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ABSTRACT

While designed to suppress disturbances located away from its beam foci, focused laser differential interferometry (FLDI) is known to have
some integration of signals along its optical axis. This is especially true for longer-wavelength signals, although smaller-scale flow structures
also have a non-infinitesimal sensitivity length. This study investigates the performance of FLDI in a hypersonic turbulent boundary layer to
better understand its behavior. FLDI simulations were conducted using both full-scale direct numerical simulation (DNS) and spatially aver-
aged DNS inputs to directly assess the influence of smaller flow structures on FLDI measurements. The full-scale FLDI results indicate that
integration along the optical axis likely results in lower FLDI amplitudes than for true point measurements. Comparison with the spatially
averaged FLDI simulations reveals the significance of small-scale structures in FLDI signal roll-off and root mean square amplitudes. Further,
the influence of FLDI setup parameters on the response across the frequency spectrum are analyzed. Circular, Gaussian beams with smaller
widths are verified to present increased performance relative to elliptical or uniform-intensity beams. Also, measurements using distinct dif-
ferentiation directions suggest an experimental way to measure turbulence isotropy scales. These results have notable implications for under-
standing hypersonic turbulent boundary-layer dynamics and interpreting experimental data. Distribution Statement A: Approved for Public
Release; Distribution is Unlimited. PA# AFRL-2024-4678; Cleared 08/23/2024.

Published by AIP Publishing. https://doi.org/10.1063/5.0235247

. INTRODUCTION at comprehending both its effectiveness and constraints, but there is still
work to be done to be able to fully interpret measurements from this
technique.

FLDI is an optical diagnostic commonly used to measure high-
speed fluctuations such as those found in hypersonic boundary-layer
instabilities. It was originally created by Smeets and George in the

As hypersonic flight becomes a priority across several nations,
understanding the behavior of turbulence at these speeds becomes more
important. However, investigating hypersonic turbulence poses a signifi-
cant challenge due to the extensive range of flow structure sizes that are
present simultaneously. In experimental studies of this regime, focused

laser differential interferometry (FLDI) has emerged as a prevalent diag- 19?05 as a Yar‘ia.nt of laser diff(.erential interferometry .specif.ically
nostic tool. FLDI allows for highly sensitive density gradient measure- des*gned to diminish the effect of signals away from the point of Inter-
ments to be taken at high bandwidths without a physical probe est. The, technique has been util'{zed to study turbulent jets,”’
interfering with the flow. It is an ideal choice for making hypersonic shocks,” b‘ freestream  disturbances,” "' and hypersonic boundary
aerodynamic measurements, as its focusing ability helps suppress signals ~ layers.” '* It has been modified in a number of ways to expand its

away from the region of interest, although the extent of this suppression usability”'”** and several studies have been conducted to characterize

depends on characteristics of the flowfield being probed. FLDI has, its performance.'*’** Research comparing experimental and simu-
therefore, been studied in multiple computational investigations aimed lated FLDI has broadly resulted in good agreement,” **° although
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accurate conversion from beam phase change to density fluctuations
remains an active problem.”*””**

Prior work has shown that the changing diameter of the beam
profiles due to the focusing field lenses is generally the source of the
signal rejection measured away from the foci, as opposed to the over-
lapping spatial positions of the beams. It has also been demonstrated
that smaller-wavelength signals experience a shorter sensitivity length
along the beams compared to longer-wavelength ones.”””® These
details introduce a dependence between the beam profiles along the
optical path and the wavelengths of the signal to be measured.
Hypersonic turbulence is a difficult signal to study due to the broad
range of wavelengths involved. A common computational technique
for turbulence, large-eddy simulation (LES), neglects small-scale flow
structures. LES has been used for FLDI simulations with some agree-
ment, although some differences between computational and experi-
mental FLDI results remain for these cases.'””° By utilizing a
computational model of FLDI with both a high-resolution and a spa-
tially averaged direct numerical simulation (DNS) of a hypersonic tur-
bulent boundary layer, it is possible to gain understanding in the effect
of the smallest-scale structures on an FLDI measurement.

There are two primary objectives for this paper. First, to directly
simulate FLDI measurements for a full-scale DNS to understand the
behavior of an FLDI when measuring a hypersonic turbulent boundary
layer. Second, using the original DNS and a spatially averaged version
of it, to study how FLDI is influenced by the small-scale structures in
hypersonic turbulent flow. Two FLDI models (one from AFRL and
one from DLR) were run with the same DNS inputs to allow for the
comparison between code and increase the confidence in the results.

Il. COMPUTATIONAL METHODS

Two computational methods are utilized in this study to help
understand the significance of the different scales of turbulence with
regard to an axisymmetric hypersonic boundary layer. The initial flow
field was computed via high-fidelity DNS with conditions selected to
match an experiment. Then, the resulting flow field from the high-
resolution DNS and a spatially averaged version of it were run through
a FLDI simulation to determine how well experimental measurements
made with an FLDI replicate the actual fluctuations present in the
flow. This simulation was run with the outputs of both the original
and spatially averaged DNS to study the importance of the smaller-
scale, higher-frequency fluctuations in the final measurements made
with that technique.

A. Flow field conditions

The flow field used in the study was computed based on a Mach-
8 experiment from the Sandia HWT-8.”” The test article was a sharp, 7°
half-angle cone that was 0.517-m long. The nosetip had a radius of
0.05 mm. The DNS domain extended the cone to be 0.86-m long and was
divided into three, overlapping boxes as shown in Fig. 1. Experiments
confirmed that the boundary layer state at axial positions greater than
0.3m was fully turbulent for a freestream unit Reynolds number of
12.8 x 10%/m.” The model wall temperature was set at 298 K, matching
the experimental wall-to-recovery temperature T,, /T, ~ 0.54.”

B. Direct numerical simulation (DNS)

The DN results are described in detail in Huang et al.,” but are
summarized here for reference. Numerical solutions were obtained for

pubs.aip.org/aip/pof

Digital-filtering
turbulent inflow
generation

FIG. 1. Flow field of Mach-8 cone. Reproduced with permission from Huang et al.,
AIAA J. 62, 3 (2024). Copyright 2023 by the American Institute of Aeronautics and
Astronautics, Inc.”

the complete three-dimensional compressible Navier—Stokes equations
in cylindrical coordinates to replicate the turbulent boundary layer on
a circular cone. Nitrogen served as the working fluid and operated
within the perfect gas regime. The flow was assumed to be Newtonian,
with the viscous stress tensor correlating linearly with the rate-of-strain
tensor, and Fourier’s law establishing a linear relationship between the
heat flux vector and the temperature gradient. The coefficient of vis-
cosity (1) was determined using Keyes law, while the coefficient of
thermal conductivity () was calculated as « = uC,/Pr. A molecular
Prandtl number (Pr) of 0.71 was used. Inviscid fluxes of the governing
equations were computed using a seventh-order weighted essentially
non-oscillatory (WENO) method.”’ Viscous fluxes were discretized
using a fourth-order central difference approach, and time integration
was executed with a third-order low-storage Runge-Kutta scheme.””

To study the effect of small structures in the flow, a spatially aver-
aged version of the full-scale DNS was also computed. The averaging
was achieved by applying a tophat filter with a filter width of 8dx or
8dy along the streamwise-spanwise plane.”” The resulting flowfield can
be plotted on the same grid with the same temporal resolution, but has
the smallest-scale structures of the flow smeared out. Figure 2 shows a
planar slice of the original full-scale DNS (DNSgs, where FS is for” full-
scale”) as well as the spatially averaged version (DNSg,, where SA is
for “spatially averaged”). Both fields look very similar, with the primary
difference being the resolution of the fluid structures present. In the
spatially averaged DNS, small-scale structures are averaged out, essen-
tially creating a flow field that is the same as the original but with larger
average structure sizes.

C. Focused laser differential interferometer (FLDI)
simulation

The models of FLDI used in this study simulate the region of the
beams that pass through the computed density field. Therefore, the
optics about this region are not simulated.

1. AFRL FLDI model

FLDI is a technique that estimates density changes in a flow along
a single axis by utilizing two closely spaced beams focused at a specific
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FIG. 2. Subsets of the DNS density fields:
(@) original full-scale DNS density field
(DNSgs) and (b) spatially averaged DNS
density field (DNSgy).

point of interest. This approach employs common-path interferometry
since both beams travel through the test gas mostly along the same
optical path. In its simplest configuration, as shown in Fig. 3, the FLDI
setup involves just a laser, a photodiode (or camera) to make the mea-
surement, three lenses, and two polarizers and prisms. The coherent
light emitted by the laser is polarized using polarizing element P1, and
then, expanded through a concave lens (L1). A small-angle birefrin-
gent prism (Prl) splits the beam into two orthogonally polarized
beams, which are subsequently focused and parallelized by a convex
lens (L2) at a separation distance of Ax. The focal points of the FLDI
are the most sensitive regions, where the two beams have the smallest
diameters and do not overlap in space. To maintain symmetry, the
setup includes another lens (L3) that refocuses the beams on the oppo-
site side of the foci. The beams then pass through another birefringent
prism (Pr2) with the same splitting angle to collocate the light. At this
stage, the beams do not interfere since they remain orthogonally polar-
ized. The light is further transmitted through a polarizer (P2) to enable
interference. Finally, the intensity of the resulting beam is measured
using a photodiode or camera.

FLDI is capable of making quantitative measurements by leverag-
ing the linear correlation between the density of a fluid and its refrac-
tive index, which is characterized by the Gladstone-Dale constant.”*
As each beam travels through a slightly distinct local density field, a
relative phase shift is generated between them. Consequently, the inter-
ference of the initial beams induces variations in the intensity of the
resulting beam, enabling direct measurement of this phase shift.

The computational FLDI model used in this study was originally
developed by Schmidt and Shepherd,” and utilizes a ray-tracing meth-
odology to estimate the FLDI signal at the photodiode. It was success-
fully used to study FLDI responses to various flow phenomena,
generally in the hypersonic regime.”''****® A complete derivation
for the current implementation can be found in Benitez et al.”® The

concave

X
birefringent convex convex
Laser polarizer lens prism lens z lens

L2 L3

P1 L1 Pr1
m

resulting equation for the total phase shift due to a given density field
is described by the following equation:

AD = H(TnJJPIO(a’ B) (Lp(xl)ds - Lp(xz)ds) dadf. (1)

Here, K is the Gladstone-Dale constant, A is the wavelength of the laser,
I, is the local intensity of the beam at location («, f8) in the beam profile
plane, and p is the local density. P represents the beam profile plane,
while x; is the three-dimensional location of the local density for beam i
and s; is the beam path for beam i. Since the optical paths of the two
beams largely overlap, s; = s, = s, s0 Eq. (1) can be simplified further:

=2 [[]] ot = st prauas] .

AD
This equation can be solved computationally for a given density field.
For a time-varying case, it can be looped for each point in time, to get
a time series AD(t).

The FLDI beams were discretized across both the profile plane
and the optical axis. For these simulations, the optical (z) axis was
divided evenly into 5150 points between z = =50 mm. Each beam
profile was defined by 65 341 grid points split uniformly in angle and
clustered around the centroid in radius, and each beam has 10 299 pro-
file planes defined along the z-axis. Figure 4 displays the normalized
grid used for each beam profile plane, with 363 points in the radial
direction and 180 points azimuthally. With two FLDI beams, the total
number of potential grid points is 1 345893 918; however, only z loca-
tions defined within the DNS flowfield are actually computed. For this
case, that limited the optical axis to between *16 mm, resulting in
431 119918 grid points actually simulated.

There are several methods to convert from the beam phase
change A®(t), which represents a spatial gradient, to the local flow

birefringent
prism
Pr2 photodiode

P FIG. 3. An illustration of a simple FLDI.

P2
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FIG. 4. Grid used to discretize beam profile.”®

density fluctuations p’(t), which is a temporal fluctuation,”***>*7>*¢

However, these all require some assumptions about either the sensitiv-
ity distribution of the FLDI or the behavior of the flow field. For this
work, the results are left as a density difference, Ap, to avoid some of
these assumptions. However, to convert from A® to Ap, a sensitivity
length L was computed using the estimation method described by
Lawson and Austin,” where L is a function of the frequency, f. This
function is displayed in the following equation:

L(f) = 2‘/?”0 ”7 ~erf~1(0.99). 3)

Here, we define u. as 80% of the freestream velocity
(4, = 0.8uy, = 860 m/s).”

The A® data were then converted to Ap using Eq. (4). Note that
both A® and Ap are functions of time, ¢, rather than frequency, f:

— g1 4
Ap(t) = m[,/ {ZnKL(f) @9{A®(t)}H. 4)
For this process, .# represents the fast Fourier transform executed in
MATLAB (££t), while .# ! is the inverse fast Fourier transform
(1f£t). The circular convolution, ® (cconv in MATLAB), is utilized
since the scaling occurs in frequency space, which differs from the
usual multiplication in temporal space. The real component of the
solution, ¥, is taken after finding the inverse Fourier transform.

The original flow field density values for each time step, p(x, ),
are from the DNS described previously. Due to the large size of the
DNS, the flow field was divided into five separate regions in the vertical
direction, with each region having the same number of data points,
before running through the FLDI simulation. The DNS flow fields
were rotated so that the model wall was tangent to the x - z plane, and
the density data were read as scattered data in MATLAB. In this paper,
simulated FLDI density differences are compared to DNS-derived den-
sity differences, which were found by taking the DNS densities at the
center of each foci and subtracting them.

ARTICLE pubs.aip.org/aip/pof

The coordinate system used for the FLDI simulation has its origin
on the surface of the cone, located axially between the two foci. The
beams are split in the streamwise direction, such that one is directly
upstream of the other and they are both the same normal height from
the model surface. The x axis is in the direction of the flow, while the y
axis is normal to the surface. The z axis is along the laser path.

In addition to the overall simulated FLDI measurements, planar
FLDI measurements were also saved at each optical-axis position.
These deconstructed measurements allow for studying the combined
effect of the FLDI averaging across each beam profile and the overlap
of the two beams for each spanwise station, without the effect of the
overall integration along the optical axis. Due to the exclusion of the
optical-axis integration, converting from these planar beam phase
change values to density difference does not involve computing an
integration length. Instead, the planar density change is directly calcu-
lated using the following equation:

_

T 21K
Simulated FLDI parameters were selected to be similar to FLDI

configurations that have previously been used in experiments.”"Z(’

Three Gaussian beam profiles were used for the simulation with the
beam profiles defined by the following equation:

2
w(z) = woy |1+ (ﬁ) . (6)

2
W

Ap(t) D). ®)

The beam waists (w,) of 3, 5, and 7 um were selected to test (Fig. 5). A
laser wavelength of 633 nm was utilized with a separation of 150 um
between the two beams. Simulated FLDI measurements were taken
0.396 m downstream of the sharp nosetip, with the beams split parallel
to the model surface.

2. DLR FLDI model

In addition to the AFRL computational FLDI model, the FLDI
code in operation at the DLR-Go6ttingen was also used in this work. A

1.2 T — T 002 r
—wy = 3um
wp = Spm 0.01 x //
08¢
g
g
— 06
)
s 0.4+
0.2
0 1 1
-15 -10 -5 0 5 10 15

z (mm)

FIG. 5. Beam waist from Gaussian beam profiles used for the FLDI analysis.
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detailed description of the DLR FLDI model, as well as a validation
case, can be found in Camillo and Wagner.S

The DLR model is also based in the original development of
Schmidt and Shepherd,”” such that the basic equations are identical to
the ones in the AFRL model described in the previous section.
However, the two models have been independently implemented, pre-
senting important differences which are clarified below.

For Eq. (2) to be evaluated, the density values at each FLDI grid
point must be interpolated from the original flow field mesh. As
explained in Sec. II C 1, the AFRL model approaches the density field
as scattered data to perform this evaluation, but requires the field to be
rotated and translated so that the FLDI beams are located in the
desired position. Using scattered data has the advantage of universal
applicability, regardless of the form of the computational flow field,
but requires some preprocessing of the flow field to ensure the input
data are not too large for the computation.

The DLR model, conversely, uses a coordinate transformation to
represent the density values on a three-dimensional rectangular grid.
In this rectangular coordinate system, the grid variables each vary
along a single dimension of the grid. The FLDI grid points are then
transformed accordingly onto the same coordinate system before per-
forming the interpolation. For this model, the flow field requires pre-
processing to structure the flow field grid, but the FLDI grid is later
positioned within it. The approach adopted in the DLR model is only
applicable to computational flow fields with well-defined laws for
mesh definition, such as Cartesian, conical, or some types of more
complex structured meshes. However, with the density values repre-
sented in a rectangular grid, computationally light interpolation tools
such as MATLAB’s interpn may be used to evaluate the FLDI grid
points. As a result, the calculation of the FLDI response on each time
step of the flow field can be less computationally intensive. Therefore,
the flow field did not need to be split into separated components for
the numerical analysis with this code.

Taking advantage of the capability of the DLR model to sweep
over different parameters inexpensively, it is used in the present work
as a parametric analysis tool. The effects of different characteristics of
the FLDI instrument in comparison to a standard case are analyzed in
the context of hypersonic turbulent boundary layer investigation. This
analysis will be shown in Sec. 111 B, together with a direct comparison
between the AFRL and DLR model outputs.

The discretization of the FLDI beams for the DLR model was
defined following a grid convergence analysis, facilitated through the
use of rectangular grids. Same as the AFRL model, the grid points are
clustered around the centroid of each beam. The azimuthal direction
was divided in 36 points, with the radial direction having 45 points dis-
tributed such that the aspect ratio of each grid cell was close to 1.
Along the optical axis, between 700 and 770 planes were used, depend-
ing on the off-surface location. The total number of grid points for
each FLDI beam was hence approximately 1200 000. This grid discre-
tization was verified to produce results equivalent to a finer mesh with
approximately 20 000 000 points.

Il. RESULTS
A. AFRL FLDI simulation results

Two versions of the DNS flow field were utilized to simulate
FLDI measurements of the hypersonic turbulent boundary layer. The
original, full-scale DNS and a spatially averaged variant were run

ARTICLE pubs.aip.org/aip/pof

through the FLDI simulation with three different Gaussian-beam
waists to see how each beam set would respond to the same density
field with and without small-scale flow structures.

1. Full-scale DNS

To understand how the FLDI processes the more realistic flow
field, simulated FLDI measurements through the full-scale DNS were
made at different off-surface heights for each of the three beam waist
sizes (3, 5, and 7 um). The FLDI signal was processed as described in
Sec. 11 C to convert the computed beam phase change values to density
difference. To compare the FLDI results to the “true” values from the
DNS, the density difference between the foci centers was extracted
from the DNS for each time step and off-surface height.

Figure 6 gives an overview of the simulated FLDI results as com-
pared to DNS density differences for the 5 um beam waist. Figures 6(a)
and 6(b) show the time series for both the DNS-derived and FLDI-
simulated cases, while Figs. 6(c) and 6(d) display the power spectral
densities (PSDs) for each. Note that the color scale for the DNS and
FLDI results are different; this is most likely due to the integration
along the optical axis from the FLDI, and will be discussed later.
Qualitatively, the time series between the DNS and FLDI are similar,
with the FLDI appearing more smeared and overall having a lower
amplitude. For the PSDs, the FLDI again has lower amplitudes than
the DNS, and also appears to suppress more of the lower frequencies.
This lower-frequency suppression is due to the finite spacing between
the beams, and will be discussed in Sec. I1I A 3.

To get a better understanding of the scales involved in this flow-
field, Fig. 6(d) has been replotted in Fig. 7 as a function of wavelength.
The data from Fig. 6(c) was converted to wavelength-space using the
estimated convective velocity, u, = 0.8u., = 860 m/s.”” As expected
for a turbulent boundary layer, the scales present span the full range of
wavelengths.

The time series for a single off-surface position and the overall
signal root mean square (RMS) as a function of off-surface height for
each of the three beam waists tested are shown in Fig. 8. The FLDI
fluctuations generally follow the same pattern as the values from the
DNS, but again at a lower amplitude. Increasing the beam waist results
in decreasing the FLDI measurement amplitude. This trend agrees
with prior studies on turbulent jets.”**® The same amplitude trend can
be seen with the RMS fluctuations plot. Note that the spikes for the
3 um beam waist (which has the largest profiles of the three waist sizes
starting about 0.1 mm from the foci) near y=1mm and y =4 mm, as
well as the RMS increase in the simulated measurements right at the
wall, correspond to edges in the DNS subfields and are likely nonphys-
ical. The RMS fluctuation curves can roughly be shifted to go from one
beam waist curve to another by scaling the values using the following
equation:

WO,urig

rms(Ap), ., = rms(Ap), . (7)

new orig .
Wo,new

This scaling leads to a beam waist of approximately 1.3 um recovering
the DNS density difference for this flow field.

Taking planar FLDI measurements along the beams was possible
by saving the simulated FLDI measurements at each point on the opti-
cal (2) axis. These deconstructed measurements can more accurately
be compared to the DNS density differences, found by subtracting the
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position, since they do not incorporate the optical-axis integration that
leads to ambiguity in the simulated measurement. This process was
undertaken for each of the three beam waists computed, but is shown
in detail for the 5 um waist. There are two different ways to present
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FIG. 7. DNS Ap PSD taken as a function of signal wavelength.

Ap time series, (c) DNS Ap PSD taken
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these data: first, by observing the off-surface spatial fluctuations as a
function of z for a single point in time, and second by studying the
temporal fluctuations as a function of z for one off-surface position.
These two views of the data are summarized in Figs. 9 and 10. In both
views, z= 0 corresponds to the optical-axis location of the beam foci,
and is also the point where the beams are closest to the cone surface
for a given wall-normal position, y.

In Fig. 9, results from the planar FLDI analysis are shown for off-
surface fluctuations as a function of z for a single point in time. The
DNS-derived density change values are shown in Fig. 9(a), while
the simulated planar FLDI measurements are in Fig. 9(b). As expected,
the FLDI planar density changes decrease in amplitude as the magni-
tude of z (i.e., the distance from the foci) increases. This trend is
highlighted in Fig. 9(c), which plots the difference between the DNS
and FLDI planar densities as a function of z; the differences between
the DNS and FLDI increase with increasing z. Figure 9(d) plots the
spatial RMS fluctuations in y as a function of z for each of the three
beam waists. At z=0mm, the FLDI values nearly coincide with the
DNS density change, while increasing magnitude of z results in overall
lower FLDI amplitudes. Smaller beam waists correspond to greater sig-
nal suppression away from the region of interest due to the spatial aver-
aging across the larger beam profiles away from the foci, as expected.”®

As mentioned previously, the lower FLDI amplitudes as com-
pared to the DNS-derived values is likely due to integration along the
optical axis. This can be clearly observed in Fig. 9(b), which includes
the spatial averaging that occurs across the beam profile, but decon-
structs the FLDI measurement to show each value along the optical
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axis (ie., along the z direction). While the FLDI does somewhat suppress
fluctuations away from z=0mm, there is still signal present in those
regions that will be incorporated into the final FLDI measurement. By
looking across a single height, y, it is easy to see both positive and nega-
tive density changes. These oppositely signed signals can cancel each
other out, ultimately resulting in a lower FLDI amplitude than the true,
point-measurement at z= 0 mm obtained directly from the DNS.

In Fig. 10, results from the planar FLDI analysis are displayed for
temporal fluctuations as a function of z for a single position off-
surface. Figure 10(a) displays the DNS-derived values while Fig. 10(b)
shows the planar FLDI values for the wy = 5 mm case. As with the
previous results, the FLDI results are similar to the DNS values, with

0.015

rms(Ayp) (kg/m?) <10°
(b)

the exception that their amplitudes decrease as z increases. Figure 10
(c) highlights this effect by plotting the difference between the DNS
and FLDI values as functions of z and time. Higher percentages are
desired for regions away from the foci to suppress signals outside the
area of interest An ideal point-measurement would have a percent dif-
ference of 0% at z=0mm and of 100% at all other positions. The
RMS fluctuations in time for each beam waist are plotted in Fig. 10(d).
As before, smaller beam waists correspond to greater signal suppres-
sion as z increases (due to the larger beam profiles away from the foci).
With this view, however, the width of the turbulent boundary layer
through which the beams traverse is more apparent; the DNS signal is
relatively constant between z=-10 and 10 mm.
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By plotting the percent difference between the DNS RMS and the
planar FLDI RMS as a function of z (Fig. 11), it is possible to get an
estimate for a scalar integration length L for each beam waist. In this
case, a 5% cutoff was utilized, resulting in L values of 2.45, 3.68, and
5.35mm for the 3, 5, and 7 um beam waists, respectively. Using these
constant results in overall simulated FLDI amplitudes more closely
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FIG. 11. Percent difference between DNS-derived density changes and planar FLDI
density changes for the full-scale simulation.

representative of the DNS values for this particular flow field.
Interestingly, these estimated sensitivity lengths are similar in ratio to
their corresponding beam waists. Note, however, that this similarity is
just an observation and further investigation is necessary to determine
if it holds for a general case.

In addition to the FLDI simulations run with the beam foci at
z=0mm, several runs were made with the beams at y =2.3432 mm
and the foci at different z positions. This setup models an FLDI placed
off-centerline in the turbulent boundary layer, and helps visualize how
much the off-axis signal suppression provided by the FLDI is signifi-
cant in a hypersonic turbulence experiment. Figure 12 displays the
spanwise positions of the FLDI beam foci as red dots overlaid on a
snapshot of the flow field for this spanwise-sensitivity study. Similar
studies, both computational and experimental, have been conducted in

z (mm)
-15 -10 -5 0 5 10 15
o - : : ; : ; —
E &l ]
é 5
>
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FIG. 12. Foci positions for the FLDI beams in the spanwise simulation.
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FIG. 13. RMS fluctuations of the simu-
lated FLDI as a function of beam foci
position along the optical (z) axis. The
wall-normal position of the beams was
y=2.3432mm for all cases: (a) dimen-
sional RMS and (b) RMS normalized by
maximum value.

the past using turbulent jets,” **° and were generally undertaken to

help understand the sensitivity region of the FLDL

Figure 13 plots the dimensional and normalized RMS falloff from
the spanwise-sensitivity study using the full-scale DNS. The “true”
density difference taken directly from the DNS as a function of z is
plotted in black. This flow field differs from previously studied
turbulent-jet FLDI simulations in that the turbulent boundary layer
that the laser traverse is much thicker than the narrow-diameter jets
usually used to probe the FLDI sensitivity region. Therefore, it should
be expected that the signal falls off more slowly. Prior jet simulations
on Gaussian beams have found that smaller beam waists (and, there-
fore, larger beam profiles away from the foci) resulted in faster sensitiv-
ity roll-offs, but also generally decreased the peak RMS as after a
certain size.”” With an axisymmetric turbulent boundary layer, how-
ever, this reversal in peak RMS was not observed. This is either due to
the thicker region of turbulence traversed or was just not observed due
to the limited number of beam waists tested.

2. Spatially averaged DNS

With the baseline FLDI results from the full-scale DNS character-
ized, the spatially averaged DNS was run through the FLDI simulation.
The overall time series and associated PSDs are plotted in Fig. 14 for
wo = 5 um. These results are similar to the full-scale FLDI results
shown in Figs. 6(b) and 6(d), but have slightly lower amplitudes. Since
the only difference in the FLDI simulation between this spatially
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averaged result and the full-scale one is the lack of small-scale flow
structures, this amplitude difference is likely due to that change. The
FLDI is most sensitive to small structures near the foci, where its larg-
est signal is obtained. By filtering out these structures, the flow field
has less fluctuations to measure in general, resulting in a lower FLDI
signal overall. The spatially averaged DNS-derived time series and
PSD similarly had lower amplitudes relative to the full-scale DNS-
derived values.

For a more quantitative comparison between the full-scale and
spatially averaged DNS and FLDI results, Fig. 15 plots time series and
RMS plots for all four cases with wy = 5 mm. In Fig. 15(a), the time
series for y = 2.3432 mm is shown. The DNS-derived density changes
are similar, with the spatially averaged results generally having a
slightly lower magnitude. Likewise, the FLDI results are nearly overlap-
ping, again with the spatially averaged case having a slightly lower
overall magnitude. In Fig. 15(b), the temporal density-difference RMS
is plotted as a function of y for the four cases. Note that the increase in
RMS at the wall is likely due to the beams clipping with the edge of the
defined flowfield. The simulated results again show the spatially aver-
aged cases having lower overall RMS as compared to the full-scale
ones, for both the density differences derived directly from the DNS
and those simulated from the FLDI. Interestingly, the change in RMS
between the two FLDI results is actually much smaller than the differ-
ence between the DNS-derived values. This is likely due to the fact that
the FLDI suppresses small-scale signals at much shorter distances
from the foci than it does larger signals. In both FLDI cases, these

x10®
25

FIG. 14. Time series and power spectral
densities for the simulated FLDI Ap val-
ues, wo = 5 um: (a) simulated FLDI Ap
time series and (b) simulated FLDI Ap
05 PSD.
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larger signals will still be integrated into the overall FLDI measure-
ment. However, the smaller signals only present in the full-scale FLDI
RMS are only incorporated into the signal for the z positions closest to
the foci, making them an overall smaller part of the FLDI RMS as com-
pared to the pure DNS RMS.

PSD line plots and ratios are displayed in Fig. 16 to help further
analyze the impact of these small scales on the FLDI frequency
response. In Fig. 16(a), the PSDs from the DNS-derived density change
is shown with a black solid line for the full-scale results and a gray
dashed line for the spatially averaged ones. Similarly, the FLDI simula-
tion results are shown with a solid orange line for the full-scale output
and a dashed lighter line for the spatially averaged output. As shown
with the previous plots, the FLDI results have a lower amplitude than
the DNS-derived ones, and also experience some suppression of the
lower frequency signals not present in the DNS results. Figure 16(b)
plots the ratios between the spatially averaged and full-scales results
for the DNS-derived and FLDI simulation density differences. The
DNS-derived results are relatively constant, with the spatially averaged
values generally reaching between 20% and 40% of the full-scale ampli-
tudes. For the FLDI simulation results, however, the spatially averaged
magnitudes are between 60% and 80% for frequencies greater than
50 kHz, but drop down to 40%-60% for frequencies below that. This
variation across frequency demonstrates a greater low-frequency signal
suppression occurs when the small-scale structures are not present in
the flow, as compared to the full-scale case.

Deconstructed planar FLDI measurements were compared to the
DNS at a single height off-surface in Fig. 17. Figure 17(a) plots the

rms(Ayp) (kg/m?) <10°
(b)

temporal RMS as a function of z for all three beam waists as well as the
spatially averaged DNS-derived values. A similar trend to the full-scale
results from Fig. 10(d) is seen, with smaller beam waists (and, there-
fore, larger beam profiles away from the foci) corresponding to more
signal suppression moving away from the region of interest. The per-
cent difference between the FLDI and DNS values are plotted in
Fig. 17(b). Using the same criteria as with the full-scale FLDI results
(a 5% difference cutoff), scalar sensitivity lengths of L = 4.18, 6.25, and
10.34 mm were found for wy = 3, 5, and 7 um, respectively. These val-
ues are nearly double those from the full-scale test, indicating that the
off-axis signal is less suppressed for FLDI measurements with a flow
field that excludes the smallest-scale structures.

Figure 18 encapsulates the spanwise-sensitivity results for the dif-
ferent flow field cases for each beam waist tested, obtained by running
the FLDI simulation with the foci at different z positions (the same
positions from Fig. 12 from the full-scale test). As with the full-scale
DNS results shown previously, smaller beam waists (and larger beam
profiles away from the foci) correspond to higher peak RMS measure-
ments and faster signal falloff away from z=0mm for the spatially
averaged cases. Comparing equivalent beam waists for the full-scale
and spatially averaged DNS results in Fig. 18(a) reveals that removing
the small-scale structures results degrades the FLDI measurements in
both peak RMS values and spanwise signal falloff. This slower falloff is
highlighted in the normalized results [Fig. 18(b)] and can explain dif-
ferences between FLDI simulations made with LES flow fields and
experimental measurements, such as with the narrow-diameter jet tests
conducted by Benitez et al.”

FIG. 16. PSD line plots and ratios for the
original and spatially averaged DNS and
FLDI simulations at y = 2.3432 mm above
the surface with w = 5 um: (a) PSD line
plots and (b) ratios between spatially aver-
aged and full-scale PSDs.
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3. Low-frequency signal suppression

To better understand the cause of the low-frequency roll-off experi-
enced by the FLDI results in both the full-scale and spatially averaged
cases, FLDI transfer functions were computed and compared to the nor-
malized simulation results. It has been well-documented that there are
two key aspects of a physical FLDI that distinguish it from an idealized
system: the finite separation between the two beams and the finite dimen-
sions of the beam profiles.”””*****” These two features can be isolated to
look at the affect of each independently when deriving a transfer function
for an FLDI system. The definitions for the beam separation and profile
size effects for a sinusoidal signal centered at the beam foci propagating in
the x direction are given in the following equations, respectively:

sin mAx
s
AsV/ 2 win? L,J\2
H, = Mexp — OZ erf V2 . 9)
2L, A 27 2w As
Here, /, is the wavelength of the signal, while 4 is the wavelength of
the laser, in this case 633 nm. Additionally, L, is the half-width (along
the optical axis) of the sinusoidal signal. In order to use frequency
space rather than wavelength space, the convective velocity of

. = 0.8u, = 860 m/s”” was used to convert the signal wavelength to
signal frequency (f = u./ ).

Hax =

. ®)

-3
25 x10

These equations have been derived by various methods in previ-
ously published literature.”***”**"” Note, however, that there is a dis-
crepancy between some definitions of Ha, between these sources,
which will be discussed later.

Some FLDI sensitivity studies have gone further by introducing a
transfer function for the flow field as well, such as when a narrow-
diameter turbulent jet is probed.”* However, from Figs. 10(d) and
17(a), this flow field appears to be relatively constant between z =
+10 mm. Therefore, for this case, only Ha, and H,, will be used, along
with a signal half-width of L, =10 mm. Note however that in experi-
mental tests of similar flows, high-intensity off-plane disturbances are
common, such as turbulent shear layers. These off-centerline flows can
have an impact on the FLDI measurements taken,”” and would not be
accounted for in this implementation of the transfer functions.

To capture the effects of both aspects of the nonideal FLDI, the
two transfer functions can be multiplied, as in the following equation:

H = HH,. (10)

The contribution from each transfer function and the overall transfer
function, H, are displayed in Fig. 19. Note that the horizontal axis
extends far beyond the frequencies analyzed in this paper to allow for
visualization of the amplitude drops at high frequency. From this plot,
it can be seen that the finite spacing between the beams, the effect of
which is captured by Hay, leads to both an exponential low-frequency
roll-off as well as narrow-band signal drops at discrete frequencies.

normalized rms(Ap)

FIG. 18. RMS fluctuations with beam foci
position for the original and spatially aver-
aged DNS for all three beam waists:
(@) dimensional RMS and (b) normalized
RMS.
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FIG. 19. FLDI transfer functions, wy = 5 um.

The wavelengths of these local minima are defined by Eq. (11), while
the local maxima are defined with Eq. (12):

A
argminHAx:{7xznez+}7 (11)
s
2A
argmax Hp, = {2’1 xl ‘n € Z+}. (12)

s

These outcomes are logical, when imagining two points along a sinu-
soidal curve, as is the case here given the sinusoidal signal assumption.
The finite beam profile size, with effects capture by H,,, leads to a roll-
off of the higher frequencies. This property essentially acts as a low-
pass filter. By combining both effects, signal suppression can be seen at
both lower and higher frequencies, along with signal drop-outs at sub-
multiples of the beam spacing.

From this combined effect, it is apparent that H,, does not have a
significant contribution to the FLDI signal for frequencies below
around f=1000kHz (corresponding to signal wavelengths greater
than 0.86 mm). This threshold is well above the frequency band of the
DNS results. Therefore, only Ha, should dominate the simulated
FLDI measurements. Additionally, since H,, only is significant for the

ARTICLE pubs.aip.org/aip/pof

smallest wavelengths, the overall PSD trend for the full-scale and spatially
averaged FLDI simulations should similarly follow the Ha, curve. Note
that this is only the case for a signal centered at the foci. If the signal is
shifted along the optical axis such as it was in the spanwise-sensitivity
studies, the H,, curve will shift to the left, reducing the low-pass filter cut-
off frequency. Nevertheless, from this information it is apparent that the
cause of the low-frequency signal suppression observed in the experi-
ments is due to the finite-spacing of the FLDI beams.

Normalized PSD line plots for both the full-scale and spatially
averaged FLDI results are displayed in Fig. 20, along with the com-
puted transfer functions, H, for each of the three beam waists tested.
As expected given the transfer function discussion above, little differ-
ence is seen in the trends for the full-scale and spatially averaged
results. Both sets of FLDI simulations follow the same transfer function
curves for frequencies greater than 40 kHz, with H capturing the low-
frequency signal suppression previously observed.

Now that this low-frequency falloff has been linked to the finite
beam spacing for the simulated FLD], the discrepancy in the literature
for the definition of Hy, can be addressed. Schmidt and Shepherd,”
Fulghum,”” and Hameed and Parziale” utilize a sinc() function for this
term, while Lawson and Austin,”” Ceruzzi et al.,”® and this paper use a
sin() function. This difference is not so much an error between sources
as a difference in definitions. It stems from the former authors using

AD,
the transfer function with definition H = Sy 5 which directly com-
dxx=0

pares a realistic FLDI to an idealized system. The latter authors assume
H is instead the FLDI phase change (A®) or density change (Ap) given
a broadband signal of constant amplitude across all wavelengths.
Lawson and Austin®® show an equivalency between the two forms
with the introduction of a i scaling factor through their Egs. (19) and

(20). Interestingly, the sinc() form of Ha, removes the low-frequency
dependence of the transfer function, instead maintaining a magnitude
of unity for all small-wavenumber signals.

B. DLR FLDI simulation results

The same DNS density fields were used as input to the DLR FLDI
simulation as well. An initial simulation was conducted to compare
the output of DLR FLDI code with that of the AFRL code. Once the
codes were verified to produce equivalent results, the DLR FLDI model
was used to study the FLDI instrument in a parametric analysis, by
varying key characteristics of the system. The study was aimed at
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providing further insight on any possible differences between measure-
ments obtained with the many FLDI configurations that can be found
in the literature, when probing a hypersonic turbulent boundary layer.

1. Code-to-code comparison

Since the AFRL and DLR codes were independently imple-
mented, it is important to verify that their outputs are equivalent. Even
though the basic equations used in both codes are identical, the effects,
if any, of the distinct approaches to data preprocessing and interpola-
tion must be quantified before any comparative analysis can be made.

Figure 21 shows an example of time series of total phase shift
(A®D) obtained with the two models, for a randomly selected probing
location. Minute localized differences can be observed across the time
series, which are attributed to the different data interpolation methods.
Nonetheless, the two time series correlate with 99.7%, confirming that
the outputs of the two models are essentially the same. A qualitative
comparison of the topology of density differences over time across
multiple probing heights obtained with the two models (not shown)
indicated this agreement with hold in a general manner.

2. Parametric analysis

The parametric analysis of the FLDI response presented here is
motivated by the increasing variations of FLDI configurations already
present in the literature, each having their own advantages and disad-
vantages. Four parameters are chosen for analysis: the divergence of
the beams; the cross section intensity distribution of the beams; the
cross section shape of the beams; and the direction of differentiation.
For each case, only a single parameter is varied. All variations of con-
figuration are implemented on a base standard configuration identical
to the one used in the previous sections, in particular with beam waist
Wy = 5 um.

The divergence of the beams is akin to the beam waist variation
already discussed in the previous sections. In this section, it is taken to

0.15 ‘ ,
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—DLR

-0.15 : :
6 6.5 7 7.5 8

time (s) «10™

FIG. 21. Time series of total phase shift at y=2.38 mm above surface and
wy = 5 um, obtained with the AFRL and DLR FLDI models.
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a limit where the beams have no divergence at all, presenting a con-
stant radius of 5 um. This situation would be equivalent to a basic laser
differential interferometer (LDI), without the focusing aspect of FLDIL.
For the intensity distribution of the beams, a uniform intensity is
applied. This is similar to having a top-hat beam profile, or using a
stretched beam to illuminate multiple photodetectors, such as the mul-
tipoint line FLDI setup.”® In the case of beam shape variation, an ellip-
tical beam of arbitrary eccentricity of 0.85 stretched in the streamwise
direction is adopted. This is to some extent representative of cylindrical
FLDI setups.”” Finally, an FLDI setup with wall-normal differentia-
tion direction is evaluated. Although a streamwise differentiation
direction is much more common in the literature, the analysis will
show that there is benefit in considering both directions.

For each of the four cases, computational FLDI simulations were
performed similarly to Sec. III A 1. The pointwise relative differences
of Ap PSDs for each case in comparison to the standard configuration
[Fig. 6(d)] are shown in Fig. 22.

Figure 22(a) shows an overall larger Ap PSD magnitude for the
case with collimated 5 um beams, in comparison to the setup with con-
ventional focused beams. The effect looks more pronounced in the
inner portion of the boundary layer and in the far field. This is, how-
ever, an artifact due to the representation of differences in relative
terms, since the PSD magnitude in those regions is very small in the
first place, as seen in Fig. 6(d). Notwithstanding, the overall larger
magnitude follows the trend already highlighted previously, that the
FLDI measurement amplitude increases with smaller beam sizes.
Furthermore, the fact that this effect is observed across the entire fre-
quency range with little to no frequency dependence agrees with the
observation in Sec. IIT A 3 that the effect of beam profile size (H,,) is
negligible for this case.

The comparisons for uniform beam intensity and elliptical cross
section shown in Figs. 22(b) and 22(c), respectively, show a damped
signal across the spectrum. This effect is similar to as if the beam waist
of the FLDI setup was larger, and is more pronounced for the case of
uniform beam intensity. This represents a degraded performance in
comparison to a beam of Gaussian distribution using the same optics.
However, once again, no distinct trends can be seen across the spec-
trum. This means that the measured density disturbances should not
be expected to be affected by these design choices, as long as the lower
amplitudes are properly taken into account when postprocessing the
data.

Finally, the wall-normal differentiation comparison shown in
Fig. 22(d) highlights some interesting characteristics in the context of
hypersonic turbulent boundary layer investigation. First, the large posi-
tive relative difference in many regions indicate that the vertical differ-
entiation may be more sensitive, although this is exacerbated by the
low PSD magnitudes in those regions, as above-mentioned.
Furthermore, starting at 100-200 Hz, depending on the off-surface
height, the measured magnitudes of Ap PSDs become quite similar.
This independence of differentiation direction is an indication of isot-
ropy of the density fluctuations. Therefore, the comparison between
measurements using distinct differentiation distances may present a
means to experimentally measure the scale of turbulence isotropy, in
terms of density fluctuations.

IV. CONCLUSION

Hypersonic turbulence is a challenging flow regime to study due
to the large scale of flow structure sizes present to be resolved. In
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experiments, FLDI has become a common diagnostic for this regime,
and has been the focus of several computational studies to understand
the utility and limits of the technique. While some studies have utilized
DNS flow fields, others have used computationally cheaper LES mod-
els, which exclude the smallest scales from the flow. Consequently,
some variations between experimental and computational FLDI mea-
surements have been observed, that may be due to the lack of these
structures in the simulation input.

To better understand the performance of FLDI in hypersonic tur-
bulence and to determine the significance of these smaller flow struc-
tures, an FLDI simulation was run on two sets of flow fields derived
from the same configuration. First, a full-scale DNS of a sharp cone at
Mach 8 was run through the simulation to study how an FLDI
responds to a hypersonic turbulent boundary layer. Then, a spatially
averaged version of the DNS that filtered out the smallest-scale struc-
tures was run through the FLDI simulation to see its response to the
same flow field excluding those smaller disturbances. Finally, a para-
metric analysis was conducted with variation of the FLDI setup param-
eters representative of the multiple types of FLDI already present in
the literature.

Key outcomes of the research include the following:

* Simulated FLDI measurements result in lower-amplitude density
changes than the true point values, likely due to integration along
the optical axis.

* These measurements also resulted in a low-frequency roll-off of
amplitudes that was determined to be due to the finite spacing
between the two beams.

* Smaller Gaussian beam waists corresponded to greater suppres-
sion away from the foci.

* Less suppression away from the foci was observed for the spa-
tially averaged case (which removed the smallest-scale structures
from the flow) than for the full-scale case.

* A difference in definitions of a transfer function have led to a dis-
crepency in the low-wavenumber behavior on an analytical FLDI
in the literature.

* The parametric study showed that beams with elliptical shape or
uniform intensity distribution yield overall lower measurement
magnitudes in comparison to Gaussian and circular.

* The comparison between FLDI results using distinct differenti-
ation directions highlighted frequency bands and locations
within the boundary layer where the measured magnitudes of
density perturbations are independent of the differentiation
direction; this kind of comparison may, hence, provide an
experimental method to measure the scale of turbulence
isotropy.

Future work includes using a dispersion velocity”* to define
the convection velocity for the boundary layer. This removes the
constant-convection-velocity assumption and replaces it with a
velocity that is a function of signal frequency. Another potential
investigation involves looking at the effect of integration length on
the quantification of the FLDI using these simulation results. A
high-fidelity DNS of a single second-mode wave will also be ana-
lyzed to better understand the FLDI response to this commonly
measured signal.
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