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Abstract

Unsteady three-dimensional flowfields are calcu-
lated for the Stratospheric Observatory For Infrared
Astronomy (SOFIA) at both free-flight cruise and
wind tunnel conditions with a view to help in the
design process of an acoustically quiet telescope cav-
ity and to understand the flow physics of a three-
dimensional cavity. The calculation method is based
on the numerical solution of thin layer Navier-Stokes
equations on a Chimera overset grid system. The
Boeing 747-200 aircraft is examined as one option for
the SOFIA platform. The flowfield domain is com-
posed of 45 grids consisting of over 4.1 million points.
Numerical simulations are performed for both wind
tunnel and free-flight cruise conditions at one free-
stream condition of My, = 0.85, a = 2.5°. Compari-
son of results from wind tunnel simulation show good
agreement with experimental data for time-averaged
surface pressures, drag for the empennage, and sound
pressure levels and power spectra at various locations
within the cavity and on the telescope. The pres-
ence of the open cavity induces an incremental drag
increase, an increased acoustic radiation, and an in-
crease in unsteady pressure loads on the telescope. Its
impact on the effectiveness of aircraft control surfaces
appears minimal.

Introduction

The SOFIA is a planned 2.5 meter aperture
Cassegrain telescope with a Nasmyth focus, which
will be housed in a Boeing 747 aircraft, and will op-
erate at altitudes from 41,000 to 46,000 feet. It will
be a follow-on mission to the NASA’s Kuiper Air-
borne Observatory (KAO). The use of an airborne
observation telescope housed in a moving platform,
shown in an artist’s view of Fig. 1, offers many ad-
vantages over a land-based system. In particular, the
attenuation and/or absorption of wavelengths of in-
terest by the water vapor in the earth’s atmosphere
will be avoided by using a system placed above the
tropopause. However, the moving aircraft-based ob-
servatory poses problems of a different nature. As
noted in earlier studies with a Boeing 747-SP configu-
ration by Atwood,! the telescope-housing cavity poses
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a complex unsteady fluid dynamic problem that is dif-
ficult to control. Namely, experimental observations
have shown violent shear layer oscillations accompa-
nied by dangerous levels of noise. The high levels
of turbulence in the unsteady shear layer would limit
clear see-through vision of the telescope and hence de-
creases the capability of the telescope, in the absence
of any flow control in the cavity to decrease flow un-
steadiness. Besides the telescope seeing quality, the
aircraft fatigue life and the control surface effective-
ness are also affected by the flow unsteadiness of a
resonant cavity.

There have been many experimental and compu-
tational investigations in the literature on the driven
cavity problem?. In the last few years, extensive ex-
perimental testing has been done on the design of a
non-resonant cavity for the telescope in the SOFIA
platform using both Boeing 747-SP and 747-200 air-
craft models.>~5 The primary goal of these investi-
gations was to identify a shear layer control scheme
that provides lowest possible sound pressure levels
(SPL) in the cavity and a non-resonant cavity en-
vironment. Computational investigations were also
conducted by Atwood®” using a sting mounted Boe-
ing 747-SP aircraft wind tunnel model containing a
telescope mounted in a separate forward and aft lo-
cated cavity. A summary of the results from these
investigations is described by Machak et al.?

The presence of an open cavity in an aircraft pro-
duces flow unsteadiness, increased drag penalty, and
may alter aircraft stability and control. Further, the
oscillating unsteady shear layer on the open cavity
will affect the seeing ability of the telescope because
of the increased density fluctuations in the shear layer.
The impact of these effects and the effect of unsteady
loads and moments on the telescope are briefly dis-
cussed in Ref. 8. There is a continuing emphasis on
pursuing parallel experimental and computational ef-
forts to arrive at a final configuration for the cavity, its
aperture, and finally the telescope itself. The present
investigation is one such study in this direction to
evaluate the feasibility of using a Boeing 747-200 air-
craft as an alternate configuration for the SOFIA plat-
form. This computational investigation is the first one
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for the Boeing 747-200 as a platform but will com-
plement the investigations of Atwood®? and Klotz®
done with the Boeing 747-SP aircraft. The location
of the cavity, its proximity to the empennage surface,
and the difference in the geometries of the two air-
crafts will bring out similarities and/or differences of
the impact of cavity flow between the two airborne
platform concepts.

Numerical Method

The investigation of the aerodynamic issues per-
tinent to the SOFIA design has progressed along par-
allel paths using wind tunnel testing and computa-
tional simulations. The Computational Fluid Dy-
namic (CFD) simulations not only complement the
experimental program but will provide a database
that is hard to measure in a wind tunnel test. The nu-
merical method solves the Reynolds averaged Navier-
Stokes equations in thin layer form on an overset grid
framework using the flow solver OVERFLOW.? This
flow solver uses a central-differenced, implicit, diago-
nal algorithm!® with added second- and fourth-order
numerical dissipation terms. The numerical scheme
is second-order accurate in space and first-order ac-
curate in time.

The Navier-Stokes equations are solved in a com-
putational domain described by the generalized co-
ordinate system (&, 0, ¢, 7) where £ = {(z,y, 2, 1),
etc., and 7 = t. Here (z,y,2,t) is the inertial coor-
dinate system. The nondimensionalization of length,
velocity, density, pressure, etc., are done using a char-
acteristic length scale (unit length), free-steam sound
speed (aco ), free-stream density (poo ), and free-stream
pressure (poo). The flow on the entire configuration is
assumed to be fully turbulent at the Reynolds num-
ber of interest and an algebraic turbulence model!! is
used to estimate the eddy viscosity. A no-slip bound-
ary condition is specified at the wall with zero normal
pressure gradient along with an adiabatic wall con-
dition. To update the information exchange at the
overset grid interface, a trilinear interpolation of the
dependent variables is used. The computations are
performed on the NAS and Eagle Cray C-90 super-
computers.

The gridding of 45 overset grids of the SOFIA
platform is a tedious job. Initially, the surface grids
were reconstructed from CAD datal? using
GRIDGEN2D!3 and S3D'* CFD tools. In addition,
special tools developed at NASA Ames for construct-
ing collar grids and cap grids were also utilized. The
final clean configuration has 29 overset surface grids.
In addition, there are 4 plume grids for the engines
and 5 wake grids for the wings and the horizontal and
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vertical tail sections. The engine pylons were not in-
cluded in this configuration. The cavity and the tele-
scope assembly” is represented by another 7 grids for a
total of 45 grids. Figures 2 and 3 show the surface ge-
ometry and surface grid representation, respectively.
Once all surface grids (with overlaps) are constructed
to the accuracy needed, then structured volume grids
on these individual surfaces are carefully constructed.
Grids of O-0, C-0O, and H-H topology have been con-
structed using the Hypgen grid generator.'® There are
over 2.7 million grid points for the clean configuration
(without cavity and telescope) and over 4.1 million
grid points for the configuration with cavity and tele-
scope. Table 1 lists the overset grids used and their
corresponding dimensions. The maximum dimensions
along &, n, and ( directions are denoted by JMAX,
KMAX, and LM AX, respectively. The spacing of
the first grid point from the surface in these grids
varied from grid to grid and was between 2x1075C to
5x10~°C, where C is the characteristic length scale for
each surface, eg., it is the average diameter of fuselage
for fuselage grid, mean aerodynamic chord of wing for
the wing grid, etc.

Once the grids are in place, the next step is to cut
proper hole boundaries within the overset grids. This
is achieved by running the PEGSUS code.'617 This
is an iterative process and requires several iterations
of hole punching and grid generation to eliminate all
orphan points in the flowfield. Figure 4 shows one
view of the hole boundaries in the Chimera grids for
the clean aircraft generated by the PEGSUS code.
The hole cutting job is a necessary step in the solution
process as this hole boundary information is required
to run the flow solver.

Results and Discussion

Numerical results of two CFD simulations, one
corresponding to the full configuration free-flight (F-
F) condition and the other to the wind tunnel (W-T)
condition, are presented. Both these simulations are
performed for a free-stream Mach number of My, =
0.85, and an angle of attack at cruise of o = 2.5°. The
free-flight condition corresponds to cruise at 41,000 ft.
altitude with powered engines (power setting is done
via boundary condition procedure) and the appropri-
ate Reynolds number at this altitude for the full-scale
aircraft is Re = 1.55 million/ft. (The CFD simula-
tion for the 7% scale model uses a value of Re = 22.2
million/ft. for free-flight condition.) The geometry of
the aircraft for simulation at cruise is shown in Fig. 2.

The wind tunnel model used a slightly different
configuration from the free-flight case. The wind tun-
nel model has no engines and its wings are clipped
(for smaller aspect ratio) to accomodate the model in



the 14-Foot Wind Tunnel of NASA Ames Research
Center. Figure 5 shows a view of the wind tunnel
model with an aft located cavity and telescope. Fig-
ure 6 shows the surface grids of the cavity and the
telescope used in these simulations. The flow Mach
number and angle of attack are the same as the free-
flight conditions but the Reynolds number of the wind
tunnel test is 4 million/ft.

The location of the telescope cavity and its geom-
etry, including its nearly circular aperture, are same
for the two CFD simulations. The aperture has a
smooth aft ramp downstream of the cavity as shown
in Figs. 5 and 6. The telescope geometry, shown in
Fig. 6, is a simplified version of the actual telescope
used in the wind tunnel model shown in Fig. 5.

In obtaining the unsteady solutions, first steady
state solutions of the clean aircraft and the aircraft
with cavity are calculated. A variable time-step op-
tion was used to accelerate the convergence to steady
state. The solution was assumed to have reached
steady state after the Ly-Norm in all the grids has
dropped by about 3.5 - 4.0 orders of magnitude. Fig-
ures 7 and 8 show comparisons of surface pressure
coefficients (C},) on the wing and fuselage calculated
for free-flight cruise and scaled to wind tunnel condi-
tion with experiments.'® Although experimental con-
ditions did not match exactly with the conditions
of the CFD simulations, the comparisons shown in
Figs. 7 and 8, nevertheless, provide a guideline to
the trends and accuracy of the CFD simulations. For
example, the comparison of surface pressures on the
wing (Fig. 7) show that the data measured at M.,
= 0.86 and a = 3° has better agreement with CFD
results than the one measured at M., = 0.84 and
at the same angle of attack, suggesting that there
may have been some blockage effect in the wind tun-
nel data. Overall, the agreement with experiments
at Mo, = 0.86 is very good, including the location
and strength of shocks on the wing. The results in
Fig. 8 are compared with a different set of experimen-
tal data supplied by the Boeing Airplane Company!®
and therefore the experimental conditions are slightly
different. Also, the experimental data is measured on
a sting mounted model that did not have an empen-
nage. The comparison of the nose to tail surface pres-
sures on the fuselage at three representative azimuthal
locations along its length show good agreement with
experiments, at least over the region that excludes the
empennage surface.

Unsteady calculations were run starting from
steady solutions. These calculations were run with
a constant nondimensional time-step of 0.11, which
translates to 136 microseconds of real-time for F-F
condition and 9.5 microseconds for W-T condition.
The unsteady data was accumulated only after the
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initial transients were completely eliminated. A 1.5
second real-time data trace was accumulated for the
free-flight calculation and a 0.13 second real-time data
trace was accumulated for the wind tunnel calcula-
tion. A typical calculation like this took over 120
Cray-90 CPU hours that included the initial steady
solution.

Figure 9 shows a comparison of wind tunnel
simulation and experimental time-averaged surface
pressure coefficients (Cp) for the empennage surface.
Comparisons are presented for both portside horizon-
tal tail and vertical tail. The results show very good
agreement with experiments for some stations, and
small discrepancies for others. Nevertheless, it should
be noted that the results from experiments are time-
averaged over a 5 second real-time trace compared to
a small fraction of such a time trace for the computa-
tions. Despite this difference, the good agreement of
surface pressures is very impressive. Figure 10 shows
a snapshot picture of the unsteady surface pressures
(Cp) for the full aircraft at free-flight cruise condition.
The surface color map shows a variation of Cp accord-
ing to the noted color scale, with red indicating high
pressures and blue for low pressures. The cavity aft
bulkhead region is seen as a region of high pressure
followed by a small flow expansion region on the ramp
of the cavity aperture.

Figure 11 presents for the wind tunnel simulation,
the computed unsteady pressure history, (p(t)/poo),
and power spectral density (PSD) plots for two lo-
cations on the forward bulkhead surface identified in
the figure in Table 2. The spectra were computed
from a record containing 1923 data points and zero-
padded to 2048 points. The data points were stored
in the computations at regular 25 time-steps intervals.
Welch windowing function'? is applied to compute the
spectra. Although other windowing functions, such as
Hann, Parzen, and Bartlett, are available, Atwood®
has shown that Welch windowing is more appropriate
for the SOFTA cavity environment.

The results presented in Fig. 11 show that there
are some differences in the surface pressure histo-
ries, but their spectra is largely similar, particularly
in the frequency range between 400 Hz to 1400 Hz.
The spectra shows a rapid fall-off at high frequen-
cies due to inadequate resolution of high frequency
waves. At the low frequency end, the spectra is not
well resolved due mainly to the brevity of the length
of data trace accumulated in the simulation. Table 2
lists the energy contained in these spectra in the form
of sound pressure levels (SPL) calculated at specified
locations for both wind tunnel and free-flight condi-
tions. The experimental data is available for the lo-
cation 49 shown in this Table. The SPL at this point



from measurements is about 11 dB more than what
W-T CFD predictions show. Although it is hard to
pin the exact reason for this difference, it should be
noted that small differences in the geometry might
contribute to such differences. However, the CFD re-
sults at W-T conditions scaled to F-F show a fair com-
parison with F-F CFD results. Some locations show
much larger disagreement than others. It is impor-
tant to mention that the scaling laws used accounts
for the change in free-stream conditions and length
scale, but the difference in boundary layer behavior
is accounted for only through the Reynolds number
scaling, which may be inadequate.

Similarly, Fig. 12 presents the unsteady pressure
histories and PSD for the aft bulkhead surface loca-
tions shown in Table 3. The locations identified by
points 53 and 54 show almost identical behavior for
surface pressure histories and PSD. Although location
55 shows a slightly different surface pressure history,
its spectra (not shown here for clarity of the figure) is
similar to that of points 53 and 54. The spectra iden-
tifies several characteristic frequency that are impor-
tant for this cavity. The calculated SPL are listed in
Table 3 along with experimental value at locations 53
and 54. Although not in perfect agreement, the CFD
predictions show a better agreement with experiments
for this aft bulkhead surface than the comparisons of
the forward bulkhead surface SPL.

A comparison of PSD from the W-T CFD sim-
ulation and experiment are shown in Fig. 13 for the
bulkheads at the indicated locations. Two sets of ex-
perimental data are shown in Fig. 13 that were mea-
sured on two different but nearly identical configura-
tions. In all the cases where the spectra is compared
with experimentally determined spectra, the experi-
mental spectra are calculated from a five seconds long
data trace compared to a 0.13 seconds trace for the
CFD simulation. In spite of this disparity, the level of
spectra from the CFD simulation compares well with
experimental data in the 400 Hz to 1400 Hz range.
Below that range of frequency the CFD simulation is
affected by the brevity of the simulation time-trace
and above that range numerical disspation causes a
rapid fall-off of the spectrum, as mentioned before.
Even though the levels of spectra are below that of
experiment, the dominant frequencies (the peaks in
spectra) are well captured, particularly at 400 Hz and
1100 Hz, and are in agreement with experiment.

Figure 14 shows a plot of power spectra at a
point of interest on the cavity aperture at location
AP1 (see the figure in Table 5) calculated for full
configuration F-F condition and scaled to W-T con-
dition and compared with other data. As seen, the
present calculations for the Boeing 747-200 platform
are compared with CFD results for the Boeing 747-SP
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platform with and without the empennage and with
the experiments.?® Atwood® computed flowfields on
a sting-mounted 747-SP wind tunnel model of Rose
and Cooley?® that had cavities located forward. and
aft of the wing. Klotz,2! on the other hand, used the
747-SP platform with an empennage and also had the
aft-located (downstream of wing) cavity in his simula-
tions. The comparisons show that the spectra from all
the above CFD simulations at this point on the cavity
aperture have similar behaviors. The level of spectra
from the present simulations for the 747-200 is slightly
lower than for the 747-SP configuration and the ex-
periment of Rose and Cooley.?® This indicates that
the SPL at this location is lower for the 747-200 plat-
form compared to the 747-SP platform, even though
the cavity and aperture shape and size are identical.
The proximity of the cavity to the empennage surface
for the two configurations is different; the cavity is
much farther located from the empennage for the 747-
200 platform than the 747-SP platform. As before,
the CFD simulations show a much more rapid fall-off
of spectra compared to experiments. Table 4 presents
the calculated SPL for different locations on the aper-
ture surface. As observed for bulkheads, the sound
pressure levels calculated from W-T simulations and
scaled to F-F show consistently higher values com-
pared to the values determined from F-F simulations.

Figures 15-22 present the data for the telescope.
The unsteady pressure history computed for the W-T
case is presented in Fig. 15 for locations shown in Ta-
ble 5 on the primary mirror and telescope tub. The
pressures on the bottom of the telescope tub show
very little variation from each other in time compared
to the points on the primary mirror. This is because
the telescope tub is immersed in a region of recirculat-
ing, relatively low speed flow. The power spectra for
these same locations are presented in Figs. 16 and 17
along with the results from F-F simulations. As seen,
the spectra computed from F-F simulations show dis-
tinct dominant frequencies in the range of 400 Hz to
1400 Hz. The W-T simulations also show distinct
frequencies that are dominant, but they are not as
pronounced as seen from the F-F simulation in the
same frequency range, viz., the 400 Hz and 1200 Hz
seen in Figs. 16b and 17b.

A comparison of PSD from the W-T simulation
with experiment is shown in Fig. 18 for locations for
both the primary mirror and the telescope tub. As
noted before, the spectra determined from computa-
tions falls-off much faster than indicated by experi-
ments. The overall levels of CFD prediction are be-
low that of the experiment, but the dominant peaks in
the spectrum are well captured, particularly the ones
around 400 Hz and 1100 Hz. The sound pressure lev-
els for these two surfaces are tabulated in Table 5.



As seen in this Table, the SPL on the primary mir-
ror compare well with the CFD W-T values, but the
region of telescope tub shows the SPL’s to be under-
predicted, perhaps due to the simplified tub geometry
used in the computational simulations. Comparison
of W-T CFD results scaled to F-F with that from the
F-F CFD simulation shows generally a good agree-
ment for the primary mirror, but the bottom of the
tub shows at least a 10 dB difference at each point
for the two simulations.

Time histories of unsteady force coefficients on
the telescope are presented in Fig. 19 for W-T and
F-F simulations. The OVERFLOW code uses the
free-stream sound speed as the velocity scale. But
the force and moment coefficients use standard def-
inition of dynamic pressure, viz., 0.5pc0 %oo2, Where
Poo and uUe are the free stream density and veloc-
ity, respectively. The scaled (dimensional) values of
lift, drag, and side force on the telescope are tab-
ulated in Table 6. The lift, drag, and side force
on the telescope are components of force in the air-
craft frame of reference. As seen from the time his-
tories of force coefficients in Fig. 19 and the mag-
nitude of mean loads, the lift and drag values are
in good agreement from the two simulations. The
drag for telescope is negative, consistent with the
fact that the pressure on the aft bulkhead is higher
than the rest of the cavity pressure. The F-F calcu-
lations show a value for side force approximately half
of what is calculated from the W-T simulation. The
reason for this discrepancy is not clear at the present
time. Examination of unsteady force coeflicients in
Fig. 19 shows that the behavior of side force coeffi-
cient time-history trace is not consistent with those
of lift and drag traces. Also, inspection of computed
forces from Table 6 shows the mean values of lift and
drag forces to be in agreement for the two simula-
tions. The side force from the W-T simulation, on
the other hand, is about 2.5 times the value from the
F-F simulation. This difference in forces between the
two simulations has also produced differences in the
rolling and yawing moments.

The moment coefficients on the telescope about
the aircraft axis are presented in Fig. 20. The scaled
values of mean and root mean square (rms) values of
pitching (Pm-Air B), rolling (Rm-Air B), and yawing
(Ym-Air B) moments, about the telescope air bearing
are tabulated in Table 6. Also tabulated in this are
the moments about an axis system that is of interest
to the SOFIA Project Office. The scaled moments,
viz., moment about the telescope cross-elevation axis
(Tmom-CEle axis), moment about the telescope line-
of-sight axis (Tmom-LOS axis), and moment about
the telescope elevation axis (Tmom-Ele axis) are ref-
erenced with respect to the coordinate axes, which
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are parallel to the aircraft axes when the telescope is
at 90° elevation angle, 0° LOS, and 0° cross-elevation
and pass through the center of the telescope air bear-
ing (origin of telescope coordinate system) shown in
Fig. 21. The air bearing assembly, mounted forward
of the instrument in the aircraft, supports the tele-
scope. The air bearing assembly isolates the telescope
bay from the pressurized sections of the aircraft and
supports all loads on the telescope. The center of the
air bearing is located on the y = 0 symmetry plane,
10 in. forward of the forward bulkhead of the cavity
and 6 in. above the longitudinal axis of fuselage.

The mean and rms values of moments on the tele-
scope for both F-F and W-T conditions are presented
in Table 6. The W-T CFD values of loads and mo-
ments are scaled to the F-F condition to compare di-
rectly with F-F CFD simulation. Inspection of these
results reveals the mean values of moments from the
two simulations to be in agreement only in order-
of-magnitude. The two results differ in magnitude
by as much as a factor of 2. The telescope moment
about the cross-elevation axis (Tmom-CEle axis) from
the wind tunnel simulation scaled to F-F condition is
-699 + 145 ft-1b and the measured value of the same
quantity from the wind tunnel test?? scaled to
F-F condition is -378 £ 692 ft-lb. The magnitude
of this moment from the F-F simulation is -290 £ 534
ft-Ib. Considering that there are some differences
in the telescope geometry for the W-T experimental
model and the CFD simulations, the F-F result shows
good agreement with the measured value for this tele-
scope moment. The W-T simulation, on the other
hand, gives a value that is about twice the experimen-
tal and the F-F CFD results for the same telescope
moment. It appears that over prediction of telescope
side force from W-T simulation is directly produc-
ing the differences in the various moments calculated
from these forces. The brevity of the CFD time-trace
for the W-T simulation cannot be the reason for the
difference with the F-F simulation result as the length
of time-traces for the two simulations are nearly same
in the wind tunnel scale.

The power spectra of the telescope moment about
cross-elevation axis calculated from W-T simulation is
compared to wind tunnel experiment in Fig. 22. The
F-F CFD result of spectra, scaled to the W-T condi-
tion, is also presented in this plot. The comparison
shows that the two CFD results give nearly identi-
cal spectra. They both agree well with experimental
data in the frequency range of 300 Hz to 1200 Hz. The
peaks in the spectra are well captured by CFD simu-
lations and agree well with experiments, but the level
of the spectra in the CFD predictions is slightly un-
derpredicted. As mentioned before, the CFD results
are affected by the brevity of the simulation duration



and hence lack resolution in the low frequency end
of the spectra. At higher frequencies exceeding 1200
Hz, the CFD results have a steep fall-off due to in-
adequate resolution of high frequency waves by the
numerical scheme. Nevertheless, the dominant fre-
quencies shown in the experimental spectra are well
captured by both CFD simulations in the frequency
range of 300-1200 Hz although the level of spectra is
underpredicted.

Accurate determination of drag force from CFD
simulations is subjected to uncertainties in gridding,
turbulence model, and complexity of the geometry.
This is particularly true when one is using a large
number of overset grids. Until now there were no
CFD tools available to estimate drag in the regions of
grid overlap in overset grids. Chan and Buning?? have
recently developed a method to construct zipper grids
on the surface of the body in the regions of grid over-
laps in a multigrid system. In essence, the method
locates the overlap region and generates a composite
surface grid consisting of non-overlapping quadrilat-
erals and triangles.

Using this method, zipper grids were constructed
for all overlap regions in the present 45 overset grid
system. Figure 23 shows a composite view of the air-
craft with zipper grids constructed in the grid overlap
regions. These can be seen as color patches in several
overlap regions on the surface, for example at tips of
wings and the empennage, collar grids, cavity, etc.
Typical zipper grids are shown for the engine at the
junction of nacelle-fan and fan-core in Fig. 23. Us-
ing the information of new surfaces, force coefficients
are then determined. The calculated drag coefficients
are tabulated for different components of the aircraft
in Table 7. The drag coefficient has in it the pres-
sure and skin friction components. Drag coefficients
for clean aircraft and that with cavity are listed sepa-
rately. From these results, the incremental drag coef-
ficient due to the presence of the cavity for W-T sim-
ulation is 0.000063, whereas the incremental drag for
F-F simulation is 0.000255. It should be noted that
that the drag coefficient reported here uses 0.5p00u2,
for the dynamic pressure. The density and velocity
correspond to the local free-stream conditions.

Also listed in Table 7 is the-drag. coefficient for
the empennage only, which include the horizontal and
vertical tails and the supporting part of the fuselage
as shown in Fig. 9. The experimental determination
of drag coefficient has been done by two independent
methods.® The comparison of results from CFD sim-
ulation and experiment show very good agreement.
The incremental drag on the empennage due to the
cavity is 0.000056, which compares well with the re-
sult quoted above. The detailed determination of
drag for individual components of the aircraft from
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the CFD simulation is a valuable piece of information
and has been done here for the first time from CFD
analysis.

Conclusions

Unsteady flowfield and acoustic information have
been obtained by CFD simulation of the Boeing 747-
200 aircraft which is a candidate platform for the
SOFIA, which is a 2.5 meter aperture Cassegrain tele-
scope with a Nasmyth focus. The numerical method
solves the thin layer Navier-Stokes equations on an
overset grid system containing over 4.1 million grid
points. Calculations are done for both full configura-
tion free-flight condition at 41,000 ft. altitude with
powered engines as well as at wind tunnel conditions.
This computational investigation complements a par-
allel experimental investigation underway at NASA
Ames Research Center. Together, they aid in the un-
derstanding of the unsteady flow physics associated
with cavity flows and will eventually help in the de-
sign process of an acoustically quiet telescope cavity
with good seeing quality and mimimum impact on
aircraft stability.

Numerical results are presented for the wind tun-
nel simulation and compared with wind tunnel data.
In general, there is good agrement for time-averaged
surface pressures, sound pressure levels, power spec-
tra over a frequency range of 300-1200 Hz, loads on
the telescope, and empennage drag. The wind tunnel
CFD results are also scaled to free-flight cruise condi-
tions and compared with F-F CFD results. Although,
there is general agreement between the two results,
the sound pressure levels for W-T scaled results are
generally higher than the F-F results and the exper-
imental sound pressure levels are consistently higher
by about 4-8 dB from W-T CFD results.

The presence of an aft located cavity for telescope
does not seem to be detrimental to the control surface
effectiveness and the stability of the aircraft.
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Tablel: Overset grid system

Grid N JMAX x KMAX

no. ame x LMAX

1 Port side *
o | Fuselage { Starboard side | 131x63x61
3 " Port side

4 Wing { Starboard side 109 x 35 x 61
5 : : Port side

6 Wing tip cap { Starboard side 31x21x45
7 . Port side

8 Wingroot collar { Starboard side 137 x 21 x 31
9 : Port side

10 Wing wake { Starboard side 31 x71 x4
11 | Port side Inboard

12 | Engine nacelle { Qutboard 88 %17 x45
13 | Port side Inboard

14 | Engine fan { Outboard 15 %17 %31
15 | Port side Inboard

16 | Engine core { Outboard 15 x17 x31
17 | Port side Inboard

18 | Engine plume { Outboard 61x17x35
19 | Starboard side { Inboard

20 | Engine nacelle { Outboard 88 x 17 x 45
21 | Starboard side [ Inboard

22 | Engine fan { Outboard 15x17x ?1
23 | Starboard side | Inboard

24 | Engine core { Outboard 15 x 17 x 31
25 | Starboard side | Inboard

26 | Engine plume { Outboard 61x17x35
27 . : Port side

28 Horizontal tail { Starboard side 67 x 17 x 35
29 | Horizontal tail Port side

30 tipcap { Starboard side 21x31x43
31 | Horizontal tail Port side

32 root collar { Starboard side 57 x13 x4
33 | Horizontal tail Port side

34 wake { Starboard side 19 x 2131
35 | Vertical tail 61 x 18 x45

Vertical tail
36 tipcap 21 x21x45
37 Vertical tail 65 x 14 x 45
root collar )

3g | Verticaltal 1814 x 21
39 | Cavity aperture 52 x 175 x 37
40 | Cavity aft bulkhead 33 x125 x4
41 | Cavity forward bulkhead 31x125x 37
42 | Cavity inskin 41 x 111 x 37
43 | Shear layer 61 x 61 x91
44 | Telescope 73 x75x 37
45 | Secondary mirror 25x21x29

*Port side and starboard side grids have identical dimensions.
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Table 2: SPL on forward bulkhead surface

o~

[y
©

Wx o
hat?)}
)

21
o a9
33¢ x ‘6

459

o
o5 o

100 220 340 46@

o8
30 o
d 17
®
42 029
o

SPL at W-T condition SPL at F-F condition
W-T CFD F-F CFD
Location | CFD result | Experiment |resuit scaled result
to F-F
1 132.98 121.52 113.89
2 130.59 119.12 114.05
3 134.27 122.81 115.60
4 135.76 124.29 124.46
5 139.09 127.63 117.80
6 129.83 118.37 117.05
7 128.06 116.60 115.82
8 126.84 115.38 111.65
9 129.68 118.22 113.78
10 129.69 118.23 116.81
1" 130.59 119.12 112.78
12 131.86 120.39 112.62
13 129.28 117.81 109.65
14 130.73 119.27 111.22
15 130.32 118.85 112.19
16 130.48 119.01 114.38
17 133.43 121.97 119.24
18 129.96 118.50 118.41
19 128.14 116.68 115.43
20 126.24 114.80 112.49
21 127.73 116.27 117.31
22 126.41 114.95 114.52
23 127.58 116.12 112.95
24 129.02 117.55 113.06
25 128.69 117.23 108.94
26 129.97 118.51 108.96
27 128.20 116.74 113.18
28 127.94 116.48 116.36
29 130.94 119.48 115.63
30 130.05 118.59 115.42
31 128.82 117.36 116.93
32 127.21 115.756 115.36
33 127.96 116.50 113.66
34 126.89 115.43 117.24
35 128.12 116.66 113.93
36 129.57 118.10 111.38
37 134.22 122.76 123.24
38 129.69 118.23 111.81
39 130.99 119.54 112.78
40 134.76 123.30 113.98
Ly 132.39 120.93 113.87
42 131.13 119.67 113.90
43 128.46 116.99 113.39
44 130.23 118.77 115.89
45 127.80 116.34 112.13
46 131.80 120.34 117.43
47 127.84 116.38 115.08
48 129.30 117.84 113.54
49 128.04 139.39




Table 3: SPL on aft bulkhead surface

SPL at W-T condition SPL at F-F condition
W-T CFD F-F CFD
Location | CFD result | Experiment |result scaled result
to F-F
1 134.66 123.20 112.91
2 140.17 128.71 116.87
3 134.34 122.88 124.12
4 133.42 121.96 121.89
5 137.79 126.33 121.13
6 132.55 121.09 122.95
7 129.86 118.39 123.43
8 131.79 120.32 127.17
9 134.95 123.48 119.12
10 137.69 126.23 115.81
11 138.69 127.23 116.15
12 129.06 117.60 110.65
13 133.02 121.55 110.99
14 129.04 117.58 111.26
15 134.95 123.49 115.18
16 137.70 126.23 120.41
17 138.70 127.23 119.38
18 135.10 123.64 117.79
19 136.32 124.85 121.48
20 144.43 132.96 124.28
21 128.05 116.58 121.35
22 128.50 117.04 117.98
23 129.79 118.32 112.57
24 129.05 117.58 113.01
25 128.50 117.04 110.08
26 129.79 118.32 110.35
27 141.62 130.15 112.27
28 138.48 127.01 112.73
29 139.21 127.74 114.11
30 143.31 131.85 115.62
31 133.96 122.50 118.67
32 128.02 116.55 118.48
33 128.55 117.09 124.26
34 133.22 121.75 117.67
35 130.75 119.29 118.02
36 129.19 117.73 111.31
37 132.66 121.19 111.66
38 132.25 120.79 110.34
39 134.94 123.47 110.93
40 131.79 120.32 110.33
41 134.46 123.00 111.97
42 135.12 123.66 © 115.50
43 140.93 129.47 113.46
44 143.59 132.13 114.09
45 134.66 123.19 113.73
46 132.78 121.31 113.71
47 135.10 123.64 121.83
48 136.32 124.85 118.88
49 144.43 132.96 113.69
50 133.70 122.24 112,18
51 129.19 117.73 112.33
52 132.66 121.20 110.50
53 133.11 138.61
54 134.79 137.38
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Table 4: SPL on aperture surface

Direction of flight
“——

. SPL at F-F SPL at W-Tcondition
Locatlon condition scaled to F-F

1 109.9276 118.7972

2 108.3877 116.7992

3 114.9997 120.1128

4 137.8785 142.3908

5 135.7606 141.8152

6 125.5751 134.0716

7 121.8111 131.1366

8 125.0713 128.3320

9 122.9297 125.1205
10 120.9662 129.8767
1 121.3782 132.1963
12 121.8336 131.9763
13 127.1875 132.0928
14 131.3654 134.0126
15 130.8833 135.0146
16 130.9776 133.1084
17 133.9267 137.7588
18 131.1858 138.4326
19 122.7684 131.3456
20 109.7654 129.4281
21 111.3941 127.2274
22 106.5218 114.4526
23 107.5705 113.8963
24 104.4546 112.2690
25 104.3805 112.2320
26 115.0066 119.4801
27 128.3355 133.4393
28 122.6311 128.8815
29 116.3789 116.0737
30 112,8542 121.9772
31 113.8103 119.1613
32 109.6358 114.6214
33 107.8794 109.9093
34 121.8192 124.2691
35 117.0359 120.8275
36 107.9717 113.1449
37 102.4701 113.4056
38 095.9949 106.6243
39 097.0809 113.8330
40 102.6626 110.4983
41 106.0777 110.0702
42 111.2880 115.6195
43 107.8962 112.4716
44 108.4878 112.8802
45 110.6609 115.0954
46 112.1135 116.1066
47 1149250 119.6102
48 113.3975 116.2875
49 106.4596 114.9989
50 121.4133 128.4326
51 118.4583 128.6562
52 118.3532 123.3158
53 124.9123 129.6813
54 125.9247 128.3338
55 123.6237 128.4326
56 123.5605 125.7325
57 122.8858 126.8932
58 122.4498 128.4372
59 119.9573 126.6832
60 114.1938 121.8236
61 106.0902 121.7976




Table 5: SPL on telescope surface

Direction of flight 4 (top) / View is looking
< B4 (bgttom) down on telescope
primary mirror
TM1 (top)
TB1 (bottom)
® [ ] ®
T1 (top) T3 (top)
B1 (bottom) B3 (bottom),

B2 (bottom)
Aperture
g —\
/ APl
Forward Aft
Secondary
Bulkhead [ Mirror Bulkhead
Telescope
primary mirror
Tertiary mirror
a 194 20
18
5 21
6 17 22
23
B1 B3

SPL at W-T condition SPL at F-F condition
W-T CFD
Location| CFDresult | Experiment |result scaled F-F CFD
to F-F result
1 113.2862 114.2914
2 114.2390 114.4882
3 113.6758 114.3002
4 115.9236 112,0297
5 116.2265 113.7740
6 121.2730 114.2470
7 124.7855 110.2452
8 116.7548 111.3190
9 113.7010 117.5999
10 110.0789 112.8209
11 110.8614 111.9682
12 113.8498 108.2472
13 117.0872 109.7667
14 123.7555 112.0150
15 125.0933 113.3403
16 114.4449 114.8532
17 115.8335 115.9031
18 116.2809 115.0371
19 116.7689 117.4681
20 115.2234 115.1727
21 116.7408 115.6934
22 128.3664 114.4056
23 126.2504 113.5241
24 129.1852 111.8642
25 113.5956 123.9523
26 113.4152 118.3908
27 114.5594 . 126.5063
28 116.4477 116.1369
29 116.9713 115.8134
30 114.0912 116.8123
31 116.7548 112.8908
32 120.6173 116.4895
T 127.9 135.5
T2 137.7 135.0
T3 136.0 130.9
T4 131.5 134.8
B1 126.3 133.1
B2 127.1 133.2
B3 127.1 133.8
B4 126.5 133.3

Table 6: Telescope loads and moments

e F-F CFD simulstion
moments (ft-1b) simulation scaled to F-F
Lift 28.49 +17.24 21.41+6.43
Drag -45.74 + 12,94 -43.19 + 21.40
Side force 22.34 +16.53 54.28 + 38.39
Pm_AirB 459.4 + 457.7 571.2+234.5
Rm_AirB -201.8 +25.9 -463.9 £ 286.8
Ym__Air 8 764.5 + 456.3 1738 + 1089.4
Tmom__CEle axis -290.35 + 533.9 -698.6 + 144.8
Tmom__Los axis 843.1 +374.9 463.9 + 286.7
Tmom__Ele axis 201.8+25.9 679.1 £214.5

Table 7: Drag coefficient — computed and experiment

Component W-T case at F-F case
W-T conditions
Clean Aircraft Clean Aircraft
aircraft |with cavity | aircraft | with cavity
Fuselage
Portside 0.001525 | 0.001524 | 0.001015 | 0.001201
Starboard 0.001528 | 0.001529 | 0.001015 | 0.001020
Wing
Portside 0.001386 | 0.001385 | 0.001120 | 0.001115
Starboard 0.001391 | 0.001393 | 0.001119 | 0.001118
Engines
Portside 0.000481 | 0.000470
Starboard 0.000466 | 0.000465
Horizontal tail
Portside 0.000084 | 0.000081 | 0.000033 | 0.000036
Starboard 0.000085 | 0.000081 | 0.000031 | 0.000032
Vertical tail 0.000388 | 0.000385 | 0.000248 | 0.000225
Telescope and
secondary mirror | 0.000000 | -0.000010 | 0.000000 | -0.000006
Cavity (5 grids) 0.000000 | 0.000062 | 0.000000 | 0.000060
Total Cpy 0.006387 | 0.006450 | 0.005528 | 0.005783
Drag for empennage only for W-T model
CFD Results 0.002095 | 0.002151
Experimental
Value 0.001979 | 0.001968
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Fig. 1: Artist's concept of the SOFIA configuration.

Fig. 2: Surface geometry of the Boeing 747-200 aircraft with an open cavity used in this study.
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Fig. 4: A view of the hole boundaries in the Chimera grids of clean aircraft generated by the PEGSUS code.
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Fig. 5: Wind tunnel 1/7th scale model of the Boeing 747-200 aircraft showing the aft located cavity and telescope.
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Fig. 6: The details of cavity and telescope surface grids.

813



Present N-S results; M = 0.85, 0. = 2.5°
L] Boeing data ; M, = 0.86, 0. = 3°
A Boeing data ; M = 0.84, 0. = 3°

n=0.13 n =0.42

x/C x/C

Fig. 7: Steady surface pressure distributions on the wing compared to the experimental data.
M,, =0.85, 0.=2.5° and Re = 1.85 x 106. (x is along the chord and C is the local chord.)
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—— Present N-S calculations;
M_, =0.85, 0t = 2.5°

¢  Boeing data (stingmounted model);
M., = 0.85, 0. = 2.1°

A Boeing 747-SP nose data
(stingmounted model); M., = 0.85, 0. = 2.5°

Surface pressures on crown centerline
(leeside)

Crown centerline

T Constant water line

\

Windward centerline

®) 1 ] J

8
-8
Surface pressures along windward centerline
4 of fuselage

(© ! | |
0 1000 2000 3000
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Fig. 8: Steady surface pressure distributions on the fuselage compared to the experimental data.
M,, = 0.85, 0= 2.5%, and Re = 1.85 x 100.
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Fig.9: Comparison of computed and experimental time-averaged surface pressure coefficients on the empennage
surfaces at the locations shown.
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Fig. 10: Instantaneous surface pressure distribution (Cp) at free-flight condition for full configuration
aircraft with cavity.
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Fig. 11: Unsteady surface pressure histories and PSD computed at wind tunnel conditions for locations
shown on forward bulkhead.

817



p/p,,

PSD (dB)

Aft bulkhead — W-T case
At focation 53

——— atlocation 54
— .— at location 55

104

1.002 120 -
1.000
998 |- &} 100
996 3
o 80
994 |~ & o
992
60
.990
88 L . . n . . a0. L®) | | .
0 .02 .04 .06 .08 10 101 102 103
Real time (secs) Frequency (Hz)

Fig. 12: Unsteady surface pressure histories and PSD computed at wind tunnel condition for locations
shown on aft bulkhead.
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Fig. 13: Comparison of PSD from wind tunnel simulation on bulkhead surface with experimental data.
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PP,

Surface location at API

—— B747-200 with empennage (present study)

------ B747-SP with empennage (Klotz)

— — B747-SP without empennage (Atwood)

----- & B747-SP forward cavity experiment
(Rose and Cooley)
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Fig. 14: Power spectra on cavity aperture at location AP1 calculated at free-flight condition for full configuration and
scaled to wind tunnel condition and compared with other data.
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Fig. 15: Unsteady surface pressure histories on the telescope primary mirror and tub at the locations shown.

819



PSD (dB)

Telescope primary mirror

F-F CFD

0 1 1 1 I 1 |
100 101 102 103 100 101 102 103
Frequency (Hz) Frequency (Hz)

Fig. 16: Power Spectra at specified locations on telescope primary mirror from CFD simulations.
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Fig. 17: Power spectra at specified locations on the telescope tub from CFD simulations.
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Fig. 18: Comparison of computed PSD at different locations on the telescope primary mirror and tub with experiment.
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Fig. 19: Time histories of telescope force coefficients from CFD simulations.
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Fig. 20: Time histories of telescope moment coefficients from CFD simulations.
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Fig. 21: Telescope coordinate system (fixed to telescope
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Fig. 22:

Comparison of computed and experimental
telescope moment about cross-elevation axis at
wind tunnel condition.

Fig. 23: Location and topology of zipper grids in the overset grid regions for aircraft with cavity.
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