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Hypersonic Interceptor Aero-Optics Performance Predictions

George W. Sutton,* John E. Pond, Ronald Snow,i and, Yanfang Hwang$
Aero Thermo Technology, Inc., Huntsville, Alabama 35806

This paper describes hypersonic interceptor aero-optics performance predictions. It includes code results
for three-dimensional shapes and comparisons to initial experiments. It covers the aerothermal, aerody-
namic computational codes that are capable of covering the entire flight regime from subsonic to hypersonic
flow and includes chemical reactions and turbulence. Heat transfer to the various surfaces is calculated
as an input to cooling and ablation processes. The aero-optics codes determine the effect of the mean
flowfield and turbulence on the tracking and imaging capability of on-board optical sensors. This paper

concentrates on the latter aspects.

Nomenclature
= area, m’
= speed of sound, m/s
tip

correlation function

speed of light, m/s

aperture (lens) diameter

tilt

compressibility correction term
focus correction, m™!

intensity at focal plane, w/cm?
wave number 27/\, m™!

path length, m

turbulence scale length, m

Mach number

index of refraction

pressure, N/m?

distance, m

temperature, K

time, s

velocity, m/s

scalar electric field, V/m
coordinates, m

Gladstone-Dale constant, m*/g

rate of turbulence dissipation, j/kg-s
coordinates of ray pierce point of a CFD cell, m
orthogonal separation distances at the aperture
turbulent kinetic energy, j/kg
wavelength, m

density, kg/m? dimensionless distance between
rays at the aperture

angle from centerline of focal plane
optical path length, m

modulation transfer function

z dummy variable
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Subscripts

= on surface of cone
A = aperture
¢ = coolant at exit
FF = flow field
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Introduction

HE aero-optic effect is caused by changes in the index of

refraction, which varies linearly with gas density for a
single species and is proportional to partial densities for a
mixture of different species. High gas density reduces light
speed, and vice versa for low density. This retardation or accel-
eration causes the familiar refraction effects, such as total reflec-
tion from a hot road, but it also causes image distortion if the
transverse gradient is not perfectly linear. The most familiar
example of this is the curved mirror in a fun house. These
effects in gases have been used to advantage for decades in
optical diagnostics in wind tunnels, such as Schlieren, shadow-
graphs, and interferometry.

If the gas is also turbulent with mixing of high- and low-
density gases, the light wavefront distortion becomes random.
The turbulent mixing then results in blurring, as well. The most
familiar example of this is the enlargement of star images
observed by ground-based telescopes due to atmospheric turbu-
lence and objects when viewed through the exhaust of jet
engines.

Similar effects occur to an optical sensor on a vehicle travel-
ing through the atmosphere. The air far ahead of the vehicle
is rather benign optically, but the flight vehicle transfers some
of its kinetic energy into thermal and pressure energy of the
air surrounding the vehicle, thereby changing its density. A
typical example of this is a shockwave where the density behind
the shockwave can be an order of magnitude higher than the
ambient air ahead of the shockwave. At altitudes below about
40 km, the flow next to the vehicle optical window is usually
turbulent. The turbulent boundary layer mixes air, which is at
the temperature of the window, with the shock-heated air, which
has a much higher temperature and therefore lower density. If
wall jet cooling of the optical window is used, then cool coolant
gas will be mixed with the hot shock layer gas.

These phenomena adversely affect the image quality of an
optical sensor. The mean flowfield causes a boresight error and
blurring and, if the flowfield is unsteady, jitter. The turbulence
will cause blurring and very-high-frequency jitter. The blurring
can cause a decrease in the signal-to-noise ratio and image
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distortion, which adversely affects centroid location for preci-
sion tracking. By reciprocity, similar effects will occur to a
laser beam emanating from the vehicle. This paper describes
a new capability to evaluate these effects for any vehicle config-
uration and any coolant using physical optics (Fourier optics).

History

The first known analysis of turbulence aero-optics was per-
formed by Liepmann.' He analyzed the random refraction (i.e.,
bending) of a single ray through a turbulent flow. His interpreta-
tion was that the rms deviation of the ray was the blur. We
now know that this is the rms jitter of the centroid of the beam.
Hufnagel performed an analysis using the modulation transfer
function (MTF) of optics,? but his model of the turbulence was
not physical.’ Extensive measurements were made in the Ames
supersonic wind tunnel of the blurring caused by a turbulent
boundary layer.* The data were reduced by use of the Booker-
Gordon small-scattering theory.’ These results were interpreted
by Sutton,® who deduced the relation of the optical turbulence
parameters to the aerodynamic freestream density and Mach
number. Sutton%’ also analyzed the optical blurring caused by
turbulence and applied this to gas dynamic lasers® and aircraft.”
Snow independently derived similar relations.® Wave optics
approaches that are computer intensive have not been very
successful. More recently, Sutton has extended his theory for
turbulence to the case where the turbulence parameters also
vary spatially in the flow direction.’

Summary

The simplest method for performing optical calculations is
ray tracing. This uses the phenomenon of wave retardation to
determine the change in direction (refraction) of a ray. Ray
tracing is used extensively for lens and telescope design, but
does not give rigorous results for either boresight error or the
image blur circle. Ray tracing also does not predict wavelength
effects correctly with regard to the magnitude of the blur circle.

For example, for a diffraction-limited optical system, ray tracing -

predicts an infinitesimally small focal spot size independent of
wavelength, instead of the diffractive point-spread function.

The second technique is physical optics, which predicts dif-
fraction; that is, the interference effects between waves. To do
this, we simply keep track of the phase retardation along differ-
ent rays through the aperture, then take its Fourier transform
to obtain the amplitude at the focal plane. This approach uses
the MTF previously mentioned. For turbulent flows, only homo-
geneous turbulence was analyzed until recently.’

A third technique, wave optics, which is computer intensive,
was developed during the 1970s for high-power gas lasers. In

it, a wave is propagated from plane to plane along the optical

path. A new complex amplitude including aberrations is calcu-
lated at each plane and propagated to the next plane. A code
applying this technique to aero-optics was developed by Clark.!

Because of its accuracy and ease of application, we adopted
the use of physical optics for aero-optical predictions, which
directly predicts tilt, focus errors, and the blur circle. The bore-
sight error is obtained from the mean tip or tilt of the optical
path difference (OPD), or more accurately, from the centroid
of the angular location of the blur circle.

Calculational Procedure

The aero-optics procedural steps, from flowfield generation
to kill probability determination, are sequentially diagrammed
in Fig. 1. The fluid mechanics and aero-optics steps are
described here.

Computational Aerodynamics

The aerodynamic computer code FDNS!! (finite difference
Navier-Stokes) was adopted for this study. This code is a pres-
sure-based, nonstaggered grid, chemically reacting, Navier-
Stokes solver. An adaptive upwinding differencing scheme is
employed for the spatial discretization. The code has equilib-
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Fig. 1 Aero-optics procedure.

rium and finite rate algorithms for computing mixture species
concentrations, and thermodynamic, transport, and optical prop-
erties.

In general, a noniterative time-marching scheme was used;
however, subiterations can be used if necessary. To provide
smooth shock solutions, adaptive dissipation terms were added
to the pressure correction equation. Once the pressure correction
equation is satisfied, the velocity field is then updated, and the
density field is updated through the equation of state. To ensure
that the updated velocity, density, and pressure fields satisfy
the continuity equations, the pressure correction solution proce-
dure is repeated several times before marching to the next time
step, thereby representing a multicorrector solution procedure.

The turbulent eddy viscosity is employed to model the turbu-
lent regions of flow. A two-equation k-e model was employed
to determine the eddy viscosity component of the effective
viscosity. As pointed out by several researchers,'* " the standard
k-€ model fails to predict the observed decrease in spreading
rate for the compressible free shear layers. Concentrating on the
k-€ model, the dissipation of the kinetic energy in compressible
turbulence was argued to be augmented. Sarkar'? and Zeman"®
proposed that the total dissipation should be a function of
turbulence Mach number M,, defined by M? = k/d? where a
is the local speed of sound. In the present study, a compressibil-
ity correction term, E; = o, M?pe (a; = 1.0), has been added
to the turbulent kinetic energy equation. Both Sarkar and Zeman
postulated that the transport equation for e is unaffected by
compressibility. However, the approach taken by Rubesin®
takes exception to this argument, and he has proposed a correc-
tion term for compressibility effects in the e transport equation.
We adopted the approach taken by Sarkar and Zeman because
it produced the correct spreading when compared to Schlie-
ren photographs.

The parameters for the turbulence aero-optics are derived
from the computational fluid dynamics (CFD) results. There
are several approaches to accomplish this including equations
for the density or index-of-refraction fluctuation's or from some
other combination of the k-e equations. We have chosen a
simpler method to obtain the turbulence parameter from the
mean (time-averaged) flow. Under the assumption of equilib-
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rium turbulence, the characteristic length scale of the correlation
function of the index-of-refraction fluctuation is given by

€ = le (1
The fluctuation of the index of refraction is found by first

calculating the spatial distribution of the mean index of refrac-
tion from

n—1=3Bp:(x2) )

where B; is the Gladstone-Dale constant for the ith species and
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p; is its spatial distribution. The fluctuation of the index . of
refraction »n' is the product of €’ and the local gradient of n
using a coefficient of 0.424.

The results of the CFD computation for a sphere-tetracone
at zero angle of attack with helium coolant from a slot in front
of the window are shown in Fig. 2. The nose radius is 2.413
cm; the window angle is 20 deg; and the coolant inlet height
is 0.298 cm. The freestream conditions are M, = 9.3, T,, =
233.3 K, p. = 0.04638 kg/m’. Initially at room temperature,
the helium flow is at Mach 2 and the static pressure of the
helium after expansion is matched to the static shock-layer
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pressure over the window. Profiles along the chief ray from
the center of the window view angle of 20 deg relative to the
centerline of the body are shown in Fig. 2. Figure 2a shows
the profile of the mean index of refraction. The region beyond
3 cm is the freestream. The bow shock shown is captured in a
region where the grid is somewhat coarse, resulting in the
smeared index-of-refraction distribution. The density of the
outer part of the shock layer that has passed through the oblique
shock is 4.73 times greater than the freestream. Progressing
toward the surface, the ray encounters the portion of the shock
layer that was heated by the blunt nose; hence, the density
decreases. At the mixing layer, the index of refraction increases
to that of the helium, which is cold due to expansion to M =
2 from a room temperature reservoir. The helium is dense
because its pressure must match the shock-layer pressure. Adja-
cent to the window, the index of refraction decreases because
the window material is at the helium recovery temperature,
warmer than the helium static temperature. Note that if the
cone had a sharper nose, the index of refraction would be a
closer match to the helium, which would decrease the optical
aberrations caused by turbulence.

Figure 2b shows the scale size of the turbulence derived
from the k-e results [Eq. (1)]. Its peak value in the mixing
region of about 2mm is smaller than the Smm thickness of the
mixing region, as expected. Figure 2c shows the profile of the
variance of the fluctuations of the index of refraction <n'*>.
Note that there are fluctuations in the boundary layer near the
window, which decrease drastically in the inviscid flow, then
increase again in the helium-air turbulent mixing layer. Figure
3 shows the profiles for nitrogen coolant. The large difference
in index of refraction between the nitrogen coolant layer and
the shock-heated air will cause large density fluctuations. Also,
the k-€ method generates turbulent properties wherever there
is a velocity gradient, including the shock-heated air. The
amount is inconsequential for the present calculations, but the
turbulence can be turned off at the outer boundary of the shear
layer. In the experiment, measurements of the fluctuation inten-
sity and scale size were not made, hence the experimental
validation of the technique is made for o, which was measured.

Aero-Optics

The aero-optics quantities, both measured and calculated, are
the boresight error, wavefront distortion, focal plane intensity
distribution, Strehl ratio, and encircled energy. The general
assumption is that the mean flowfield produces time-averaged
boresight error and blurring, whereas the turbulence produces
jitter, scattering, and blurring.

Mean Flowfield Aero-Optic Effects

The starting point is the scalar electromagnetic wave equation
for the electric field u

AEViu = *ulor 3)

For monochromatic light of wavelength \, Eq. (3) has an exact
solution that connects the electric field at any point a distance
r from another point:

—iu v eikr

Ar

ulr) =

C)

The equation above is known as the Huygens construction.
There also is usually a cosine coefficient to account for the angle
of the electric field vector and the direction of propagation; it
is essentially unity for optical imaging. The use of Eq. (4) is
different from the usual perturbation solution of Eq. (3), which
leads to the so-called Born approximation. That approximation
does not conserve energy and is less accurate.

If u, is at a point above the disturbed air layer, and is integrated
over an area corresponding to the aperture area, we obtain
the Huygens-Fresnel law. Expansion of the exponential into

Cartesian coordinates yields a constant term, which has zero
contribution; a linear term (so-called Fraunhoffer term); a qua-
dratic term (so-called Fresnel term), and so forth. At a focal
point, the Fresnel term is of second order and is negligible.

As the rays penetrate the disturbed air, they pick up a optical
path difference (OPD) o

o=jL(n~1)dz )
0

where 7 is the index of refraction of the medium, in this case
air and coolant. This manifests itself as a phase error ko, which
is added to the exponential of Eq. (4).

To calculate the optical effects of the three-dimensional mean
flowfield, optical path differences were computed by passing
rays through the CFD grid. As an initially plane wave propagates
through a mean flowfield of varying refractive index, the wave-
front becomes distorted and tilted. The wavefront tilt is mani-
fested at the focal plane as a lateral displacement of the blurred
image pattern.

The CFD calculations described above provide the values of
the mean flow properties from past the bow shock wave down
the line of sight to the aero-optic window. These properties are
known at the nodes (x, y, z) of the CFD grid, which also define
the cells between the grid points. Using the mean density field
and species concentrations to find the mean index of refraction,
the OPD is found by projecting a bundle of rays from the
aperture, usually circular, through the CFD grid. A plane coinci-
dent with the incoming wave is defined at a position in the
freestream where no disturbance to the mean flow is expected.
The bundle of rays is then projected parallel to the line of sight
through the shock wave, shock layer, shear layer, and boundary
layer over the window. Integrating the index of refraction along
each ray defines the OPD as follows:

L
OPD(x,y) = fo Z pi(x y 2)B; dz 6)

where {; is the Gladstone-Dale constant for the ith species. The
process is carried out by passing each ray through the cells
defined by the CFD grid points. First, the value of the mean
index of refraction is found on the face where the ray pierces
into the cell by using the following interpolation formula:

n=Y[1-e0—-mn, +(Q + e)(1 — Mn,
+ A+ el +mn, + (1 —e)(1 +mn,] )]

This expression linearly interpolates over the quadrilateral
with n;, — n,, the index of refraction at the nodes and v, €,
the intrinsic coordinates found from an iterative solution of a
nonlinear equation once the Cartesian coordinates of the pierce
point are known. Integration through the cell is carried out
using the trapezoidal rule. No contribution to the OPD is taken
past the outer surface of the window. The next step was to
determine the mean value of the OPD, and subtract this because
it has no effect. By using the expression bx + dy, the tip d and
tilt b are found by minimizing the rms error between the OPD
and bx + dy. Similarly, the mean focus f(x* + y?) is removed.
The calculated optical path differences along a packet of rays
from the aperture are shown in Fig. 4 for helium coolant, and
the mean tilt is 17.37 ur. Figure 4b shows the OPD after tilt
removal. Note that they appear to be nearly concentric circles,
indicating a change in focus. In our calculations, we correct
for focus, which most telescopes are capable of performing.
The residual OPD is shown in Fig. 4c.

With boresight and focus errors removed, the amplitude is
found from Eq. (4):

u(©,, 0,) = (4=D?)

+Di2 (D) — 2
j dy dxe—ika’(x.y) eik(exx + eyy) (8)

¢
- 4 —Jonry -2
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Fig.4 Mean flowfield optical path differences in em (AOEC 3D
tare model, 0.633 p, aperture diam = 2.54 cm).

where ¢'(x, y) is the OPD with boresight and focusing errors
removed. Equation (8) is a two-dimensional Fourier transform
of the exponentiated phase error at the focal plane measured
from the center of the aperture optical element. The intensity
field for the mean flowfield only is obtained by taking the
square of the electric field as follows:

(0., 9,) = u(©,, 0, ®

The above is the Sutton-Pond code. Equation (9) was normal-
ized so that for a diffraction limited beam,

1(0,0) =10 10y

The resulting point-spread function, which is the image of
a point source, is shown in Fig. 5 as the focal plane intensity
distribution along the x axis. Slight increases in the intensity
of the second lobe can be seen. For this case, the intensity
pattern has a Strehl ratio of 0.99. The Fourier transform of this
point-spread function gives the MTF for the mean flow, to be
convolved with the MTF of the turbulence, considered next.
The product of the mean flow and aperture MTF is given by

Trr(E, MTAE M) = [3210]—11(21)2
[ [ 1e®. 0,4 m40,d0, 1)

where & m are the Fourier coordinates, I, is the diffraction-
limited central intensity (usually set to unity), D is the aperture
diameter, and ®,, @, are the angles to the focal plane.

The MTF along the & axis derived from the blur circle is
shown in Fig. 6. In this calculation, the normalization is to
/2 instead of unity as a convenience. The curve does not
quite reach that value, because the integration indicated by Eq.
(11) was not extended to infinity.

Turbulence Aero-Optics Effects

We describe next the image blurring caused by the turbulence.
The turbulence randomly perturbs the wave before it encounters

Normalized Intensity
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Fig. 5 Mean flowfield intensity vs angle (blur circle for AOEC
three-dimensional tare model, 0.633 p, aperture diam = 2.54 cm).
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an aperture that focuses the beam onto the focal plane. In the
absence of disturbances, the focal plane intensity distribution
is the well-known Airy disk, the diffraction pattern of an unper-
turbed plane wave focused by a circular aperture. If turbulence
is present, the Airy intensity pattern is reduced, and there is
large angle scattering caused by the eddies. The Strehl ratio is
defined as the intensity of the turbulence-blurred pattern at its
central peak divided by the diffraction-limited pattern at its
central peak. The encircled energy (or power) is denoted by
the radius in the focal plane that encloses a given percentage
of the total incident power. For example, 83% of the incident
power is contained in the central lobe of the diffraction-
limited intensity.

To obtain the intensity pattern in the presence of turbulence,
Eq. (8) is squared and the ensemble average is taken. With a
shift in coordinates £ = x — x', ; =y — y’, the result is a
Fourier transform of the turbulence MTF, 1, given by

T = exp{“Zkz [
X [6’(2) - J:n C(H(D*p* + §2))d§]dz} (12)

wherep = D™ ! J(E + m?) and {, 7 are in the propagation direc-
tion. For an exponential correlation function, the inner integral
becomes pk, (p/€’) where k, is the modified Bessel function
of order 1.

Equation (12) is the essence of the Sutton-Snow code. The
turbulence-blurred image pattern depends on the propagation
path length L through the turbulent layer, the variance (mean
square) of the refractive index fluctuation < n'?>, the correla-
tion length of the refractive index fluctuation €’, and the associ-
ated correlation function C. For shear layers, an exponential
correlation function of the refractive index fluctuation is physi-
cally realistic.!” The turbulence length scale €’ is the spatial
integral of the index-of-refraction correlation function. This
approximately represents the separation for which the turbulent
motion at two points is uncorrelated; e.g., €' is the size of a
turbulent eddy. Another quantity is the rms optical path differ-
ence

L 171
O = (2 J <n'2>e'dz) a3
0

The turbulence MTF, for the turbulence parameter profiles
shown in Figs. 2 and 3, are shown in Fig. 7 for freestream
conditions M., = 9.3, T. = 233.3 K, p. = 0.04638 kg/m’.
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Fig. 7 Turbulence modulation transfer function for helium and
nitrogen coolant.
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Aero-Optics Sample Results

The Sutton-Snow optical code was validated by comparison
with experimental data obtained at the Aero-Optics Evaluation
Center (AOEC) of the Calspan/ University of Buffalo Research
Center (CUBRC). A two-dimensional blunted wedge tare model
was used to provide the basic aerothermal and aero-optic test
data, Cases without coolant as well as cases with nitrogen and/
or helium coolant were calculated. We first validated the CFD
results by comparison with the measured AOEC flow parame-
ters. The calculated pressures and heating rates were found to be
in excellent agreement with the measurements. With confidence
that the CFD model was accurately predicting the flow parame-
ters, we proceeded to make comparisons between measured
and calculated aero-optics parameters.

Figure 10 shows the comparison between measured”® and
calculated values of rms wavefront distortion, for a flat-plate
geometry and a two-dimensional blunted wedge model with
coolant (nitrogen) and noncoolant cases. The wavefront distor-
tion data, for each run condition, consist of an interferometric
fringe pattern, obtained from holography using a laser beam
of 0.69 pm wavelength. The exposure time was 10 ps, much
smaller than a turbulence flow time; therefore, no turbulence
averaging occurred. The fringe pattern depicts the phase fluctua-
tions produced by the turbulent flowfield. The rms wavefront
distortion is deduced from measurements of the deviation of
the phase from its mean value, over a diameter of 4.6 cm.

In Fig. 8 the calculated curve matches the trend of the mea-
surements very well, but lies outside the error bars. The major
source of scatter is caused by the statistics of o,,,. As a result,
a single snapshot interferogram for each run condition does not
provide an adequate measure of o, Instead, a number of
snapshots is necessary for each condition, which would yield
an average value of o, and an uncertainty range given by the
standard deviation. The measured single interferogram uncer-
tainty range is a standard deviation of 20%," which would
account for the scatter of the data points within the trend.

Using the calculated aero-optics turbulence parameters, Fig.
9 shows the intensity and encircled energy for the turbulence-
blurred conditions in comparison to diffraction limited for the
three-dimensional tare model and helium coolant. The wave-
length is 0.633 pm, and the beam diameter is 2.54 cm. The
Strehl ratio is 0.83 for this case, demonstrating very small
optical loss with helium coolant for this flight condition. Higher
Mach numbers and freestream density will increase the opti-
cal loss.

Combined Aero-Optic Effects

The Sutton-Pond code performs the complete computation
of the blur-circle intensity distribution using the modulation
transfer function formulation. The MTFs for the three contribu-
tors to the blur are aperture, turbulent flow, and mean flow.
The total intensity distribution was obtained by convolving the
turbulence effects with the mean flow and aperture effects
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Fig. 10 Combined blur circle for mean flow and turbulence,
helium coolant, (AOEC three-dimensional tare model, 0.633 u,
aperture diam = 2.54 cm).

through the inverse Fourier transform of the product of the
three individual MTFs:
16,,0,) = 81,07 [ [ 1,1ppmre%08 00 dg dn
A
(14)
The Fourier transform of the product results in the intensity

and encircled energy distributions shown in Figs. 10 and 11
for helium and nitrogen coolant, respectively. While the helium
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Fig. 11 Combined blur circle for mean flow and turbulence, nitro-
gen coolant.

coolant resulted in a Strehl ratio of 0.83, the use of nitrogen
coolant resulted in a far greater loss of a Streh] ratio of 0.17. This
effect is consistent with observations.' Note that for infrared
wavelengths, both coolants would result in practically no loss;
but for ultraviolet wavelengths, the loss would be considerably
greater. Also, the intensity level on the focal plane of the turbu-
lence scattered light is very low and would generally be useless
for centroid tracking at low sensor signal-to-noise ratios. At
high signal-to-noise ratios, the turbulence scattered energy will
lead to contrast loss of extended images. Note that in order for
the MTFs to be multiplied together, they must be uncorrelated,
which is valid for this study.

The preceding calculations were based on uniform turbulence
properties over the aperture (x, y) but which varied in the
propagation direction. The effect of nonuniform turbulence has
also been investigated.’ In that work, o, increased by a factor
of 5.5 in the flow direction x. It was found that there was very
little difference (<10%) in the results as compared to assuming
uniform turbulence in the chief ray. Therefore, the techniques
described in this paper are generally valid.

Discussion

The results we have presented are for an isotropic correlation
function and a long exposure. However, it is well known that
the correlation function is anisotropic with the scale size in the
flow direction about twice that of the transverse distances. This
improvement can easily be incorporated.® In addition, there is
now strong evidence that, in shear and boundary layers, the
major axis of the anisotropic correlation function is tiited rela-
tive to the flow direction. This can be easily -accommodated
by a rotation of axis of the correlation function.

For short exposures, Clark has shown that the point spread
function psf intensity pattern is broken up in strong turbulence."
These random psfs should be used if the exposure time is much
shorter than the flow time relative to the turbulence scale length.

Conclusions

This paper has described the hypersonic aero-optics perfor-
mance predictions. Specifically, a robust three-dimensional
Navier-Stokes hypersonic flow code with a compressible k—€
turbulence model has been demonstrated, and three-dimensional
optical-to-fluid coordinate conversion has been achieved. In
addition, a mean flow aero-optics code for blur circle and
boresight error has been developed and demonstrated, and the
Sutton-Snow turbulence aero-optics code has been refined and
made operational and validated by experimental data. Moreover,
mean flowfield and turbulence effects have been combined and
demonstrated for the first time. In summary, a robust computa-
tional tool for aero-optics effects on signal-to-noise ratio and
boresight error has been developed and made operational.
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