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NASA and the U.S. aerospace industry are performing studies of supersonic aircraft
concepts with low sonic boom pressure signatures. The computational analyses of modern
aircraft designs have matured to the point where there is confidence in the prediction of the
pressure signature from the front of the vehicle, but uncertainty remains in the aft
signatures due to boundary layer and nozzle exhaust jet effects. Wind tunnel testing without
inlet and nozzle exhaust jet effects at lower Reynolds numbers than in-flight make it difficult
to accurately assess the computational solutions of flight vehicles. A wind tunnel test in the
NASA Ames 9- by 7-Foot Supersonic Wind Tunnel is planned for February 2016 to address
the nozzle jet effects on sonic boom. The experiment will provide pressure signatures of test
articles that replicate waveforms from aircraft wings, tails, and aft fuselage (deck)
components after passing through cold nozzle jet plumes. The data will provide a variety of
nozzle plume and shock interactions for comparison with computational results. A large
number of high-fidelity numerical simulations of a variety of shock genmerators were
evaluated to define a reduced collection of suitable test models. The computational results of
the candidate wind tunnel test models as they evolved are summarized, and pre-test
computations of the final designs are provided.

Nomenclature
AP/P = overpressure coefficient, (P;— P)/P
Cp = pressure coefficient
h = model altitude at model nose, inches
L = model reference length, inches
M = Mach number
NPR = PP
2 = free stream static pressure, psf
Py = local static (rail) pressure, psf
Py = total pressure in nozzle plenum
Py = free stream total pressure, psf
Re = Reynolds number, non-dimensional, pVL/p
X = longitudinal position, inches
a = angle of attack, degrees
¢ = off-track or roll angle, degrees
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I. Introduction

The Commercial Supersonic Technelogy (CST) Project under NASA’s Fundamental Aeronautics Program is
developing technologies to enable future supersonic civilian aircraft to fly over land with reduced sonic boom.
NASA’s industry partners have developed designs excluding the effects of the nozzle plume and have recently
begun including the inlet and nozzle flows in their sonic boom predictions (Ref. 1-6). Airframe shaping for quieter
sonic booms has been largely successful, but there remains the challenging problem of predicting the sonic boom
loudness with the complex flow field interactions between the jet exhaust nozzle plume and the shock waves
generated by the surfaces at the aft end of the aircraft. In order to understand this complex flow field, the CST
project has provided funding for the design and execution of a nozzle plume and shock interaction test in the NASA
Ames 9- by 7-Foot Supersonic Wind Tunnel in February 2016. Rather than testing one of NASA’s contractors” low-
boom designs that includes nozzle jet flow, the goal was to design simple test articles to enable validation of the
experimental data with computational methods for a wide variety of components, to replicate shock waves from
various tail sizes and shapes, wing and aft-body components, as well as aft-deck shapes that shield upper surface
mounted engines. The effects of the inlet and nozzle jet flows on the sonic boom performance of modern aircraft
designs vary, and are dependent upon the size, position and shock strength of an aft-located shock generator as its
shocks interact with the nozzle plume. The plume will be established in the wind tunnel test by blowing cold high-
pressure air through an analytically-defined nozzle over a range of nozzle pressure ratios (MPR). Shock angle
changes through the plume depend on the Mach number difference between the plume and the free-stream, and the
Mach number in the plume is altered by variation of the nozzle pressure ratio.

An experiment in the 1- by 1-Foot Supersonic Wind Tunnel at NASA Glenn Research Center (GRC) was
performed in 2014 where an isolated analytically-defined nozzle body (Ref. 7) was tested for a series of nozzle
pressure ratios. A single static pressure probe traversed through the pressure field above and below the nozzle jet
with shocks passed through the jet flow. The shocks were generated by an unswept double-wedge or aft-deck shock
generators (Ref. 8). CFD computations were performed for various models and experimental flowfields with good
results when the wind tunnel walls were included in the solutions (Refs. 9-12), but the close proximity of the walls
of the tunnel restricted the range and altitudes of the sonic boom data.

The NASA Ames 9x7 Supersonic Wind Tunnel is one of the largest supersonic wind tunnel facilities in the
United States (Ref. 13-14). The experiment in February 2016 is a follow-on test to the 1x1-foot test that will provide
complete pressure signatures at significantly greater altitudes below and off-track the nozzle centerline for Mach
numbers from 1.6 to 2.0. It is expected that measurements will be made of the complete model setup including the
forebody shock, the nozzle exit shocks, the entire signatures of all shock generators (leading and trailing shocks)
after passing through the plume, and some portion of the pressure field beyond the trailing edge shock of each shock
generator. Larger reflection-free plume regions will be attained for the higher Mach numbers because of the fixed
pressure rail height and Mach angle changes. The data from the test is expected to be of high quality, utilizing the
recent developments in sonic boom testing from the N+2 studies (Refs. 15-16) and the use of averaged pressure
signatures with the Reflection Factor 1 (RF1) pressure rail (Ref. 17). In addition to obtaining high-quality pressure
signature data, a retroreflective focusing Schlieren (RFS) flow visualization technique (Refs 18-19) will be
employed to provide images of density gradients in the tunnel.

CFD was used extensively to design a set of test articles for the planned experiment in the Ames 9x7 wind
tunnel. The goal of the CFD studies was to develop knowledge of the flow field for notional configurations of
interest and then define a reduced collection of test models worthy of testing. Analytic shapes were defined, grids
generated, and solutions attained, for many different shock generator shapes. Navier-Stokes computations of the
external flowfield as well as computational modeling of the internal nozzle were provided to assess various test
articles shock strength, position, and changes through nozzle jet flows. Computations were used to study: forebody
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Figure 1. Side view of final experimental set up.



shape, nozzle size, small and large swept and unswept shock generators, and aft-deck shape. In addition, the main
cantilevered blade strut that attaches the nozzle-body and shock generator components to the model support system
was studied with CFD. Its sweep and shape at the joint where it attaches to the model support were preliminarily
designed via assessment of the computational results. An image of the final design of the experimental set up is
provided in Fig, 1. This is the aft-swept deck configuration with the deck attached below the aft-body and nozzle.
The body, nozzle, deck, and blade-strut on the left side of the image are the components that were designed with
CFD. High-pressure air is supplied to the body through the strut at its top and the entire model is supported at the
bottom piece of the strut (white components). The linear actuator (red) is used to drive the ram (white) fore and aft
for axial translation of the model. The gray component, aft of the linear actuator, is a 10-inch adaptor to place the
model relative to the pressure rail for full signatures from Mach 1.6 to 2.0 and altitudes from 7 to 35 inches. The
dark blue component is the roll mechanism to provide off-track experimental data.

II. Experimental Facility, Instrumentation, and Operation Plans

The Ames 9- by 7-Foot Supersonic Wind Tunnel is part of the Unitary Plan Facility at NASA Ames Research
Center. It is a continuous flow, closed circuit tunnel equipped with an asymmetric sliding-block nozzle for setting
the tunnel test section free-stream Mach number. The floor of the wind tunnel test section is the movable part of the
nozzle block. It translates axially (streamwise) to vary the throat area and provides a Mach number range of 1.55 to
2.55. The stream angle varies throughout the test section by approximately 0.25° to 0.5°, and it is greater in the
vertical plane because of the asymmetric nozzle formed by the floor and ceiling. Models are positioned with wings
vertical in the test section because of this stream angle bias, and therefore the angle of attack plane is horizontal.

The RF1 pressure rail (Ref. 17) mounts to the north sidewall of the test section and is used to measure the
pressure signatures “below™ the model. It has a 14-inch standoff distance of the pressure orifices from the tunnel
wall that provides reflection-free data for a model up to 35 inches long at Mach 1.6, without contamination from
shocks reflected from the wall. A layout of the aft-swept deck model assembly and RF1 rail in the wind tunnel is
shown in Fig 2. Downward and reflected shocks from the model and wall are displayed with dashed line types. The
distance from the model to the tip of the rail is controlled by the wind tunnel strut, shown as the vertical black line
on the right side of the figure. The strut moves the model horizontally in the test section. The strut is located at the
downstream end of the test section and its center body contains a mechanical joint to control the angle of attack of
the model and associated mounting hardware. The center of rotation (CoR) is displayed as a red dot in the layout
image. The strut is clipped in the image, but spans the walls of the tunnel. The roll mechanism (orange) to the right
of a 10”7 adapter (green) is used to roll the entirc cantilevered assembly for off-track pressure signature
measurements.
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Figure 2. Layout of aft-swept deck configuration and rail in the 9x7 tunnel test section.

The tunnel can operate at total pressures between 634 and 3600 psf with corresponding Reynolds numbers
between 0.5 and 5.7 million per foot. For sonic boom tests, the Mach number and total pressure are prescribed rather
than the Reynolds number, and the tunnel is set at a Pt of 2300 psf (slightly above atmospheric pressure). This
provides a Reynolds number per foot of 4.4x10° in the tunnel test section at Mach 1.6.



III. Computational Method

The unstructured module within the Launch Ascent and Vehicle Aerodynamics (LAVA) framework is used for all
computations (Ref. 20). LAVA offers a variety of modules for robustly handling complex geometries or rapidly
handling less complex geometries. The unstructured module that was employed here solves the compressible
Navier-Stokes equations on unstructured arbitrary polyhedral meshes. A second-order accurate finite-volume
discretization is implemented with flux computations at the cell center. The Spalart-Allmaras turbulence model was
selected for most all computations. L4 ¥4 has been found to be robust and rapidly spreads the sonic boom pressure
field within the domain with small number of iterations. It is a dimensional code requiring SI units and may take
advantage of further improvements in IO to make it user friendly.

The grid generation techniques during model design differed from those for analysis. Design configurations were
generated quickly by using a script for generating parameterized geometry with structured meshes using Chimera
Grid Tools (CGT) software (Refs. 21-22) developed for overset methods to generate analytically defined surface
meshes. These initial surface meshes were then used to generate unstructured polyhedral volume grids within a near-
body cylindrical region utilizing a commercial software package called StarCCM+ (Ref. 23). Subsequently, Mach-
cone aligned hexahedral cells were appended to the cylindrical domain boundary in layers up to multiple body
lengths away. The Mach-cone aligned hexahedral cells were generated with an in-house program that follows a
method for accurate sonic boom analyses first introduced in 2011 (Ref. 24). The complete mesh was then used for
computations with L4V4. This rapid method of obtaining computational results was applied to approximately 45
intermediate designs within a 4-month period of time. Although some mesh quality was traded for expedient
meshing, the meshes used during design were suitable to identify pressure signature differences.

The symmetry plane and surface meshes of a Lockheed-Martin equivalent body of revolution with a free-floating
shock generator (without strut) are shown in Fig. 3. The meshes used during the manual design studies varied, but
this figure provides a good example of the quality of meshes generated during design. The volume mesh utilizes
refinement regions around the plume and the small shock generator, and Mach cone aligned cells are used, but the
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a) Surface and symmetry plane
Figure 3. Example of design mesh {(continues).



b) Aft nozzle-body surface and symmetry plane ¢) Biconvex shock generator surface grid

Figure 3. Example of design mesh (concluded).

resolution of the surface grids are coarser than a best practice mesh (later shown) would be. Figures 3(b and c¢) show
that the surface mesh around the body and tip of the biconvex shock generator are coarser than desired for highly
accurate pressure signatures. The cylinder that surrounds the test articles is slightly bigger than it needs to be and
delays the initiation of the Mach aligned mesh. Minimizing the cylindrical mesh radius has been shown to reduce
dissipation and improve the sharpness of shock waves.

Analyses of final design configurations at the test team’s preliminary design review (PDR) and thereafter utilized
best-practices gridding techniques for sonic boom computations (Ref. 25) with more refined meshes (26 to 49
million cells) than used for the design computations (10 to 20 million cells). High quality surface meshes of triangles
and quadrilaterals were developed using a commercial software package called ANSA4 from Beta CAE Systems USA,
Inc. (Ref. 26). Volume meshes were then generated with

reﬁpement regions witf‘lin a minimallly sized near-body 0.02 Do Vg -
cylinder, and a Mach-aligned collar grid was appended to saig | Analvsis Meshing
the cylindrical mesh, as outlined above. '

The difference in the solutions with the rapid design 0.01 |
and the best-practice analysis meshing techniques was
characterized by evaluating the forebody of the Lockheed g BB

2 . - - o
equivalent body-of-revolution with both meshing < 0

techniques. The pressure signatures of the forebody,

computed with both meshing strategies, are compared in -0.005
Fig. 4. This comparison quantifies the errors in the design
solutions. The design computations do not possess the
same level of sharpness to the shock, but are of adequate -0.015 N S S S
accuracy for comparison of the design parameters studied 012 14 16 18 20 22 24 26 28
herein. Note that the pre-test and final design CFD . _ ediusted X, inches

computations in later sections use the higher quality, ~¥igure 4. Pressure signature Comparisonlofdesign
analysis meshing methods. The Reynolds number for the ~ vS- analysis meshing techniques, LM equivalent
design computations at Mach 1.6 were 4.4x10° per foot. body, M=1.6.

-0.01

IV. Studies of Experimental Model Designs

Studies of fore-body shape, nozzle size, blade-strut sweep, nozzle pressure ratios, aft-deck size and plate bevel
angles, and size and positions of shock generators (SG) were obtained. Nearly all of the parametric studies and the
philosophies for the design choices are presented. Most of the designs varied two or more parameters at a time due
to the very limited time available to develop a design. Limited model fabrication funds and testing time are available
for this test, so to be cost effective the designs were kept simple and analytically defined so that a greater variety of
configurations could be built and tested. The resulting designs from the studies presented herein should help industry
assess models with horizontal tails of various sizes, and aft-deck configurations with upper surface mounted engines
and with forward- or aft-swept trailing edges. In the next sections, details of the intermediate designs are presented.



A. Fore-body Shape and Strut Sweep

Ideally, an experiment would have inlets and nozzles that would simulate the propulsive flows as on a real
airplane, with the nozzle exit air at the correct NPR and temperature. However, the small scale of the subject model
precludes the accurate simulation of the inlet and nozzle flows, and so for the purposes of measuring plume/shock
interactions, no inlet flows are simulated, and the nozzle flow is simulated with cold high-pressure air pumped to the
model through the wind tunnel strut. None of the usual airplane components are modeled for this test except for the
various shock generators representing horizontal tails placed above the nozzle and the aft decks placed underneath
the nozzle. The “fuselage™ of this model is simply a body of revolution terminating with a single nozzle.

An equivalent body of revolution representing a modern low sonic boom vehicle with an enclosed aft nozzle was
initially used to provide relevant (low overpressures and shaping) pressure signatures. A similar body of revolution
was run in recent sonic boom tests in the 9x7 wind tunnel (Ref. 15), and provided a good representation of a
complete vehicle’s sonic boom pressure signature. For the upcoming test, the Lockheed-Martin Aeronautics
Company (LM) provided the equivalent body shape corresponding to one of their business-jet sized low-boom study
vehicles. Its aft region is cylindrical which allows the Putnam nozzle 6 (Ref. 7) previously tested in the 1x1-foot
wind tunnel at GRC to be incorporated into the aft cylinder section.

The first computational study modeled the aforementioned LM business-jet equivalent-body with a 1-inch
Putnam nozzle 6 at a NPR of 14, along with a free-floating swept “tail” shock generator (SG) above and aft of the
nozzle. A parabolic-nosed body was used initially to represent the upstream end of the model supporting hardware.
This configuration was also evaluated with two possible struts, with sweep angles of 55° and 65°. Figure 5 shows
isometric views of these three computational models with a red arrow that points to the small SG. The swept struts
attach the nozzle body and SG to the model support and provide for high-pressure air routing to a nozzle plenum.
These initial struts were simply defined with double-wedge cross section (easily defined analytically) and the free-
stream chord was 3.12 inches with t/c of 7.0-percent. The shock generator shape was loosely taken from the tail
from the Ames Low Boom Wing Tail design from 1993 (Ref. 27). It was used because it possessed typical sweep,
thickness, and taper and was sized for takeoff and landing during the referenced paper-studies in the 1993. The
initial SG was very small with 5%-thick parabolic biconvex sections and a root chord of 1.18 inches.
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a) Without strut b) With 60° swept strut c) With 65° swept strut
Figure 5. Isometric views of initial geometry setups with Lockheed Martin equivalent body of revolution.

Figure 6 shows contours of density gradient magnitudes on the symmetry plane and overlays the pressure
signature 15 inches below the nozzle centerline; the pressure signature is presented at only one altitude to clearly
allow the reader to trace along the shock lines to the origin of pressure change on the model. No axes are provided
on the images since the pressure signatures are plotted with axes in subsequent plots throughout the report. A gray-
scale contour legend is shown in Fig. 6a. The same range of contour levels was used for all figures, thus legends are
not provided in subsequent figures. The strut sweep changes in the latter two subfigures (b and c¢) are very subtle but
are somewhat apparent in the difference in magnitude of the shock from the intersection of the lower part of the strut
with the nozzle body (shock peak immediately after the first negative-pressure region).

In the N+2 winged-vehicle wind tunnel model designs (Ref. 15-16), the shocks from the model struts were
shielded by the wing and were of such small magnitudes that the strut did not affect the on-track pressure signatures.
Note that the struts from the N+2 studies were swept at about 75° and 73° relative to free-stream during the N+2
Phase I and II experiments of Lockheed configurations, respectively. Hence with the current plume/shock
interaction model having no wing to shield the strut, the initial choice for strut sweep was 63° since it yielded the
smaller pressure disturbance in the flow, and this sweep angle was less than previously tested during the N-+2 studies
which would reduce the likelihood of flow separation on the strut.

The magnitude of the density gradient shown in this figure is similar but different to what should be visible with
the Schlieren images that shows the density changes in the wind tunnel within a finite spatial region in the flow field
(Ref. 18). This function was selected because it provides visualization of computed shock and expansion waves at
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a) No strut

c) 65° strut

Figure 6. Pressure signatures at #=15 inches over contours of density gradient magnitude of LM equivalent

body with different strut sweeps, M=1.6, VPR=14.

significantly larger distances from the model than contours of Cp or Mach number, for example.
Figure 7 overlays the pressure signatures of the three models. The forward portion of the pressure signature

represents overpressures of a present-day low-boom
configuration and provides a basis to compare the
pressure signature of the forth-coming series of SG’s
against. The pressure signatures from the LM
equivalent body are shown for the model without a strut
for X < 32 inches. The relative shock strengths of the
struts swept at 55° and 65° can now be easily compared
with each other at X=28 inches, and to the equivalent-
body signature (14 < X < 27 inches). This reveals that
the 60° strut shock is stronger than the overpressure of
the LM body and that the 65° swept strut reduces the
strut shock from 0.015 to 0.01.

The shock at X=33 inches appears to be from the
lower edge of the nozzle lip, and the SG leading shock
has coalesced with the lower nozzle shock at X=36
inches. The trailing shock from the small SGs is
difficult to place and may have coalesced with the sting
shocks at X=38-40 inches.

0.03 T T
no strut \
60° strut
0.02 }  65°strut
0.01
g o
<]
-0.01
-0.02 -
-0.03 : . . - i
10 15 20 25 30 35 40

adjusted X, inches
Figure 7. Effect of strut sweep with the Lockheed-
Martin equivalent body.



B. Nozzle-Body Size and Integrating the Strut with the Sting

The next design analyses were used to evaluate an increase in nozzle size to make use of the larger tunnel size
(the 9x7 relative to the 1x1) and provide more detailed pressure signatures of the nozzle exit and plume shocks.
Initially, the outer diameter of the Putnam nozzle 6 used in the 1x1 test was doubled to 2 inches, and at the same
time the junction between the top of the swept strut and the model supporting hardware (referred to as the sting)
were blended together, essentially eliminating the bow shock from the parabolic nose of the sting. Thus, the top of
the strut was modified to bend from 65 degrees back to free-stream while growing the thickness to meld with the
model-supporting sting. The first design of a blade strut concept with a similar integration of the strut with the sting
is attributed to Gulfstream (Ref. 28). The transition between the strut and sting in this design was done in a crude
fashion (without CAD methods) in these preliminary studies.

Growing the nozzle body to 2 inches seemed like a small change, but it quadruples the area of the nozzle and
requires the length of the model to double, making the model very large for sonic boom testing. To reduce the
overall model length after scaling, the nozzle plenum was inserted deeper into the 2-inch diameter part. For the 1-
inch nozzle-body, the nozzle plenum boundary was 6.62 inches from the start of the cylindrical portion of the body,
and for the 2-inch nozzle it was 2.79 inches from this point, resulting in overall lengths of 23.01 and 29.13 inches for
the 1- and 2-inch nozzle bodies, respectively. However, the 2-inch diameter model was still too big to obtain
complete signatures for the range of desired altitudes (7 < & < 35 inches) with the RF1 pressure rail, and the added
stress to the cantilevered model support system may have been problematic, so the model diameter was selected to
be 1.5 inches. This size nozzle would allow for similar model lengths to those tested in the N+2 studies and would
allow for reflection-free signatures of the nozzle-body and attached shock generators at Mach 1.6.

Figure 8 allows for the comparison of the 1- and 2-inch nozzle bodies’ density gradient contours on the
symmetry plane with overlaid pressure signatures at 15 inches for Mach 1.6, and NPR 14. The signatures are
overlaid in Fig. 9; the 2-inch diameter model shows greater detail, as expected, but some of the differences are also
due to lower mesh resolution for the I-inch medel. The forebody nose-to-cylindrical portions of the pressure
signatures are to X=23 and 30 inches for the 1- and 2-inch bodies, respectively.
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Figure 8. Pressure signatures at #=15 inches over contours of density gradient magnitude for different sized
nozzle bodies with the LM equivalent area definitions.

The effect of integrating the strut with the sting is shown in Fig. 10. The “sting shock” in the integral strut-sting
appears at X=52 inches, whereas the shock from the individual sting appears much closer to the SG signature at
X=38 inches. Having a large distance from the trailing shock of the SG to the sting shock is important for analyses
of the plume region as the SG shock returns to ambient flow amidst the influence of the nozzle jet stream. Thus, the
integral sting (as-designed) is superior. The separate sting design could have had a smaller length nose, but would
result in a blunter nose shape with an associated stronger shock.
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C. Forebody Simplification

The LM forebody was deemed unnecessary for the studies of nozzle plume and shock interactions because the
complexities of the forebody signature were inconsequential to the plume-shock interactions downstream and
manufacturing a simpler model would avoid any difficulties or added expense to fabricate a body with very rapid
changes in curvature over short distances. An analytic forebody shape was therefore selected with similar
overpressures to the LM body. It was selected from experimental sonic boom data of a series of analytically-defined
shapes by Carlson (Ref. 29). Carlson refers to the shape chosen for this model as “Model 6” in the 1965 report, and
it was selected since it has low overpressures like the LM configuration. Carlson had selected this model shape from
an earlier paper (1962) on design methods to aftain low sonic boom overpressures (Ref. 30) because it achieved
better low-boom characteristics than other models in the study.

The Carlson model 6 function described in the 1965 report had to be scaled in both vertical and axial directions
so that it was 1.5 inches in diameter and stretched to an appropriate length. Axial stretching affects the bluntness of
the model, so the scale chosen provided in a good match to the drawing of the model in the report. The method to
scale the curve of the Carlson forebody is as follows:

1) Create curve using

y(x) = x\jﬁﬁ) (1.0 — 0.3x) forx = [—5.24184,0]

T

2) Scale coordinates
x' =x 253601862739

yie= g
3) Translate to desired position

This results in a forebody-defining curve that is 13.29 0.05 | 10" LM equivalent budy
inches long. A 1.5-inch cylindrical body follows this until 002 + 3'_%- Ca&l‘;‘;qﬁ,.‘;gﬁ”g Eg§§ == ]
the boat-tail angle from the Putnam nozzle is encountered, _— \
for an overall length 0f 23.01 inches. The forebody lengths
for the 1-inch LM, 2-inch LM and 1.5-inch Carlson bodies e
are: 9.34, 18.32, and 13.29 inches, respectively. % 0.01

The pressure signatures for the Carlson Model 6 body N 0 &
are overlaid with the 1- and 2-inch LM equivalent bodies 001
in Fig. 11 at Mach 1.6, and NPR 14. The maximum e b
overpressure for the Carlson body lies between the 1- and
2-inch equivalent bodies and therefore also represents R

overpressures of relevant vehicle designs. The Carlson -0.04
nose shape results in a smooth rounded pressure signature.
The experimental data in Carlson’s report has the same
characteristics as these computational results.
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Figure 11. Comparison of Carlson analytic forebody

to LM equivalent body.



D. Whole configuration pitch rotation versus SG incidence

The biconvex shock generator shape, derived from the tail of the Ames LBWT design from 1993 (Ref. 26), was
sized to 1.5 inches at the root chord and retained the sweep of 58° and taper of 0.351 from the earlier design. Figure
12 shows isometric, side and top views of the test rig with the 1.5 inch biconvex SG. A black arrow points to the
small SG in Fig. 12a.

\

a) isometric b) side c) top
Figure 12. Images of the surfaces of the biconvex shock generator setup.

The SG design sought would have a shock strength that was large enough to be experimentally assessed, yet
small enough that it was not more than 2-3 times that of its” forebody (representative of contemporary low boom
designs). Recall that the Carlson forebody and cylinder overpressures are suitable to compare to without requiring
the manufacture of the LM equivalent body.

Figure 13a shows the density contours of the biconvex SG through the jet flow at a NPR of 8.0 and a Mach
number of 1.6. The symmetry plane density gradient contours show the position of the shock generator in
relationship to the shocks from the other model parts. The SG was placed so that the upward-directed shocks from
the upper nozzle lip pass behind the trailing edge of the SG, and the downward-directed shock is upstream of the
SG’s bow shock. A short study was done to double the size of the shock generator to a 3-inch root chord, but the
larger shock generator could not be positioned without the nozzle exit shock striking the SG (study not presented).
Thus, the 1.5-inch root chord shock generator is the first concept selected for testing (geometry shown in Fig. 12).

The effects of changing the incidence angle of the biconvex SG from 0° to 2° and 4° was next studied. The
density gradient contours with the biconvex SG at 0° and 4° are shown in Fig. 13. The nozzle plume changes the
angles of the leading- and trailing-edge shocks from the biconvex SG as they pass through the plume at this NPR.
Later in this paper, a study will show how NPR can severely affect the angle change of the shocks passing through
the plume. Comparing the 0° and 4° solutions, the bow shock with the pitched SG has a stronger leading edge shock.,
and a hyperbolic shaped disturbance from the tip of the SG (approximately 1 chord downstream) is more prominent
for the pitched model. Another detail of the design is that the size and placement of the downward strut (attaching

a) alpha 0° b) alpha 4°
Figure 13. Density contours of the biconvex shock generator, 1/=1.6, VPR=8.
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biconvex SG to main strut), were such that the shocks from the leading and trailing edges would be fairly well
shielded with the swept biconvex SG. Since the leading edge of the biconvex SG is swept at a greater angle (58°)
than the trailing edge (29.2°), and this angle is greater than the Mach angle, the 0.75-inch downward strut was
placed 0.524 inches from the leading edge and 0.224 inches from the trailing edge on the centerline of the biconvex
SG for shielding. However, this downward strut was not retained in the final CAD design.

The pressure signatures of the shock generator at
0°, 2° and 4° and without the shock generator (all at

0.04

o bloomuex —— NPR of 8 and Mach 1.6) are overlaid in Fig. 14. The
0.03 + e . .
2° biconvex biconvex SG pressure signatures have an N-wave
4° biconvex ——— N Lo -
0.02 + pressure distribution just upstream of the point before
i | : the flow returns to ambient pressure (37.5 <X < 42.5).
0 f The bow shock of the biconvex has coalesced with
g 0 the shock from the nozzle upper lip (evident in the
001 | \ detailed images near the nozzle exit of Fig. 13 and the
- zoomed-out image of Fig. 15b that includes the

pressure signature at 15 inches) and together they
-0.03 | 1 have a combined shock strength of Ap/p = 0.02.
) Without the SG in place the nozzle lip shock has

®™ 15 20 25 m a5 40 45 50 about half that strength (Ap/p of 0.01), so the shock
adjusted X, inches strength approximately equal to the overpressures

Figure 14, Effect of at angle of attack and presence from the forebody (around X =20) at zero degrees
of the biconvex shock generator. angle of attack. At 4° angle of attack the combined

SG/nozzle lip shock has a Ap/p of 0.035.

A pair of computations were preformed with the full model assembly rotated 4° in angle of attack, with just the
biconvex shock generator pitched up 4° with the rest of the model at zero angle of attack. The purpose of doing
these computations was to aid in deciding whether to fabricate two biconvex SGs (integral with their support struts,
which fix their pitch angles) in order to learn the effects of this SG being inclined 4° to the freestream flow—the
thought being that a full-model rotation could be sufficient to discern these effects. Obviously, not having to make
two such pieces saves on design and fabrication time, as well as tunnel time and cost.

The contours of density gradient magnitude with full assembly rotation (Fig. 15a) show that the flow out the
nozzle remains along the axis of the nozzle, with only the appearance of some small deflection where the mesh is
coarse. The plume region is compared with the geometry fixed at 0° with the biconvex rotated in pitch 4° (Fig. 15b).
Note that the mesh was refined in the plume region in Fig. 15a to understand the plume angle when pitched, but the
mesh in Fig. 15b was not refined in the plume region much beyond the trailing edge shock of the SG.

a) Full assembly pitched 4° b) Biconvex SG pitched 4°, rest of the model at 0°
Figure 15. Pressure signatures at #=15 inches over contours of density gradient magnitude of LM equivalent
body with different geometric rotations.
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Figure 16 quantifies the differences in the 0.04
signatures. Some differences are due to vehicle
rotation angle change which gives rise to different
length pressure signatures. However, there is also a 0.02 |
difference in shock strengths. The solution with full
assembly rotation shows that the strength of the bow
and tail shocks from the shock generator have not
increased to the extent of the independently pitched 0,01 -
shock generator. Although there are these differences

4° biconvex SG rotation
0.03 | 4° full-assembly rotation

0.01

AP/P
=]

in the pressure signatures, in the upcoming 0%

experiment only full-geometry rotations shall be .0.03 +

employed. It was originally planned to test the rotated i , ) ! _ ‘ . )

shock generator, but in order to reduce expenses and 40 15 20 25 30 35 40 45 50

have enough time to test higher priority test articles, adjusted X, inches

the 4° biconvex shock generator was eliminated. Figure 16. Comparison of full assembly pitch rotation
vs. SG pitch

E. Effect of Nozzle Pressure Ratio

The Putnam nozzle used in this study is a convergent-divergent nozzle that expands after the convergent region
at a half angle of 6.04° and has an expansion area ratio of 1.72 which produces an optimal expansion NPR of 8.12 at
a design Mach number of 2.02. The exterior nozzle boat tail angle is 5°. A cross section of the planned experimental
nozzle-body and strut shows the internal flow path in
Figure 17. The computational model imposed a boundary

condition to the forward faces of a plenum region to HPA Passage Lr::sr:;emamn
control the NPR. The total pressure was prescribed to the —

desired nozzle pressure ratio times the free stream static

pressure.

A series of 6 computations were performed for NPRs
from 4 to 14, for the test configuration with the 1.5-inch

chord shock generator at Mach 1.6. Figures 18 and 19 T ‘T

show the pressure density gradient simulated at the Qrifice Plate " Mirle
different NPRs. Figure 17 shows the density contours for Lot Instrumentation

the whole assembly with overlaid pressures signatures at Figure 17. Internal flow path through nozzle.

an altitude of 15 inches. Note the significant differences in
the aft pressure signatures for the series of solutions. Not only are there shock strength differences there are shock
location differences. Figure 19 shows an enlarged view of the region where the shock generator and nozzle plumes
interact. The series of images show that the angle of the nozzle exit shocks and the angle from the shock generator
change as they pass through the plume region. The shock angle changes as it passes through the plume because of
the Mach number inside the nozzle plume, which is dictated by the NPR. This phenomenon was also revealed in the
Ix] tunnel experimental data as well as the computational simulations of models that include the wind tunnel walls
(Refs. 8-12). The figure also shows that the shock angles changes in the plume region become more significant with
increased NPR. For NPRs of 6 and 8 the shocks do not appear to change slope as they pass through the plume.
Figures 18 and 19 demonstrate the importance of knowing the engine NPR for accurate sonic boom analyses of
flight vehicle concepts as well as any engine exit shape changes that might occur during flight operations. The
pressure signatures of the computations with differing NPRs are overlaid in Fig. 20. The bow shock of the shock
generator has moved aft from an X location of 37.5 to 40.1, and the shock strength has weakened by changing the
NPR from 4 to 14. Whereas, the nozzle exit shock has moved forward from 37.5 to 36.0 inches, and strengthened.
Shock position and strength changes of this magnitude could significantly affect a flight vehicles ground pressure
signature.
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¢) NPR=8 - d) NPR=10

e) NPR=12 f) NPR=14
Figure 18. Effect of NPR on density contours and pressure signature at #=15 inches, M=1.6.
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e) NPR=12 f) NPR=14
Figure 19. Effect of VPR on density contours in plume region, M=1.6.
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Figure 20. Effect of VPR on pressure signature at #=15 inches.

F. Aft Deck Tip Bevel Angle

A flat plate of 0.125" thickness will serve as an “aft deck™ to simulate aircraft designs where an engine would be
placed on the upper surface of the deck so that inlet and nozzle exit shocks are shielded. Planform designs that
encompassed both a trailing edge that extended 2- and I[-nozzle diameters aft of the nozzle exit were studied.
Hereafter, these will be referred to as the “2-diameter aft deck™ and “1-diameter aft deck™. Figure 21 provides an
image of the 2-diameter aft deck that has leading and trailing edges with 5° bevel angles, and the tip with a 15°
bevel angle.

Originally it was envisioned that two aft-swept
decks would be required (without consideration of the
NPR effects). Whereby the 2-diameter length to the
trailing edge deck would shield the nozzle exit shocks
and the 1 diameter length would not. The 2-diameter
deck was computed with CFD first, since it is the better
model for nozzle plume shock shielding and would
likely offer a lower boom concept. A 15° bevel angle
was initially used around all of the outer deck edges.
Material is cut away from only the upper surface of the
flat plate deck so that the shocks from the beveled
surface reflect upwards and result in minimal shocks
below the model from the deck edges. A study (not
shown) indicated that the leading and trailing bevel
angles had little affect on the signatures below the
model. However, a 5-degree bevel angle was chosen for
the leading and trailing edges to reduce the likelihood of flow separation from these edges and to reduce the strength
of the upward shocks. Note that a small 3/32 inch height boundary layer diverter (0.7 inch width) was used to help
attach the nacelle to the plate and to raise the nozzle to keep it out of the boundary layer, like an engine may be
raised up if it had an inlet to prevent ingestion of the stagnate flow in the boundary layer. The decks were large
enough that its leading edge would shield the strut leading edge shocks and the trailing edge at the centerline
extended either 1- or 2- nozzle diameters aft of the nozzle exit, with equivalent semi-spans of 2-nozzle diameters.

A study of the tip angle was performed on the 2-diameter deck. Computations with tip bevel angles of 5°, 10°,
15°, 20° and 90° and a solution without a deck are compared in Fig 22. The deck shields the nozzle shocks between
X of 37 and 39 inches and the tip bevel angle has a fairly significant effect on the pressure signatures. The 5° bevel
angle resulted in the weakest shock at =32 inches and the 90° (blunt) tip had the strongest shock. The tip bevel
angle also affects the aft pressures (X' > 34). In this region, the 5° bevel has the strongest shock at around X=40, and
the 90° bevel tip has the largest expansions and shocks. The 15° bevel tip results in the most benign pressure
signatures, and hence was chosen as the tip angle to be manufactured.

Figure 21. Isometric view of the deck with trailing
edge 2 nozzle diameters from the nozzle exit.
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Figure 22. Effect of deck tip bevel angle for the 2-diameter aft deck.

Density contours for solutions with 5°, 15° and 90° tip angles are shown in Fig. 23. The non-linear waves that
emanate below the deck, just aft of the decks’ midchord, indicate pressure changes from an off centerline source. If
the Mach cone from this source were a conical section sliced on the symmetry plane it would be hyperbolic in shape.
Note that these non-linear waves are fairly pronounced here, and much more so for the deck with blunt tip (90°

bevel angle in Fig. 23c,
r 7 .7‘—."

a) 5° tip bevel

¢) 90° tip bevel

Figure 23. Density contours of the 2-diameter aft deck with different tip bevel angles.
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Investigations of the surface pressure coefficients also help explain the aft-deck pressure signature changes due
to tip bevel angle differences. Figure 24 shows the design with 15° tip bevel angle and how the upper deck surface
shields the nozzle exit pressures. Note that the range of the pressure coefficient contours displayed on part (b) of the
figure is an order of magnitude smaller than shown in part (a). The deck shields both shocks from the nozzle exit lip
as well as the expansion region from the nozzle boat-tail angle (Fig. 24a). The nozzle exit lip shocks appear in the
first compression region behind the nozzle and an indication of another weaker compression region from the top of
nozzle appears very near the aft trailing edge bevel. The aft-swept trailing edge concept was chosen for greater
shielding than an un-swept or forward swept trailing edge since the sweep is the direction of the Mach cone angle.
The shock from the blade strut is also shielded from the on-track pressure signatures, but the very small semi-span in
this region may not be sufficient to limit the three-dimensional effects. Making the deck any larger would likely not
satisfy the structural load requirements with the current blade strut design. The lower surface of the deck (Fig. 24b)
reveals an “X” shaped compression pattern from the wing tip shocks, and results in a pressure spike where they
merge at the symmetry plane. This is the spike in the pressure signatures at X=32 inches shown in Fig. 22.

Cp
-0.100 -0.050 D0.000 0050 0.100 -0.010 -0.?05 0.000 0.005

Max: 3.548 Max: 3.548
Min: -0.462 Min: -0.462
a) Upper surface view b) Lower surface view

Figure 24. Pressure coefficient contours of the 2-diameter aft deck with 15° tip bevel angle, M=1.6, NPR=8.

G. Aft Deck Size and Shape

After the 1- and 2-diameter length decks were evaluated, concerns about the strength and size requirements of
the blade strut arose. The 2-diameter deck area was 61.8 in’ and the 1-diameter deck was 57.3 in’, whereas the swept
struts used by Lockheed in the N+2 studies (Refs. 1-2)

supported models with maximum planform areas of
33.17 in’. The strut in the present design requires a
large cavity for high pressure air (HPA) and a small

cavity for internal nozzle flow instrumentation wires as . A

shown in a slice through the final designed strut Fifgure 25: InGaiorview: of e blad s,
perpendicular to it trailing edge in Fig. 25. Thus, it was apparent that the decks as originally designed were likely too
large for the strut concept. Preempting any structural
analyses, and realizing that by changing the NPR, the

5 et 1 nozzle shocks could be placed both before and after a

4t small deck, TE 1.8 g‘ngzfmjgsg = 1 deck of intermediate size (between the 1- and 2-

gl - ] diameter decks). This would allow a single model that
could shield or not shield nozzle exit shocks. Thus, the

8 2 // ] decks with 1- and 2-nozzle body diameter from the
§ 1 —p— | ] trailing ngc were abam;loned in favor of.g smaller
> ot e I . model with 1.8 nozzle-diameters to the trailing edge.
A \\ ] The new deck planform with smaller area (39.9 in®) is
\ shown compared with the 1- and 2-diameter aft decks

| \ - | in Fig. 26. The decks are overlaid such that the nozzle
3 . ; - : : ] exits are aligned. Figure 27 shows isometric and side

-2 0 2 4 6 8 10 12 14 views of the aft deck with the nozzle exit placed 1.8

X, inches nozzle diameters from its trailing edge.
Figure 26. Planform views of aft deck concepts.

17



P

a) Isometric view b) side c) top
Figure 27. Reduced size deck with nozzle exit 1.8 diameters from trailing edge.

Density-gradient contours of the different sized decks are compared along with a solution without the deck
component in Fig. 28. Different NPRs were not assessed due to the time constraints to quickly develop design
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a) No deck b) Deck with nozzle exit 2 dia. from trailing edge

¢) Deck with nozzle exit 1 dia. from trailing edge d) Deck with nozzle exit 1.8 dia. from trailing edge
Figure 28. Density gradient comparisons of aft decks at 15 inches and NPR 8.

configurations for testing. Later, the final deck will be evaluated for NPRs of 4, 8 and 14. The pressure signatures of
the different aft-deck concepts are overlaid in Fig. 29. The large expansion shown without the deck provides a basis
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for comparison of the shock shielding effects of the deck concepts. The 2-diameter aft deck possesses the most
benign signature as expected. The 1-diameter aft deck has the same signature as the 2-diameter deck up to X=37 and
then an expansion and shock follow from less shielding of the aft nozzle pressures. The 1.8-diameter deck has
displaced shocks between X of 27 and 35 inches from its reduced span and length, but the shocks from it appear no
stronger than the 1-diameter deck at NPR of 8. The 1.8-diameter deck was sized such that the nozzle shock was just
behind the trailing edge of the deck, and it was anticipated that with reduced NPR more shielding would occur and
with increased NPR less shielding would occur. Without time for computational validation of this, the 1.8-diameter
aft deck concept was selected as the g design for testing.

0.03

T
no aft deck =
2.0 dia. deck = | i i
0.02 1.0 dia. deck ... s : T B S 4
1.8 dia. deck == i |

0.01

APIP

-0.01

-0.02 \

-0.03

T
i

10 15 20 25 30 35 40 45 50
adjusted X, inches

Figure 29. Comparison of aft deck pressure signatures at 15 inches and NPR 8.

H. LaRC-25D Tail Shock Generator
The 3" configuration selected for testing is referred to as the LaRC-25D tail. It is the same size (6.65 inch root
chord) relative to the nozzle diameter as the vehicle concept designed for low sonic boom (Ref. 30) at Langley
Research Center (LaRC). The tail of the vehicle concept has a detailed camber design and is well integrated into the
configuration design for very low sonic boom characteristics. The tail here employs a biconvex section and it is
placed in the same location relative to the nozzle exit as the vehicle configuration. The reasons for inclusion of the
LaRC-25D tail are:
*  Represents a tail from a modern (non-proprietary) low boom vehicle
¢ Talil size relative to nozzle size is realistic
*  Three-dimensional effects greater due to the size
The 1.aRC-25D SG required a 2-inch nozzle extension in order to position the tail further aft on the strut while
retaining the tails position relative to the nozzle exit. Without the nozzle extension the leading edge of the 25D SG
was aft of the strut leading edge. With the nozzle extension the LaRC-25D tail shields the shocks from the upper
portion of the strut. Figure 30 shows isometric, side and top view of the test configuration.

a) Isometric b) Side ¢) Top
Figure 30. Three views of the LaRC-25D shock generator.

19



The outline of the tail and strut can be seen in Fig.
31 of the symmetry plane with density gradient
contours at Mach 1.6. The pressure signature has
multiple shocks that are greater in strength than the

L LaRC-25D —— = ‘ '
0.04 1.5-inch Biconvex \
0.03 |
0.02 |
0.01
[+
o 0
<
-0.01 t
-0.02
-0.03
-0.04 ‘ ‘
% 10 15 20 25 30 35 40 45 50
b adjusted X, inches
Figure 31. Density gradient of LaRC-25D shock Figure 32. Pressure signatures for the LaRC-25D
generator at 15 inches and NPR 8. overlaid with the biconvex at 15 inches and NPR 8.

biconvex SG at 0° angle of attack (Fig. 32). The
LaRC-25D has slightly greater signal strength than the biconvex at 4° (compare with Fig, 20), and this larger model
will produce greater on- and off-track signature with increased angle of attack than the biconvex SG. The strut is too
short in this initial concept; the shock from the sting portion is contaminating the signature before ambient flow has
been achieved. In Fig. 32, the strut-sting shock at X=51 inches appears before the SG trailing shock at X=47 inches
has returned to a pressure of zero. In the final design, the strut was lengthened based on this finding.

I. Double Wedge Shock Generator

The fourth and final design provided at the PDR was a 2.25 inch chord double-wedge shock generator with 5°
half angle leading and trailing edges. It was selected for testing because it was previously tested in the 1x1-Foot
Supersonic Wind Tunnel at GRC with a 1-inch outer nozzle diameter. Here, the model was scaled up so that its size
and position to the nozzle exit center were proportional to the nozzle body diameter. The existing nozzle body length
would not allow for the SG to be placed at the required vertical distance from the nozzle exit center with the 1.5-
inch outer diameter body. In order to accomplish this, a 4-inch nozzle extension will be manufactured. Figure 33
shows the double-wedge shock generator with the extended nozzle configuration in isometric, side and top views.

a) Isometric front view b) Side view c¢) Top view
Figure 33. Three-view of the double-wedge shock generator.

The shocks from the non-swept, non-tapered, and approximately 9-percent thick shock generator are
significantly larger than the former swept biconvex SG configuration with a 5-percent thick root section (Fig. 34 and
35). This conceptual design, like the LaRC-25D, also has insufficient strut length for the flow to return to ambient
conditions, and the trailing shock of the double wedge has coalesced with the sting-strut shock. Although, the
analysis of the double wedge was performed at Mach 1.6, the experiment is planned for Mach 2.0 to tie in with the
former 1x1-foot test data of this SG. On the final design, a Mach 2.0 computation is presented.
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Figure 35. Pressure signature for the double-
wedge shock generator at 15 inches and VPR 8.

" . . Four configurations from these studies were
Figure 34, Density gradient of the double-wedge shock selected for inclusion in the experiment: the 1.5 inch

generator at 15 inches and NPR 8. biconvex, the small aft-deck with nozzle exit 1.8 dia.

from trailing edge, the 6.65 inch LaRC-25D. and the 2.25 inch double wedge. At the time of the preliminary design
review, dense surface meshes of these configurations in STL (Stereo Lithography) format were read into CAD
software, drawings were made, and then analytic surfaces were generated, except for the forebody, where the
equation was provided. The analytic shapes developed with CFD code analyses were the starting definition for the
wind tunnel models. As expected, it was necessary to make many but mostly limited modifications for implementing
cost effective mounting hardware and other instrumentation designs changes. CAD surfaces, both external and
internal fo the actual hardware that would satisfy structural load requirements in the supersonic flow of the 9x7-Foot
Wind Tunnel were developed. These CAD-based representations are referred to as the PDR models or
configurations.

Y. PDR Model Analyses

The solutions of the PDR configurations are presented at Mach 1.6 and a NPR of 8.0. The CAD surfaces were
used as the defining outer mold lines of the configurations and high quality surface meshes were developed using
ANSA. The surface meshes were then transferfed into STAR-CCM+ where volume meshes suitable for accurate
sonic boom computations with the Navier-Stokes equations were developed. The resulting meshes used for these
computations were of higher quality than the meshes used for design.

A. Biconvex (PDR)

A few representative images of the surface mesh are shown for the biconvex SG configuration in Fig. 36.
Meshes will not be shown for the other configurations because they are of the same quality. The surface mesh
shown is of the polyhedral mesh generated in STAR-CCM+ from a mixed element surface mesh composed of
triangles and quadrilaterals generated in ANSA4.

a) Nose b) Biconvex shock generator, down strut, and main strut
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X
Xz

Xz
¢) Tip region of biconvex SG d) Nozzle-body and strut (side view)
Figure 36. Polyhedral surface mesh typically used for accurate sonic boom computations with LAVA.

The refined volume mesh within the near-body cylinder was generated with STAR-CCM+. The symmetry plane
mesh is shown in Fig. 37. As previously mentioned the Mach aligned cells were generated with an in-house program
that generates hexahedral cells from the cylindrical region to several body-lengths away. The configuration is placed
within a small cylinder so that the Mach aligned cells begin close to the body for efficient use of mesh points,
reduced dissipation in the solution, and more accurate pressure signatures. A refinement region in the plume region
was developed for improved solution accuracy of the shock interactions with the nozzle jet plume. Solutions with
the quadrilateral cells appended to the volume mesh were then obtained with the unstructured-grid flow solver
within the LAVA framework. The computations were preformed on the NASA Advanced Supercomputing (NAS)
computer, Pleiades. Solutions typically used 720 processors and were obtained in less than 4 hours. The number of
cells vaned between 26.5- and 49.2-million, the LaRC-25D required the Iargest mesh
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Figure 37. Symmetry plane mesh of polyhedra.

The solution of the four designs from the PDR, with properly sized strut and model supporting hardware and
HPA lines at the top of the blade strut are shown in Fig. 38. A significant portion of the test hardware aft of the
blade strut is modeled in the computations to allow for the assessment of the shock(s) strength and position from the
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support system. These solutions affirm that the model supperting hardware and HPA lines’ shocks do not interfere
with the trailing shocks of any of the shock-generation models, including the LaRC-25D and double wedge shock
generators. There is ample distance between the trailing shocks from all SGs before the supporting hardware and
HPA line shocks are encountered to achieve pressure levels of ambient flow. This indicates that the strut is now long
enough, eradicating the previously noted design flaw. Note that the shocks from the model supporting hardware are
of greater strength and the angle of the shocks is smaller than most model shocks. Thus, at some greater distance the
shocks from the support hardware will approach the models shocks and coalesce, but not within the 35-inch testing
range planned for the upcoming test.

a) 1.5-inch biconvex b) Aft-swept Deck

¢) LaRC-25D d) Double-wedge
Figure 38. Density contours and overlaid pressure signatures for the PDR OMLs from CAD.

The pressure signatures are shown for altitudes of 7, 15, 25, and 35 inches for the four models in Fig. 39. The
signatures are shifted such that the leading shocks are aligned and truncated after the first downstream shock from
model supporting hardware is encountered. Note that different Y-axis scales are shown in the figure to provide
pressure signature details in the space available within each plot. Here, the forward movement of the model-support
hardware shocks is evident and these shocks have moved forward about 4 inches from altitudes of 7 to 35 inches.
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Figure 39. Pressure signatures for the PDR OMLs from CAD.

VI. Revision of Model

NASA’s industry partners cautioned that the initial CAD design may have some regions of separated flow on the
blade strut, based on experimental oil flow patterns on their N+2 strut designs with similar sweep and thicknesses.
The separated flow on the aft part of the strut is due to the large sweep (particularly the sweep of the trailing edge if
the strut is tapered) and the thickness. A photograph of the oil flow patterns after exposure to the supersonic flow in
the 9x7 is shown for a 70° plate attached to LM phase II swept strut in Fig. 40. The photo shows that boundary layer
trip disks of 0.05-inch diameter and 0.0075-inch
height were affixed to the blade strut. A red
arrow points to one of the disks in the figure. The
blade struts’ sweep is 72.9° relative to free-
stream and its streamwise thickness/chord ratio at
the tip (near the plate) is 10.1%, and at its root
13.6%. The disks were not intended to fully trip
the boundary layer, but rather to energize it to

Figure 40. Oil flow photograph of the 70° Flat Plate with ~ delay separation. There is no evidence of
the 72.9° swept strut from N+2 test. spanwise spreading of the turbulent regions
downstream of the disks in the photograph so the

boundary is not tripped. The disks may have reduced the amount of separation on the aft strut, but without an oil
flow without disks, it is not known if they were effective. The test team would like to test with and without disks to
determine if they are beneficial or not, but with the limited test time in the tunnel, it may not be possible.

It was decided that some precautionary changes should be made to the PDR design to help minimize separation
on the strut. The trailing edge sweep, with the struts taper, was 67.5°. Because of the former computational analyses
with 60° and 65° sweep angles (Fig. 6 and 7), changing to a 60° sweep strut was known to have acceptable shock
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strength. Therefore the trailing edge sweep angle was modified to 60° and taper was applied only to the leading
edge. Changing the strut sweep required all of the shock generators positions to change, and the development of new
attaching struts. In addition, the strut was lengthened to ensure at least as much shock free distance from the trailing
edge of each SG to the shock from the attachment hardware in the nozzle plume region, as well as many other
changes. The three SGs retained their position relative to the nozzle exit center and the deck retained its size, but the
blade strut was moved back on the nozzle (0.45 in. from cylinder to strut leading edge on PDR and 1.247 in from
cylinder to strut leading edge on final design). This was done to ensure equivalent or greater shielding with the deck
with the expected stronger strut shock from the 60° swept strut. The thickness/chord ratios normal to the leading
edge were 14.3%, but streamwise ratios of 7.6 and 6.7 percent result for the 60° and 65° struts, respectively.

LAVA solutions are shown in Fig. 41 for the PDR and final designs in laminar and turbulent flow fields. It is
expected that the laminar solutions over-predict separation, and that the experimental data may yield results between
the laminar and fully turbulent flow predictions. Surface pressure coefficient (Cp) is shown along with plotted data
at a single position on the strut, with its location indicated by the red lines in the plots. In the top half of the figure .
results with the former PDR strut are shown, and in the bottom half are the new final design results. A very uniform
pressure distribution is seen in the final design with the Spalart Almaras (SA) turbulence model. Whereas, the
turbulent flow solution of the PDR design has a small hump at 80-percent chord in the pressure distribution. This is
an indication that the final design is less likely to separate than the PDR design. Also, the turbulent and laminar
solutions of the final strut have more uniform color contours across the entire strut surface than the PDR design. The
amount of separation on the final design is expected to be minimal from these results. But, these results are not
conclusive because flow in the wind tunnel is not fully turbulent. However, it is clear that there has been a beneficial
change in the Cp distribution over the strut surface in the revised 60° strut. The laminar result of the 65° strut
appears like the flow is separated at 90 percent chord, and the laminar pressure distribution of the 60° strut has a
steep adverse pressure gradient that is likely unstable.

67.5° PDR strut, turbulent 67.5° PDR strut, laminar

a2 fEA
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—— T — - N
Laminar ——
02

60° Final strut, turbulent 60° Final strut, laminar

- -y p——
w 0.2 [ A

Figure 41. Pressure coefficient comparison of laminar and turbulent flow solutions for PDR and final designs.

VII. Final Model Designs Analyses

Similar gridding techniques were employed on the final design as were used on the PDR models. Density
gradients on the symmetry plane are shown for the final five design configurations computed at a Reynolds number
of 4.5x10° per foot in Fig. 42. The fifth design was included in the mix without preliminary CFD results. It is a
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a) 1.5-inch biconvex b) Aft-swept deck

¢) LaRC-25D . d) Double-wedge

e) Forward-swept deck
Figure 42. Density contours and overlaid pressure signatures for the final design OMLs from CAD.
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forward swept aft-deck configuration, with identical leading edge sweep and span to the aft-swept deck. The deck
sweeps forward at the opposite sweep angle of the aft-swept deck. The final pre-test CFD pressure signatures are
shown for each model at altitudes of 7, 15, 25, and 35 inches in Fig. 43. A companion paper also evaluates these
final designs with a different grids and flow solver (Ref. 32). The pressure signatures in Fig. 43 are plotted to the
same scale as the PDR design results shown in Fig. 39 for easy comparison. The final design with the 60° swept
strut offers a larger range of shock free data in the plume region. For example the supporting hardware and HPA line
shocks are encountered at about 57 inches in the final design whereas in the PDR design, shocks appear around 54
inches. The strut was lengthened to account for the reduced sweep, so that the axial distance between the nozzle exit
and attaching hardware was equal, which results in a larger shock free plume region because of the added travel for
the shock waves. This allows the trailing shocks from the shock generators to return to ambient condition.
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The forward swept deck signatures in Fig. 43¢ should be compared with the aft-swept deck signatures in Fig.
43b. As expected the forward swept deck offers significantly less shielding, and note the expanded pressure
coefficient range required for the forward swept deck in Fig. 43e.

The aft deck configuration was run with NPR of 4 and 14, representing the lower and upper bounds of the NPRs
that will be assessed in the wind tunnel test, in order to verify that different levels of shielding can be obtained with
the single aft deck design. The NPR 4 result has good shielding without the large expansion and shock that are seen
at NPR of 14 (Fig. 44). The pressure signatures at 4, 8, and 14 are overlaid in Fig. 45, where there is little difference
in the NPR 4 and 8 results.

a) NPR=4 b) NPR=14
Figure 44. Density contours at bounding VPR values with the aft-swept deck, M=1.6.
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' NPR - g‘: The double wedge shock generator is a scaled
NPR=14 — model of the shock generator tested in the GRC 1-by-

\ 1-Foot tunnel at Mach 1.96, The priority is to run the
A double wedge at the same Mach number as previously

v tested at GRC. The data in the plume region will also

be reflection free at this Mach number, whereas at
Mach 1.6 the bow shock from the model nose reflects
before the shock from the model support hardware is
g encountered. Fig. 46 shows a layout diagram at Mach
2.0 for the double wedge SG. This model extends a
little further aft and higher on the strut than the other

APIP

e , , . L models so its trailing shock will be further aft and
o 10 20 % 4 50 closer to the strong shock from the model assembly.
adiusted X, inches At Mach 2, the layout diagram shows that the model

Figure 45. Pressure signature comparison of three

nose shock (light blue) reflects off the tunnel wall and
NPRs with the aft-swept deck, M=1.6. . Wgh.Dlie) x s

strikes the rail only a couple of inches before the
model support shock (red) strikes the rail (around
tunnel station of -85 inches). The layout shown in Fig. 2, reveals that the reflected nose shock strikes the rail about
12 inches upstream of the model support shock, but has 12 inches behind the deck trailing shock before the reflected
nose shocks strikes. If there is need for downstream plume evaluation, increasing the Mach number increases the aft
plume region of shock-free flow. It should be easy to tell if the reflected nose shock is affecting the signatures since
the predicted signature is flat after it has returned to ambient condition and of value 0.0. If not, the deviation in
pressure is from the model nose reflecting from the tunnel wall at the base of the pressure rail.
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Figure 46. Layout for the double wedge shock generator at Mach 2.0, £=15 in.

Figure 47 shows the density gradients on the symmetry plane at Mach 2.0, and the pressure signatures at 15
inches are overlaid with the Mach 1.6 results in Fig. 48. The Reynolds number used in the computations was 3.8x10°
per foot.
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Figure 47. Density contours of the double wedge at Figure 48. Pressure signatures of the double wedge at
Mach 2.0 Mach 2.0 compared with Mach 1.6, #=15 in., NPR=8.

VIIL. Concluding Remarks

In support of an upcoming test in the Ames 9- by 7-Foot Supersonic Wind Tunnel, CFD was used to manually
design a series of test configurations to assess the effects of pressure waves passing through nozzle jet flow on the
sonic boom pressure signatures. Many aspects of the test-configuration design were studied with CFD: forebody
shape, strut sweep angle, nozzle-body size, full configuration pitch rotation versus shock generator rotation, the
effect of nozzle pressure ratio, aft deck size, shape, and deck bevel angles, and small and large swept and un-swept
shock generators. Navier-Stokes computations of more than 45 test-model concepts provided the knowledge of the
surrounding flowfield with complex pressure/nozzle jet flow interactions to make intelligent design decisions to
arrive with a reduced set of five test models that provide a variety of shapes representative of aft aircraft
components. The final five test models include a 1.5 inch nozzle-body with an analytic forebody that provides
similar overpressure levels of a modern low boom concept and one of the following shock generators: a small 1.5
inch root chord biconvex, a large 6.65 inch chord biconvex with the planform of the LaRC-25D low boom
demonstrator, an un-swept 2.25 inch chord double-wedge, and 9.55-inch aft-swept and forward-swept deck
concepts.
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Data from the planned experiment will allow industry and government to apply their current best-practice
computational meshing and flow solver algorithms to the test articles and compare sonic boom pressure signature
results. These comparisons will promote advancement of grid generation techniques and/or flow solver for greater
confidence in their sonic boom predictive capabilities of the aft portion of the sonic boom pressure signature.

The planned experiment is a good next step towards the study of nozzle plume and shock interactions, but it is
not clear if cold jet nozzle flow at low Reynolds number with this variety of configurations is sufficient to meet the
needs of industry, or if the highly integrated components in the aft portion of a modern low boom aircraft can only
be evaluated by flight testing a specific model.
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