—Baez
mirrors to a spot size of 5 x 6 um? full width at half-maximum
with nominal mean photon energy of 15 keV and a photon flux
roughly of the order of 10'! photons/s/mm?. The divergence of
the beam was less than 2 mrad in both directions. Further details
on this beamline can be found in [33].

The impinging jet spray consisted of two jets with diameters
D=0.5mm and a free-stream jet velocity of V' =8.0m/s,
with an enclosed angle of @ = 60 deg. The working fluid was
pure liquid water, with one jet kept just above the freezing
point temperature at 7j =3°C (276 K) and the other jet at
the ambient temperature of 75 = 25°C (298 K). The temper-
ature of the cold jet was controlled by passing the water line
through an ice bath with an in-line thermocouple mounted
directly upstream of the injector to ensure consistent temper-
ature during the tests. These temperatures were chosen to lie
within the bounds of the calibration in the previous work, where
an i situ liquid thermometer was developed for water from
2.5°C-87°C (276360 K) [24]. Impinging jet spray geometries
are typically described by the Reynolds and Weber numbers
of the free-stream jet velocities before impingement [32]. In
this setup, the Reynolds and Weber numbers of the two free-
stream jets were Re; = 2470 and We; =425 (liquid density
p1 =1000 kg/ma, liquid dynamic viscosity (t; = 1.62 mPa—s,
and liquid-air surface tension 07 =75.2mN/m) for the
cold jet and Re, =4493 and We, =446 (p, =997 kg/m3,
2 =0.89 mPa—s, 0, = 72.0 mN/m) for the ambient jet [34].
The spray formed with these operating parameters is referred to
as having an unstable rim condition [32], and is comparable to
previous experiments that had similar jet diameters, velocities,
and impingementangles [16,29]. Those studies were focused on
liquid mass distribution measurements using x-ray radiography
and will be used to compare with the current work focused on
temperature inference through x-ray scattering.
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Fig. 1.  Spatial arrangement for x-ray scattering thermometry. The
detector (PAD) is oriented at a yaw angle 6 of roughly 16° relative to
the incident beam and collects the total intensity from the interference
of scattered photons, shown as green spheres. The spray shown is only
representative and may not exactly match the actual measured flow.

X-ray photons from the focused, monochromatic beam
passed through the impinging jet spray, creating a scattering
profile sensitive to the nearest-neighbor structure of the water
molecules, which is a function of temperature [12]. The total
intensity of these scattering profiles was measured by a Dectris
Pilatus 100 K pixel array detector (PAD), which records images
of 487 x 195 pixels with pixel sizes of 172 x 172 um?. The
spray was translated relative to the fixed x-ray beam using
motorized stages to probe different regions. Depending on the
test location, the scan spacing was set between 50—100 pm over
an integration time of 10 s at each data point. The scan spacing
was set to be similar to the previous work that used a comparable
impinging jet spray setup for liquid mass measurements [29].
Multiple axial locations were probed to provide a 2D time-
averaged spatial mapping of the temperature field—two radial
planes before jetimpingement, three radial planes near impinge-
ment, and two radial planes farther downstream. The spray was
oriented such that the plane formed by the two injection axes
was normal to the x-ray beam, with (x, y) = (0, 0) mm set to
be at the impingement point. A schematic, not drawn to scale, of
the experimental setup can be seen in Fig. 1 above.

The 2D diffuse scattering pattern images were converted
to 1D line plots of intensity, /, versus momentum transfer, ¢,
through detector calibration using powder diffraction profiles
from a reference sample of lanthanum hexaboride (LaBg) placed
at the beam’s focal spot. The powder diffraction profile gave
a detector calibration error of less than 0.3% when compared
against reference ring locations versus ¢, as seen in prior work
[24]. The scattering profiles were normalized by their areas and
passed through a third-order Savitzky—Golay filter of window
length 15 to reduce measurement noise without affecting the
overall shape [35]. The line plots were then cropped to only
include 1.7 < g < 3.1 for a total number of 256 points in g,
which is the viewing window that best described the scattering
intensity profiles for liquid water [24].

The temperatures were interpolated from a previously devel-
oped calibration curve using a uniform jet of liquid water of
known temperature [24]. As detailed in the previous study, the
scattering intensity profiles from the uniform water jets were
fit against the known temperature through implementation
of a partial least squares (PLS) regression model [36]. The PLS
regression model effectively reduces the high dimensionality
of the scattering intensity profiles, which consisted of 256 data
points in ¢ for each of the probed (x, y) locations in the spray,
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Fig. 2.  (a) Means, x(g), and (b) standard deviations, 6 (¢), of the

scattering intensity profiles in the liquid water calibration dataset
used to center and auto-scale the scattering intensity profiles of the
impinging jet spray. (c) The beta coefficient vector, B(g), describing
the linear regression of the two-component PLS model; taking the
dot product between the beta coefficient vector and the centered and
auto-scaled impinging jet spray scattering intensity profiles gives the
liquid temperature at that point in the spray.

o(q)

B(q)

down to only two components that best describe the changes in
the scattering intensity profiles with respect to the liquid tem-
perature. These two PLS components are analogous to the latent
variables of the data space, or a new set of variables that are linear
combinations of the original data points in ¢ [36]. The reduc-
tion of the high dimensionality of the original data lends itself
to more straightforward and accurate linear regression to corre-
late scattering intensity profiles directly to liquid temperature.
That same calibrated PLS model is used here to interpolate the
temperature of the impinging jet spray using only the measured
scattering intensity profiles. The current work uses the previ-
ously collected means, x(g), and standard deviations, o' (g),
that were used to center and auto-scale the calibration data,
and a beta coefficient vector, B(g), that was used to convert the
centered and auto-scaled intensities to temperatures [24]. These
parameters are shown above in Figs. 2(a)-2(c), respectively.

The basis of the PLS model lies in the implementation of
B(q), which when dot multiplied against an auto-scaled scat-
tering intensity profile, [I(x, y, q) —x(q)]/0(g), removes
the profile’s dependence on ¢ and results in a singular model-
predicted temperature value, 7(x, 7). Although B is the linear
regression coefficient based on the two-component PLS model,
it has been converted back to the original 256-dimension ¢
space, B(g), to allow for easier use in this predictive experiment
[30]. Because the parameters shown in Fig. 2 were developed
for a liquid water calibration jet between 276 and 360 K, these
same parameters can be used to calculate the temperatures
in the impinging jet liquid water spray of the current work.
Conversion of a measured impinging jet scattering intensity
profile to a model-predicted temperature at a probed point
(%, y) issummarized in Eq. (1) below:

I(Xa_y’ Q') _;‘(q)

1
o (@) (1)

T, y)=B(q) -

A two-sided confidence interval, CI, was constructed using a
Student’s #-distribution to estimate the prediction uncertainty
in the temperature distribution, shown in Eq. (2) below [37]:

Cl=T(x, y) £ sto2,ap- )
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A confidencelevel of & = 0.002 and degrees of freedom d f =
N — 2 (the total number of calibration observations minus the
number of PLS components) were used to find the Student’s z-
test value 7y /2 4 fora 99.8% CI [38]. The standard deviation of
the prediction error, s, from Eq. (2) was estimated using Eq. (3)

[(37,39]:
s =,/crc231(1 +h). (3)

The standard error of calibration, aczal, from Eq. (3) is defined
for the calibrated model as [37]

N v 2
> (T, —T,)
n=1

N—-1

2 _
Ol =

, (4)
where 7, and 7}, are the thermocouple-measured and model-
predicted temperatures of the #th observation in the calibration,
respectively.

The leverage, 4, from Eq. (3) is the position of the mea-
sured impinging jet scattering intensity, I(x, y, ¢), in the
two-component PLS model space [37,39]:

tT(TTT)flt
N—-1

h= , )
where # and T are the measured impinging jet scattering
intensities and calibration scattering intensities, respectively,
converted into x-score vectors [37,39].

3. RESULTS AND DISCUSSION

The scattering intensity profiles at the center of the two jets
just before the impingement point at y = —1.5 mm are seen
in Fig. 3. With only roughly a 20 K measured separation in
temperature between the two jets, a clear difference in the dis-
tribution shapes can still be observed. The intensity profiles are
converted to temperature through Eq. (1), with the calculated
temperatures of the profiles seen in Fig. 3 taken to be 274 K for
the cold jet and 294 K for the ambient jet, reasonably close to
the in-line thermocouple measurements of 276 K and 298 K
expected for the free-stream jets. To highlight the differences in
peak intensity as well as distribution shape, the lines shown in
Fig. 3 represent values before area normalization. As a colder jet
gives relatively sharper scattering profiles, it has a slightly higher
peak intensity compared to the ambient jet. Intensity profiles
with peak intensity values less than 200 counts before area nor-
malization, roughly equal to the bottom 6% compared to the
maximum peak intensity seen in all probed spray locations, have
been cropped out to ensure enough signal is captured for proper
temperature interpolation.

The free-stream jet temperature and the temperatures near
the impingement point are depicted as a colorized 2D mesh in
Fig. 4 to visualize the spatial distribution of the temperature
in the spray. As the beam spot size was only 5 x 6 um?, the
temperature data points are stretched in y t0 0.5 mm and in x to
50 wm, for easier visualization.

As expected, the temperatures of the jets before impinge-
ment are close to the set point temperatures. At y =0 mm,
designated as the impingement point, the jets have not mixed
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Fig. 3.  Total scattering intensity profiles at the centerlines of the
cold and ambient jets right before impingement at y = —1.5 mm.

The lines shown are after background subtraction and azimuthal
integration but prior to area normalization.
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Fig.4. Map of the interpolated temperature distribution of the two

jets prior to, during, and after impingement. Measurements shown are
at the five marked axial locations in the y direction.

substantially as implied by a relatively sharp temperature inter-
face. The visual distribution of temperature at the y = 0.5 mm
location is slightly more blurred, implying the start of some
mixing between the jets. At y =1 mm, the lower and higher
temperature regions appear to have been transposed in the x
direction.

Line plots of the temperatures across the jets and near the
impingement point are shown in Fig. 5. The confidence inter-
vals calculated from Eq. (2) give an estimated temperature
uncertainty of approximately +2 K at all locations. The two
free-stream jets are clearly separated and relatively uniform in
temperature, as shown in Fig. 5(a). As with the map of temper-
ature distribution in Fig. 4, the impingement point location
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shows a clear demarcation in the temperature of the two jets
in Fig. 5(b), with each jet reaching the pure-jet temperature as
marked in Fig. 4(a). Slightly downstream of the impingement
pointat y = 0.5 mm in Fig. 5(c), the slight cooling of the ambi-
ent side and slight warming of the cold side is again observed.
Farther downstream at y = 1 mm, as shown in Fig. 5(d), the
temperature distribution is more uniform, with the cold and
ambient sides becoming more indistinguishable. At y =3 mm,
the temperature distribution is transposed, as seen in Fig. 5(e),
with the previously cold side of the spray now slightly warmer
than the previously ambient side. This trend is further empha-
sized in the downstream location of y = 8 mm in Fig. 5(f). As
the experiment was conducted at a fairly long integration time
of 10's per data point, these spatial distributions are indicative of
transmitive mixing between the two jets, which is in agreement
with previous x-ray fluorescence results [20] and implies that
the fluids from each jet are crossing paths, albeit with potential
underlying unsteadiness.

The sensitivity of this scattering technique as a local ther-
mometer was previously investigated in a feasibility study,
where the interpolated temperatures were compared against
the known measured temperatures in uniform calibration jets
of liquid water, ethanol, and n-dodecane with <2% error [24].
The confidence intervals calculated and shown in Fig. 5 further
reinforce the high sensitivity of this technique in a spray. In this
study, as there is no @ priori information available about the
expected temperature distribution in the impinging jet spray, a
further uncertainty analysis is conducted instead based on how
closely the two-component PLS model captures the shape of the
scattering profile at the various probed locations in the spray. An
example of this comparison is shown in Fig. 6, which is a plot of
the experimental and theoretical scattering profiles of the spray
at(x, y)=(0, 8) mm.

InFig. 6, every fifth data point is plotted to reduce visual clut-
ter for the measured scattering profile in the impinging jet spray.
Once processed through Eq. (1), the temperature at this data
point is calculated to be 284 K. The idealized scattering profile
corresponding to this temperature from the two-component
PLS model is overlaid as an orange trend line in Fig. 6. To char-
acterize how much of the variance in the measured dataset is
captured by the theoretical PLS model, an R? value is calculated
by comparing the sum of squares error (SSE) with the total
sum of squares (SST) via R? =1 — SSE/SST. The calculated

0.0 0.5

(c) \./\
-0.5 0.0 0.5
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X (rﬁm)

Calculated temperatures as filled blue dots, with confidence intervals as shaded blue regions, across the spray at y locations of (a) —0.5 mm,

(b) 0 mm (impingement), (c) 0.5 mm, (d) 1 mm, (¢) 3 mm, and (f) 8 mm. All measurements had a horizontal scan spacing of 50 pm, exceptat y =

8 mm which had a scan spacing of 100 pm.
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Fig. 6. Measured total scattered intensity at the downstream
location of x =0 and y =8 mm, shown as filled blue dots, after
background subtraction and area normalization. The peak intensity
prior to area normalization at this location is ~1200 counts. The
temperature here is calculated to be 284 K. The two-component PLS
model corresponding to the calculated temperature is overlaid as a solid
orange line, with an R? value 0f0.999.
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Fig. 7.  Plot of the percentage of variance unexplained by the two-
component PLS model and peak scattering intensity for all probed
locations. The median variance unexplained of all x locations at a
particular axial location, y, is plotted as a solid blue line, with the
third and first quartiles at each axial location bounded by the shaded
blue area above and below the median, respectively. The median peak
intensity, 7, is shown as a solid orange line, with the third and first
quartiles bounded by the shaded orange area above and below the
median, respectively.

R? value for Fig. 6 is found to be 0.999, implying that with
only two components the idealized PLS model captures most
of the variance in the impinging jet scattering profile shape at
(x, ) =(0, 8) mm.

It should be noted that the maximum detector counts,
prior to normalization, drops ~47% from ~2250 counts at
(x, y)=1(0, 0) mm to ~1200 counts at (x, y) = (0, 8) mm
at an integration time of 10 s. As a more direct indication of the
uncertainty in the model’s predictive ability, the percentage
of variance unexplained, VU =1 — R?, is calculated for all
horizontal positions at each axial location, as summarized in
Fig. 7 above.

The variance unexplained by the model is virtually zero at
the intact liquid sections of the spray at the free jet location of
y=—1.5mm up to the impingement point at y =0 mm,
as seen in Fig. 7 above. The trend of the peak signal inten-
sity is shown in Fig. 7 to increase as the impingement point
is approached, where the two jets combine and form a larger
intact liquid core. At farther downstream locations, where
the spray breaks up into more discrete features, the scattering
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profiles become more diffuse and not as well defined, result-
ing in a decrease in peak signal intensity. However, even at the
downstream locations, the worst-case unexplained 2% variance
is an indication of how well the two-component PLS model
captures the correct scattering profile for temperature inter-
polation. This suggests that a shorter integration time could
be used for this spray, allowing for faster data collection at the
beamline and allowing more time to capture additional mea-
surement locations. The roughly ~3000 median peak intensity
at y = 0.5 mm from Fig. 7 implies that the integration time
could be decreased by a factor of 2—4 to match the downstream
locations, assuming a linear relationship between integration
time and detector counts. Other sources of uncertainty for this
diagnostic would include fluctuations in beam energy and size,
and detector calibration for mapping to g space.

The peak intensity cropping threshold of 6% does limit the
application of this technique at the outer edges of the spray and
at locations farther downstream due to the decrease in amount
of material in the path of the beam causing a loss in signal. The
incident beam’s spot size or integration time on the detector
could be increased to improve the utility of this technique
at these edge locations; however, these regions of a spray are
probably more suited to optical approaches as this technique
is more concerned with probing the complex liquid structures
in the near-injector region, which is better suited for x rays. As
x-ray scattering is generally a low probability event, especially
at the photon energy of 15 keV used in this experiment, high
temporal resolution measurements are more challenging with
this approach as compared to line-of-sight approaches [22].
Nonetheless, this technique has been shown to be useful in
probing the temperatures near the impingement region and can
serve as a good complement to line-of-sight mass distribution
measurements through x-ray radiography.

4. CONCLUSIONS

A recently developed liquid-phase thermometry technique
based on synchrotron x-ray scattering is applied to a propulsion
jet spray configuration for the first time. In agreement with
previous studies of impinging jet mixing using synchrotron
x-ray fluorescence, measurement of the 2D temperature field
shows the effects of transmitive mixing as the impinging jets of
differing initial temperature merge and propagate downstream.
For this current work, as the temperature in the spray domain
is unknown, an uncertainty analysis of the x-ray scattering
thermometer is performed through confidence interval calcu-
lations on the temperature, shown to be 2K, and through
calculation of the variance unexplained by the two-component
PLS model, having a value of 2% or less. With a large enough
calibration dataset for a thorough PLS model, similar uncer-
tainty is expected when used with sprays of other liquids such
as ethanol and 7-dodecane. This data provides evidence that
the measurement of x-ray scattering represents a promising
approach for liquid-phase thermometry in liquid jets under-
going primary breakup. Future work includes investigation of
different spray geometries, measurements of secondary breakup
and atomization, and exploration of liquid composition rep-
resenting different fuel surrogates. It is also of interest to verify



2972  Vol. 60, No. 11/ 10 April 2021 / Applied Optics

that the temperature field can be measured with reduced inte-
gration time, as predicted by the current results, as this is an
important consideration for the productivity of measurement
efforts at the synchrotron beamline. Based on these results, the
x-ray scattering approach to liquid-phase thermometry opens a
potential pathway for a more comprehensive evaluation of tem-
perature effects in liquid fuel sprays of practical interest, as well
as quantitative validation of numerical models used to predict
fuel injector performance for propulsion system optimization.
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