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Hemisphere-on-cylinder turrets are the main airborne optical platform structure. However, an unsteady shock boundary layer
interaction (SBLI) would act on flow separation and turbulent wake, which causes serious aero-optical effects with high spatial
and temporal frequency characteristics. In this paper, the SBLI phenomenon of a hemisphere-on-cylinder turret is recorded in
a wind tunnel at Ma=0.7 using shadowing and Mach-Zehnder interferometer measurements. Its wavefront distortion is
measured using the Shack-Hartmann measurement. The detached eddy simulation (DES) based on SST k-w turbulence model
and ray-tracing methods are used to reproduce the transonic flow and optical aberration. Experiments and simulations suggest
that the SBLI causes the flow to separate earlier relative to a subsonic flow over the turret. The time-averaged root-mean-
square of optical path difference (OPD) over the beam aperture is 0.56 A~0.59 A with A as the wavelength, while the root-
mean-square of the time-averaged OPD is about 0.45 A. The local shock and wavefront distortion have dual peak frequencies
at Stp=fD/U,, =0.24 and 0.34, different from the single-peak-frequency phenomenon of a subsonic flow over turrets. Fast
model decomposition of wavefront can be performed by proper orthogonal decomposition (POD) of its Zernike coefficients.

The first two modes contain the shock’s reciprocating motion.

1. Introduction

Hemisphere-on-cylinder turrets are the main structure of
airborne optical platforms due to their sizeable visual field.
They are widely used in point-to-point communication
links, optical target tracking, directed energy weapons, etc.
However, the blunt-body shape interacts with the incoming
flow to form a complex flow encompassing all turbulent fea-
tures such as boundary layers, separated shear layers, vortex
wake, necklace vortices, and other vortex structures.
Depending on the flow structure formed by the different
incoming velocities, the flow over a turret can be classified
as subsonic (Ma < 0.55), transonic (0.55<Ma< 1), and
supersonic (Ma > 1) [1]. An unsteady shock boundary layer
interaction (SBLI) acts on separated flow and turbulent wake
in transonic flow and causes aero-optical effects with high
spatial and temporal frequency characteristics. The aero-
optical effects lead to adverse effects such as blurring, jitter-

ing, drifting, and light intensity reduction of the emitted
beam or the received image [1, 2].

Optical aberrations are mainly quantified by optical path
difference (OPD) caused by changes in refractive index due
to nonuniform density fields, i.e., the refractive index inte-
gral over the path of a beam and removing its average value
over the beam aperture.

Since the first Aero-Optics conference held in the USA in
1979 discussed the aerodynamic interference of airborne opti-
cal systems [3], the concept of aero-optical effects has been
gradually formed and developed. Airborne laser turrets have
been extensively studied, such as Airborne Laser (ABL),
Advanced Tactical Laser (ATL), Airborne Aero-Optics Labo-
ratory (AAOL), and AAOL-Transonic (AAOL-T) projects in
the USA [4-6]. Literatures [1-3, 7-10] summarized the aero-
optical effect experiment and modeling research of turret.

Since the 1980s, a series of wind tunnel experiments have
been conducted in the USA to measure the properties of
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laser propagation through air, quantify aerodynamic pertur-
bations of distorted beams, and confirm the assumed rela-
tionship between aerodynamics and optics [3]. In the last
decade, transient flow and optical aberration experiments
were feasible with high time-bandwidth noncontact optical
measurements, such as shadowing/striping, Mach-Zehnder
interferometer, particle image velocimetry (PIV), and
Shack-Hartmann wavefront measurement sensors in partic-
ular [11]. There are many wind tunnel experiments for flows
over hemispherical and hemisphere-on-cylinder turrets and
their aero-optic measurements [12-17]. Considering the dif-
ferences between flight experiments and wind tunnel exper-
iments, the AAOL and AAOL-T projects used two aircraft at
subsonic and transonic speeds to measure the aero-optical
performance of turrets [18, 19]. Figure 1 summaries some
wind tunnel and flight experiments of subsonic/transonic
flow over turrets and their incoming flow conditions, includ-
ing Mach numbers and Reynolds numbers based on turret
diameter (Ma and Rep,). The corresponding states for differ-
ent turret diameters at sea level flight altitudes are indicated.
These studies move from low speed to transonic flow and
focus more on unsteady characteristics. On the other hand,
experimental methods mainly obtain information on the
superposition of the three-dimensional transient flow along
the beam.

It can be directly estimated for subsonic flow using
potential function analysis or a steady-state turbulence
model. However, the aero-optical effects of large gradient
shock boundary layer interference in transonic and super-
sonic flows are more complicated [1, 19]. Therefore, the
high-precision numerical simulation analysis of the aero-
optical effect of the laser turret requires an advanced tran-
sient simulation. Numerical simulations for aero-optics can
be decoupled into two processes: flow simulation and optical
transport simulation. The beam propagation in transient
flow is directly calculated using ray tracing, simple integra-
tion of the refractive index field along the optical path for
optical transport simulation. White [20] has validated this
method by performing it in a supersonic turbulent boundary
layer. However, for flow simulation, the direct numerical
simulation (DNS) method, which can portray the minimum
vortex (~ Kolmogorov scale), is impractical due to the high
Reynolds number (10°~10”) characteristic, and the
Reynolds-averaged N-S equation (RANS) method can only
obtain time-averaged properties. The requirement for opti-
cal transport resolution proposed by Mani et al. and Math-
ews et al. [21, 22] provides a basis for the large eddy
simulation (LES) method. Further considering the effect of
the wall, researchers [15, 23-28] are trying hybrid RANS/
LES methods such as detached eddy simulation (DES) and
wall-modeled LES (WMLES) for the numerical simulation
for the flow over laser turrets, shown as Table 1, but only
with limited success at subsonic flow. However, the simu-
lated statistical fluctuations differ from the experiments.
There are also challenges to the simulation of SBLI in tran-
sonic flows [29].

In this paper, through wind tunnel experiments and
numerical simulations, the fluid dynamics and aero-optical
effects of transonic turrets are studied, especially the local
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FIGURE 1: Some wind tunnel and flight experiments of subsonic/
transonic flow over turrets and their incoming flow conditions,
including Mach numbers and Reynolds numbers based on turret
diameter.

shock and separation flow at the zenith of the turret. It is
organized as follows: Section II introduces the hemisphere-
on-cylinder turret’s experimental conditions and measure-
ment equipment. Section III describes the SST-DES and
ray-tracing methods for fluid dynamics and optical transport
simulation and presents several optical evaluation parame-
ters. Section IV compares the experimental and simulated
results of fluid dynamics and aero-optical effects in terms
of time averages and temporal characteristics. Section V pro-
vides conclusions.

2. Physical Model

Wind tunnel experiments on fluid dynamics and aero-optics
of transonic flow over a hemisphere-on-cylinder turret with
various freestream velocities (Ma = 0.3 ~ 0.7) have been per-
formed. The experimental conditions and measuring instru-
ments relevant to this study are described as follows.

A hemisphere-on-cylinder turret with a conformal win-
dow is shown in Figure 2. The diameter of the hemisphere
is D=140m. The height of the cylinder is H=D/2, and
the diameter of the conformal window is D;=3/7 D. There
is a laser beam with a wavelength of A =532nm through
the conformal window. The experiment was performed
within a 0.6 m x 0.6 m transonic and supersonic wind tunnel
facility of China Aerodynamics Research and Development
Center (CARDC). The dried air with a stagnation pressure
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TaBLE 1: Some numerical simulations for flow over laser turrets. TABLE 2: Freestream flow parameters.

Author Turret size Ma  Re,x 1076 Nurilﬁrlgal Physical quantity Symbol Value Unit

(m) methods Mach number Ma 0.7 —

Fg]d etal 32 0.76 51.5 k-¢ RANS Reynolds number Re,, 1.83 x 10° —
Total temperature T, 288 K

Nahrstedt 03 0.4 29 k-e RANS

et al. [15] Total pressure o 100 kPa

Ladd et al. [24] 0.3 0.4 2.9 RANS, DES Static temperature T 262.30 K

1[\;[;)]rgan el 0.3 0.4 29 DES Static pressure p 72.093 Pa

0.45/ Density P 0.9575 Kg/m®

Jelic et al. [26] — 0.85 6.3/9.5 DES Velocity U 22726 m/s

Coirier et al. 0.6  04~25 27~16.6 DES

(27]

Mathews et al.

[28] - 0.4 23 WMLES let. The wavefront slope is measured at a number of points,
and the phase shape of the distorted wavefront is then
reconstructed from the slopes [30, 31]. It can record wave-
front with a spatial resolution of 23 x 23 subapertures at a

D; =60 mm

Light beam

FIGURE 2: Hemisphere-on-cylinder turret model with a conformal
window.

and temperature of 100 kPa and 288 K would reach a Mach
number of Ma=0.7 and a Reynolds number of Re, =1.83
x 10% in the test section of the wind tunnel. Table 2 shows
specific freestream flow parameters over the turret.

There are small holes along the turret centerline for con-
necting differential pressure gauges to measure wall pres-
sures. The pressure-measurement system has a range of
15psi (103.42kPa), a sampling frequency of 50kHz, and
an accuracy of £0.05%. The beam passing through the com-
plex flow is recorded by high-speed, two-dimensional Shack-
Hartmann wavefront measurement, and Mach-Zehnder
interferometer measurement at the same time. Wavefront
aberrations are expressed as a distribution of optical path
difference (OPD). The high-speed Shack-Hartmann wave-
front measurement was pioneered by Wyckham and Smits
to measure aero-optical distortions since 2009 [30]. An
expanded laser beam passes through the flow, and an array
of lenslets focuses a grid of spots onto a digital camera, as
shown in Figure 3. Each spot is projected onto a position
normal to the local average wavefront slope across that lens-

framing rate of 20 kHz. The recording time is 1s, or about
1623 D/U,. The Mach-Zehnder interferometer measure-
ment can directly observe the flow field based on the inter-
ference between the disturbed beam and the original beam
at 20kHz. Figure 3 shows the experimental schematic and
images for schlieren (Ma =0.65), Mach-Zehnder interfer-
ometer, and Shack-Hartmann subaperture spots. Two indi-
viduals repeated wind tunnel experiments that were
performed to verify the accuracy of the measurement data.
In addition, a schlieren system, with its optical paths perpen-
dicular to the turret axis and flow direction, records flow
information at the zenith of the turret, especially the local
shock and separation shear layers. The window diameter of
the schlieren is 200 mm, the resolution is 896 x 896, the
frame rate is 25kHz, and the exposure time is 10 us. It
should be noted that the schlieren image in Figure 3(b)
and the oil flow image below are from another experiment
at Ma = 0.65. However, the flow structure is consistent with
that of this paper.

Here, the pressure measurement can directly obtain the
wall pressure distribution and verify with the results of the
numerical simulation. Schlieren and Mach-Zehnder inter-
ferometer are used to observe the flow field at the zenith of
the turret, and Shack-Hartmann is used to measure the opti-
cal distortion caused by this flow field.

3. Numerical Method

The fluid dynamics and optical transmission are decoupled
to simulate the aero-optical effect of the turret. The DES
method based on SST k-w turbulence model, namely, SST-
DES, is used for fluid dynamics. In terms of optical transmis-
sion, a self-developed program that considers the influence
of the density field is adopted. When simulating fluid
dynamics, the density field is collected every 1 x 107*s, or
0.16D/U,, to calculate the wavefront of the beam.

3.1. Flow Simulation Method. The SST-DES model uses a
switch function to convert the computational fluid dynamics
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FIGURE 3: (a) Experimental schematic and images for (b) schlieren (Ma = 0.65), (c) Mach-Zehnder interferometer, and (d) Shack-Hartmann

subaperture spots.

method between the SST k-w RANS model and the large
eddy simulation (LES). The SST k-w RANS model can deal
with the transport of turbulent shear stress in the inverse
pressure gradient boundary layer, while the LES method
can simulate the large-scale vortices that have a significant
influence on optical transmission. Like SST k - w RANS,
the conservation equations of SST-DES include continuity,
momentum, and energy conservation equations as well as
turbulent kinetic energy k- and specific dissipation rate w
-equations [32]

op 0
5t a_x] (puj) =0, (1)
0 0 do; op
3 (pu;) + a—x] (P”i”j) - 3%, = _a_x," (2)
a(ph) + a_xj (phu;) + a_x] =P, + Br’ (3)

ok 0 0
5 + a—x] (kuj) a—x]

[(H

v.\ 0k .
a_,i> a_xj =P — B kwFpgs,

(4)

ow 0 0 v\ dw
5 a0~ 3 | (7 o) 35 5
=P, - pw’ +2(1-F))o zi%a_w,
@ “w 0x; Ox;

where t is the time, (x;, x,, and x;) are Cartesian coordinates,

u, is the velocity component in the direction, x;. p, p, T, k, and
w are the densities, kinematic pressure, temperature, turbulent
kinetic energy, and specific dissipation rate, respectively, and
h=c,T is the enthalpy. The state equation for an ideal gas, p
= pRT, is used to close the conservation equations above. o;;
= u[((0u;/0x;) + (0u;/0x;)) — 2/3(0u/0x)8,] is the viscous
stress tensor. ¢; = —k0T/0x; is the heat flux. The viscosity coef-
ficient of air is taken as Sutherland Law, or pu=p,
(TIT o) (Tyeg + To)/(T + T) with p=1.716 x 1075 Ns/
m?, T, =273K, and T, = 110.4 K. The thermal conductivity
K = c,u/Pr with the constant pressure specific heat capacity
¢, =1004.6 J/kg/K and Prandtl number Pr=0.71.

The production terms in energy, k-, and w-equations are
evaluated as [32]

P =v au"+auj
h =Vt BTCJ aTc,

P, =min {P), ¢, f kw},

ou;
aixj >

(6)

(7)
(8)

where Q= /2s;;s;; denotes the invariant measure of the
strain rate, and s;; = 1/2((0u;/0x;) + (0u;/0x;)) is the strain
rate tensor. The turbulence viscosity v, is obtained using

P,= a)?,

k
VT max (0, QFyla;)’

©)
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where F, is a blending function to ensure that the Johnson-
King model only can be active in the boundary layer, and it
is defined as

F, =tanh (yz),y:max (2;%, 5()20V>, (10)
wy’ yw

where y is the distance to the wall.
F, in Equation (1) is another blending function to switch
the SST model between the k-w and k- formulation

F, =tanh (54),E:min [max ( vk 500V>

40,k
* CD,y*

(11)

>

Bwy’ yrw

where

1 0k dw

CD, = 20,—=—=—>
© max( “% 0 dx; 0x;

10‘1°>. (12)

The constants a, 3, 04, and o, are blended between the
two formulation

¢=Fip, +(1-F)p,, (13)
where the values of the constants for the two formulations are

5 3
k—w:(xlzg,ﬁl:E,JM:O.SS,GM:O.S, (14)

k—¢:a,=044,p,=0.0828,0,, = 1,0,,=0.85,  (15)

and other constants are

B*=0.09,a,=0.31,c, = 10. (16)

The switching function Fpp¢ incorporates DES features
into Equation (1).

L
Fopy = max (1= F) (251, (17)

where the turbulent length scale is Ly 4 = v/k/8*w. The grid
scale A is set as the cube root of cell volume and Cppg = 0.61.
Note that when Fpyc = 1, Equation (1) degenerates to the stan-
dard SST k-w RANS model. F, is added to reduce the depen-
dence of SST-DES on the grid resolution.

Spalding’s law is used on the surface of the turret to
match the laminar sublayer and the log-law [33]

yr=ut e B 1 -t - < (u) - (k') (18)

NI —
=

where 4" =u/u, is the normalized velocity with the friction
velocity u, = /7, and the wall shear stress 7,,. y* = yu /v is
the normalized distance to the wall with the kinematic viscos-
ity v. The model parameters have values x = 0.4 and B=5.5.

A transient solver for the turbulent flow of compressible
fluids in OpenFOAM, rhoPimpleFoam is used for the SST-
DES model. OpenFOAM is an open-source C++, CFD pro-
gram that uses a finite volume approach and supports parallel
computing. Its rhoPimpleFoam solver couples the PISO and
SIMPLE algorithms, thus supporting convergence when CFL
> 1. In this paper, the time step in the stabilization phase is
setto 3 x 107 D/U, and the corresponding global maximum
CFL does not exceed 4. The gradient terms in Equation (1)
adopt the second-order center format, the divergence terms
adopt the upwind-convective format, and the time terms
adopt the first-order implicit format. The SST RANS model
was used to obtain the quasi-steady flow, and then the SST-
DES model was changed to perform transient simulation.
The total computation time is/about 1600 D/U,,. The flow
field is saved every 1x107*s (0.05D/U,,) for subsequent
optical transmission analysis during this period.

The stable freestream flow would form a complex wake
behind the turret, a computational domain consisting of a
quarter sphere and a half cylinder is shown in Figure 4.
To avoid the influence of far-field boundaries, the diame-
ter of the quarter sphere is 30 D, and the length of the half
cylinder is 30 D. Hexahedral meshes are used, shown as
the partial enlargement in Figure 4(a). The mesh size
along the cylindrical surface is smaller than 0.0071D,
and the height of the first layer of meshes is 0.0014 D, thus
ensuring y* < 100. There are 10.6 million cells. To ensure
mesh independence, multiple sets of meshes have been
aligned based on the time-averaged pressure distribution
on the turret surface.

The inlet and outlet boundary conditions are set accord-
ing to the freestream flow parameters in Table 2. The pres-
sure condition at the outlet is set as a wave transmissivity
boundary to avoid the influence of outflow. The cylindrical
surfaces and the bottom plate are set as no-slip and adiabatic
walls. It has shown that whether the wall is set to adiabatic or
constant temperature has a negligible effect on the flow. Fur-
thermore, as the boundary layer on the bottom plate is very
thin relative to the turret’s height, this boundary layer has no
effect on the flow around the turret hemisphere, so the grid
near the bottom plate is not separately encrypted.

3.2. Optical Transmission Method. The Gladstone-Dale rela-
tion is utilized to simulate transient wavefront snapshots in
unsteady density fields. It is a linear relationship between
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(b)

FiGUure 4: Computational domain and mesh for simulation: (a) fluid and (b) optical.

the air’s index of refraction n and the density p
n=1+Kgpp, (19)

where K, is the Gladstone-Dale constant, and it depends
on the gas mixture and the laser wavelength A [34]. Here,
for air over the visible-to-IR wavelength range, K = (1 +
7.52x 1071°/0*) x 2.23 x 10~* with the unit of A is .

The wavefront distortion is usually quantified by the
optical path difference (OPD), defined as the conjugate of
the wavefront’ displacement from the mean wavefront over
the beam’s aperture. For a compact aberration field near
the turret, the OPD can be simplified to integrate the index
of refraction along paths parallel to the propagation direc-
tion and remove the mean of these integrated values over
the aperture [2, 7]. The integration is the optical path length
(OPL). For the coordinate O-x;y,z; showed in Figure 4(b),

OPD(x, yp, t) = OPL(x}, yj, £) — J OPL(x;, yp, t)dx,dy, (20)
s
with

212
OPL(xp, ypp t) = J n(xp yp zp t)dzg, (21)

211

where S is the face of the aperture, and z;; and z;, are the
positions of wavefront’s emission and reception, respec-
tively. Note that some use the conjugate of the OPD to rep-
resent the optical wavefront, W(x;, y,, t) = —OPD(x;, y;, t).
Here, an independent program is utilized to calculate the
OPD of the laser beam aberrated by the snapshots of the tur-
bulent field multiple times. A Cartesian optical grid that can
wrap the aperture is used, and the density field is interpo-

lated from the grid structure shown in Figure 4(a). There is
steady lensing, unsteady tilt or beam jitter, and high-order
distortion effects in OPD [1]. This decomposition is useful
when correcting wavefront aberrations in adaptive optics,
where the steady-state lens term is corrected by a large
range-of-motion deformation mirror, the tilt/jitter compo-
nent can be removed using a fast steering mirror, and the
high-order distortion terms can be compensated for by using
a high bandwidth deformation mirror [35]. Large-scale
eddies (larger than the optical aperture) cause beam tilt/jit-
ter, while small-scale eddies (smaller than the optical aper-
ture) cause high-order distortion such as optical scattering,
beam spread, and consequent attenuation of intensity [36].

Beam-jitter effects are removed by adding a spatial skew
factor (A(t)x;+B(t)y,) when computing OPD(x;, y), t),
where A(t) and B(t) are determined using the least-squares
method on OPD(x;, y;,t). It is clear to analyze high-order
distortions that characterize the effect of subaperture scale
turbulence on the shape and intensity of the beam phase
distortion.

In addition, the root-mean-square of OPD(x;, y}, t) can
be used to characterize transient OPD fluctuations,

OPD, (1) = \/éj OPD*(x,yp )dxidy,  (22)
N

And the time average of OPD(x;, y, t) is recorded as (
OPD(x, y;)), which represents the steady-lensing effect
caused by the time-averaged density nonuniformity. The
time average of OPD,,((¢) is recorded as (OPD,,).

Proper orthogonal decomposition (POD) [37, 38] is used
to extract the main modes of the wavefront. POD character-
izes OPD(x;,y,t) as the sum of the product of the
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orthogonal space basis @,(x;, ;) and the corresponding
time coefficient a,,(¢)

OPD(xp, yp, 1) = )" @i (1) Py (%1, 3y). (23)

k

In this paper, Zernike polynomials are used to fit the
wavefront first, and then POD decomposition of the Zernike
coeflicients is performed.

The Zernike polynomials are a sequence of continuous
and orthogonal polynomials over a unit circle. Zernike poly-
nomials have the least information redundancy in describing
the wavefront, and its various order modes correspond to
the Seidel aberration coeflicients in optics. Therefore, it is
widely used for the reconstruction of circular wavefront
[39]. The function describing an arbitrary wavefront in polar

7
st
6 - |
ML l Ll 2680
'H”‘ '“ HHH '!‘ \
w.n WM '
A lw' )
00‘ TT00 200 400 500 600 700
txU/D
— OPD,,,
— OPD—tilt, rms
- -~ Mani (2009)
(b)
‘Wakes and vortices
0.8
coordinates (r cos 0, r sin 0) = ((2x,/D;), (2y,/D;)) is
J
OPD(x;, y, t) = Y C,(t)Z7'(r,6), (24)
=0

where the radial order is n = roundup{[-3 + (9 + 8j)""*]/2},
and the angular frequency is m=2j—n(n+2). C'(t) is the
Zernike coefficients, and Z7"(r, 0) is the polynomials

Z3(r,0) =R} (r) cos (m0)
Zy(r,0)=R"

n

form=>0 (25)
, 5
(r) sin (-m0) form < 0
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with
e (-1)(n-1)! n-2
Rii(r) = ; N12(n+m)-01/2(n—m) - ]! - @)

Note that since the piston and tip/tilt components are
removed from each wavefront, the piston and tip/tilt modes
in Zernike polynomial could be ignored.

C;(t) is decomposed using the one-dimensional POD

technique based on singular value decomposition (SVD)

[37], C;(t) = Y1 _0ar(t)$.(j). Now the POD mode of OPD(
Xpypt) is

]
Oy (x,y) = Z b ()23 (1, 0).

J=0

(27)

3.2.1. Validation of Fluid Simulation and Optical
Transmission Methods. A flow over a circular cylinder [40]
at Rep, = 3900 and Ma = 0.4 has been considered to validate
the CFD method and wavefront transport method used in this
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FIGURE 9: Schlieren images of the local shock from the side view (Ma = 0.65).

manuscript. Figure 5(a) shows the separated shear layer and
the wake behind the cylinder obtained by our CFD method.
The wavefront distortion of a beam passing through this com-
plex flow is also reproduced using our wavefront propagation
code, as shown in Figure 5(b). The time-averaged OPD,,,, . and
OPD_jj; 11ys i 2.819A and 1.040 A, which are within 5% of
2.680 A and 1.080 A in the literature.

4. Results and Discussion

4.1. Fluid Dynamics. It is a complex three-dimensional tran-
sonic flow over a hemisphere-on-cylinder turret. Figure 6
shows a transient vortex structure based on the Q-criterion
and colored by the density field distribution. Here, the Q

-criterion based on incompressible flow can illustrate some
information.

The curved surface of the turret accelerates the subsonic
freestream flow to supersonic speed and forms a local shock.
The local shock extends to the wall boundary layer of the
turret, and the backpressure gradient of the shock causes
the boundary layer to separate. The flow forms a separated
shear layer behind the separation line and develops a wake
composed of many vortices. In addition, there is a necklace
vortex surrounding the turret on the bottom plate.

To better display the local shock, the separated shear layer,
and the wake, Figure 7 shows flowfield snapshots along the
turret centerline (z = 0), including Mach number, three veloc-
ity components, static pressure, and density, whose are dimen-
sionless by freestream parameters. There is an apparent local
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shock at the zenith of the turret and a turbulent wake behind
the turret. The sizeable adverse pressure gradient of the shock
induces the flow separation of the boundary layer. The maxi-
mum fluctuations of the vertical and spanwise velocities in
the wake are in the same order as the freestream velocity.
There is a local shock moving back and forth on the surface
of the turret, which is coupled to the period of the wake.
Figure 8 shows Mach-Zehnder images of the local
shock and separated shear layers from the vertical view (
Ma=0.7). Figure 9 shows schlieren images of the local
shock and separated shear layer from the side view (Ma
=0.65). The time interval of each frame in Figure 8 is
0.3ms or about 0.5D/U,. The distinctive shading in
Figure 8 represents the shock. Both experiments and simu-
lations demonstrate the reciprocating motion of the local
shock. In the first four frames, it moves forward, then in
the next four frames, it moves backward, and the final
eight frames show the backward and forward motion once
again. So the period of shock motion is roughly 2.4ms, or
4D/U,. Compared with one moving shock in numerical
simulation, there are actually multiple shocks interacting
at the zenith of the turret. Figure 8 shows the shock
motion is accompanied by the separation, merging, break-
ing, and regeneration of shock waves. Many small discon-
tinuous fringes follow the strong discontinuous fringes,

and the moving multiple shocks and separation shear
layers can be observed more clearly in Figure 9.

For the subsonic flow over a turret, there are mainly
regular large-scale vortices behind the turret, and the tran-
sient flow snapshot can reflect the flow law in the separa-
tion zone of the turret. However, for the flow field
snapshot of the transonic flow in this paper, the flow in
the separation zone is “chaotic”. Therefore, it is necessary
to observe the law through the time-averaged flow field,
as shown in Figure 10. Figure 10(a) is the experimental
result of oil flow on the turret and bottom plate at Ma =
0.65. Figure 10(b) is the three-dimensional streamline of
the time-averaged velocity colored by the dimensionless
static pressure, and Figures 10(c) and 10(d) are stream-
lines closed to the bottom surface (y=-0.5D) and along
the turret centerline (z=0). Note that the freestream
velocity of the oil experiment is slightly different from
the simulation in this paper. Gordeyev et al. and Mathews
[14, 41] have given the experimental and simulated
streamlines on the bottom surface for subsonic flow over
a turret (Ma=0.35). The same colormap is used herein
to pay tribute to them. In Figure 10, the necklace vortex,
secondary necklace vortex, separation line, separation vor-
tex, and secondary separation vortex can be distinguished,
which are roughly the same structures as those in subsonic
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F1GURE 11: Time-averaged and fluctuation profiles of streamwise velocity, spanwise velocity, and density behind the turret, and it is colored
by correlation quantities along the turret centerline (z = 0): (a, b) streamwise velocity, (c, d) spanwise velocity, and (e, f) density, where the
solid red lines represent profiles along the turret centerline (z =0), and the dashed green lines represent profiles on the horizontal plane

(y=0).
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flow, except for the “horn” vortex. The position of the
time-averaged separation line in this study is different
from that of the subsonic flow, where the local shock
causes the separation. Figure 10(b) shows that the time-
averaged separation line on the hemispherical surface of
the turret is at x =0, the separation line on the cylindrical
surface moves forward slightly, and the separation line
near the bottom plate returns to x =0.

Figure 11 shows time-averaged and fluctuation profiles
of streamwise velocity, spanwise velocity, and density
behind the turret, containing information about the shear
layer and wake. These figures are colored by correlation
quantities along the turret centerline (z=0). The solid red
lines represent profiles at x/D = along the turret centerline
(z=0), while the green dashed lines represent profiles at
x/D = on the horizontal plane (y = 0). The streamwise veloc-
ity fluctuation at the zenith of the turret is the largest,
whose value is about 0.5 U,. The streamwise and spanwise
velocity fluctuations in the wake are roughly equivalent to
the freestream velocity (about 0.1~0.4U_). Comparing
the profiles along the turret centerline (z=0) and on the
horizontal plane y =0, the wake behind the turret shows a
short and fat development. Wang et al. [2] pointed out that
the aero-optical effect is mainly composed of the steady-
lensing term and the tilt/jitter term, and different methods
are used to correct them. The time-averaged and fluctua-
tions of the density, which determine the above two terms,
are given in Figures 11(e) and 11(f). The minimum value of

the time-averaged density at the zenith of the turret is
about 0.8p_, and its fluctuation is about 0.05p_ . The
maximum fluctuation in the wake is about 0.1 p_.

Figure 12 shows the time-averaged pressure coefficient
distribution along the turret centerline obtained by two indi-
vidual experiments and a numerical simulation. It is dimen-
sionless by freestream parameters (C, = 2(p = po,)/(Poo Uzy)
). Figure 12 also shows the experimental data of Buell,
Vukasinovic et al., Nahrstedt et al., and Morrida et al. [12,
13, 15, 42]. The theoretical potential solution curve
(Cy(0) =1-(9/4) sin®6) for the incompressible inviscid flow
over a sphere is also drawn in Figure 12.

It shows the following results:

(i) The pressure is maximum at the stagnation point of
the turret, C,, =~ 1.1 and gradually decreases on the

windward side (6 > 80 o ). Since the shock oscillates
in the range 80 o <0 < 100 o, the pressure here rises
rapidly due to the local shock. In the flow separation
region (6>1000 ), the pressure is stable between
Cp=-0.5~-0.8

(ii) In the windward region (6 > 80 o ), the experimental
and simulation results agree with the potential func-
tion curve and the hemisphere-on-cylinder turret
data of Buell, Nahrstedt et al., and Morrida et al.
[12, 15, 42]. It demonstrates the validity of our
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(iii)

experiments and data. It should be emphasized that
the experiment of Vukasinovic et al. [13] adopts a
pure hemispherical model, and the pressure stagna-
tion point is in front of the hemisphere to approxi-
mately 15°. Since the boundary layer on the bottom
plate always creates a necklace vortex at the base of
the protrusion and changes the pressure distribu-
tion on the hemisphere, as shown in Figure 10(d),
this shows that the hemisphere-on-cylinder turret
can avoid the influence of the wall boundary layer
and necklace vortex

In the shock and separation regions (6>800),
there are differences between each experimental
data, which may be caused by different Reynolds
and Mach numbers of the free stream. However,
the minimum pressures obtained by the simulation
and experiment are the same. The pressure coefhi-
cient error in the separation region is less than 0.2,
which confirms that the experiment and the simula-
tion are convincing. It should be noted that the
transonic flow here is different from the subsonic
flow (Ma < 0.55) of Gordeyev et al. and Vukasinovic
et al. [43, 44], that is, the local shock mainly deter-
mines the separation position not only depends on

the Reynolds number of the free stream, and the
pressure recovery is faster. However, considering
the forward and backward motion of the shock,
the time-average pressure recovery has a gradient
rather than a strong discontinuity

This study monitors the pressures at the local shock and
the separated shear layer, or p — (p)/p,, at (0,0.5D,0) and (
0.5D,0.5D,0), and their power spectral density (PSD) are
obtained by the fast Fourier transform (FFT) method for
experiment and simulation, as shown in Figure 13. Here,
the Strouhal number denotes dimensionless frequency, St;,
=fD/U,,. Their time averages have been subtracted just
to compare the periodic variations, and their power spectra
are divided by their respective maximum values. The time-
averaged pressures at the zenith of the turret for the simula-
tion and two experiments are 0.717p., 0.595p_,, and
0.630p.,. The time-averaged pressures at (0.5D,0.5D,0)
for simulation is 0.835p_ . The pressure at the zenith of
the turret has multiple frequencies in the range of St, =
0.23~0.35 for experiment and simulation. Morrida et al.
also observed the same two-frequency phenomenon in the
Ma = 0.7 flow over a turret [19, 45]. Note that this is differ-
ent from the subsonic flow over a turret. For a subsonic flow,
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F1GURE 14: Transient wavefront distributions (OPD(x;, y;, t)) and these time averages ((OPD(x;, y,))): (a) experiment and (b) simulation.

there is a single peak frequency in the range of St;=0.15
~ 0.2, and this frequency is dominated by the unsteady sep-
aration line and the separated recirculation region over the
downstream portion of the turret [46]. Gordeyev and
Jumper [1] have shown that there are three main flow modes
in subsonic flow: (i) two counter-rotating trailing vortices
separated from the top of the hemisphere of the turret; (ii)
periodic alternating vortex shedding from the sides of the
turret; (iii) two secondary vortices on either side of the turret
base. In our numerical simulation, the monitored pressure in
the separated shear layer has a single peak frequency of St
=0.35. That means, the frequency of the separation recircu-
lation region is raised to St;=0.35. Due to the coupled
dynamics of shock and separation, the shock has another
inherent frequency, St;, = 0.23. It should also be emphasized
that these two frequencies are sensitive to the freestream
velocity. Here it is assumed that local shocks in transonic
flow lead to further alienation of several flow modes and
exhibit different frequencies. It requires further analysis.

4.1.1. Aero-Optical Effect. In this section, experimental mea-
surements and simulation analysis of the aero-optical effects
caused by the unsteady SBLI at the zenith of the turret are
described.

Figure 14 shows the transient wavefront distributions
OPD(x}, y;, t) obtained by experimental measurements and
numerical simulations, as well as their time averages (OPD
(x5 7)) all of which are dimensionless using the laser wave-
length, A=532nm. A significant gradient in the transient
wavefront corresponds to the local shock and separation
line. It can be seen from the simulation and both individual

experiments that as the shock oscillates back and forth, the
significant gradient of the wavefront is also moving. Their
time-averaged wavefront distributions are consistent, and
the shocks and separation lines of both are located at the
zenith of the turret, or x;/D;=0.5. In front of the shock
(x;/D; < 0.4), as air’s velocity near the turret increases, its
density decreases, and the corresponding index of refraction
decreases, so the OPD decreases. In the separation zone after
the shock (x;/D; > 0.6), the time-averaged values of pressure
and density are unified, and the OPD fluctuations are mainly
caused by turbulent fluctuation here. The root-mean-square
of (OPD(x;, y,)) obtained by the simulation and two exper-
iments are 0.455 A, 0.467 A, and 0.447 A. It means that the
shock intensity of the simulation and the experiment are
consistent. Further, the (OPD, ) obtained by the simula-
tion and two experiments are 0.498 A, 0.593 A, and 0.563 A,
respectively, and the relative error between them is 14%. It
is probable due to the fact that there is more vortex informa-
tion after the shock in the experimental flow, while the
OPD(x;, y;, t) obtained by the simulation is smoother after
the shock.

Figure 15 shows the root-mean-square of transient wave-
front (OPD,,,(¢)) and their PSD for the simulation and two
experiments. The OPD,,; and time moments corresponding
to the transient wavefront distributions in Figure 14 are
marked in Figure 15. The experimental results have rich
high-frequency information, while the simulations are mainly
large-scale features, which is the characteristic of the LES
method. Both the experimental and simulated OPD, . have
dual peak frequencies, including a concentrated peak frequency
(Stp =0.34) and a broad peak frequency (St =0.23 ~ 0.25).
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TaBLE 3: Energy proportion of each POD mode for experiment and simulation.

Mode 1 2 3 4 5 6 10 15 20

. Individual energy (%) 46.7 15.6 7.5 55 4.9 34 1.3 0.52 0.35
Experiment 1 .

Cumulative energy (%) 46.7 62.3 69.8 75.2 80.1 83.5 90.4 94.2 96.3

. Individual energy (%) 44.0 16.2 8.1 5.7 5.1 34 14 0.55 0.38
Experiment 2 .

Cumulative energy (%) 44.0 60.1 68.2 73.9 79.0 824 89.5 93.7 95.9

, , Individual energy (%) 734 17.9 34 1.8 1.7 0.64 0.12 0.02 0.007
Simulation )

Cumulative energy (%) 73.4 91.3 94.8 96.6 98.2 98.9 99.7 99.92 99.97

These two frequencies are consistent with the pressure charac-
teristics in fluid dynamics, as shown in Figure 13. The PSD of
OPD,,,,, obtained from the two experiments are coincident in
the high-frequency part, and both satisfy the —10/3 law, while
the simulated data decays faster (—=14/3 law). It is mainly due
to the high numerical dissipation of the LES method used in
this paper. However, it does not affect the prediction of large-
scale eddies and eigenfrequencies.

Table 3 lists the energy proportion of each POD mode
for the simulation and two experiments. The energy pro-
portions of each POD mode in the two experiments are
the same, and these modal distributions are also the same,

so Figure 16 only shows the POD mode of one experiment.
For the experiment, the first two modes occupy 60% of the
total energy, the first ten occupy 90%, and the first twenty
occupy 96%. For the simulation, the first two modes
occupy 91% of the total energy, and the first six occupy
99%, which means that the simulation results can recon-
struct almost all spatiotemporal features using the six
modes. The difference between the experimental and simu-
lated energy ratios may be caused by the fact that the wind
tunnel experiment has more interference information,
while the numerical simulation only captures the main
influencing factors.
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Figure 16: First eight POD mode distributions of wavefront, @, (x;, y,)/A: (a) experiment and (b) simulation.

Figure 16 shows the distribution of the first eight POD
modes for experiment and simulation. Figure 17 shows the
coefficients of the first four POD modes over a time period
of 60D/U,, and their PSDs. In Figure 16, the first two
POD modes of the simulation and experiment are consis-
tent, and both are symmetric about the spanwise. In
Figure 17, the time coefficient a, of the first mode is approx-
imately sinusoidal, while the time coefficient a, of the second
mode is more complex than the sinusoidal shape. The time
coefficients of the first two modes fluctuate with roughly
the same period, and the difference between the two is 1/4
cycle. So the first two modes characterize the reciprocating

shock motion. Further, the time coeflicients of these two
modes have apparent dual peak frequencies, while the time
coeflicients of other modes are absent. It indicates that the
shock motion is the main reason for the dual-peak-
frequency characteristics of the hydrodynamic and aero-
optical effects. Considering that the first two POD modes
cover more than half of the energy, the transient wavefront
can be simplified as the superposition of the first mode
and the second mode for application in some fields, such
as transient adaptive correction.

In Figure 16, higher-order POD modes of experiment
and simulation are different. The experiment’s third, fourth,
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FIGURE 17: First four POD coefficients and their PSD: (a) experiment and (b) simulation.

and seventh modes are antisymmetric, which occupy 16% of
the total energy. In contrast, the simulation’s third, fifth, and
eighth modes are antisymmetric, which only occupy 5%. The
antisymmetric mode contains information about the span-
wise motion of the transient wavefront, which means that
the experimental data has more spanwise information. On
the other hand, the experimental and simulated modalities
share some similarities. For example, the peak- valley struc-
ture of the experimental seventh mode is similar to that of
the simulated fifth mode. The experimental eighth mode
and the simulated seventh are also similar.

5. Conclusions

Fluid dynamics and aero-optics of transonic flow (Ma =0.7)
over a hemisphere-on-cylinder turret, especially the charac-
teristic unsteady excitation boundary layer interference,
were tested in a wind tunnel using shadowing, Mach-
Zehnder interferometer, and Shack-Hartmann wavefront
measurements. The SST k-w DES method and ray-tracing
method are used to reproduce the transonic flow and optical
aberration.

In fluid dynamics, numerical simulations reproduce the
flow structures such as local shock, separated shear layer,
turbulent wake, and necklace vortices in the transonic flow.
The simulated flow structure mapped onto the bottom plate
is consistent with the oil experiment. The time-averaged
pressure distributions over the hemisphere are consistent
for both experiment and simulation, and they both rise rap-
idly around 90° from the head due to SBLI. By monitoring

the pressure here, the SBLI has multiple peak frequencies
in the range of St;, = fD/U. =0.23 ~ 0.35.

In aero-optics, the wavefront at the zenith of the turret is
around 0.56 A~0.59 A, while the root-mean-square of the
time-averaged wavefront is about 0.45 A. The wavefront also
has dual peak frequencies different from the single-peak-
frequency phenomenon at small freestream velocities. The
experimental wavefront power spectrum satisfies the —10/3
law, while the simulated result decay more rapidly due to
the excessive viscous dissipation.

This paper also verifies that fast model decomposition of
wavefront can be performed by combining Zernike decom-
position and POD methods. The first ten modes of the
experiment account for 90% of the total energy, while the
first two modes of the simulation account for 91%. The first
two modes of the experiment and simulation are consistent.
They contain the reciprocating motion of the shock. The
time coeflicients for these two modes also have dual peak
frequencies.
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