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Physics-Informed Background-Oriented Schlieren of Turbulent
Underexpanded Jets

Joseph P. Molnar* and Samuel J. Grauer'
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Olivier Léon* and David Donjat®
ONERA/DMPE, Université de Toulouse, 31055 Toulouse, France

Francois Nicolas!
ONERA/DAAA, Université Paris-Saclay, 92190 Meudon, France

Background-oriented schlieren (BOS) is an imaging technique that can be used to characterize
the density field in a compressible flow. This information is often employed to assess shock
formations and predict aerodynamic performance in high-speed ground tests. However,
measurements in ground test facilities are subject to large uncertainties due to limitations on
optical access, short exposure times/high signal-to-noise ratios, and intense vibrations that lead
to calibration drift. Further, it can be difficult to interpret scalar measurements in a complex
flow. Data assimilation (DA) can ameliorate these issues by optimally combining measurement
information with the relevant governing equations. Doing so enhances the accuracy of parameter
estimates and provides access to latent (i.e., not directly measured) flow fields. We previously
developed a DA algorithm for BOS to recover the density, velocity, and total energy fields of
compressible inviscid flows from noisy experimental images. Here, we refine and deploy our
“physics-informed BOS” technique using the compressible RANS equations, testing the method
on a suite of turbulent underexpanded jets. The resulting mean fields agree with simulations
and measurements reported in the literature.

Nomenclature

b = image difference data vector, a.u.
Csys = 1imaging system constant, px m® kg~!
= diameter, m

= deflectometry kernel

= total energy, m? s>

focal length, mm

= f-number

= intensity, a.u.

= objective loss component
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L

L = domain length, m

M = Mach number

NPR = nozzle pressure ratio

p = pressure, kPa

Pr = Prandtl number

R = domain radius, m

Res = specific gas constant, J kg=! K~
Re = Reynolds number
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T = temperature, K

u = axial velocity, m s~!

v = radial velocity, m s~

X = horizontal intensity gradient matrix
Y vertical intensity gradient matrix
6,0 = deflection scalar and vector, px

Yy ratio of specific heats

U dynamic viscosity, kg m~! s7!

p.p = density scalar and vector, kg m™3
Subscripts

a = directional component

amb = ambient conditions

cone = light cone

i = vector index

jet = fully expanded conditions

t, ¢ = time label and partial derivative

tot = total conditions

T = turbulence model quantity (eddy)
X,x = x-direction label and partial derivative
y,y = y-direction label and partial derivative
0 = reference value (scale)

I. Introduction

IME-AVERAGED flow fields are essential to the design of high-speed airborn vehicles, for instance, to predict
Tcoefﬁcients of drag, the intensity of noise, propulsive power, and the like [1]. Computational fluid dynamics
(CFD) has become essential to the design process, but the cost of resolving all the dynamically relevant scales remains
prohibitive in the context of large-scale high-speed flows. Directly solving for the mean (or otherwise filtered) fields,
e.g., using the Reynolds-averaged Navier—Stokes (RANS) equations, is still the method of choice when examining a
large parameter space [2]. However, RANS and subgrid scale models tend to include empirical parameters and forms,
especially to cope with extreme conditions, and may be laden with heuristics. Consequently, the ability to combine
experimental measurements with the RANS equations in a streamlined solver — for the selection, calibration, and
development of turbulence models — is an attractive prospect. Not only can such a “data assimilation” (DA) technique
improve the fidelity of measurements, it can also enable the inference of latent fields and provide insight into the
accuracy of turbulence and reduced-order models [3| 14]].

Under- and overexpanded jets need to be better understood and modeled to support the design of next-generation
supersonic aircraft. Imperfect expansion can lead to suboptimal thrust and shock—turbulence interactions that generate
unwanted noise, which is often subject to regulatory restrictions [3]. These jets manifest when the dynamic pressure at
the nozzle exit differs from the ambient pressure: a phenomenon that is often traced back to a poorly-designed nozzle or
operating an aircraft outside of its design envelope. The goal of this work, therefore, is to develop a DA procedure
that can shed light on the performance and noise characteristics of underexpanded jets by combining low-cost optical
measurements of real-world representative jets with a numerical model that can account for turbulence.

Knife-edge schlieren has long been employed as a qualitative technique to visualize density field gradients in high-
speed, buoyancy-driven, and thermally-driven flows [6]. Developments from the past several decades have accelerated
the use of quantitative schlieren, and the advent of background-oriented schlieren (BOS) has been instrumental in
this shift [[7]. In BOS, one or more cameras is focused through the working fluid onto a background pattern; density
gradients in the flow induce distortions in images of the pattern, which can be characterized by processing a pair of
reference (flow-off) and distorted (flow-on) images with a computer vision algorithm. Distortions are characterized
via so-called “deflections”, i.e., the displacement of light rays in the plane of the background pattern, which may be
tomographically reconstructed to recover the density field.

Deflection sensing and reconstruction are ill-posed inverse problems, meaning that additional information is required
to obtain a physical solution [8]. For deflection sensing, an optical flow or cross-correlation algorithm is used to
process the image pairs [9]]. For reconstruction, a wide variety of techniques has been developed to regularize the
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inversion, including iterative algorithms, classical regularization methods, and comprehensive DA solvers [10]]. Tterative
algorithms exhibit semi-convergence, meaning the solution diverges to a non-physical field unless stopped prematurely.
Halting the solver can produce spatially-smooth fields, but doing so amounts to an ad-hoc method of regularization that
is difficult to control and characterize [11]]. Separately, classical regularization schemes add supplemental information to
constrain the system, typically by promoting global [12] or piecewise smoothness. Classical penalties are invariably
inconsistent with the physics of compressible flows, which is a source of reconstruction artifacts. These limitations
motivate a flexible, physics-informed DA scheme that can extract rich, quantitative information from BOS data.

This work demonstrates an approach to DA for BOS that optimally combines BOS measurements with the RANS
equations to recover additional information about the target flow [14]]. The method employs a physics-informed neural
network (PINN) to represent the flow in functional form. We train the network to minimize a physics loss, based on
the governing equations, as well as a data loss, which compares synthetic data outputted by the PINN to experimental
measurements. In [14], we showed how this procedure, termed “physics-informed BOS”, can recover the density,
velocity, and total energy fields of inviscid Mach 2 flow over an axisymmetric cone-cylinder from a single pair of
experimental images. Here, we apply physics-informed BOS to turbulent underexpanded jets using the compressible
RANS equations instead of the compressible Euler equations.

Figure [T] depicts the BOS test rig, nozzle schematic, and computational domain of our experiments. This facility is
owned and operated by the Office National d’Etudes et de Recherches Aérospatiales (ONERA) in Toulouse, France.
The rig includes a camera, mounted to an outer frame and directed towards a background plate, itself printed with a
semi-random dot pattern; the camera and background are positioned on either side of the flow domain. A series of
high-speed jets are measured, reconstructed, and discussed. We introduce the working principles of physics-informed
BOS in Sect.[[l] This leads into a discussion of our measurement scenario and validation efforts in Sect. [T} Next,
Sect.[[V]reviews some of the challenges associated with BOS and assesses an imaging model that can account for blur.
Lastly, Sect. [V]reports physics-informed reconstructions of underexpanded jets and Sect. [V recaps our conclusions and
relates our plans for future work.

Test rig Nozzle schematic Reconstruction domain

Freestream conditions

5D,

120 mm 30°

2D,

[——
Euler wall

1

Prots Trot Do=22mm
onic inflow

Parrior Tamb \
Axis of revolution

Field of view
Background

pattern

Fig. 1 Facility (left), nozzle schematic (middle), and reconstruction domain (right) for BOS tests of underex-
panded jets. Pressurized air flows through a convergent nozzle and exits at sonic conditions. A camera is focused
through the jet onto a background pattern to record BOS images.

I1. Physics-Informed BOS for Turbulent Flows
Physics-informed neural networks can be used to solve a wide variety of forward and inverse problems that are
governed by differential equations [T5HI8]. Here, we focus on the use of PINNS to learn turbulent mean fields with a
RANS model. Notably, this has only been done for incompressible flows up until now. A summary of RANS-based
PINNs is provided in[Appendix A] Below, we introduce PINNs for physics-informed BOS and discuss the basics of our
measurement models.

A. Physics-informed reconstruction

An overview of physics-informed BOS is illustrated in Fig. 2] Per the diagram, we directly reconstruct the
axisymmetric density, p; velocity, u and v; total energy, E; and eddy viscosity, ur, fields from BOS data with a
PINN. The network serves as a functional representation of the flow, mapping spatial coordinates to physical outputs,
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Fig.2 PINNs are used to map axial and radial coordinates to flow fields. A BOS measurement model is included
in Lc.s5 the compressible RANS equations are in L,; and experimental jet exit and boundary conditions are
weakly imposed via Lyoung-

(r,z) = (p,u,v,E, ut), and is trained to minimize an objective loss that comprises measurement, physics, and
boundary loss components:

Liotal = Omeas Lmeas + Wphys -Ephys + Whound Lbound- (D

In this expression, the w terms are used to weight the influence of each loss component on L. The measurement
loss compares experimental BOS images or deflection data to synthetic measurements from the PINN. Synthetic data
are produced with a measurement model that is described in the next section. The boundary loss includes reference
values like known inflow conditions, and the physics loss is computed by plugging partial derivatives of the PINN into
the governing equations. This is often done via automatic differentiation, which can be used to take partials of the
network’s outputs with respect to its inputs, denoted u,, v, etc. By minimizing L1, the PINN approximately satisfies
the governing equations and replicates any measurements included in Leqs.

We previously used the compressible Euler equations to learn axisymmetric and planar inviscid flows [14]. The
Euler equations were augmented with an irrotationality equation, which was expected to hold for the cone shock and
expansion fan considered in [14]]. Including redundant physical constraints in this manner can significantly improve the
accuracy of reconstructions in the presence of noise or blur. Additionally, while we found that the dimensional and
non-dimensional Euler equations, alike, could be successfully solved via Lpnys, the non-dimensional form provided
additional stability. In this work, we utilize the non-dimensional compressible RANS equations, which are provided
in[Appendix B] The physics loss (Eq. (T4) in is constructed by integrating residuals from the governing
equations throughout the measurement domain, which has length L = 5D and radius R = 2D, using the Monte Carlo
method.

Boundary conditions may also be employed to mitigate the effects of weak solutions. Inflow conditions are generally
known to first order for experiments like our underexpanded jet tests (described in Sect. [[TI). Here, a jet exit condition is
specified for p, u, v, and E in the core of the nozzle (i.e., at the z = 0 plane) from the axis of symmetry up to r = D¢ /4.
Flow in this region is expected to exhibit a flat profile and be sonic because the nozzle is choked. We do not set an inlet
condition for pt. An Euler wall is positioned along the z = 0 plane from r = D(/2 to R. This condition corresponds to
the baseplate shown in Fig.[I] Along the top of the reconstruction domain, from z = 0 to L at r = R, all fields are set to
the ambient conditions. This equality is weakly enforced. By contrast, hard positivity constraints are imposed on the
axial velocity, total energy, and eddy viscosity fields by wrapping the corresponding network outputs in a softmax or
exponential function.

B. Measurement Models

In BOS, refraction results in the “apparent motion” of the background pattern, which is quantified through the
use of a computer vision algorithm like optical flow. This information is then reconstructed by inverting a discrete
model of refraction. In physics-informed BOS, the inversion occurs implicitly by minimizing Leas, Which contains the
forward deflection model. Optical flow, a continuous model of refraction, and discrete models suitable for inversion are
discussed below in that order.
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1. Optical Flow
We use optical flow to determine the magnitude and orientation of deflections from a pair of reference and distorted
images. This technique assumes that the brightness of features is conserved across the image pairs [19],

I(x,y,1) = I(x +6x,y + 6y, 1+ 6y) . )

Here, [ is the intensity of an image at the sensor position (x, y) and time 7. The left side of Eq. (Z) corresponds to
the reference image while the right side describes an intensity field distorted by deflections, & = [Jy, 6y]T, effectively
warping the reference image. In principle, the intensity and deflection fields are continuous; in practice, they are discrete
and are generally resolved at pixel centroids. The time between images, d;, is arbitrary in BOS and may be set to unity
for convenience. Lastly, in the context of BOS, it is commonly assumed that changes in the scene are due strictly to
refraction, as opposed to motion, shadows, reflections, and the like. Hence, variable illumination, motion, and light
scattering off vapor are common sources of error in estimates of 9.
When deflections are small, Eq. (Z)) can be approximated with a first-order Taylor-series expansion,

I(x,y,1) = I(x,y,t) + I 6x + I, 6y + I} &, 3)

where I, Iy, and I, are partial derivatives of the reference image with respect to x, y, and z. Setting d, to one yields the
gradient-based optical flow equation,
I 65 + 1y 6y = —1,, “4)

Writing out Eq. (2) or (@) for each pixel produces an underdetermined system of equations having two unknowns for
each equation: 6 and 6y. Numerous closures have been developed for optical flow, the most popular of which are the
Horn—Schunck [20]] and Lucas—Kanade [21] variants. Gradient-based optical flow can also be used to formulate a linear
unified measurement model for BOS, in which the density field is directly related to image difference data through a
matrix equation [22].

Most of the BOS scenarios considered in this work feature very large deflections, on the order of 10 px, invalidating
the Taylor series expansion of Eq. (Z). Consequently, gradient-based optical flow cannot be used for deflection sensing
and unified BOS cannot be used in Lmeas We thus use deflection data instead of raw image differences in this work.
Deflections are estimated using ONERA’s FOLKI algorithm [23]], which is a nonlinear variant of Lucas—Kanade optical
flow that is designed to accommodate large deflections and noisy images. The algorithm employs a coarse-to-fine
multi-resolution scheme with Gaussian pyramids for interpolation. Optimization is conducted with a Gauss—Newton
algorithm that has been tailored to run on a graphics processing unit (GPU). We use 11 X 11 px interrogation windows
and estimate a displacement vector at each pixel. Deflections are computed at each frame of the flow-on image set and
then averaged to obtain mean data.

2. Modeling Refraction with Depth of Field Effects

Visible distortions of the background pattern in BOS arise when wavefronts of light bend across refractive index
gradients. The speed of a light in a gas of uniform composition is a linear function of the local molecular density,
as codified by the Gladstone—Dale equation [24]]. In the limit of geometric optics, the propagation of light can be
approximated by infinitessimal “rays” that travel normal to phase fronts of the light wave, and refraction may be modeled
in terms of a path integral along a ray [25],

5o = Cos / Vo p(s)ds, 5)
ray

for a € {x, y}, where V,, is the a-direction gradient operator and s is a progress variable that denotes the distance along
the ray. The system constant Cgys, defined in [14], includes the Gladstone—Dale constant, lens magnification, physical
size of the pixels, and distance from the flow to the background.

Equation (3]) does not necessarily correspond to the signal recorded at a pixel. A real, finite aperture accepts a
bundle of rays that may experience unique refractive index gradients. The whole bundle must be simulated to properly
account for a finite depth-of-field and any resulting blur in BOS [26]. Cook and Porter [27] laid out a strategy to do this
called “aperture sampling”. This strategy is depicted in Fig. [3] where the light collected by a pixel comes from the

* A nonlinear variant of unified BOS can be used for time- and scale-resolved reconstructions, but the linear technique is required to reconstruct
mean fields from mean data.
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Fig. 3 Ray diagram of a BOS measurement that accounts for depth-of-field and blur. In the flow off condition,
cones of light focus to a point on the background plate. Differential refraction through the flow causes blur in the
flow-on images. Diagram is not to scale.

cone centered around that pixel’s primary ray; the cone has a base that is coincident with the camera’s aperture and a
diameter of D one = f/ f4, where f is the focal length of the lens and f is the f-number. The cone’s apex is given by
the location of the pixel’s primary ray in the camera’s focal plane. Imaging is simulated as follows:

1) Individual rays are drawn at random from the cone,

2) ray tracing is conducted for each sample, from the camera to the background, and

3) the resulting intensities are averaged.
In BOS, this means that linear or nonlinear ray-tracing must be used to determine the deflection of each ray from the
conical bundle in the plane of the background pattern. Linear ray-tracing is sufficient for small deflections whereas a
nonlinear technique must be employed in the presence of large cumulative refractive index gradients.

3. Discrete Deflectometry Models
The continuous model in Eq. (§) is discretized to simulate deflection measurements for an arbitrary density field,
often called a “deflectometry” operator. We use a dense basis that is linear in r and uniform in z to discretize Eq. (3).
Sipkens et al. [28]] derived radial and axial deflectometry matrices for arbitrary rays supported by this basis, denoted Dy
and Dy assuming that the x and y camera coordinates are aligned with the z-direction and r-direction in the midplane,
respectively. The deflectometry system is
6(1 = Csys Dap7 (6)

where 8, is a vector of a-direction deflections and p is a discrete representation of the density field. However, we note

that this matrix is usually specified for infinitesimal rays. Therefore, we sample rows of D, from the corresponding

cones of light to build an operator that accounts for depth-of-field effects. For each row, we sample a large number of

rays from the matching cone, per the description in the previous section. We then average the sampled sensitivities. The

resulting model applies to mean deflections as well as mean intensity differences in the linear regime of optical flow.
When processing deflection data, a measurement loss is specified using Eq. (6)),

Lineas = [|Csys Dxp — 6X“§ +[|Coys Dyp - 6}’”2’ )

where p is a vector of density data outputted by the PINN and 84 and 8§, contain mean axial and radial deflections,
respectively, e.g., obtained via FOLKI in this paper. Note that the PINN yields normalized values of p so the outputted
density field must be multiplied by pg (the jet exit density, in our case) to populate p.

One way to improve BOS is to use a unified operator to eliminate the deflection sensing step [22]. When processing
mean fields, this requires deflections to be on the order of 1 px to remain in the linear regime. This criterion can be
guaranteed by a careful experimental design, e.g., setting an appropriate object-to-background distance and selecting a
pattern with full-field gradients, like the sine waves in [14,22]]. In unified BOS, Eq. (3) is expressed in matrix form for
the whole set of pixels. The horizontal and vertical intensity gradients are stored in diagonal matrices with elements
X;;=1Ic;and Y, ; = I, ;, respectively. Next, a data vector is constructed directly from the image pair, b = {—I,,i}ﬁ !
for a system of m pixels. Lastly, the x- and y-direction instances of Eq. (6) are substituted in place of &, and 9 to relate
the image data to the density field,

X0, + YO, = Cyys (XDy + YD) p = b. (8)
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This equation can be leveraged to specify an image difference-based measurement loss,

Lineas = |[Coys (XD, + YD) p — b2 9)

We previously used this model to reconstruct inviscid supersonic flows [14]. However, for reasons detailed in Sect. [[1.B.T]
unified BOS could not be applied in the present case.

II1. Measurement Scenario

A. Underexpanded Jets

Underexpanded jets may be characterized in terms of their nozzle pressure ratio (NPR), which describes the ratio of
total pressure, pio, to ambient pressure, pamp. Lhis value is directly related to the exit Mach number that would be
reached at the same initial conditions if said jet was fully expanded,

2 1
Mg = \/m (NPR - 1), (10)

called the fully expanded jet Mach number. The fully expanded density is another useful metric for assessing the

expansion of a jet [29],
Ptot

Lo et -1/y
Piet Rgas Ttot NPR ’ (1 1)
where Ry is the gas constant. As the jet expands, the centerline density should converge to this value. Oftentimes,
density is normalized by pjer when plotted, such that the trace asymptotes to one.

At sufficiently high NPRs, significant flow structures arise, some of which are visible in the density field depicted in
Fig.[T} Firstly, density decreases when the flow exits the nozzle because the exit pressure is larger than the ambient
pressure. An expansion fan forms immediately at the nozzle’s outlet, delimited by a structure known as a barrel
shock. The diamond shock cells seen in Fig. [I] are characteristic of imperfectly expanded jets and are formed by
an oblique shocks paired with an expansion fan. Successive normal shocks along the centerline, called Mach disks,
correspond to strong compressions of the flow. Notably, the region immediately following a Mach disk is subsonic
while the surrounding flow remains supersonic. These phenomena can be difficult to capture experimentally as well as
computationally.

Instabilities in underexpanded jets can produce aero-acoustic effects like screech noise through a variety of complex
mechanisms [30]. For example, Kelvin—-Helmholtz instabilities can interact with shock cells to generate acoustic waves,
which have been the subject of numerous experimental and theoretical campaigns, as reviewed by Seiner [31]] and
Raman [32]]. These features have also been studied computationally, e.g., by Maté et al. [33]], Rona and Zhang [34], and
Lehnasch and Bruel [35]. Additional phenomenalogical descriptions about the specific jets considered in this work can
be found in the text of Nicolas et al. [36].

B. BOS Measurements

Experiments reported in this paper were performed at ONERA in Toulouse, France. A complete description of the
facility is provided in [36]). It consists of a Dy = 22 mm convergent nozzle, fed by an air tank that is regulated at 20 °C
by a 570 kW heater to prevent condensation. The nozzle continually converges to ensure a sonic condition at the outlet.
We consider NPRs of 3, 4, and 5, corresponding to Mo = 1.36, 1.56, and 1.71, respectively.

The data set for each test consists of 900 images, recorded at 10 Hz. Imaging is conducted with a JAI BM-500GE
camera having a 5 MP sensor and 3.45 pm pixels. The camera is equipped with a 70 mm lens and mounted at a distance
of 1 m from the jet centerline on the hexagonal test bench depicted in Fig.[ll The field of view covers 5D axially and
4D radially. A patterned background is placed opposite the camera at a distance of 0.4 m from the jet’s central axis.
The pattern consists of dots of diameter 0.2 mm (approximately 3 px); the dots placed in a semi-random manner to
fill the space. Nicolas et al. [37] determined this background to be more resilient for deflection sensing in a harsh
environment than purely random dots or a wavelet background.

Illumination is provided by a Quantel Twins BSL double-pulsed laser. Both pulses fire during the camera’s exposure
to maximize the intensity of illumination. Light from the lasers is spread onto the background using 50 mm lenses.
However, the amount of light received by the camera is only sufficient to operate at an f-number of eight. Nicolas et al.
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[36] determined this aperture setting to be a sub-optimal as it corresponds to a relatively large circle of confusion in the
measurement volume, measuring about 2.5 mm in diameter or 0.11Dy. In Sect. m we demonstrate how blur can be
modeled by aperture sampling to improve the accuracy of reconstructions for such a setup.

C. CFD Study

A delayed detached eddy simulation of the most underexpanded jet (NPR = 5) is conducted for comparison. We
perform the simulation in FLUENT 14, using a domain size of 25D axially and 20D radially. The pipe flow upstream
of the nozzle is included as part of the simulation, with a 20D domain leading up to the exit plane. The grid consists of
around 10 million cells; a second-order upwind spatial scheme and second-order implicit temporal scheme are employed
to solve the governing equations, using the advection upstream splitting method for flux calculations. Flow is simulated
via the classical Smagorinsky and Spalart—Allmaras closures; a RANS treatment is applied inside the pipe and the
solver imposes a modified length scale to ensure RANS calculations throughout the boundary layer, as well. Total
pressure and temperature are applied at the inlet, with an atmospheric pressure condition and turbulence level of 5%.
While this simulation is somewhat under-resolved in the downstream region, it provides sufficient qualitative accuracy
to benchmark our physics-informed BOS results.

IV. Analysis of Blur Effects

It is important to use a forward operator that properly captures the imaging physics in BOS data assimilation.
However, to the best of our knowledge, all BOS algorithms reported to date assume thin rays, corresponding to a pinhole
camera model. This model is known to break down for large apertures and strong refractive index gradients, especially
those produced by compressible flow features like a shock or expansion fan. An open aperture yields large cones of
light that may span a range of gradients, leading to blurry images and damped deflections [38}139]. Here, we analyze the
effects of primary ray versus cone ray models for BOS.

We simulate deflections for our experimental setup using the CFD-based NPR5 density field shown in Fig.[d] The
left most deflection panels depict the axial and radial components of deflections for a pinhole camera, i.e., using only the
principal ray of each pixel to construct Dy and Dy. This calculation predicts massive deflections near the shocks, with
magnitudes up to 20 px. Cone ray deflections obtained via aperture sampled operators are shown in the central column.
We built operators with up to 500 samples per cone and observed reliable convergence at around 50 samples. Cone ray
deflections are smaller and smoother than primary ray deflections, resulting in blurrier flow structures. In the final
column, we show mean deflections from the FOLKI algorithm, which are qualitatively similar to the aperture sampled
results. However, it should be noted that the synthetic cone deflections are both larger than the FOLKI estimates and
feature sharper flow structures.

Density kg/m3
_ i )
0.4 px
20
8,
L 0
5, N -
-20
Principal rays Conical rays FOLKI estimate

Fig. 4 Synthetic deflections calculated for a CFD-based density field (top) using a pinhole camera model (left)
and cone beam rays (middle). Also shown are experimental deflections from the FOLKI algorithm (right).

To understand the discrepancy between our measured and modeled deflections, we simulate the mean flow-on image
via nonlinear aperture sampling. Our simulation includes 500 random rays per cone, which are propagated through
the CFD density field for an NPRS5 jet by nonlinear ray tracing. The intensity of each ray is calculated via bilinear
interpolation of the experimental reference image at the deflected location, and the intensity of a pixel is simply the
average for the cone. Note that this model is nonlinear so the mean distorted image for a turbulent flow is not generally
equal to the image computed using the mean density field. Results of this simulation are shown in Fig. [5] which includes
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the mean experimental flow-on image and our simulation based on the mean density field. Two zoom regions are
depicted on the right side of the figure: one upstream of the first Mach disk (blue border) and the other close to the
second Mach disk (fuchsia border). Blur in the first instance is well captured by our model; notably, this is a region with
large deflections and appreciable blur, which cannot be simulated with a pinhole camera. However, we are unable to
mimic the experimental image in the downstream region.
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Fig.5 Mean experimental flow-on image for the NPRS jet and a synthetic image based on the mean CFD density
field. The nonlinear model captures blur in steady regions (blue) but not in turbulent regions (fuchsia).

Experimental and synthetic images in the second zoom box in Fig. [5|are emblematic of downstream conditions.
The experimental image appears to be far blurrier and slightly brighter than the synthetic image. There are two key
effects at play, here. First, the imaging model is nonlinear and projections of the mean density field will not necessarily
capture the mean intensity field in regions that sustain turbulent fluctuations. Indeed, extraneous blur is concentrated in
regions where the flow is known to be turbulent. This effect could be mitigated by tailoring the test setup to satisfy the
assumptions of linear optical flow. Second, the experimental flow-on images are brighter than than the reference images.
We observe this effect by comparing the intensity histogram of the image sets, i.e., the flow-on distribution is brighter
than the flow-off distribution. Increased brightness could be due to light scattering off condensation, in principle, but
the location of “surplus” brightness is inconsistent with this explanation because condensation would be concentrated at
the nozzle outlet. Hence, we currently lack a satisfactory explanation for this phenomenon.

V. BOS-RANS Data Assimilation for Underexpanded Jets

We process mean deflections from FOLKI to reconstruct underexpanded jets with an NPR of 3, 4, and 5, using a
PINN with the compressible RANS equations to determine the mean flow fields. These PINNs are implemented in
TensorFlow 2.9.2 and consist of 10 hidden layers, each having 50 nodes per output. Weights are randomly initialized
with a standard normal distribution and the biases start off at zero. Training is conducted with the Adam optimizer
using a learning rate of 1073 for 10 epochs followed by a rate of 10 for another 10 epochs, which is sufficient for
convergence. We use data, physics, and boundary batch sizes of 500 pixels, 1000 interior points, and 300 boundary
points, respectively. Figure [6]depicts the mean density, velocity, and pressure field of all three jets as well as the CFD
solution for the NPRS case.

Our physics-informed BOS estimates closely match the CFD results, both qualitatively and quantitatively, demon-
strating that rich information about a compressible flow is accessible from BOS measurements via data assimilation.
We observe subsonic flow after the Mach disk as well as successive expansion fans and oblique shock waves along
the jet. However, we also note the presence of a few artifacts. For instance, compression at the Mach disks is too
gradual, and there appears to be erroneous compression in the far field: a phenomenon that is visible in the NPR3 and
NPR4 reconstructions, as well. Moreover, velocity is underpredicted in the outer shear layer. The CFD grid coarsens
downstrean, which could explain some of the discrepancies observed towards the edge of the jet. That said, the velocity
errors could also originate with the eddy viscosity field, which is currently utilized by the PINN to compensate for errors
in the deflection data. Readers should note that we infer y without any structure from a turbulence model. Including a
Spalart—Allmaras, SST k—w, or other model and floating key parameters for model calibration or adding a corrective
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Fig. 6 Physics-informed reconstructions of underexpanded jets (NPR = 3, 4, and 5) from BOS measurements.
CFD results are shown for the most underexpanded jet. All of our reconstructed NPRS fields bear a close
resemblance to the CFD solution.

force [4Q] could potentially improve the accuracy of reconstructions and guide model development. A detailed analysis
of the eddy viscosity fields produced by our DA scheme is forthcoming. We will report and analyze the Reynolds
stresses implied by our reconstructions and compare them to modeled fields.

For the NPRS5 case, deflection data in the immediate vicinity of the first Mach disk is neglected. We previously found
that it is beneficial to ignore measurements in regions of the flow that produce very large deflections, including shock
fronts and expansion corners, which correspond to singularities in the Euler equations [14]]. The paraxial assumption,
used to derive the linear deflectometry operator, breaks down in these regions, leading to model errors and spurious
inferred flow features. Moreover, deflection sensing is particularly difficult in the presence of blur, which is acute about
the Mach disk. In separate tests, we included all the deflection data in our training set, but doing so smeared the first
Mach disk slightly more than our current set. The latent fields are also adversely affected by the near-disk deflections:
the subsonic region recedes downstream, corresponding to larger physics residuals. Crucially, in previous work, we
found that it is difficult to counteract noisy measurements by adjusting the relative weight of Lipeas and Lpnys [41]).
Instead, errors in the deflection data must be modeled and discounted accordingly.

We do not have CFD fields to validate the NPR3 and NPR4 reconstructions in Fig.[6] Nevertheless, based on our
NPRS results, we are confident in the quality of our lower-NPR reconstructions. Further, we find that the flow structures
are comparable to previous reconstructions [36] and the latent fields agree with our physical intuition about the jets.
We also note that the mean shock locations and spacing in our reconstructions are consonant with results available
in literature [42, 43]. To demonstrate this, Fig. [7]depicts cut-plots of density along the the symmetry line from our
physics-informed reconstructions, previous tomographic estimates [36]], and our CFD prediction for the NPR3 jet.
Density is normalized by the fully expanded value and plotted as a function of streamwise distance. We find that our
physics-informed BOS results are similar to the 12-view tomographic BOS reconstructions of Nicolas et al. [36]. The
latter fields constitute the azimuthal average of a non-axisymmetric reconstruction, which may explain some of the
minor differences.

VI. Conclusions and Outlook

This work demonstrates the application of physics-informed BOS to turbulent underexpanded jets. Our approach
incorporates an aperture-dependent measurement model and the compressible RANS equations to infer mean density,
velocity, energy, and eddy viscosity fields from deflection data. We use a physics-informed neural network to
represent the flow; “PINNs” are flexible tools for data assimilation and we have previously used them to reconstruct
inviscid, supersonic flow from noisy experimental images. To the best of our knowledge, this work reports the first
usage of PINNSs to reconstruct a turbulent, compressible flow using the full RANS equations. We report accurate,
multi-parameter reconstructions that are produced without an explicit turbulence model, although we do invoke the
Boussinesq approximation. Future work will incorporate such models, allowing for the direct calibration and inference
of model-form errors from experimental measurements.
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Fig. 7 Normalized axial density distributions for the NPRS5 (left), NPR4 (middle) and NPR3 (right) jets.
Physics-informed BOS results are shown in blue, 12-view tomographic BOS results from [36] are plotted in
fuchsia, and CFD results for the NRPS jet are drawn in black.

Three important conclusions can be drawn from this work.

1) Physics-informed BOS with a PINN yields accurate estimates of the density fields, commensurate with previous
reconstructions produced with the same deflection data. Additionally, there is good agreement amongst the
velocity and pressure fields inferred from BOS data and produced by a CFD simulation. This behavior tracks
to experimental cases without CFD validation, wherein the inferred velocity and pressure fields agree with
engineering intuition.

2) Reconstructions are susceptible to errors that stem from the deflection sensing step. Therefore, to minimize
artifacts and recover sharp flow structures, we recommend starting with raw image data and utilizing a unified
BOS measurement model.

3) Blur effects are non-negligible in imaging scenarios with large density gradients, leading to large deviations
between the deflections computed with a pinhole model and those from a cone ray model. A measurement model
that incorporates cone ray sensitivities is developed and demonstrated for use in BOS experiments.

Appendix A. PINNs with the RANS Equations

Several groups have implemented PINNs with a RANS model. For instance, Eivazi et al. [44] solved four forward
problems with a RANS-PINN: zero and adverse pressure gradient boundary layers, flow over a NACA airfoil, and
flow over a periodic hill. The authors inferred Reynolds stress fields from rich boundary data (i.e., a dense string of
colocation points) without using an explicit RANS model. In other words, the Reynolds stresses were underdetermined
and implicitly regularized by the PINN. While this strategy was tractable in some scenarios —i.e., sans pressure gradients
— the lack of closure led to large errors in the other flows. Separately, Xu and coworkers [45] considered steady and
unsteady cases involving a backward facing step and flow past a cylinder, respectively. The authors outputted an
unmodeled eddy viscosity field instead of inferring the full Reynolds stress tensor like Eivazi et al. We note that the
mean fields were recovered to high accuracy, even in the presence of substantial noise, but the inferred distribution of
eddy viscosity bore a minimal (in some cases negligible) resemblance to that of the ground truth CFD data, regardless
of the underlying model: SST k—w or SST-SAS, in this instance. Von Saldern et al. [46] also inferred the eddy viscosity
as an additional latent field. They considered several targets, including a isothermal jet with and without swirl as well as
a jet flame. The full RANS equations, simplified via the Boussinesq approximation, were used to model the swirling jet
whereas the other flows were learned solely using the continuity or turbulent boundary layer equations.

While Eivazi [44]], Xu [43]], and their colleagues exclusively employed synthetic data, von Saldern [46] used both
large-eddy simulations and particle image velocimetry measurements in their work. For this paper, we assimilated
experimental BOS data and the compressible RANS equations. This likely represents the first effort to implement the
Favre-averaged RANS equations in a PINN setting. The Boussinesq assumption is invoked and an eddy viscosity field
is inferred such that our mean fields are trained to satisfy Eq. (I3 in[Appendix B]

Appendix B. Axisymmetric Compressible RANS Equations
Non-dimensional equations play an important role in stabilizing many CFD solvers. A similar phenomenon is
observed in PINNSs: scaling the components of each equation to order one leads to substantial improvements in the
stability of training [[14}47]]. Here, we denote the non-dimensional quantities of interest using an asterisk, (-)*, i.e., p*
for density, u* and v* for velocity, etc. We non-dimensionalize these terms with a jet diameter length scale, Dg; outlet
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density, po; outflow velocity, ug; settling chamber temperature, Ty; and viscosity similarly given by the settling chamber
conditions, ug. Pressure is non-dimensionalized in terms of the density and velocity scales. Dimensional quantities
correspond to the product of a non-dimensional variable and its scale: p = p*pg, u = u*ug, and so forth. The scales are
arranged to form two important non-dimensional numbers that appear in the RANS equations, namely, a reference
Reynolds number,

D
Reo = Potto Do (12a)
Ho
and Mach number,
My= —0 (12b)

\/7 Rgas TO .

The equations also include Prandtl and turbulent Prandtl numbers, Pry = 0.72 and Prt = 0.9, respectively, which are
assumed to be constant.
The non-dimensional, Favre-averaged continuity and Navier—Stokes equations are written as follows:

0 1 0
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where £)—g4 are residuals. Our RANS physics loss is thus written as follows:
1 L pR )
Lo = /0 /0 Ier ... 4|2 2r dr dz. (14)

The stress terms in Eq. (T3)) take the form presented in Eq. (I3). Note that the total energy equation is written under the
assumption that turbulent molecular diffusion and transport are negligible [48]].

In this document, 7 includes both the Reynolds-averaged viscous tensor components and the Reynolds stress tensor
fluxes, the latter of which are modeled using a classical Boussinesq formulation for flows with non-zero divergence.
Similarly, the heat fluxes, g, and ¢q,, include both heat diffusion and modeled turbulent enthalpy fluxes, which are also
closed via the Boussinesq formulation. We assume that the turbulent eddy viscosity, u, is additive with molecular
viscosity, i, and incorporate p into the second coefficient of viscosity. This allows for the viscous tensor terms to be
represented as

=) | 325 -3 (34 ) s
== ) (5 + 5% 130)
= o) |$O0 22 1) (150
o = (1" + 1) ;‘j-—%(%@ﬁ) (15d)



and the heat fluxes to be represented as

e (1 By OT
_ 16
1z (Pro * PrT) az* (16a)
AT
- ’ 16b
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where the gas constant for air is Rg,s = 287 J kg~! K~! and the ratio of specific heats is assumed to be y = 1.4. In this
notation, turbulent kinetic energy, k — which is either modeled algebraically or solved as a control variable in a one- or
two-equation turbulence model — is coupled to the momentum and energy equations through pt. The non-dimensional
temperature is

1
T =y (y-1) M2 [E*—E(u*2+v*2)], (17)
and the non-dimensional pressure may be computed via a dimensionless equation of state,
*T*
g (18)
yM;

Similarly, non-dimensional viscosity may be calculated from the temperature via a non-dimensional version of
Sutherland’s formula,

12
CiT,
=0 ( (19)

Ho
We use the two-constant form of this equation, with C; = 1.458 x 10 kg m™! s7! K™1/2 and § = 110.4 K.

T*3/2
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