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Acoustics and Unsteady Flow of Telescope Cavity in an Airplane

G. R. Srinivasan®
NASA Ames Research Center, Moffett Field, California 94035-1000

The Stratospheric Observatory for Infrared Astronomy consists of a 2.5-m aperture Cassegrain telescope housed
in an open cavity onboard a Boeing 747-SP aircraft cruising at around 13 km altitude. The open cavity of this
airborne observatory presents many aerodynamic and aeroacoustic challenges that are being resolved for its design
using results from computational and experimental investigations. Results are reported from one such Navier-
Stokes computationalfluid dyanamics (CFD) investigationon an overset grid system at wind-tunnel and cruise flight
conditions. Numerical results of sound pressure levels, spectra of unsteady pressures on the telescope and bulkheads,
spectra of telescope moments, and time-averaged surface pressures on the empennage show fair comparisons with
experiments. An acoustic tone at 440 Hz has been identified for this cavity from CFD calculations at wind-tunnel
conditions, and this acoustic tone is in agreement with experimental observation. The good agreement of scaled
wind-tunnel results with computationalresults at cruise conditions indicates the scaling relations used are accurate.
The open cavity produces a drag increase of less than 2% of the aircraft drag and is found to have negligible effect

on the aircraft controls in cruise flight.

Nomenclature
A = telescope axial force
ds = freestream sound speed
c, = pressure coefficient, (P — Pw )/ Go
Dt = nondimensional time step, dtd., / |
dt = physical time step
Son = Rossiter frequency
h. = cavity depth
k, = constant, see Eq. (2)
L = length of aircraft
) = characteristiclength scale
L, = cavity aperture length in x direction
M = Mach number
N = telescope normal force
PM, RM, YM = telescope moments (pitch, roll, and yaw), see
Fig. 10
D = fluid pressure
Poo = freestream static pressure
o = freestream dynamic pressure, 0.5p, U2
Re = Reynolds number
S = wing planform area
SF = telescope side force
Sr = Strouhal number, f,,(l./U)
U = freestream velocity
X,y,2,t = physical space coordinates
X7, Y15 2T = telescope based coordinate system, see Fig. 10
o = angle of attack, deg
a, = constant, see Eq. (2)
y = ratio of specific heats for air
S = boundary-layerthickness
P = fluid density
Subscripts
c = cavity
T = telescope
e = freestream
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Introduction

HE Stratospheric Observatory for Infrared Astronomy

(SOFIA) consists of a 2.5-m aperture Cassegrain telescope
with a Nasmyth focus and is housed in an open cavity in the
Boeing 747-SP aircraft. This airborne observatory will fly in the
Earth’s stratosphere between altitudes of 12.5 and 14.1 km for in-
frared viewing of celestial objects in the universe. At this altitude,
in the clear, dry environment on the edge of space, SOFIA will en-
able researchers to study radiant heat patterns from stars, planets,
and other celestial sources. SOFIA is a follow-on mission to the
NASA'’s Kuiper Airborne Observatory (KAO) that was decommis-
sioned in 1995. When it becomes operational, SOFIA will possess
capabilities significantly greater than the KAO and offer advantages
over other Earth- and space-basedinstruments. SOFIA is ajoint pro-
gram between NASA and the German Aerospace Research Center,
DLR. Figure 1 shows SOFIA in flight.

In the last few years many experimental' > and computational
investigations*~'2 have been performed to understand and resolve
design problems associated with the open cavity environmentof the
SOFIA. These issues include reducing shear-layer oscillations and
accompaniedcavity noise, reducing dynamic loads on the telescope
for providing better pointing accuracy, minimizing the drag increase
of the open cavity to maximize time of the mission, and, finally,
reducingthe impactofthe opentelescopebay on the control surfaces
for preserving the stability of the aircraft.

There have been many experimental and computational investi-
gations in the literature on the cavity flow problem.'>~3° Many of
the fluid flow and acoustic issues of these investigationsare similar
to the presentproblem. The results of these studies, however, are not
directly useful to the present configuration. Even the large body of
experimental data available from the earlier developmental research
on KAO?%3 is not directly useful to the SOFIA developmental pro-
gram because of differences in aircraft platform, cavity location,
aperture size and shape, telescope configuration, and cruise flight
conditions.

The SOFIA design has thus far progressed utilizing results from
both wind-tunnel experiments and computational fluid dynamics
(CFD) simulations on a 7% scale model. Different aircraft plat-
forms (Boeing 747-SP and 747-200), cavity aperture shapes, tele-
scopes, and many shear-layer control devices have been considered
in these investigations. Just like in KAO development, the cavity
location started out on the forward section of the fuselage behind
the cockpit, but was later moved to a more favorable downstream
location behind the wings with the aperture on the port side of the
aircraft. Both forward and aft located cavity configurations were the
subjectof the first Navier-Stokes investigationsby Atwood*%7 and
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Fig. 1 SOFIA in cruise flight.

Atwood and Van Dalsem.’ The CFD geometry used in these inves-
tigations was a sting-mounted 7% wind-tunnel (WT) scale model of
the Boeing 747-SP aircraft withoutempennage. The cavity had a cir-
cular aperture with a tub-type telescope mounted in it. Subsequent
computationalinvestigationsby Klotz® and Srinivasan® ' used sim-
ilar scale models of the Boeing 747-SP and 747-200aircraft, respec-
tively, butincluded a complete empennage.Some of the results from
these earlier investigations are presented elsewhere.!0~!?

The results from CFD simulations not only complement the ex-
perimental database, but will also provide detailed flowfield infor-
mation that is difficult to measure in a WT test. The present CFD
investigation is one such study designed to evaluate the influence
of cavity aperture and telescope shape on cavity acoustics and un-
steady flow in the cavity and on the aircraftat WT and cruise flight
conditions. In particular, the suitability of a D-shaped cavity aper-
ture, a split (fixed and moveable) aft ramp at the downstream end of
the cavity aperture for shear-layer control, and a truss telescope are
evaluated using the Boeing 747-SP aircraft platform by comparing
CFD results of cavity acousticsand unsteady flow with experimental
data. Comparison of CFD results at flight conditions with experi-
mental data and CFD results at WT conditions will determine the
suitability of the scaling laws currently being used.

Numerical Procedure

The numerical method solves the Reynolds-averaged Navier-
Stokes equationson an overset grid framework using the flow solver
OVERFLOW.?! This flow solver uses a central-difference,implicit,
diagonal algorithm®? with added second- and fourth-order numeri-
cal dissipation. The numerical scheme is second-order accurate in
space and first-order accurate in time. For turbulent viscous flows,
the nondimensional viscosity coefficient 1 is computed as a sum
of u; + u,, where the laminar viscosity y, is determined using
Sutherland’s law and the turbulent viscosity u, is calculated us-
ing the Baldwin-Lomax algebraic eddy viscosity model.** In the
present computations the boundary layer in the cavity and on the
entire aircraftis assumed to be fully turbulent. The eddy viscosityin
the shear layer over the cavity is computed as outlined by Buning®!
using a shear-layer model.

The boundary conditions are applied explicitly in the computa-
tions. A no-slip boundary condition is specified at the wall with
zero normal pressure gradient along with an adiabatic wall condi-
tion. Characteristicboundary conditionsare specified at the far-field
boundary. To update the information exchange at the overset grid in-
terface, a trilinear interpolation of the dependent variables is used.
The computations have been performed on the Numerical Aero-
dynamic Simulation (NAS) and Aeronautics Consolidated Super-
computer Facility (ACSF) Cray C-90 supercomputersat the NASA
Ames Research Center. The flow solver costis 6.7 us/iteration/grid
point on these supercomputers for the algorithm options described.

The grid generation process involves two steps. First, the surface
grid definitions are downloaded from CAD definitions and con-
verted into NASA initial graphics exchange specification (IGES)

format. This information is then used in the GRIDGEN code* an
interactive surface grid generation program, to construct surface
grids. Second, volume grids containing O-O, C-O, and H-H topol-
ogy are generated from the surface descriptions using HYPGEN
code,”® a hyperbolic grid generator. For the 7% WT model of the
Boeing 747-SP aircraft, all 22 aircraft grids were ported from ear-
lierinvestigations?® The 19 cavity grids were generated by Klotz.
Figure 2 shows a view of surface grids and sample volume grids for
the wing, horizontal tail, and fuselage. The truss telescope geome-
try was simplified in the CFD model by neglecting cross members
connecting the telescope base (containing primary and tertiary mir-
rors) to the truss yoke and truss spyderyoke. The secondary mirror,
connected to the spyderyoke by cross-member elements, was also
neglected. Thus, a three-parttruss telescope grid was constructedus-
ing the aforementionedgrid generationtools. Figure 3 shows a view
of the cavity surface grids and the truss telescope base. As shown,
the cavity is isolated from the pressurized aircraft main cabin by the
forward and aft bulkheads. The CFD geometry of the aircraft with
cavity and telescopeassembly has a total of 44 overset grids contain-
ing about 5.3 X 10° grid points for the entire flowfield domain. The
grid clustering near the wall and the spacing of the first grid point

Fig. 2 View of the surface and volume grids used in the SOFIA geom-
etry.
D-shaped aperture

== Flight direction Aft bulkhead

X \
Cavity wall

Forward bulkhead Truss telescope base
(contains primary and

tertiary mirrors)

Fig. 3 Surface grids of cavity walls and telescope base containing pri-
mary and tertiary mirrors.
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from the solid surface is important for resolving the boundary layer.
In the present grids, the spacing of the first grid pointis different for
each grid and variesin the range from2 X 1073/ to 5 X 1073/, where
[ is the characteristic length of each grid surface. This spacing of
first grid point from the surface translates to y* values of between
1.0 and 2.2 in different grids.

The intergrid boundaries of the Chimera overset grids are gener-
ated by running the PEGSUS code >”-3® Creating proper hole shape
and interface boundaries s an iterative process and requires several
attempts of hole cutting and (surface and volume) grid generation
until all grid points in the computational domain are properly inter-
polated. Although tedious, the Chimera hole cutting is a necessary
step in the overall solution process of this complex geometry con-
taining many overset grids.

Discussion of Results

Numerical results of unsteady flow and acoustics are presented
for a 7% WT scale model at WT and flight conditions of a
freestream Mach number of M,, =0.85 and aircraftangle of attack
o =2.5deg. The correspondingReynoldsnumbers are, respectively,
Re =13.1 X 10°/m and 72.8 X 10°/m. The CFD geometry of the
aircraftand cavity was exactly reproduced from the WT scale model
butthe telescope was simplified. The CFD calculationsused free-air
boundaries and did not model WT walls.

In the present configuration of SOFIA, the D-shaped cavity aper-
ture is located 5.08 cm inside the fuselage moldline. The cav-
ity length in the flow direction is /. =18.9 cm, and its depth is
h.=15.75 cm. The cavity, thus, has a length to depth ratio of
./ h. =1.2 measured at its aperture and is nearly 0.9 measured from
the fuselage moldline. The aperture has a split (fixed and moveable)
ramp at the downstream end of the cavity for shear-layer control. A
barrel door will enable the cavity aperture to be completely closed
during takeoffand landing of the aircraft. Located inside the cavity is
atruss telescope. The telescope base houses the primary and tertiary
mirrors. The cavity and the telescope assembly contains 22 overset
grids consisting of 3.2 X 10° grid points; the aircraft platform has
22 grids consisting of an additional 2.1 X 10° grid points.

In the calculationprocedure,a pseudosteadysolutionis generated
first and the unsteady calculationis initiated from this. The unsteady
solution is advanced in a time-accurate fashion using a constant,
nondimensionaltime step of D¢ =0.12. This time step translatesto
adimensionaldt =9 us of real WT time and 128 s in cruise flight.
This value of dt used in the computations is the stability-limited
time step size of the numerical code. The cavity grids, including the
shear-layergrid, used amuch smallertime step of d¢/ 3. This reduced
time step corresponds to a Courant-Friedrichs-Lewy (CFL) num-
ber of about 1 in the streamwise direction within the shear layer and
a CFL ;. = 500. Unsteady flowfield solution and telescope loads
data were collected for a total duration of 0.16 and 2.37 s real time,
respectively, in WT and cruise flight CFD simulations. This time
corresponds to advancing the unsteady solution by 18,500 time
steps with constant d¢. By comparison, a typical continuous data
trace of a WT experiment, to which the CFD results are compared,
is approximately 5 s long. Computationally, each CFD solution re-
quired about 300 Cray C-90 h, including the initial pseudosteady
calculation.

Time-averaged surface pressure coefficients C, were calculated
for the vertical and horizontal tails from the unsteady flowfield data.
Figure 4 shows a comparison of CFD results with experimental data
for the vertical tail at two representative cross sections JJ and KK.
The agreementof the two resultsis good, even though the total dura-
tion of the CFD unsteady data is only %Oth of the experimental data
trace. The C, along the midchord of the port and starboard sides of
the vertical tail show some discrepancy with experiments in the tail
root region (z/ L <0.15) and around the maximum thickness point.
A similar discrepancy was also observed in previous computations
for the vertical tail.'® Inspection of flow on the vertical tail indi-
cated the flow to be completely attached for most parts exceptin the
trailing-edgeregion on the port side of tail root where the flow ap-
pears very unsteady.Figure 5 presentssimilar time-averagedsurface
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Fig. 4 Comparison of computed and experimental time-averaged sur-
face pressure coefficients on vertical tail at WT condition of M = 0.85,
« =2.5deg, and Re = 13.1 X 10°/m.

pressure comparisons for the port side horizontal tail along its lead-
ing edge and midchord. The CFD results show a good agreement
with experiments for the leading edge. The C,, distribution along
the midchord shows good agreement with experimentsfor the lower
surface and a fair agreement for the upper surface. Comparison of
CFD C, distributions for the port and starboard sides of the hori-
zontal tail show very small differencesin the two distributions.The
comparison of C, distributionsand the comparison of surface par-
ticle traces (not shown here) indicate that the open cavity does not
have any major impact on the empennage flow, and, in particular,
the effectiveness of control surfaces and the stability of the aircraft
are essentially undisturbed.

The flowfield near the cavity and its immediate vicinity shows
that these regions are tremendously influenced by the open cavity
environment*#° Figure 6 shows the instantaneous surface particle
flow visualizationsin these regions viewed by two different meth-
ods. Figure 6a shows a plot of velocity vectors on a plane one grid
point above the solid surface. This plot, similar to an experimental
tufts survey, clearly identifies regions of flow separation and flow
singularities in the aperture area within the recessed hole and on
the aft ramp part of the cavity aperture. These topological features
of the flow are more clearly identified in the surface particle flow
picture of Fig. 6b. The view clearly identifies the existence of three
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Fig. 5 Comparison of computed and experimental time-averaged sur-
face pressure coefficients on horizontal tail at WT condition.

Fig. 6 Views of computed a) surface velocity vectors and b) surface
particle flow in the vicinity of cavity aperture and aft ramp region at
one grid point away from the surface at WT condition.

counter-rotating vortical flow structures in the aft ramp region of
the cavity aperture.

The surface particle flow of Fig. 6b is a textured map*!' created
using the line integral convolutionalgorithm*? by releasing massless
particles at a given instant from several locations on a plane of
a grid one grid point away from the surface and then following
the particle paths determined by the unsteady velocity field. Such
data sets released at a series of consecutive time steps are used to
create streak lines. This postprocessor software toolkit has been
used successfully before to explain the physics of separation and
vortex breakdownon an oscillatingdeltawing.** As seen, the present
recessed D-shaped cavity is apparently producing a more complex
separated flow pattern compared to the circular aperture cavity of
the previous investigations®~'2 The large extent of flow separation
seen on the moveable part of the aft ramp of the present aperture
configuration appearsto recover quickly by reattachingdownstream
on the fixed part of the aft ramp. This reattachmentof the flow is also
reflected in the behavior of surface pressure that becomes uniform
downstream of the ramp.

One of the important parameters contributing to the problem of
cavity resonance is the nature and thickness of the boundary layer
immediately upstream of it. To understand if the present CFD grids
are resolving the boundary layer on the aircraftadequately, separate
steady calculations were run on a 7% scale model of the Boeing
747-200 aircraft platform. Both WT and flight test data are avail-
able for this platform (as the Space Shuttle carrier) to compare with
CFD results. The flight test data were measured at a slightly lower
freestream Mach number (M, =0.6) than the present cruise flight
Machnumber(Mo, =0.85). Tocompensate for the lower freestream
Mach number the data were measured at a lower altitude (10.7 km)
than the present cruise altitude (13.1 km) where CFD simulations
are run. Note that the forward sections of the Boeing 747-SP and
747-200 aircraft fuselages are nearly identical and that the 747-200
aircraft has a stretched fuselage. The small differences in the em-
pennage geometries are assumed to be unimportant from the point
of boundary-layer growth on the fuselage. Both 747-SP and 747-
200 aircraft CFD models used grids similar in dimension and clus-
tering at the body surface. Comparisons of CFD and experimen-
tal boundary-layer profiles and boundary-layer growth at WT and
flight conditions show reasonably good agreement with each other,
as shownin Fig. 7. This suggests adequate resolution and clustering
of CFD grids at the surface.

A list of sound pressure levels (SPL) determined from CFD and
experimentat the locationsof experimentalpressure tranceducerson
the telescope primary mirror and bulkheads is presented in Table 1.
The physical intensity of an acoustic wave is measured on a decibel
scale by the SPL as follows:

SPL = 20108, Prms/ Pret) Y

where p,, is the root mean square of the fluctuating pressure and
Drer 18 the reference pressure that correspondsto the weakest audible
sound (or threshold of hearing at 1 kHz) for an average person. A
value of prr =2 X 107 N/m? is assumed in this study.

Experimental results of SPL are determined from 5-s-long
pressure-time traces, whereas the CFD SPL are determined from
pressure-time traces that are substantially brief, namely, 0.16 s for
the WT simulation and 2.3 s for the cruise flight simulation. In
contrast to the nearly continuous sampling of experimental data,
the CFD data is saved at every 25 time steps in the WT simulation
runs and at every 5 time steps in the flight simulation runs. The
flight simulation data have, therefore, five times the sampling data
points available for determining SPL and spectra compared to WT
simulation data.

The SPL calculated at F1 on the forward bulkhead from both WT
and flight CFD results has a fair comparison to the experimentally
determinedvalue. Likewise, the CFD resultof SPL at location A1 on
aft bulkhead also has a fair comparison with experimental value, but
the CFD result at A2 shows a 5.5-dB higher value than the experi-
mental value. Because SPL has been calculated from CFD solutions
at all surface grid points on the bulkheads, inspection of these re-
sults reveals the location A2 on the aft bulkhead and its immediate
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Fig. 7 Computed and measured a) boundary-layer profile at x/L =
0.58 and boundary-layer thickness along the SOFIA platform (Boeing
747-200 aircraft), b) at WT, and c¢) at flight conditions.

surroundingsto have higher SPL values of 1-6 dB compared to the
rest of the aft bulkhead surface. Visualization of Mach number and
pressure contours from the CFD solution in this region shows the
existence of highly unsteady flow accompanied by high-pressure
zones. These regions are also found to be associated with higher
fluctuating pressures due to the flow ingestion into the cavity from
the bull-nose region of the aperture. In contrast, the forward bulk-
head shows relatively uniform pressure and has no high-pressure
regions on its surface.

The SPL determined for the locations on upper and lower surface
of the telescope primary mirror show the scaled flight CFD results
to WT conditions to be in general agreement with experimentally
determined values. The differences seen between the two are of the
same order as the uncertainties found in the experimental data. In
contrast, the SPL determined from the CFD WT simulation run are
consistently higher than the experimental values, perhaps due to
fewer sampling points available from the shorter data trace for this
simulation. Simple numerical experiments done to calculate SPL
have shown that errors of the order of 2-4 dB are introducedin SPL
due to the brevity of the unsteady data trace and the smaller number
of sampling points used in determining SPL. The discrepancy in
results determined from the CFD solutions with experiments may
have also occurredbecauseof 1) the use of a simplified geometry for
the telescope, 2) the treatment of WT walls as free-air boundariesin
CFD simulation, and 3) how often the unsteady data are collected
during the computational simulation.

Table1 Computed and experimental SPL on the telescope and
bulkheads at pressure tap locations (T = top and B = bottom) shown

WT CFD result, Flight CFD result scaled Experiment,

Location dB to WT condition, dB dB

Tl 141.3 137.7 138.5
T2 140.7 136.1 136.1
T3 142.1 136.8 136.7
T4 139.4 138.2 136.4
T5 142.0 138.9 136.8
T6 137.9 139.5 137.3
T7 142.4 138.4 137.0
T8 140.3 134.9 138.3
Bl 140.0 138.1 137.1
B2 139.4 139.6 137.9
B3 137.9 138.8 136.2
B4 140.3 138.9 136.1
B5 140.1 140.3 136.3
B6 140.7 139.9 136.0
B7 139.3 139.2 136.4
B8 140.2 140.9 136.2
Al 138.5 136.2 135.8
A2 142.5 142.1 136.8
F1 136.9 137.3 137.8

Direction of flight
-

View is looking
down on telescope

View is looking straight at
bulkhead surfaces

A2

® A1

[ J
Aft Bulkhead

Forward Bulkhead
Supporting illustration to Table 1.

Spectra of SPL from unsteady surface pressures have been calcu-
lated at selected locations for the empennage, the telescope, cavity
aperture,and bulkheads. The spectrafor the WT CFD calculationare
computed from a record containing 740 data points and zero padded
to 1024 points. The flight calculation has a longerrecord consisting
of 3700 data points and zero padded to 4096 points. The Welch
windowing function** has been used in computing the spectra. For
consistency, both experimental and CFD data were analyzed using
the same spectral algorithm and windowing function. The spectra
calculated for the locations F1 and A1 on the forward and aft bulk-
heads are presented in Fig. 8 along with experimental spectra. The
flight CFD results shown have been scaled to WT conditions. Com-
parison of CFD and experimental spectra show the CFD resultto be
in fair agreement with experimental spectra only in the frequency
range of 100-1500 Hz. The CFD spectra are poorly resolved in the
low-frequencyrange mainly due to the brevity of the unsteady CFD
data traces. However, at frequencies beyond 1500 Hz, the spectra
show a rapid falloff due to artificial dissipationinherentin the CFD
solution method. Note, however, that the contribution of acoustic
energy at these higher frequencies amounts to a very small fraction
of the total acoustic energy.

Figure 9 shows spectra of SPL at two pressure port locations
T5 and BS on the telescope primary mirror. The location TS is
vertically above the location B5, which is on the lower side of the
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Fig. 8 Comparison of computed and experimental spectra of SPL at
a) F1 on the forward bulkhead and b) A1 on the aft bulkhead at WT
condition.
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Fig. 9 Comparison of computed and experimental spectra of SPL at

a) T5 on top and b) B5 on bottom of the telescope primary mirror at
WT condition.

telescope primary mirror. The spectra of SPLs determined from
the flight CFD results and scaled to WT conditions are presented
and compared to the experimental spectra. From the sound pressure
levelspresentedin Table 1, the CFD value of SPL atthelocationB5 is
about 1.5 dB higherthanat T5, butbothlocationsshow highervalues
of SPL than the correspondingexperimental values. The SPL at T5
is only 0.5 dB higher than at BS in the experiments. Simplification
of the telescope geometry in the CFD model by the omission of the

telescope base plate may have contributedto a highernoise level of
the spectral record at BS in the CFD result of Fig. 9, and this has
resulted in producing a 4-dB higher SPL for this location. Unlike
the spectra on bulkheads shown in Fig. 8, the CFD spectra on the
telescope base show a fair agreement to the experimental spectra
only in the frequency range of 200-1200 Hz. The level of CFD
spectra is lower than experimental spectra and also appears to fall
off rapidly with an increase in frequency as before; however, its
frequency content seems to match with the experimental spectra to
about 1200 Hz. For the reasons cited before, the CFD spectra have
poor resolution at lower and higher frequencies. From the spectra
presentedin Figs. 8 and 9, two distinctfrequenciesof 440 and 730 Hz
stand out to characterize the noise sources for this aperture and
cavity configuration. The experimental data also show the existence
of noise sources at these same frequencies. These acoustic tones
correspond to 26 and 43 Hz, respectively, for the full configuration
cruise flight.

The generally accepted method for predicting the frequencies
of dominant acoustic modes in a cavity makes use of the Rossiter
formula.?’ This formula, modified by Heller et al.,?! is given by

Uy m — o,

fm =
I Mw\/1 + [(y = 1)/2]M2 + 1/k,

2

where f,, is the frequency of a given lengthwise acoustic mode, [,
is the cavity length in the streamwise direction, m is the longitudi-
nal mode number, and y is the ratio of specific heats for air. The
constants in Eq. (2), . and k,, have been determined from experi-
mental data correlation for cavities by Rossiter.?’ The constant ¢, is
a function of the ratio of cavity length to its depth and is related to
the phase between instabilities in the shear layer and the upstream
traveling pressure waves; k, depends on the freestream Mach num-
ber and denotes the vortex convection speed as a fraction of the
freestream velocity. The particular values of these constants chosen
in this study are . =0.25 and k, =0.57 following Heller et al.?!
Using the values of U, =250.81 m/s, [, =2.7 m, and M, =0.85
for the presentcruise flight calculationand with the quotedempirical
constants, the modified Rossiter frequency equation reduces to

fu =34.873(m — 0.25) 3)

The frequencies determined from Eq. (3) for cruise flight condition
for the first three acoustic modes corresponding to m = 1, 2, and
3 are 26.1, 61.0, and 95.9 Hz, respectively. The corresponding fre-
quencies at WT conditions are 444.6, 1037.5, and 1630.3 Hz. The
frequency predicted by this formula for the first acoustic tone at
444 Hz is in agreement with the WT CFD and experimental results.
The corresponding Strouhal number for this first mode is 0.281.
Inspection of flow within the cavity reveals the flow to be highly
unsteady and of very low speed. The flow Mach number is in the
range M <0.1 in most of the cavity. There are, however, several
spots of high-pressure regions in the vicinity of the aft bulkhead
and primary mirror surfaces. Visualization of particle streaks in the
cavity, generated using a software toolkit called UFAT,* shows a
strong circulatory flow in the cavity.** The sequence of unsteady
events shows the fluid to be entering the cavity near the forward
bulkhead and in the region of the aft ramp bull nose. This fluid gets
mixed into the circulatory flow in the cavity. The general circulatory
pattern is that the fluid particles appear to be moving away from the
aft bulkhead area toward the forward bulkhead passing through the
truss telescope. In the process, many of these fluid particlesappearto
group together to form clusters of vortical elements. These clusters
of vortical fluid elements rise toward the cavity aperture and mix
with the shear-layerfluid as the pressure inside the cavity increases.
As the pressure in the cavity continues to increase, some of this
rotating fluid exits from the cavity, and the rest of the fluid ingests
into the cavity. This pattern of events of unsteady mass ingestion
into the cavity and its subsequentexpulsionoutof the cavity repeats.
The exchange of fluid from the shear layer outside the cavity with
the fluid within the cavity is accompanied by periodic shear-layer
impingement on the downstream ramp. This sequence of events is
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Fig. 10 Telescope coordinate system fixed to the reference frame that
moves with the telescope as it rotates.

Flight CFD result
——— WT CFD result scaled to flight condition
----- —+---- Experimental data scaled to flight condition
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Fig. 11 Comparison of computed and experimental spectra of tele-
scope cross-elevation moments at cruise flight condition: M = 0.85,
« =2.5 deg, and Re = 72.8 X 10°/m.

clearly apparent from visualization of a movie of particle streaks
entering and leaving the cavity.

The unsteady flow in the cavity will produce fluctuating airloads
on the telescope and, thus, disturb its pointing accuracy. Therefore,
itis importantto predict dynamic loads encounteredin-flight by the
telescope for a proper design of its torque motors. The unsteady
forces and moments are first calculated with respect to the aircraft
coordinatesin the present CFD procedureand thenrecalculatedwith
respectto the telescope coordinatesystem shown in Fig. 10. The ori-
entation of forces and moments rotate with the telescope, in the tele-
scope coordinates (x7, yr, Zr), as the telescope elevation angle is
changed. Figure 11 presents the spectra of telescope cross-elevation
moments from the CFD calculationsand experiment. Here, the CFD
results, WT conditions, and the experimental data have been scaled
to the full configuration flight condition. Unlike the spectra of SPL
shownin Figs. 8 and 9, the spectraof telescope moments shown here
are calculated from a data set containing five times more sampling
points than that used in the spectra of Figs. 8 and 9. The unsteady
loads calculated during the CFD solution procedure were stored at
every time step of the CFD run and, therefore, contain 18,500 data
points availablein the unsteady data trace. This number is then zero
padded to 32,768 data points for calculating the spectra of dynamic
loads. As seen, these spectra are better resolved in both low- and
high-frequencyranges compared to the spectra presented in Figs. 8
and 9. However, the problem appears to persist,namely, the low- and
high-frequency contents of the spectra are not resolved satisfacto-
rily for the same reasons described earlier. Over the frequencyrange
where the spectradetermined from CFD and experimentmatch, both
CFD and experimental spectrashow three distinctfrequenciesat 26,
43, and 103 Hz that match well with each other even though there
are differences in the levels of spectra. These acoustic tones that
characterizethe cavity are in agreement with the dominant frequen-

cies characterized earlier for this cavity from the spectra of SPL
presented for the bulkheads and telescope.

Determination of both drag of the aircraft and drag increase due
to the open cavity is one of the key objectives of the present CFD
investigation. Accurate determination of the drag force from CFD,
in general, is subjected to many uncertainties such as grid den-
sity, accuracy of Chimera hole boundary information, geometric
complexity of the configuration under study, and the accuracy of
the flow solver. Computational tools necessary to determine accu-
rately the surface area with overset grids have become availableonly
recently*® In brief, the computational method locates the overlap
regions of the neighboring grids in the overset grid framework and
generates a composite (zipper) surface grid consisting of nonover-
lapping quadrilaterals and triangles. The aerodynamic force and
moment coefficients are determined using this accurate surface area
information and aerodynamic loads. The drag increase due to the
open cavity, so determined from CFD at WT and cruise flight con-
ditions, respectively,is given in terms of equivalentflat plate area of
0.17 and 0.25 m?. This drag increase is less than 2% of the aircraft
drag.

Conclusions

A Navier-Stokes CFD investigationis undertakento evaluate the
Boeing 747-SP aircraft having a recessed D-shaped aperture cav-
ity with barrel doors, a split aft ramp for shear-layer control, and
a truss telescope as the SOFIA platform. Computational results of
unsteady flow and cavity acoustics are presented for the WT and
flight conditions and compared with experimental data. Important
findings from these comparisons are 1) the time-averaged surface
pressures on the empennage are in good agreement with experi-
ments; 2) scaled flight CFD sound pressure levels are in general
agreement with experiments, but the WT condition CFD results are
overpredictedby 1-5 dB due to a smaller number of sampling data
points; 3) an acoustic tone of 440 Hz predicted by CFD at WT con-
dition (26 Hz for the full configurationin cruise flight) appears to be
the dominant noise source for this cavity and is in agreement with
experimental findings; and 4) the drag increase due to open cavity
calculated by CFD is less than 2% of the aircraft drag.
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