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The Stratospheric Observatory for Infrared Astronomy is a 2.5-m-aperture Cassegrain telescope housed in
an open cavity onboard a Boeing 747 aircraft. This � ying observatory operates in the Earth’s stratosphere, at an
altitude above 12.5 km, to view objects in the universe in the infrared region of the electromagnetic spectrum.
The location of the telescope in an open cavity during its operation presents some challenging aerodynamic and
aeroacoustic problems. A combined computational � uid dynamics (CFD) and experimental investigation has been
initiated to understand and resolve these issues. Different aircraft platforms, cavity apertures, aft ramp shapes,
and telescope con� gurations have been considered in these studies. The present study focuses on the � ndings from
a CFD study of a circular aperture cavity in the Boeing 747-200aircraft platform and a tub telescope. In particular,
numerical solutions of Navier–Stokes equations on overset grid systems are presented at wind-tunnel and cruise
� ight conditions for a freestream condition of M 1 = 0.85 and ® = 2.5 deg. Comparison of CFD results for wind-
tunnel conditions show good agreement with experimental data for drag and time-averaged surface pressures
and fair agreement for sound pressure levels and power spectra at various locations within the cavity and on the
telescope. The open-cavity condition produces an increase in drag of 2%. However, the open-cavity impact on the
effectiveness of aircraft control surfaces appears minimal.

Nomenclature
a = local speed of sound
a1 = freestream speed of sound, characteristic

velocity scale
b = semispan of horizontal tail
CD = drag coef� cient, D=q1 S
CL = lift coef� cient, L=q1 S
C p = pressure coef� cient based on freestream

dynamic pressure
D = drag
Dt = nondimensional time step, dta1=l
dt = physical time step
OE; OF; OG = inviscid � ux vectors

e = energy per unit volume
hc = cavity depth
L = lift; length of aircraft
l = characteristic length scale
lc = cavity aperture width in x direction
M1 = freestream Mach number
p = � uid pressure
OQ = vector of conserved � ow quantities

q1 = freestream dynamic pressure
Re = Reynolds number
S = wing planform area
OS = viscous � ux vector
U; V; W = contravariant velocity components
u; v; w = velocity components in physical space
X; Y; Z = telescope coordinates (see Fig. 9)
x; y; z; t = physical space coordinates
® = angle of attack, degrees
° = ratio of speci� c heats
½ = density
»; ´; ³; ¿ = body-conformingcoordinates

in computational space
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Introduction

T HE Stratospheric Observatory for Infrared Astronomy
(SOFIA) is a 2.5-m-apertureCassegrain telescope,with a Nas-

myth focus, housed in a Boeing 747 aircraft. It will � y in the Earth’s
stratosphere, between 12.5- and 13.7-km altitude, to view celestial
objects in the universe in the infrared region of the electromagnetic
spectrum. At this altitude, in the clear, dry environment (free of
water vapor) on the edge of space, SOFIA will enable researchers
to study radiant heat patterns from stars, planets, and other celes-
tial sources. It is a joint mission of NASA and the German Space
Agency, DARA. SOFIA is a follow-on mission to NASA’s Kuiper
Airborne Observatory (KAO) that was decommissioned in 1995.
When it becomes operational, SOFIA will posses capabilities sig-
ni� cantly greater than the KAO and offer advantages over other
Earth- and space-based instruments.

The use of an airborne telescope housed in a moving platform,
shown in anartist’s renditionin Fig. 1, offersmanyadvantagesovera
land-basedsystem.Inparticular,theattenuationand/or absorptionof
wavelengthsof interest by the water vapor in the Earth’s atmosphere
will be avoided by using a system placed above the tropopause.
However, the moving aircraft-basedobservatoryposes problems of
a differentnature. As noted in earlier studies, the telescope-housing
cavity poses complex unsteady � uid dynamic problems if left
untreated.1 Experimental observations have shown violent shear-
layer oscillations accompanied by dangerous levels of noise.2¡4 In
fact, the open-cavity environment creates several challenging aero-
dynamic and aeroacousticdesign problems. Foremost among these
are as follows. The uncontrolledshear layer will produce unwanted
cavity resonanceand sound pressurelevels (SPL); the unsteady� ow
within the cavity will produce large dynamic loads and moments on
the telescope and thus will impact its pointing accuracy; the open-
cavity environment and shear-layer control devices will produce
increased drag, which will directly affect the time of � ight of the
mission; and the fatigue life of aircraft as well as the effectiveness
of aircraft control surfaces also are in� uenced by the unsteady � ow.

There have been many experimental and computational inves-
tigations in the literature on the driven cavity � ow problem.5¡11

The cavity geometry in these investigations varies from a simple
two-dimensional cavity to more complex three-dimensional cavi-
ties. Many studies among these investigations address the issue of
cavityacousticsfrom the point of aircraft store separation.Although
some of the � uid � ow issues in the present investigationare similar
in nature, the impact of an open cavity in � ight brings additional

372



SRINIVASAN 373

Fig. 1 Artist’s rendition of SOFIA in � ight.

problems noted earlier. To understand and resolve these problems
in SOFIA, extensive wind-tunnel testing has been done in the past
few years to assist in the design of a nonresonantcavity for the tele-
scope using Boeing 747-SP and 747-200 aircraft platforms.2¡4 The
primary goal of these investigations was to identify a shear-layer
control scheme that provided lowest possible sound pressure levels
and a nearly nonresonant cavity environment. Some of the early
developmental research done on KAO12;13 is not directly useful in
the SOFIA developmental program because of differences in air-
craft platform, cavity location, aperture size and shape, telescope
con� guration, and cruise � ight conditions.

The investigation of the aerodynamic and acoustic issues perti-
nent to the SOFIA design has progressedutilizingboth wind-tunnel
testing and computational simulations. There is a continuing em-
phasis on this two-pronged attack to arrive at a � nal con� guration
for the cavity, the apertureshape, and � nally the telescopeitself. Just
like in KAO, the cavity location in SOFIA started out on the forward
section of fuselagebehind the cockpit but was later moved to a more
favorable downstream location behind the portside wing. Both the
forward- and aft-located cavity con� gurations were the subject of
the � rst Navier–Stokes investigations undertaken by Atwood.14¡16

The con� gurations were investigated used a sting-mounted 7%
wind-tunnel scale model of the Boeing 747-SP aircraft without an
empennage. The model used a tub telescope and a circular aperture
for the cavity. Subsequent computational investigations used simi-
lar scale models with complete empennage.A brief summary of the
� ndings from these investigations is described by Machak et al.17

The computational � uid dynamics (CFD) simulations not only
complement the experimental database but also provide detailed
� ow� eld information that is hard to duplicate in a wind-tunnel test.
The present investigationis one such study in this directionto evalu-
ate the feasibilityof usinga Boeing747-200aircraftas an alternative
platformfor the SOFIA. Although, this computationalinvestigation
is the � rst one using a Boeing 747-200 aircraft as a platform for
SOFIA, it will complement other CFD investigations carried out
using a Boeing 747-SP aircraft by Atwood14¡16 and Klotz.18 The
location of the cavity, its proximity to the empennage surface, and
the difference in the geometries of the two aircraft will bring out
similarities to and/or differences between the two concepts.

Governing Equations and Solution Method
The governing differential equations are the thin-layer Navier–

Stokes equations. These can be written in conservation-law form
in a generalized body-conformingcurvilinear coordinate system as
follows19:
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In these equations, H D .e C p/ and U , V , and W are the con-
travariant velocity components de� ned, for example, as U D »t C
»x u C »yv C »zw. The Cartesian velocity components are given by
u, v, and w in the x , y, and z directions,respectively.The coordinate
x is along aircraft longitudinalaxis, viz., along fuselagelength from
nose to tail; y is perpendicular to this and toward the starboard
wing; and z points in the vertical direction (positive upward). All
velocitiesand lengthsare nondimensionalizedby the ambient sound
speed a1 and unit length scale. The pressure p, density ½, and the
energy e are nondimensionalizedby the freestreamreferencevalues
p1=° , ½1 , and ½1a2

1 , respectively.The quantities»x , »y , »z , »t , etc.,
are the coordinate transformation metrics and J is the determinant
of the transformation Jacobian. For the thin-layer approximation
used here, the viscous � ux vector OS is given by
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where Pr is the Prandtl number. The � uid pressure p is related to
the conserved � ow quantities through the nondimensionalequation
of state for a perfect gas given by

p D .° ¡ 1/[e ¡ .½=2/.u2 C v2 C w2/] (4)

The numerical method solves the Reynolds-averaged Navier–
Stokes equations on an overset grid framework using the � ow
solver OVERFLOW.20 This � ow solver uses a central-differ-
ence, implicit, diagonal algorithm21 with added second- and fourth-
order numerical dissipation.The numerical scheme is second-order
accurate in space and � rst-order accurate in time. For turbulent
viscous � ows, the nondimensional viscosity coef� cient ¹ in OS is
computed as a sum of ¹l C ¹t , where the laminar viscosity ¹l

is estimated using Sutherland’s law and the turbulent viscosity ¹t

is evaluated using the Baldwin–Lomax algebraic eddy viscosity
model.22 In the present computations the boundary layer along the
entire aircraft is assumed to be fully turbulent. The eddy viscosity
in the shear layer, however, is computed as outlined by Buning and
Chan20 using a shear-layer model. Note that the feature of cavity
resonance is not strongly dependent on the turbulence model used
in the cavity.14 The boundary conditions are applied explicitly. A
no-slip boundary condition is speci� ed at the wall with zero nor-
mal pressure gradient along with an adiabatic wall condition.At far
� eld, characteristic boundary conditions are speci� ed. To update
the information exchange at the overset grid interface, a trilinear
interpolation of the dependent variables is used. The computations
were performed on the Numerical Aerodynamic Simulation and
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Fig. 2 Wind-tunnel 7% scale model of Boeing 747-200 aircraft, show-
ing the aft-located cavity and tub telescope.

Fig. 3 View of the cavity and telescope surface grids.

Aeronautics Consolidated Supercomputing Facility Cray C-90 su-
percomputers at the NASA Ames Research Center. The � ow solver
cost is 6.7 ¹s/iteration per grid point on these supercomputers for
the algorithm options described.

The construction of surface geometry of the Boeing 747-200
aircraft con� guration uses several computational tools. Initially,
the surface grids were constructed from the computer-aided de-
sign (CAD) surface data using the GRIDGEN2D23 and S3D24 grid
generation tools. Because the wind-tunnel model and cruise � ight
con� gurations were different, two separate surface geometries had
to be constructed.The cruise � ight simulationused poweredengines
(engine pylons were not modeled), whereas the wind-tunnelcon� g-
urationhadno enginesand its wingswere clipped(for smallerspan).
With thisdifferencein the two con� gurations,thecruise� ightmodel
had45 oversetgrids and the wind-tunnelmodel had 29 oversetgrids.
This included seven grids for the cavity and telescope assembly in
each case. Figure 2 shows the 7% wind-tunnel scale model with
circular aperture cavity and telescope assembly. Figure 3 shows the
surface grid of the cavity and tub-telescopeassembly, as modeled in
the present study. With all surface overset grids in place, structured
volume grids of O-O, C-O, and H-H topology were constructed us-
ing the HYPGEN hyperbolic grid generator.25 The spacing of the
� rst grid point from the surface in thesegridsvaried from grid to grid
andwas between2£10¡5l to 5£10¡5l. A measureof a grid’s ability
to resolve the viscous layer is indicated by the yC value. The grids
used in this study have a yC D 1.0–2.1 over the entire grid range.
Grids so constructedhad 2.7 million and 4.1 million grid points, for
the clean and cavity/telescope con� gurations, respectively.

Once the volume grids are in place in the overset grid framework,
the next step is to create proper hole boundaries in individual grids.

This is achieved by running the PEGSUS code.26;27 Creating proper
holeshapeand boundariesis an iterativeprocessand requiresseveral
iterations of hole cutting and (surface and volume) grid generation
to eliminate all orphan points in the � ow� eld. Although tedious, the
Chimera hole creation job is a necessary step in the overall solu-
tion process of such complex con� gurations. More information on
individual grids and Chimera hole boundaries is given elsewhere.28

Results and Discussion
Numerical results from two CFD calculations,one corresponding

to the full-con�guration free-� ight (F-F) condition and the other to
the wind-tunnel (W-T) condition, are presented. Both calculations
are performed for a cruise � ight Mach number of M1 D 0:85 and
an angle-of-attack® D 2:5 deg. The F-F condition corresponds to
cruise at 12.5-km altitude with powered engines (power setting is
done via boundary-conditionprocedure). The Reynolds number at
this altitude for the full-scale aircraft is Re D 4:72 £ 105/m. As
mentioned before, the wind-tunnel model used a slightly different
con� gurationfrom the F-F case. It had noenginesand its wings were
clipped (for smaller span) to accommodate the model in the 4.3-m
(14-ft) wind tunnel at the NASA Ames Research Center. The wind-
tunnel calculations used a Reynolds number Re D 1:22 £ 106/m.
Wind-tunnelwallswere not includedin any of the CFD calculations.

Figure 2 shows a view of the wind-tunnel model with an aft-
locatedcavityand tub-telescope.The locationof the telescopecavity
and its geometry are identical for the two calculations.The aperture
has a smooth aft ramp downstream of the cavity for shear-layer
control. The telescope geometry, shown in Fig. 3, is a simpli� ed
version of the telescope used in the wind-tunnel model shown in
Fig. 2. As shown in Fig. 3, the cavity is isolatedfrom the pressurized
aircraft cabin by means of forward and aft bulkheads.

Unsteady calculationsare run starting from an initial quasisteady
solution with a constant nondimensional time step of Dt D 0:11.
This time step translates to 136 ¹s of real time at cruise � ight and
9.5 ¹s at the wind-tunnel test conditions. This value of dt is the
stability-limited time-step size. However, the cavity grids, includ-
ing the shear-layer grid, used a dt D 3:17 ¹s. This time-step size
corresponds to a Courant–Friedrichs–Lewy (CFL) value of about 1
in the streamwise direction within the shear layer, and a CFLmax ’
500. Unsteady data were collected for a durationof 1.5 s real time in
cruise � ight and 0.13 s real time in the wind tunnel. By comparison,
the wind-tunnel test data trace is 5 s. The numerical calculationsare
time-consumingand a typicalCFD solutionrequiredabout100 Cray
C-90 CPU hours,which includesthe initial quasisteadycalculations.

A comparison of steady surface pressure coef� cients on fuselage
and wing for the cleancon� gurationshows goodagreementwith ex-
periments,and the resultsare reportedelsewhere.28 A comparisonof
unsteady pressures is presented here. Time-averaged surface pres-
sure coef� cients on the horizontaland vertical tails are presented in
Fig. 4 and comparedwith time-averagedexperimentaldata.Consid-
ering the short durationdata-tracefor computed resultscomparedto
5-s-duration data for experiments, the agreement between calcula-
tion and experiment is very good, although some data stations show
some discrepancy. A detailed inspection of surface pressures and
surface oil � ow on both port and starboard side of the tail indicate
no � ow separation on the entire tail surface. This indicates that the
open-cavityenvironmentdoes notproduceanydetrimentaleffect for
the aircraft control surfaces.Figure 5 shows a map of instantaneous
(snapshot) picture of the unsteady surface pressure coef� cient C p

for the full aircraft at F-F cruise condition. The surface color map
shows a variation of Cp according to the noted color scale, with red
indicatinghigh pressures and blue for low pressures.The cavity aft
bulkhead region is seen as a region of high pressure followed by a
small region of � ow expansion on the ramp of the cavity aperture.
Inspectionof a map of instantaneousMach number contours within
the cavity show a slow recirculating� ow of Mach number M · 0:1,
except for a few hot-spot locations in the corners of the cavity and
tub-telescope.

Table 1 compares computed and experimental SPL on the tele-
scope and bulkheads at pressure tap locationsshown in Fig. 6. Gen-
erally, the CFD calculationsunderpredictexperimentalSPL at most
locations in the cavity. Inspection of power spectra density (PSD)
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Fig. 4 Comparison of computed and experimental time-averaged surface pressure coef� cients on vertical and horizontal tails at wind-tunnel condi-
tions Mtip = 0.85, ® = 2.5 deg, and Re = 1:22 £ 106 /m.

Fig. 5 Instantaneous surface pressure Cp map for full-con� guration
F-F conditions Mtip = 0.85, ® = 2.5 deg, and Re = 4:72 £ 105 /m.

Fig. 6 Pressure tap locationsof SPL on bulkheadsand telescope, listed
in Table 1, at wind-tunnel conditions.
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Table 1 Computed and experimental SPL
on telescope and bulkheads at pressure

tap locations shown in Fig. 6

Location CFD result, dB Experiment, dB

T1 127.9 135.5
T2 137.7 135.0
T3 136.0 130.9
T4 131.5 134.8
B1 126.4 133.1
B2 127.1 133.2
B3 127.1 133.8
B4 126.5 133.3
A1 133.1 138.5
A2 134.8 137.1
F1 128.0 139.4

Location on forward bulkhead at F1

Location on aft bulkhead at A2

Fig. 7 Spectra of unsteadypressures onbulkheadsat wind-tunnel con-
ditions. ——, CFD result and – – – , experiment.

plots of unsteadysurfacepressuresat someof these locations,shown
in Figs. 7 and 8, reveals that the CFD calculations are in general
agreement with experiments only in the frequency range of 400–

1100 Hz. The spectra from CFD calculations are computed from a
record containing1923 data points and zero-paddedto 2048 points.
The unsteady data were stored at every 25 time-step intervals. The
Welch windowing function29 is applied to compute spectra.

The level of power spectrapredictedby CFD calculations,even in
this frequencyrangeof 400–1100 Hz, is somewhat low compared to
the experimentalmeasurements.However, the major peaks of spec-
tra are well captured, particularly the frequencies around 400, 750,
and 1000 Hz. Although these frequencies are in general agreement
with experimental data in this range, the low- and high-frequency
contentsof the spectraare not well resolved in the CFD calculations
and do not agree with experiments.The spectra show a rapid falloff
at high frequencies due to inadequate resolution of high-frequency
waves above about 1100 Hz primarily due to numerical dissipation,
a feature of the � ow solver. The poor resolution of spectra at low
frequencies is due mainly to the brevity of the length of CFD data
trace.The net effect is underpredictionof thenet energycontainedin
these spectra and consequentlyin the values of SPL shown in Table
1. As mentioned before, the wind-tunnel walls are not included in
the CFD calculations. Besides, there are some small differences in

At location T4

At location B4

Fig. 8 Spectra of unsteady pressures on telescope surface at wind-
tunnel conditions. Telescope primary mirror—W-T case: ——, CFD
result and – – –, experiment.

the cavity and telescope geometry between experimental and CFD
models. In addition to the data shown in Figs. 6–8, spectra and SPL
also are determined for various other locations on the bulkheads,
telescope, and other cavity surfaces including aperture and are re-
ported elsewhere.28 The spectra and SPL also are calculated at the
same locationsfor full-scalecruise� ightcondition.A comparisonof
W-T SPL scaled to full-scale cruise � ight condition with that deter-
mined from cruise � ight calculationshows a very good comparison
of the two results. The scaling of SPL from W-T conditions to F-F
cruise � ight produces sound pressure levels that are 11 dB lower
than the W-T values. The difference in length-scalesand freestream
conditions translates to this lower SPL in cruise � ight.

The pressureon the primarymirrorof telescopeis highlyunsteady
compared to that on the bottom of the telescope tub. This is because
the bottomof the tub is immersed in relativelystagnantair where the
pressurepro� les (time histories) are nearly identicalat all locations,
with very little � uctuationpresent in them. The spectra presented in
Fig. 8 at sample locationsT4 and B4 on the telescopeshow a behav-
ior similar to that on the bulkheads,where the dominant frequencies
(750 and 1000 Hz) appear to be reasonably well captured despite
spectra levels much lower than the experiment. The spectra at B4
on the bottom of the tub shows a much steeper falloff compared to
the one at T4 on the top. Time-varying loads and moments also have
been calculated for the telescope and reported elsewhere.28 Com-
parison of loads and moments for full-scale cruise � ight conditions
and wind-tunnel CFD results scaled to full-scale cruise � ight show
very good agreement. The time-averaged drag of the telescope is
negative, consistent with the observation that the pressure on the
aft bulkhead surface is higher than the rest of the cavity. Mean and
rms values of telescope moments about aircraft axes and also about
the telescope air bearing are reported elsewhere.28 The air bearing
assembly, mounted forward of the instrument in the aircraft, sup-
ports the telescope weight. The air bearing assembly isolates the
telescopebay from the pressurizedsections of the aircraft. The mo-
ments also have been calculated about a coordinate system � xed to
the telescopeframe of referenceshown in Fig. 9. This axis system is
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Fig. 9 Telescope coordinate system � xed to the telescope reference
frame.

Fig. 10 Comparison of computed and experimental telescope mo-
ments about cross-elevation axis at wind-tunnel conditions. Telescope
moment about cross-elevation axis: ——, CFD result at W-T condition;
– – – , CFD result at F-F scaled to W-T condition; and – - – , experiment.

parallel to the aircraft axes when the telescope is at 90-degelevation
angle.

Figure 10 shows a plot of computed and experimental spectra of
telescopemoments about the cross-elevationaxis. Two sets of CFD
data are presented: One corresponds to cruise � ight results scaled
to wind-tunnel model conditions and the other to the wind-tunnel
conditions. These two sets of CFD results, as before, are in gen-
eral agreement with experimental results of moment only in the
frequency range of 400–1100 Hz. The low- and high-frequency
contents of spectra are not well resolved, for the same reasons cited
above. The dominant frequencies around 400, 750, and 1000 Hz
seem to be in good agreement with experimental data, although the
level of CFD spectra is underpredicted.The good agreement of the
two CFD results with each other con� rms the scaling laws used to
be correct.

Determinationof drag increment due to open-cavityenvironment
is oneof thekeyobjectivesof theCFD investigation.Accuratedeter-
minationof dragforcefromCFD predictionsis, in general,subjected
to uncertainties in gridding, grid resolution, turbulence model, and
complexity of the geometry, accuracy of � ow solver, etc. This is
particularly true in the framework of overset grids. Only recently
have tools necessary to properly account for the overlap regions of
adjacent grids become available.30 In essence, the method locates

the overlap regions of neighboringgrids and generates a composite
surface grid, called a zipper grid, which consists of nonoverlapping
quadrilaterals and triangles. Using this tool, zipper grids were con-
structedin the overlapregionsof thepresentmultigridsystem.Force
and moment coef� cients then were determined. The detailed drag
breakdownby individualcomponentsis reportedelsewhere.28 for the
complete aircraft with and without cavity. In summary, the CFD-
predicted drag coef� cient for clean (no-cavity) full-scale Boeing
747-200 aircraft in cruise � ight is CD D 0:0304, and the � ight-test
value for the same is 0.027 at a CL D 0:5 and 0.0327 at a CL D 0:6.
The increase in drag coef� cient due to the open cavity, in terms of
equivalent � at-plate drag, is 0.42 m2 in cruise � ight.

To get more con� dence in the CFD drag numbers, the drag coef-
� cient was determined for the empennageonly for the clean aircraft
and that with cavity and compared with experiments. The experi-
mental determinationof drag coef� cient for this sectionwas doneby
two independent methods,17 and they both are in very good agree-
ment with each other. Again, the drag increase due to open cavity
is expressed in terms of equivalent � at-plate drag. The increase in
drag coef� cient so determined from CFD calculations (0.286 m2 )
is in excellent agreement with the experimental value (0.295 m2) at
wind-tunnel conditions.

Conclusions
A CFD investigation was undertaken to evaluate the SOFIA air-

craft design issues including cavity noise. The investigation also
has aided the design of a telescope con� guration. CFD clearly has
played a major role in generating information that is hard to mea-
sure in a wind-tunnel test. In particular, the information generated
about the drag, increase in drag due to open cavity, and telescope
forces and moments at both wind-tunnel and full-scale cruise � ight
conditions has been invaluable. Future work will improve model
� delity and extend unsteady results to the lower-frequencydomain.
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