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Numerical Prediction of Aero-Optical Distortions by
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Aero-optical distortions induced by shock-boundary layer interaction over a cylindrical
turret at transonic flow speeds are predicted using large-eddy simulation (LES) with wall-
modeling. The flow configuration in the experiment of Vorobiev et al. (AIAA Paper 2014-
2357) is considered in this study. The numerical results are validated against the steady
and unsteady pressure measurements on the turret surface and the wind-tunnel wall. The
aero-optical predictions are compared to the two-dimensional Shack-Hartmann wavefront
data. The LES captures the low-frequency oscillations of the shock wave as it interacts
with the separated shear layer and the wake. Phase averaging based on the fundamental
frequency of the shock wandering motion is employed to investigate the periodic features
of the flow field and optical distortions, and it is found that the piston and tilt components
of the optical distortions are highly correlated with the shock-induced pressure oscillations.

I. Introduction

Aero-optics is concerned with the aberration effects on a laser beam caused by the density fluctuations in
compressible turbulent flows adjacent to an optical aperture.” When a collimated optical wavefront travels
through a variable density field, different parts of the beams propagate at different local speeds, leading to
phase distortions, which can cause beam defocus, jitter, and a dramatic reduction in the effective range of
an optical system.

Turrets are widely used to point and steer the laser beam in various applications of airborne laser systems
for communication, targeting, imaging and directed energy systems. A series of in-flight experiments were
conducted in recent years to investigate the aero-optical environment around a hemisphere-on-cylinder turret
in the Airborne Aero-Optics Laboratory-Transonic (AAOL-T) program.” A range of subsonic and transonic
Mach numbers between 0.5 and 0.8” ' were tested. At M., = 0.8, an unsteady shock is formed on top of the
turret and oscillates at a dimensionless frequency of Stp = 0.15, which is the same as the frequency of the
separation line movement. This lock-in phenomenon between the unsteady shock and the separated shear
layer was also observed in wind-tunnel tests by Gordeyev et al.” and Vorobiev et al.” involving transonic
flow over a cylindrical turret mounted between two flat plates of different altitudes. They found that the
turret-surface pressure, the unsteady shock and the separated shear layer exhibit periodic oscillations, and
as a result, the induced optical distortions oscillate at the same frequency, which is inversely proportional to
the inflow Mach number.

With the rapid development of high-fidelity simulation techniques and the growth in computer power,
large-eddy simulation (LES) has become an effective prediction tool for computational aero-optics.'’ How-
ever, for aero-optical applications involving wall-bounded flows, wall-resolved LES is limited to relatively
low to intermediate Reynolds numbers "'~ due to its high computational cost. Hybrid approaches com-
bining LES with a Reynolds-averaged Navier-Stokes (RANS) method provide a more affordable alternative.
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Detached-eddy simulation (DES) and its variants gained popularity in the last two decades, and they were
applied to simulate the aero-optical flow over the hemisphere-on-cylinder turret as in the experiment con-
ducted by Gordeyev et al."* These simulations were able to capture some of the global flow features such as
the mean surface pressure and wake profiles at some locations, but overall, the agreement with experimental
data is not satisfactory in terms of both flow and optical results.

Another class of hybrid LES/RANS methods is wall-modeled LES,"”°” which computes most of the
boundary layer with LES and uses a RANS type model in the near-wall region. Compared to DES, wall-
modeled LES is more accurate and robust but computationally more expensive. Mathews et al.”" recently
employed wall-modeled LES to compute subsonic flow over the aforementioned hemisphere-on-cylinder tur-
ret. Their results provided aero-optical predictions closest to the experimental measurements at high
Reynolds numbers. Wall-modeled LES was also utilized by Kamel et al.”* to simulate subsonic and super-
sonic turbulent boundary layers and subsonic separated flows over a cylindrical turret at practical Reynolds
numbers. Their flow and aero-optical predictions agreed well with experimental measurements "~ and
with results from previous wall-resolved LES at reduced Reynolds numbers. ">'® These recent results have
demonstrated the feasibility of using wall-modeled LES as a cost-effective simulation tool for aero-optical
flows at realistic flow conditions.

In the present work, wall-modeled LES is employed to investigate the aero-optical distortions induced
by a transonic flow over a cylindrical turret with a conformal window, as in the experiment of Vorobiev et
al.” The emphasis is on capturing the effect of low-frequency shock-separation oscillations. A systematic
procedure is followed to ensure that the numerical simulation is conducted at the experimental conditions
for a choked flow case with strong shock oscillations. The relation between optical distortions and the shock
oscillation above the optical aperture is investigated.

II. Computational Methodology

A compressible unstructured-mesh LES code, CharLES, developed by Cascade Technologies Inc.”” is
employed to simulate the flow field. It uses a hybrid Central-ENO finite-volume scheme to simulate flows
involving shocks. A second-order central scheme blended with minimal upwinding is used in smooth flow
regions, and a second-order ENO scheme is employed for shock capturing. A modified form of Ducros
shock sensor™” proposed by Bhagatwala and Lele”" is adopted to switch the convective flux reconstruction
from central scheme to ENO scheme when a shock is detected. The explicit third order Runge-Kutta
method is employed for time advancement. The Vreman model is used to model the effects of sub-grid scale
motions.

To alleviate the mesh resolution requirement, an equilibrium stress-balance wall model”" is used to provide
approximate wall boundary conditions to the LES in terms of wall shear stress 7,, and heat flux g,,. The
wall-model equations are solved on a secondary wall-layer mesh with an adequate resolution in the wall-
normal direction. The computational expenses are significantly reduced because the LES grid scales with
the outer scale of the boundary layer, which is relatively insensitive to the Reynolds number.

For optical calculations, a beam grid of the same resolution as the LES mesh is constructed along the
optical beam path. The instantaneous density field is interpolated from the LES grid onto the beam grid
using a second-order gradient based method. The fluctuating index of refraction n is calculated using the
Gladstone-Dale relation,

n=1+4+K;,p, (1)

where K, is the Gladstone-Dale coefficient which is weakly dependent on the optical wavelength. The
phase of the optical wavefront can be described by the optical path length (OPL),

L
OPL(«/, 2/, 1) — / n(a' o, 2 )y, 2)
0

where z’ and 2’ are the local coordinates in the aperture plane and 3’ is the coordinate along the beam path.
The phase distortions are represented by the relative difference in OPL in the plane normal to the beam
path, which is called the optical path difference (OPD),

OPD(a',7,t) = OPL(2/, 7', t) — (OPL(2’, 2, 1)), (3)

where the angle brackets indicate spatial averaging over the plane. The tip/tilt-removed OPD is calculated
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Figure 1: Computational setup for the transonic flow over a cylindrical turret.

by removing the spatially-linear components from OPL along with its spatial mean,
OPD(2/,2',t) = OPL(a', 2/, t) — [Co(t)2’ + C.(t)2' + Co(t)], (4)

where C,(t) and C,(t) are the instantaneous tilt and tip components in the 2’ and 2z’ directions, respectively,
and C,(t) is the spatial mean of OPL, or piston component. They are calculated using a least-square method
by minimizing the function

G = ﬂ {OPL(2', 2',t) — [Co(t)a’ + C.(t)2 + Co(t)]} da'd’. (5)

III. Flow Configuration and Simulation Set-Up

The computational setup, shown schematically in Figure 1, is based on the experimental configuration of
Vorobiev et al.” A partially-protruding cylinder with a conformal window is mounted on two flat plates with
different altitudes. In the experiment two vacuum pumps were used with different valve settings to control the
outlet back pressure, and consequently the incoming flow speed. Nine static pressure ports, marked P1 to P9,
were placed on the side wall of the test section along with two Kulite unsteady pressure ports K10 and K11.
Nine Kulite unsteady pressure sensors, K1 to K9, were distributed on the turret surface with angular steps
of 3.67° in a range from —14.67° to 14.67° from the aperture center. The beam elevation angle 8 is measured
from the upstream direction and is equal to 105° at the aperture center. The flow field surrounding the
turret surface was recorded by a high-speed shadowgraph system, which was synchronized with the unsteady
pressure measurements and wavefront measurements using a high-speed 2-D Shack-Hartmann sensor. In
the numerical simulation, time histories of flow variables are collected at the P and K probe locations as in
the experiment. By reducing the outlet back pressure, the inflow Mach number is increased. Six different
test cases, numbered from 1 to 6 in the order of decreasing back pressure, were recorded and measured in
the experiment. The experimental test case 4 is considered in the numerical simulations, because it has
well-defined inlet boundary conditions represented by choked inflow at inflow Mach number M, ;, = 0.68,
and it is one of the cases characterized by strong shock oscillations.

The size of the computational domain is 53.2R, 6.97R and 0.2R, where R is the turret radius, in the
streamwise, vertical and spanwise directions, respectively. Since the spanwise domain size is constant in
the LES, whereas in the experiment the diffuser is three-dimensional, the slope of the diffuser walls in
the simulation is increased such that the expansion rate of the cross sectional area is the same as in the
experimental diffuser. The computational grid consists of 34 million points. There are 64 equally-spaced
points along the span with Az = 3.125 x 1073R. At the inlet, the mesh spacings are Az = 0.15;, and
AYmin = 0.75 x 10728, in the streamwise and wall-normal directions, respectively, where &;, = 0.065R
is the thickness of incoming turbulent boundary layer. The mesh resolution over the optical aperture is
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(a) Pyoer = 0.84P;, (b) Prgcr, = 0.94P;,

(d) Minimum back pressure (e) Test case 6 (f) Test case 4

Figure 2: Qualitative comparison between numerical schlieren (a,b and ¢) and experimental shadowgraphs
(d,e and f) of Vorobiev et al.”

Az = 2.5 x 1073R in the streamwise direction and Ay, = 5 x 107*R in the wall-normal direction for
0 = 90° to 120°. The mesh topology is divided into a number of grid blocks, most of which are structured
and consist only of hexahedra. Only two blocks located downstream of and above the turret mesh block
consist of a combination of hexahedra and prisms to ensure good mesh quality in the regions of interest.

Due to lack of experimental measurements of pressure far downstream of the turret, the back pressure
assigned to the outlet is determined by an iterative procedure to match, in the least square sense, the mean
pressure at the K-probes on the turret surface in experimental case 4. The flow fields corresponding to
back pressures of 0.84P;,, 0.94P;,, and 1.078F;,, where P;, is the static pressure at the inlet, are shown in
Figures 2(a), (b) and (c), respectively, using the numerical schlieren (NS) defined as

1960 = 19 llmin )
. 6
VP lmaz — 19 pllmin (6)

Strong shock oscillations are observed as the back pressure increases, which is consistent with experimental
shadowgraphs displayed in Figures 2(d), (e) and (f). After iterations, the back pressure for the outlet
boundary is set to be Pyger = 1.078P;,, which gives the best possible match of the mean pressure on the
turret surface and wind-tunnel wall as shown in Figure 3. Due to the positive mass flow rate imposed at the
inlet, there is no global flow reversal even though the outlet back pressure is slightly higher than the inlet
pressure.

Periodic boundary conditions are applied in the spanwise direction. Time-dependent equilibrium boundary-
layer inflow at M ;n, = 0.68 and Reg ;,, = 1.0 X 10%, where 6 is the momentum thickness, is generated by
an independent simulation using wall-modeled LES with the rescale and recycle technique.”'**> The van
Driest transformed mean velocity profile of the inflow is depicted in Figure 4. The bottom wall and turret
surface are wall-modeled with adiabatic boundary conditions. The wall-layer thickness adjacent to the turret
surface is 2.5 x 1072R and contains 5 LES mesh points in the wall-normal direction. The top boundary is
assigned to be impermeable and stress-free in order to minimize the mesh resolution requirement in the

NS = —10exp (
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Figure 3: Mean pressure distributions on the turret surface and the tunnel wall: — numerical predictions;
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Figure 4: Mean streamwise velocity at the simulation inlet: , inflow generated by wall-modeled LES at
My, = 0.68, Reg = 1.0 x 10%; - - - | logarithmic law U = (1/0.41) Iny™ + 5.2.

top region, which is of less interest compared to the regions near the bottom wall and turret surface. The
flow is computed using the fully-upwind dissipative scheme from x = 15.7R downstream the turret axle to
the outlet boundary to damp out the vortical structures and acoustic waves before the outlet boundary. In
addition, the outlet boundary is preceded by a sponge layer with a thickness of 20R.

IV. Results and Discussions

A. Flow Field

The most prominent characteristic of the flow is the strong cyclic motion of a shock wave with a time
period of teycre = 2.3D/Us in, where D is the turret diameter. Figure 5 displays the instantaneous flowfield
at different time instants during one cycle. The shock location is identified by the iso-surface of a strong
negative dilatation of value V - u = —90ac0,in/R, where aooin is the inlet freestream sound speed. The
vortical structures are represented by iso-surfaces of Ay criterion colored by streamwise velocity contours.
The numerical schlieren, as defined by Eq. (6), is displayed in a spanwise plane in the back.

A strong shock induces flow separation immediately after the shock. During the upstroke, when the
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(e) t =1.89D/Usc.in (f) t = 2.15D/Uso in

Figure 5: Transonic flow over a cylindrical turret at six time instants. Shown in each plot are iso-surfaces of
Ao criterion colored by the streamwise velocity, a grey iso-surface of negative dilatation indicating the shock
locus, and contours of numerical schlieren in a spanwise plane in the back.
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Figure 6: Instantaneous pressure on the turret surface: (a) spanwise-averaged pressure from numerical
simulation; (b) experimental measurements by Kulite probes K1 to K9 (Vorobiev et al.”).

shock moves upstream, the separated region grows while the shock becomes weaker (Figure 5(a—e)). During
the downstroke, the flow separation is reduced and the shock strengthens as it moves downstream, as shown
in Figure 5(f). The shock motion and its intensity have asymmetric patterns during its upstroke and down-
stroke. The predicted large-scale shock oscillations are consistent with the “transonic resonance” observed
by Vorobiev et al.” in their case 4. The three-dimensional flow visualizations in Figures 5(a-f) illustrate a
strong coupling between the shock and flow separation, which resembles the shock/boundary-layer interac-
tions observed by Johnson and Papamoschou’’ in a set of experiments of over-expanded flow inside a 2-D
divergent nozzle.

At the probe locations shown in Figure 1, the flow variables are collected over a time period Tyias =
43D /Us in, at every 10 LES time steps, corresponding to a sampling frequency of 2.7 MHz, which is much
higher than the sampling frequency of the Kulite measurements (54 kHz).” From Figure 5 it is observed
that the key features of shock and shock-induced flow separation are highly coherent in the spanwise di-
rection. Figure 6(a) depicts the spanwise-averaged instantaneous pressure on the turret surface at a range
of elevation angles from 90° to 120° covering the optical aperture. These computed values are compared
to the experimental measurements by Kulite probes K1 to K9 as shown in Figure 6(b). The pressure in
both figures is normalized by the inlet total pressure P, ;,. The predicted unsteady pressure exhibits low-
frequency oscillations at approximately 1 kHz (Stp = fD/Usin = 0.426) due to the shock wandering,
which is consistent with the experimental observations. However, the levels of the pressure fluctuations are
overpredicted compared to the experimental measurements.

-
33

B. Aero-Optical Predictions

The beam grid over the region L, x L, x L, = 0.583R x 2.02R x 0.2R has 7.67 x 10% grid points in total,
with 235 points in the z’'—direction. In comparison, the Shack-Hartmann wavefront sensor employed in the
experiment has 60 subapertures in the same direction.

The optical results are calculated over a time period Tyars = 18D /U in. The density field is collected
every 10 time steps, corresponding to a sampling frequency of 2.7 MHz, whereas the sampling frequency of
the 2-D wavefront sensor is 13.5 kHz. When the beam grid points are located outside the computational
domain, the density is set to the free-stream value. The effect of this approximation is included in the
steady lensing term, which is the time-averaged wavefront distortion and is removed before studying optical
distortions.

Figures 7(a), (b) and (c) display the time histories of piston, tilt and tip components of the optical
distortions, respectively, compared to the pressure fluctuations, p’/P, i, at the aperture center (6§ = 105°).
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Figure 7: Instantaneous optical wavefront components and spanwise-averaged pressure fluctuations at the
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Figure 8: Instantaneous piston- and tip/tilt-removed OPD.

The piston and tilt components are highly correlated with turret-surface pressure fluctuations, and both are
strongly affected by the shock wandering. On the other hand, the spanwise tip component is an order of
magnitude smaller than the streamwise tilt component and has no significant low-frequency content.

Figure 8 depicts an instantaneous OPD field after removing piston and tip/tilt components. It shows that
the spanwise variation of wavefront distortions is relatively small. Therefore the OPD is spanwise-averaged
hereafter to focus on its variation in the streamwise direction. Figures 9(a) and (b) show the time-variation of
the instantaneous spanwise-averaged OPD from the numerical simulation and experimental measurements,
respectively. Similar patterns are observed. The footprint of the periodic shock motion over the aperture is
clearly indicated by the discontinuities in the wavefront, which is more pronounced during the downstroke
and weaker during the upstroke.
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Figure 9: Instantaneous piston-tip-tilt-removed spanwise-averaged OPD: (a) numerical prediction; (b) ex-
perimental measurements (Vorobiev et al.”).

C. Flow and Aero-Optical Analysis Using Phase Averaging

Based on the fundamental frequency of the shock motion, phase averaging is applied on a number of flow
and optical quantities to analyze the periodic flow features and the associated aero-optical distortions. The
phase- and spanwise-averaged pressure fluctuations at each of the K-probe locations from K1 to K9 are cross-
correlated with a reference sinusoidal function of the same fundamental frequency to determine the phase
difference A¢ between the two signals. Then, the mean phase delay, Admyean, is calculated as an average over
these cross-correlations. The phases are corrected for all phase-averaged flow and optical quantities based
on the calculated value of A¢mean-

The phase-averaged piston and tilt components of optical distortions are plotted in Figure 10 along
with the phase-averaged turret-surface pressure at the aperture center (i.e., § = 105°). The piston and tilt
components are highly correlated with the surface pressure. The phase-averaged piston has a phase shift
of A¢ = 60° with respect to the phase-averaged pressure fluctuations at the aperture center. The positive
peak of the tilt occurs at the same phase of ¢ ~ 90° as the peak pressure signal, whereas its negative peak
shows a phase delay of A¢p = 30° from the negative peak of the pressure fluctuations.

Figures 11(a) and (b) show the iso-contours of the phase- and spanwise-averaged OPD as a function
of elevation and phase angles from the numerical simulation and experimental measurements, respectively.
Although they show very similar wavefront structures, the magnitude of optical distortions from the LES is
lower than that from the experiment. The footprint of the shock oscillations above the aperture is evident
in both plots.

V. Conclusion

Transonic flow over a cylindrical turret is computed using wall-modeled LES under the same flow condi-
tions as in test case 4 in the experiment of Vorobiev et al.” In this test case, the flow is choked inside the test
section, and the inflow is at M i, = 0.68 and Reg i, = 10%. The back pressure is determined via an iterative
procedure to provide a best match with the mean pressure on the turret surface. The low-frequency shock
oscillation is well-predicted by the numerical simulation, and its fundamental frequency, fD/Us, in = 0.426,
agrees with the experimental measurements. However, the magnitude of pressure fluctuations is overpre-
dicted. It is shown that the optical distortions are mainly caused by the low-frequency periodic motion of
the shock over the optical aperture and shock induced separation. The piston and streamwise tilt compo-
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nents of the wavefront distortions are highly correlated with the aperture-surface pressure fluctuations. The
patterns of wavefront distortions are consistent with the 2-D wavefront measurements in the experiment.
Phase averaging is applied on the flow and optical quantities based on the fundamental frequency of the
shock motion, and the results demonstrate the dominant effect of the wandering shock on the piston, tilt
and high-order components of wavefront distortions.
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Figure 10: Phase-averaged pressure and aero-optical quantities: — — —, piston (C,/R); — - —, tilt (Cy); ——,

pressure fluctuations at the aperture center.
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Figure 11: Normalized phase- and spanwise-averaged OPD: (a) numerical prediction; (b) experimental
measurements (Vorobiev et al.”).
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