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SUMMARY 

The Euler code, designated AIRPLANE, which uses an unstructured tetrahedral mesh was used to 
compute near-field sonic boom pressure signatures on three modern low sonic boom configurations: the 
Mach2 , Mach3, and Haglund models. The TEAM code which uses a multi-zoned structured grid was used 
to calculate pressure signatures for the Mach2 model. The computational pressure signatures for the Mach2 
and Mach3 models are compared with recent experimental data. The computed pressure signatures were 
extracted at distances less than one body length below the configuration and extrapolated to the experimental 
distance. The Mach2 model was found to have larger overpressures off-ground-track than on-ground-track 
in both computational and experimental results. The correlations with the experiment were acceptable where 
the signatures were not contaminated by instrumentation and model-support hardware. AIRPLANE was 
used to study selected modifications to improve the overpressures of the Mach2 model. 
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INTRODUCTION 

Low sonic boom levels for the next generation supersonic civil transports are necessary if supersonic 
flight over populated areas is permitted. Three modern low boom configurations have been designed with 
“shaped” pressure signatures. The Mach2 model (ref. 1) and the Haglund model (ref. 2) were designed to 
have “flat-top” pressure signatures, whereas the Mach3 model (ref 1) was designed to have a “ramped” 
pressure signature on the ground. This was not achieved with the inadequate length of the ramped portion 
of the area distribution. These models have been designed primarily using quasi-linear methods. The 
approach of this research is to use Euler codes to predict sonic boom for comparison with expenmental data. 
The CFD pressure signatures are taken close to the model so that sufficient grid densities can be maintained 
and then extrapolated to greater distances. Euler and Potential methods have been shown to give good 
correlations with experiment for three generic configurations (refs. 3,4,5). 

. - Recent Euler analyses of the Mach2 and Mach3 models by Siclari and Darden (ref. 6)  have indicated 

. significant off-ground-track sonic boom levels in comparison with the level on-ground-track. This was 
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verified experimentally in the Ames 9x7-Foot Supersonic Wind Tunnel, as well as computationally using the 

AIRPLANE code. Suggested modifications to the Mach2 configuration are included in this study which 
reduce the shock strengths off-ground-track without significantly changing the signatu& directly below the 
model. Increasing the leading edge sweep of the outboard wing panel was found to reduce the strength of 
the off-ground-track shocks without adversely affecting on-track pressures. The effects of using non-linear 
dihedral, which increases towards the wing tips, were also investigated with AIRPLANE. 

APPROACH 

Two Euler fmite volume codes were used: AIRPLANE and Three dimensional EulerLNavier-Stokes 
Aerodynamic Method (TEAM). AIRPLANE consists of two programs: MESHPLANE and FLOPLANE, 
the grid generator and the flow solver, respectively. These programs were developed by Baker and 
Jameson to model complex configurations using unstructured grids. MESHPLANE generates the tetrahedra 
using a method based on Delaunay triangulation (refs. 7,8, and 9). Interior points placed approximately 
nonnal to the surface adjacent to each surface point are triangulated along with the surface points to improve 
the surface triangulation and to distinguish surface triangles from flow field triangles. The method is 
constrained such that the surface is not altered when exterior points near the surface of the configuration are 
triangulated. The points that lie within the interior of the configuration are deleted during the volume 

. triangulation. The laborious procedure of blocking and gridding structured multiple-zone grids is eliminated 
by AIRPLANE. The flow solver FLOPLANE uses a finite volume algorithm that computes flow variables 
at the vertices of each tetrahedron (ref. 10). 

The Euler solver in TEAM is an enhanced version of Jameson's cell-centered FL057 (ref. 11). Raj 
et al. added the Navier-Stokes capability, several dissipation schemes, residual smoothing, and bounparY 
conditions which can model specified mass flow ratios (ref. 12). TEAM has the ability to use structured 
blocked grids of arbitrary topology without one-to-one grid abutments. A multiple zoned structured grid 
was generated using the General Dynamics GRIDGEN programs (ref. 13). The surface grid was generated 
using a CAD/CAM system. The flow-field grid was generated using GRIDGEN program. The block 
structure and edge point distributions were developed using GRIDBLOCK. The faces of each block were 
generated using the algebraic or elliptic solvers in GRIDGEN2D. The volume grid was generated by 
GRIDGEN3D using the algebraic solvers. 

Comparisons of experimental pressure signatures with extrapolated computational near-field Euler 
pressure signatures for three modem low boom configurations are presented. The experimental pressure 
signatures for the Mach2 and Mach3 models were measured at distances ranging from approximately one 
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half to two body lengths below the model. Obtaining computational data at half a body length was found to 
be difficult with the current CFD methods due to the large computer resources required to maintain dense 
grids away from b e  M y -  In zdditiofi to grid dcnsity, the dissipation iqherent ir, the ixmeiicd proeediie 
required to improve convergence causes rapid shock strength decay with increasing distance from the 
configuration. To obtain accurate solutions, most CFD data used in this study were extracted at a quarter 
body length and then extrapolated to the experimental distance. The extrapolation code used for this study is 
a waveform parameter method based on geometric acoustics for the wave amplitude and isentropic theory 
for the non-linear waveform distortions (ref. 14). 

. 
* . 

A photograph of the Mach 2 model installed in the wind tunnel is shown in Figure 1. An external 
strain gage is visible on the sting downstream of the model base. Fore and aft sections of the model are held 
together by screws located ahead of the vertical tail. The screw holes were fdled with plaster before testing. 
The nacelles were made of fiber-glass and were removable. A planform view showing the upper surface of 
the Mach3 model is shown in Figure 2. Note the sharp nose of the fuselage, designed to produce a ramped 
(finite rise) pressure signature. An isometric view of the Haglund model showing the computational surface 
grid shaded by the surface normals is shown in Figure 3. The design goals of the Haglund model were to 
have a “flat-top” pressure signature on the ground at Mach 1.7 and for a flight altitude of 44,OOO feet. 

MACH2 MODEL 
r 

Computational Grids - Mach2 Model 

The TEAM computation for the Mach2 model with pylons, flow-through nacelles, and vertical tail at 
M=2.00, do was obtained using a 78-zone grid. The grid was swept 30” from the freestream direction to 
maintain grid density and improve shock capturing in the flow-field. The upstream boundary was placed 
1.5 body lengths ahead of the model, the downstream boundary was 6.0 body lengths from the nose of the 
model, whereas the vertical and spanwise boundaries were 4.0 body lengths from the model. The block 
boundaries of the computational grid on the upper surface are shown in Figure 4. The grid consisted of 
1,850,084 points. Note that the abutment lines on the surface are for the most part parallel to the free-stream 
direction. A grid which uses a spanwise definition is preferred when the wing sweep exceeds 4 5 O ,  but in 
order to model the pylons and nacelles accurately a compromise in grid quality was selected. The 2 1  
abutment capability in TEAM can p a t l y  reduce the number of grid points. For example, the fuselage used 
101 points in the streamwise direction, while the wing had 35 points on the tip. The grid had 118 and 91 
points in the vertical and spanwise directions, respectively. A view of the flow-through nacelles is shown in 
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Figure 5. Note that the chamfered faces of the nacelles are modeled and that the block faces are colored 
differently. The 2: 1 abutments on the wing lower surface can be seen where the green, and cyan blocks 
meet and where the blue and yellow blocks abut.* A view of the block structure on the interior and exterior 
of the nacelles at the inlet face is shown in figure 6. The nacelles are enclosed in a rectangular grid, with the 
faces of the blocks colored differently. The nacelles required approximately 40 of the 78 blocks of grid. 

AIRPLANE grid 

The symmetry plane of the tetrahedral mesh used with AIRPLANE is illustrated in Figures 7a-7c. 
The upstream boundary was placed near the model nose since upstream influence should not exist at 
supersonic Mach numbers. The staging of mesh densities through a sequence of nested lattices is evident in 
these figures. Each stage represents a 2:l grid refinement. Red and green boxes enclose regions of 
differing grid densities and the final view shows the surface grid in the symmetry plane; note that the model 
supporting sting used in experiment was included in the computations. A total of 259,121 mesh points, 
1,555,988 volume tetrahedra and 13,692 surface mangles were used for the configuration with nacelles. 

A partial view of the lower surface grid of the Mach2 model is shown in Figure 8. Note that nacelles 
are open allowing flow to pass through. The surface grid points used with TEAM were used as input into 
MESHPLANE for surface triangulation and subsequent tetrahedral volume griding. This was not ideal, but 
was the only surface definition available at the time, a spanwise definition would improve the surface 
triangulation, particularly along the leading edge of the wing. 

Computational Results - Mach2 Model 

The TEAM pressure signatures for the Mach2 model with flow through nacelles are compared with 
experimental data at Mach 2.0 and an angle of attack of 0.0' in Figure 9. The TEAM pressure signature was 
obtained at 0.2 body lengths from the model and extrapolated to a distance of 1.085 body lengths. Nbte that 
the bow shock strength predicted by TEAM is less than experiment and smeared. This may be due to 
insufficient grid density in the region of the bow shock. However, the magnitude of the flat portion of the 
pressure signature is fairly accurately predicted. The strong shock due the blunt lips of the nacelles is 
predicted by TEAM. The nacelles were unstarted during the wind tunnel test and would be expected to 
produce a stronger shock than the flow through nacelles modeled in the computations. The Euler 
computations indicate that the blunt lips are primarily responsible for the large nacelle shock strength. 

The AIRPLANE computation with flow-through nacelles is shown in Fig 10. The bow shock and 
flat top region of the signature is more accurately predicted by AIRPLANE than TEAM. The strength of the 
nacelle shock is lower for AIRPLANE than TEAM; however, the actual shock strength with started nacelles 

*Figures are not shown in color. 
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is unknown. The unstructured grid code is better suited to complex configurations, because regions of poor 
grid quality often encountered when a structured grid is used are avoided. The series of shock waves 
downstream of the tail shock are associated with instrumentation and model support hardware and were not 
included in the computations. Further discussion of this issue will be presented in the Mach3 model section 
of this report. 

The Mach2 model was also tested without nacelles. A comparison of an extrapolated AIRPLANE 
pressure signature directly below the &el with wind tunnel data from the Ames 9x7-Foot Supersonic 
Wind Tunnel is shown in Fig 11. The correlation with experiment is good, but the bow shock is slightly 
smeared. In this case the aft portion of the signature which was compted by model support hardware was 
deleted. In addition to the on-ground-track pressure signature, a signature at an azimuthal angle of 45Owas 
also measured. The off-ground-track pressure spike initially predicted by Siclari and Darden was validated 
both computationally, with AIRPLANE, and experimentally (Fig 12). AIRPLANE again underpredicts the 
strength of the bow shock, but the overall shape of the signature and diffemce in magnitudes of the bow 
and outboard wing shock are well predicted by AIRPLANE. 

. . 

AIRPLANE used about 10 CPU hours and 90 million words of memory on the Cray 2. TEAM 
used approximately 8 hours of CPU time and 8 million words of memory on the Cray Y-MP. The 
AIRPLANE computations for the models discussed below used approximately the same memory and CPU 
time per grid point as the Mach2 model. 

MACH 3 MODEL 

Computational Grids - Mach3 Model 

AIRPLANE grid 

The fuselage of the Mach3 model was defined using sections perpendicular to the free stream, 

resulting in a more accurate nose definition. The tail and most of the wing were defined using streamwise 
cross sections. The outer wing near the tip used sections parallel to the trailing edge in order to accurately 
model the leading edge in this region. Grids for the model were developed with and without nacelles. The 
pylons were not modeled since they were assumed insignificant to the sonic boom computations. The 
nacelles were modeled with solid faces to simulate unstart. The upstream and downstream faces were 
defined with a center point and two concentric circles between the center and the exterior of the nacelles. 
The exterior surface of the nacelles were modeled using Circular sections normal to the axis of each nacelle. 

. - 
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The lower surface grid near the nacelles is shown in Figure 13. A total of 230,537 mesh points, 1,367,809 
volume tetrahedra, and 12,735 surface triangles were used to compute the flow about the configuration with 
nacelles. 

Computational Results - Mach3 Model 

Computational pressure signatures for the Mach 3 model with and without nacelles were obtained 
with AIRPLANE. This configuration was tested at Mach numbers of 2.50 in the Ames 9x7- and the 
Langley 4x4-Foot Supersonic Wind Tunnels. The Mach 2.96 data was obtained in the Langley 4x4-Foot 
Supersonic Wind Tunnel. 

The pressure signatures obtained with AIRPLANE and the experimental data for Mach 2.50, M = 
0.47, 
lengths and extrapolated to the experimental altitude. The forward portion of the signature is accurately 
predicted. However, the correlation for the aft portion is poor. Schlieren photography was used to 
investigate the cause of the multiple shocks in the aft portion of the experimental signature. The Mach2 and 
Mach3 models were built in two pieces and attached with screws located upstream of the vertical tail 
(Figures 1 and 2). The screw holes were filled with dental ph te r  during testing. The plaster was sanded, 
yielding a non-smooth surface which may be responsible for the series of weak shocks shown near the 
model base in figure 15. Also, an external strain gage attached to the sting downstream of the model base 
generates additional shock waves. These shock waves can be seen by careful examination of the Schlieren 
photography of figures 15 and 16. The adapter connecting the sting to the angle of attack mechanism 
generates additional shock waves, as does the shroud covering of the strain gage wires. The angle of attack 
mechanism was placed approximately one body length behind the model. The strong shocks emanating 
from the angle of attack mechanism begin corrupting the signatures at distances of approximately one body 
length and greater at Mach 2.50. The coalescence of shocks from the angle of attack mechanism and the 
adapter can be seen in Figure 17. The experimental pressure signature at h/l = 0.94 is compared with an 
AIRPLANE signature extrapolated from M 4 . 2 5  to 0.94 and Langley 4x4-Foot experimental data 
extrapolated from h/l = 0.47 to 0.94 (Figure 18). The extrapolated experimental signature and the 
extrapolated computational data do not correlate well in the region of the second expansion at h/l = 0.94. The 
reason for this is not well understood at this time but may be related to three-dimensional effects which may 
not be affecting the centerplane at the closer altitudes of experiment and the computations, and to shocks 
emanating from the filled screw holes. The forward portion of the computational signature correlates better 
with the expenmental data than for an h/l of 0.47 (compare Figures 14 and 18). Note, in particular, that the 
correlation for the bow shock is better at h/l = 0.94 than at h/l = 0.47, probably due to smearing of both 
CFD and experiment. The strong shock at the rear of the experimental pressure signature is due to the angle 
of attack mechanism. A similar shock is observed in the computations because the entire sting including the 
ramped portion which joins the adapter to the angle of attack mechanism was modeled. 
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The computations with blocked nacelles compared with experimental data from the 9x7-Foot 
supersonic Wind Tunnel are shown in Figures 19a - 19c. The computations were extracted at an h/l of 0.2 
and extrapolated to an h/l of 0.68. The Mach3 model was tested at Mach 2.5, the maximum Mach number 
ofthe 9x7-Foot Supersonic Wind Tunnel. The correlation with experiment is excellent at an h/l of 0.68. 
m e  magnitude of the shock due to the unstarted nacelles is well predicted by AIRPLANE. The 
experimental data downstream of the nacelle was contaminated by interference from the angle of attack 
mechanism and is not shown. The correlation at one body length is also good. Note that the computational 
lift coefficient is greater than the experimental lift coefficient in figures 19a and 19b and that good carrelation 
is obtained. The computational lift coefficient shown in figure 19c is less than the experimental value and 
the correlation with experiment is p r e r .  The lower angle of attack used with the inviscid Euler code to 
obtain the desired lift coefficient results in weaker shocks, therefore the computational liEt coefficient must 
be greater than experiment for improved signature correlation. 

- 
- 

Pressure signatures for the Mach3 model were also computed at its design Mach number and 
compared with Langley 4x4-Foot Supersonic Wind Tunnel data and with computations by Siclari and 
Darden (ref. 6, Figure 20a.). The lift coefficient of the Siclari-Darden computation were not given in ref. 
6, but is assumed to be less than experiment. The forward portion of the AIRPLANE pressure signature 
correlates well with the experimental data as observed in previous computations. The two Euler codes 
predict similar pressure signatures with the same number of shocks and expansions. The series of weak 
shocks shown in the wind tunnel data is not observed in the computations because the external gages, 
adapter, irregular shroud over the adapter, and angle of attack mechanism were not modeled. An 
computationaVexperimenta1 comparison at an altitude of 0.94 body lengths is shown in Figure 20b. Again, 
poor correlation in the aft region of the signature is observed. Coalescence of shocks from the model 
support hardware with model shocks occurs closer to the model at higher Mach numbers. The strong shock 
in the aft region of the experimental signature is due to the coalescence of the model tail and the angle of 
attack mechanism shocks. 

HAGLUND MODEL 

Computational Grids - Haglund Model 

The wing/body portion of the computational Haglund model was defined by sections normal to free- - stream. This gave a more accurate triangulation of the highly swept leading edge of the Wing. An isometric 
view of the computational model showing the surface triangulation is shown in figure 21. The number of 

- 
- 
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points for each defining section increased from the nose, dehed by a single point, to the sections near the 
wing tip which had 136 points. The trailing edge of the wing tip is also defined with a single point The 
spanwise sections near the tip do not include the sting. The thin wing tip required only upper and lower 
surface points to define the section at the wing tip. The configuration without nacelles was defined with two 

components, the wing/body and the sting. A total of 344,043 mesh points, 2,110,627 volume tetrahedra, 
and 4,655 surface triangles were used to compute the flow about the configuration without nacelles. 

The complete Haglund configuration with nacelles and diverters was modeled computationally. The 
nacelles are in close proximity to the wing and are canted downward to minimize boundary layer interaction 
with the inlet and to align the inlet with the local flow direction. A small section of the inboard nacelles near 
the trailing edge of the wing protruded through the upper surface of the wing in the CAD definition, 
requiring lowering of the nacelles to a allow adequate grid points on the divexter. The internal portion of the 
nacelle was modeled such that the cross sectional area was held constant. This results in a blunt base on the 
nacelle and was chosen to insure that the flow does not expand or compress inside the nacelle, thus 
preventing a drag error. The drag due to the blunt base of the nacelle must be subtracted from the total drag. 
The nacelles and diverters required very fine grid spacing in the streamwise direction which increases in 
density at the rear of the diverter. The wing maintains this dense region of grid points which should ensure 
shock capture for the nacelles. The nacelles and diverters were defined using streamwise cross-sections. An 
isometric view of the upper surface of the configuration is shown in figure 22. A view of the lower surface 
showing the nacelles and diverters is shown in figure 23. A total of 437,672 mesh points, 2,666,437 
volume tetrahedra, and 27,972 surface triangles were used to compute the flow about the complete 
configuration. 

Computational Results - Haglund Model 

The AIRPLANE pressure signatures for the Haglund Model without nacelles were computed at 
Mach 1.7 and a = 4S0, which produced, a lift coefficient of 0.091, slightly above the cruise value of 0.085. 
The computational pressure signatures at distances of 0.20 and 0.40 body lengths are shown in Fig 24. 
Both signatures show rough approximations of a “flat-top” pressure signature. The signature is not as flat 
as the Mach2 model signature, but the configuration is more apt to meet its mission requirements. The 
highly swept, cambered and twisted arrow wing distributes the lift along the length of the conf&uration, 
thereby separating the shock waves and reducing their magnitude so that shock coalescence is minimized 

The pressure signature of the Haglund model with nacelles and diverters modeled at distances of 0.2 
and 0.40 body lengths is shown in Figure 25. This solution was obtained at a lower angle of attack (01 = 4” 
as opposed to 4.5’) than for the isolated wing case, to allow for the lift due to the nacelles. The lift due to the 
nacelles was overestimated and a computational lift coefficient of 0.08 1 was obtained. The strong shock 
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from the nacelle/diverter is clearly evident in the pressure signatures at 0.2 body lengths, but the 
shock is n m w  and dissipates rapidly as shown in the signatures at 0.4 body lengths. The nacelles appear 
to azve i m p d  the pressure signam; the second expansion is minimized resulting in a more flat top 
signature. Upon extrapolation of the pressure signatures to the ground, multiple weak shocks in the "flat- 
top" region of the signature were obtained. 

- 
. 

DESIGN MODFICATIONS - MACH2 MODEL 

The first design modifications appfied to the Mach2 model were to increase the leading edge sweep 
of the outboard pomon of the wing from 52" to 62" and then to 70" in an attempt to reduce the off-ground- 
track overpressures. The increase in sweep was achieved by shearing the wing sections in the streamwise 
direction to maintain area and aspect ratio as nearly as possible. The original sweep of 52" resulted in a 
supersonic leading edge for the outboard wing panel which was assumed to be responsible in part for the 
unacceptable off-track pressures. Another attempt to alleviate the off-track pressures was to reduce the 
cruise Mach number of the configuration to Mach 1.6. This was found to be unsuccessful; the large sweep 
change may be responsible for the large off-track overpressures. The planforms with 62" and 70'1eading 
edge sweep are shown in Figures 26a and 26b, respectively. The sweep of the outboard panel began at 
57.5% and 34.06% span stations for the 62" and 70" sweep configurations, respectively. The shearing of 
the wing at 34% span resulted in a non-linear trailing edge of the wing. The p l an fm area of the 
configuration with 70" sweep was increased slightly to maintain a bi-linear trailing edge. In addition to the 
sweep modifications, a nonlinear dihedral beginning at 57.5% of span which increases towards the tip was 
investigated for the Mach2 model. The dihedral near the tip was approximately 40". The curve defining the 
dihedral is a monomial with an exponent of 10.0. The excessive dihedral was imposed in an attempt to 
move the peak overpressure beyond cutoff (approximately 55"). The results of these modifications at an 
azimuthal angle of 45O is shown in Figure 27a. The 62' swept wing reduced the peak overpressure by 
approximately 30% and the peak overpressure for the 70" swept wing was reduced by approximately 50%. 
The configuration with non-linear dihedral did not significantly change the on-or off-track pressure 
signatures of the original configuration. It is fortunate that the effect was small since the large dihedral 
would reduce the aerodynamic efficiency of the configuration. The effects of these design modifications on- 
ground-track are shown in Figure 27b. Note that there is little difference between the pressure signatures 
for the original model, wings with increased sweep, and non-linear dihedral. The configuration with 70' 
leading edge sweep has a larger expansion than the other configurations. This may be due to the 

- modification of the 70 " swept wing beginning at a more inboard station than the 62 swept wing. 
. 



CONCLUDING REMARKS 

Euler CFD codes combined with extrapolation are capable of predicting pressure signatures for any 

azimuthal angle from centerline to near cutoff. 

Euler CFD pressure signatures extrapolated from distances of approximately one quarter body length 
to experimental distances give acceptable correlations with experimental data. Good correlations also require 
the use of fine grids from the surface to the plane of the computational pressure signature, and reliable 
experimental data that is not contaminated by instrumentation and model support hardware should be 
available. 

Dissipation in Euler codes used to facilitate convergence causes shocks to dissipate rapidly with 
increasing distance from the surface. Very fine grids are required even if the computations are taken near the 
model and extrapolated to experimental distances. The quality of the solution depends on grid density in the 
important regions of the flow field and the size of the computational space; the topology of the grid is of little 
importance. 

The AIRPLANE unstructured grid generation program requires approximately one tenth of the time 
needed to generate a structured blocked grid for a complex configuration, but control of the point 
distribution is currently limited. For complete airplane configurations it is the only practical way to develop 
a grid. 

Good experiment/CFD correlations have been achieved by performing the computations at a larger 
lift coefficient than the experimental value because of the lack of viscous decambering. 

The limits on M for computing near-field pressure signatures needs further study. Dissipation, grid 
density, aspect ratio, and lift coefficient are important factors in determining such limits. 
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Figure 1. Photograph of the Mach2 configuration. 

Figure 2. Photograph of the Mach3 configuration. 
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Figure 3. Isomemc view of the Haglmd Model, shaded by surface n o d s .  

.Figure 4. Computational grid with shaded surfaces showing the block boundaries of the multi-blocked grid. 
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Figure 5. Lower surface view of the TEAM computational grid of the Mach2 computational grid showing’ 
the nacelles. 

* 

. 
Figure 6. TEAM computational grid of the Mach2 configurations showing the grid plane at the inlet of the , .. 
nacelle. 

102 



. 
.." 

1 .  : .  i ... t . ;  . *  . . . .  1 . 1  .:. ii.-.--.- ' A .  

Figure 7. AIRPLANE unstructured grid for the Mach2 model. 
(a) Entire centerplane. 
(b) Expanded view of centerplane. 
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7 (c) Expanded view of centerplane. 
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Figure 8. Lower surface of the Mach2 configuration with flow-through nacelles. 
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Figure 9. Pressure signatures for the Mach2 model with flow-though nacelles, M = 2.0, h/l = 1.085. 
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Figure 10. Pressure signatures for the Mach2 model with flow-though nacelles, M =2.0, CL = 0.065, M = . 1.085. 
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Figure 11. Pressure signatures for the Mach2 model without nacelles, M = 2.0, @ = O.Oo, M = 0.66. 
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Figure 12. Pressure signatures for the Mach2 model without nacelles, M = 2.0,$ = 45.0°, M = 0.66. 
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Figure 13. Lower Surface of the Mach3 configuration with blocked nacelles. 
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Figure 14. Pressure signatures for the Mach3 model, M = 2.50, $ = O.Oo, h/l = 0.47. 
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Figure 15. Schlieren photograph of the Mach3 model in the.Ames 9x7 Supersonic Wmd Tunnel, M = 2.5, 
a = 2.0". 

Figure 16. Schlieren photograph of the aft portion of the Mach3 model, sting and angle of attack 
mechanism in the Ames 9x7 Supersqnic Wind Tunnel. 
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Figure 17. Schlieren photograph of the angle of attack mechanism in the Ames 9x7 Supersonic Wind 
Tunnel. 

- AIRPLANE, CL = 0.072, data extrap. from M = 0.2.5 
Experimental data, CL = 0.065 
Experlmental data extrap. from hll = 0.47, CL = 0.065 
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Figure! 18. Pressure signatures for the Mach3 model without nacelles, M = 2.50,@ = O.Oo, h/l= 0.94. 
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(b) h/l = 1.01. 
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Figure 19. Pressure signatures for the Mach3 model with blocked nacelles, M = 2.50, @ = 0.0'. 
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- AIRPLANE, CL = 0.077, data extrap. from hll = 0.20 
0 Experimental data, CL = 0.08 
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19(c) h/l = 1.81. 
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(a) M = 0.67. 
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20(b) h/I = 0.94. 

Figure 20. Pressure signatures for the Mach3 model without nacelles, M = 2.96, + = 0.0'. 
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Figure 21. Isomemc view of the upper surface unstructured computational grid for the Haglund model 
without nacelles. 
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Figure 23. Isomemc view of the lower surface of the unstructured computationd.grid for the Haglund 
model with nacelles and diverter. 
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Figure 24. Pressure signature for the Haglund model without nacelles, M = 1.70, = 0.00. 
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Fig. Pressure Signatures for the Haglund model with 
diverters and nacelles, M = 1.70, = 0 

* 
Figure 25. Pressure signature of the Haglund model with nacelles and diverters modeled, M = 1.70, $ = 
o.oo. 
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Figure 26. Modified Mach2 Models. 
(a) 62' outboard sweep. 
(b) 70' outboard sweep. 
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- Original wlng, AIRPLANE, CL = 0.047. data extrap. 
from NI = 0.25 

0 Experimental data, CL = 0.044 _ _ _ -  62” swept whg, AIRPLANE, CL = 0.047, data oxtrap. 
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(a) M = 0.067. 
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