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AIAA 2014-0558 Introduction – Cart3D
Meshing:
• Multi-level Cartesian mesh with embedded boundaries
• Insensitive to geometric complexity
• Adjoint-based mesh adaptation

Inviscid flow solver
• Monotone second-order upwind method 
• Tensor slope limiters preserve k-exactness
• Runge-Kutta with multigrid acceleration
• Domain decomposition for scalability

Output-based mesh adaptation
• Duality-preserving discrete adjoint
• Provides output correction & error estimate
• Adjoint-based mesh refinement using remaining error
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Broad use throughout NASA, US Government, industry and academia

Boom problems with Cartesian Mesh Methods
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Goal: Accurate prediction of near/mid-field pressure signatures
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Boom problems with Cartesian Mesh Methods
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• Mesh adaptation to pressure 
sensor output

Goal: Accurate prediction of near/mid-field pressure signatures
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Boom problems with Cartesian Mesh Methods
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• Mesh adaptation to pressure 
sensor output

• Mesh rotation to ~Mach angle

• Mesh stretching along dominant 
direction of wave propagation

•  See: AIAA 2008-0725, 6593 & 
AIAA 2013-0649

Goal: Accurate prediction of near/mid-field pressure signatures
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Assessing Mesh Convergence
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UH
Uh

Adjoint-based error-estimation and mesh adaptation

• The output asymptotically 
approaches its true value as the 
mesh is refined from H → h

Number of Cells
104 105 106 107 108 109

Fu
nc

tio
na

l V
al

ue
 

Exact Solution

Approximate Functional
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Assessing Mesh Convergence
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Adjoint-based error-estimation and mesh adaptation

• The output asymptotically 
approaches its true value as the 
mesh is refined from H → h

• Adjoint Correction: The adjoint 
provides a correction which 
prediccts the value of the solution 
on the next mesh J(Uh)

• |∆J| vanishes with convergence

∆ J
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Assessing Mesh Convergence
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Adjoint-based error-estimation and mesh adaptation

• |∆J| vanishes with convergence

• Error Estimate: The adjoint 
provides an estimate of the error 
remaining in the functional which 
sharpens with mesh convergence

• Asymptotic convergence appears 
linear on log-log paper

• The error estimate should bound   
|∆J|  
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Nomenclature

h

x

h
Φ

On-trac
k
Off-track

  x :  Distance along sensor (axial distance)

 h :  Distance from axis (radius)

Φ :  Off-track angle (azimuth)

Cylindrical coordinates used for sonic boom

Results and Investigations
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Seeb-ALR

69° Delta
Wing Body

Lockheed Martin
LM 1021 Tri-Jet

Results and Investigations
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Seeb-ALR

69° Delta
Wing Body

Lockheed Martin
LM 1021 Tri-Jet

For each model
• Simulation results and 

computational resources
• Mesh & Error Convergence
• Investigations

Case 1 – Seeb-ALR
M∞ = 1.6, α = 0°

L = 17.667 in

Shown to scale
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Case 1 – Seeb-ALR
M∞ = 1.6, α = 0°

(a) (b)
(c)

“As-built” geometry shown to scale

Detail with axial scale compressed 5x

(a) (b) (c)

Slight inflection (concavity) Surface mesh at shoulder
Aft cylindrical juncture
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Seeb-ALR: Meshing

Initial Mesh: 25 k cells

h = 21.2 in.

h = 42.0  in.

M∞ = 1.6, α = 0°, On-track @ h = 21.2 in. & 42 in.
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Initial Mesh: 25 k cells Isobars

h = 21.2 in.

h = 42.0  in.

M∞ = 1.6, α = 0°, On-track @ h = 21.2 in. & 42 in.
Adapt 07: 2.0 M cells

Seeb-ALR: Meshing
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∆P/P∞

Adapt 07: 2.0 M cells Isobars

h = 21.2 in.

h = 42.0  in.

M∞ = 1.6, α = 0°, On-track @ h = 21.2 in. & 42 in.

• Run on 2011-era quad-core laptop
• ~1 hr runtime (61mins)
• 3.6 GB of memory (max)

Resources

Seeb-ALR: Computational Work
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• Pressure signatures largely converged by 6th adapt cycle. - even at 42 in.
• Additional mesh resolution only sharpening shocks

Convergence of pressure signature, M∞ = 1.6, α = 0°

h = 21.2 in., Φ = 0° h = 42.0 in., Φ = 0°

Seeb-ALR: Mesh Convergence
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Seeb-ALR: Mesh Convergence

Functional Convergence
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  Corrected Functional: JCorr

Adapt 7
Adapt 8

Adapt 9

• Functional converges
• Correction leads functional
• Adjoint correction vanishes

• Results at 7th adaptation submitted to workshop
• Perform 2 more adaptations to assess degree of mesh convergence

18

Seeb-ALR: Mesh Convergence

Functional Convergence
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Error Convergence

Adapt 7

Adapt 8

• Error-estimate bounds update |∆J|
• Remaining error converges asymptotically
• “Textbook” convergence

• Functional converges
• Correction leads functional
• Adjoint Correction vanishes 19

• Results at 7th adaptation submitted to workshop
• Perform 2 more adaptations to assess degree of mesh convergence

 
 

The other “javelin” axisymmetric model was shaped to match the N+2 target signature, which was 
similar to the Low Boom model of the LM3 Test, and titled “OptSig”. This OptSig model used a target 
signature shape that was discovered and developed initially from the N+3 Supersonic Systems Studies 
program. The discrete component of (even blended) practical airplane shapes results in multi-shock 
signatures. But multi-shock signatures approximating a ramp shape signature can be similarly quiet once 
shock rounding is applied. A multi-shock signature shape optimization was run to find the shape that 
yields minimum vehicle length for the low boom loudness desired. Length is minimized as a surrogate for 
vehicle weight and thereby/performance. The optimum signature shape was used as a design target for the 
Low Boom configuration design in Task 3.3 and tested in the LM3 Test. For the LM1 Test, the OptSig 
model created a signature representative of the LM Low Boom configuration, and the new Blade Rail was 
used to try to measure its signature with enough precision so the propagated ground signature loudness 
would yield repeatable loudness from repeated measurements. 

The weight of the current N+2 vehicle, 354,000 lb mass take-off weight (MTOW), was used for both 
the SEEB-ALR and OptSig models. For the axisymmetric models, all of the equivalent area is represented 
with volume (no lift). So the nose of the OptSig model is very similar to the nose of the Low Boom 
vehicle; however, once the wing starts on the Low Boom vehicle—its fuselage cross-section area remains 
constant through the cabin. The SEEB-ALR final area is zero, while the OptSig model has to simulate the 
lift with its volume and ends with a non-zero cross-section proportional to its weight (and adjusted by the 
altitude for which it is intended). This ending area is carried back with a constant section for 
approximately one foot to allow the complete recompression to ambient to be simulated. The overall 
OptSig model length was made to be 29.25 in. to match the NASA LBWT model, allowing similar 
location variations in the tunnel. The SEEB-ALR model was made to initially match a 230 ft long SEEB 
distribution with another 15 ft added to accommodate adding ALR while maintaining close similarity to a 
non-ALR baseline SEEB distribution shown in Figure 16. The OptSig model was kept at 230 ft in length 
similar to the Low Boom configuration.   
  

NASA/CR—2013-217820 22
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Seeb-ALR: Data Comparison
Comparison with linear theory, M∞ = 1.6, α = 0°

h = 21.2 in., Φ = 0°

Morgenstern et al., NASA CR–2013-217820, fig 18

• Code-to-Code comparison used before exp. data was available
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• Closest data at h ≈ 20.6 in., α = -0.3°, β = -0.3°
• Excellent agreement in peaks and on flat-top, some differences in 

expansion
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Seeb-ALR: Data Comparison
Comparison with experimental data, M∞ = 1.6, α = 0°
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• Closest data at h ≈ 20.6 in., α = -0.3°, β = -0.3°
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expansion
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Seeb-ALR: Data Comparison
Comparison with experimental data, M∞ = 1.6, α = 0°
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expansion
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• Closest data at h ≈ 20.6 in., α = -0.3°, β = -0.3°
• Excellent agreement in peaks and on flat-top, some differences in 

expansion

Differences in expansion were 
troubling since we have high 
confidence in solution
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• Closest data at h ≈ 20.6 in., α = -0.3°, β = -0.3°
• Excellent agreement in peaks and on flat-top, some differences in 

expansion

Differences in expansion were 
troubling since we have high 
confidence in solution
1. Re-measured model
2. Ran case with Seeb-ALR + 
    pressure rail + tunnel wall
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Seeb-ALR: Data Comparison

SignaturePressure rail Rail

Tunnel Floor

Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.

M∞ = 1.6

20.6 in

12.5 in
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Seeb-ALR: Data Comparison

SignaturePressure rail Rail
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Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.

Seeb-ALR: Data Comparison

SignaturePressure rail Rail
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M∞ = 1.6

20.6 in
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Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.



Seeb-ALR: Data Comparison
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•  Model positioned in middle of range of experimental traverse 
•  Leading edge compression interacts with model, relieving suction 27

Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.

Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.

Seeb-ALR: Data Comparison
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•  Model positioned in middle of range of experimental traverse 
•  Leading edge compression interacts with model, relieving suction

Simulation with Seeb-ALR + pressure rail + tunnel floor
Mid-traverse location for data @ h = 20.6 in.

Seeb-ALR: Data Comparison
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Impact of compression from rail leading edge

28
•  Model positioned in middle of range of experimental traverse 
•  Leading edge compression interacts with model, relieving suction
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The RF 1.0 rail was evaluated for a series of simulated model translations that pass the model through 
the leading shock of the rail. Computations at axial displacements "=!10, !15, !20, !25, !30, and 
!35 inches were performed. Results of the !10, !20, !30 and !50 displacements are presented in 
Figure 9. These images are rotated so that the tunnel wall is displayed below the rail. The symmetry 
plane of the rail is colored by Cp, showing the shocks from the rail leading edge as well as the shocks 
from the Seeb-ALR body. The model passes through the compression region emanating from the rail 
leading edge in the computations at "=!30 and !20, and the model (forward conical body) is 
upstream of the shock region at the !10 displacement position. The pressure signatures of the Seeb-
ALR, rail, and wall, and the rail and wall computations are plotted in Figure 10 for "= !30, !20 and 
!10. Two effects are being evaluated in the computations: the effect of more aged model shocks 

passing through less aged (stronger) rail shocks as the model/rail axial separation decreases, and the 
rail shocks effect on the model pressure signatures. The computational results shown in Figure 10b 
indicate that the rail is successful in both situations. It was thought that the weak model shock passing 
through a stronger rail shock might distort the model shocks with a corresponding pressure effect, but 
no evidence of this is observed. The rail shock region striking the model is expected to have an effect 
on a lifting model, however. 
Computations with the rail shock region striking the LM N+2 aircraft model were compared with 
solutions with the rail shock behind the model using CART3D-AERO. The result with the rail leading 
edge 12.61 inches ahead of the model nose and height H=21.2 is shown beside a solution with the rail 
leading edge 6 inches behind the model nose in Figure 11. The rail positioned 12.61 inches upstream 
of the model causes the rail shock to strike the model (Fig. 11a), whereas shock impingement does not 
occur with the rail placed 6.0 inches downstream of the model (Fig. 11b). Figure 12 shows the 
computational results of the model, rail and wall at the two different rail positions, and the two rail 
and wall solutions, as well as the free-air solution of the LM N+2 model at M=1.6 !=2.3 deg. The 
computed pressure signatures that occur with the different rail positions are compared with a free air 
solution in Figure 12a. The compression region emanating from the rail leading edge affects the 
pressure signatures when model impact occurs. The modest change in pressures occurs in the region 
of the pressure disturbance (Fig. 12b). This effect may be small when averaging the experimental 
pressure signatures taken at several axial positions but should be avoided when possible. 
The LM N+2 model was purposely passed through the rail leading edge shock to evaluate this effect 
experimentally in a diagnostic wind tunnel test (T97-0250) in April 2012. The data sampling time 

 
a) Seeb-ALR, RF 1.0 rail, and tunnel wall               b) Differenced signatures compared to model 
    pressure signatures                                                    free-air solution  
Figure 10: CART3D-AERO pressure signatures at line sensors located one body length (H=17.68 
in.) below model for combinations of Seeb-ALR, rail, and wall components with the rail leading 
edge "=!30, !20, and !10 inches from the model nose. M=1.6, !=0.0 deg. 

Seeb-ALR: Data Comparison

Fig10, Cliff et al. ICCFD7 (2012)
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computed pressure signatures that occur with the different rail positions are compared with a free air 
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Seeb-ALR: Data Comparison

Fig10, Cliff et al. ICCFD7 (2012)

69° Delta Wing Body
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M∞ = 1.7, α = 0°

• Tangent-ogive-cylinder fuselage
• Delta wing with 5% thick diamond airfoil
• New sting fitted to original (1973) model from Hunton et al. 31

69° Delta Wing Body
M∞ = 1.7, α = 0°

• Φ = {0°, 30°, 60°, 90°} 

• h = {0.5, 21.2, 24.8, 31.8} in.
• 10 sensors, including extreme off-track angles 

32

Free Polar G
raph Paper from

 http://incom
petech.com

/graphpaper/polar/
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30°

60°

90°

Required Pressure Signatures

69° Delta Wing Body
M∞ = 1.7
   α = 0°
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Φ = 90°
 60°
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y z

1. Φ = {0°, 30°} – Mesh rotated in pitch plane
2. Φ = {60°, 90°} – Mesh rotated in yaw plane

Setup as 2 cases



Φ = 90° 60°Φ = 0°  30°

Case 2 – 69° Delta Wing Body
M∞ = 1.7
   α = 0°
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1. Φ = {0°, 30°} – Mesh rotated in pitch plane
2. Φ = {60°, 90°} – Mesh rotated in yaw plane

Setup as 2 cases
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Case 2 – 69° Delta Wing Body
M∞ = 1.7
   α = 0°
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Φ = 0°
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Φ = 90°
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yxy z 15.3 M cells15.9 M cells

• Run on dual socket system w/ 20 cores
• (1 hr runtime) x 2
• 36 GB of memory (max)

Resources
adapt 09 adapt 09

69° Delta Wing Body: Mesh Convergence
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• Results at 9th adaptation submitted to workshop
• Perform 2 more adaptations to assess degree of mesh convergence

• Error-estimate bounds update |∆J|
• Remaining error converges asymptotically
• Very good convergence

• Functional converges
• Correction leads functional
• Adjoint Correction vanishes 36

69° Delta Wing Body: Signatures @ 24.8 in
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69° Delta Wing Body: Signatures @ 31.8 in
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Lockheed Martin LM 1021

Lref = 22.40 in
Sref = 33.18 in2

M∞ = 1.6
α cruise = 2.3°
CL cruise = 0.142

M∞ = 1.6, α = 2.1°
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C.2. LM1021: Meshing

The tunnel measurements were taken at heights varying from 20 to 70 in. and roll angles from 0� to 48�
to obtain on and o↵-track signatures.45 Surveys up to h = 42 in. were conducted with the rail mounted
in the forward position of the test section which generally provides better data quality.36,41 The workshop
requested pressure signatures at h = {1.64, 2.65, 3.50, 5.83, 8.39} ft. When normalized by the reference
length, these correspond to distances of h/L= {0.88, 1.42, 1.88, 3.13, 4.50}. Complete signature carpets
were requested for each h/L covering the entire range from directly under the model (� = 0�) to directly
overhead (� = 180�). We constructed these carpets using an array of pressure sensors at each h/L with
azimuthal spacing of 10�. These sensor arrays started at � = 0� and extended to a maximm o↵-track angle
of 50�.h This array of 30 sensors was su�cient to provide pressure carpets from on-track to signal cuto↵ at
each of the five h/L’s and encompassed the full range of experimental data. Accurately propagating signals
from this highly detailed configuration over long distances for a broad range of azimuth angles portends
substantially higher meshing requirements than in either of the preceding examples.

As in the earlier examples, the squared-form of the pressure sensors in eq.(2) was used to drive mesh
adaptation. Contributions from each sensor were weighted for both h/L and azimuth angle to account for
the signals weakening with propagation distance and o↵-track meshing e�ciency. The net functional was a
combination of the weighted contributions from the M sensors in the array:

J =
MX

i=1

wiJi with wi =
hi

Lref
(1 +

4
p

2
sin�i) (3)

These weights were developed empirically with a goal of roughly equilibrating the contributions from each
sensor to the net functional. Also note that the scheme in eq.(3) yields similar weights as those described
for the 69� DWB case presented earlier, and has been used in numerous internal investigations – including
simulations of the full-scale LM1021 configuration.

Figures 17 and 18 present symmetry plane and three-quarter views of both the sensor array and the
adapted Cartesian mesh. Sensors are colored by h/L and the mesh is highlighted by local pressure to show

hNo attempt was made to extend these carpets above the horizon since such data is irrelevant for boom signatures and would
be dominated by the mounting hardware in this particular case.

h = 1.64 ft
h = 2.65 ft

h = 3.50 ft

h = 5.83 ft

h = 8.39 ft

Isobars57 M cells

Figure 17. Case 3: Symmetry plane Cartesian mesh and isobars for Lockheed Martin tri-jet LM1021 at
M1=1.6, ↵ =2.1�. Pressures were extracted at o↵-body distances of h={1.64, 2.65, 3.50, 5.83, 8.39} feet
away from body. Mesh shown contains 57M cells resulting from 10 cycles of adaptive refinement.

14 of 21

American Institute of Aeronautics and Astronautics

Extracted signatures at 30 locations
• h = {1.64, 2.65, 3.50, 5.83, 8.39} ft
• Φ = {0°, 10°, 20°, 30°, 40°, 50°}
• Single simulation for all 30 signatures
• Net functional is combination of 30 sensors

LM 1021: Conditions
M∞ = 1.6, α = 2.1°
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C.2. LM1021: Meshing

The tunnel measurements were taken at heights varying from 20 to 70 in. and roll angles from 0� to 48�
to obtain on and o↵-track signatures.45 Surveys up to h = 42 in. were conducted with the rail mounted
in the forward position of the test section which generally provides better data quality.36,41 The workshop
requested pressure signatures at h = {1.64, 2.65, 3.50, 5.83, 8.39} ft. When normalized by the reference
length, these correspond to distances of h/L= {0.88, 1.42, 1.88, 3.13, 4.50}. Complete signature carpets
were requested for each h/L covering the entire range from directly under the model (� = 0�) to directly
overhead (� = 180�). We constructed these carpets using an array of pressure sensors at each h/L with
azimuthal spacing of 10�. These sensor arrays started at � = 0� and extended to a maximm o↵-track angle
of 50�.h This array of 30 sensors was su�cient to provide pressure carpets from on-track to signal cuto↵ at
each of the five h/L’s and encompassed the full range of experimental data. Accurately propagating signals
from this highly detailed configuration over long distances for a broad range of azimuth angles portends
substantially higher meshing requirements than in either of the preceding examples.

As in the earlier examples, the squared-form of the pressure sensors in eq.(2) was used to drive mesh
adaptation. Contributions from each sensor were weighted for both h/L and azimuth angle to account for
the signals weakening with propagation distance and o↵-track meshing e�ciency. The net functional was a
combination of the weighted contributions from the M sensors in the array:

J =
MX
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wiJi with wi =
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Lref
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These weights were developed empirically with a goal of roughly equilibrating the contributions from each
sensor to the net functional. Also note that the scheme in eq.(3) yields similar weights as those described
for the 69� DWB case presented earlier, and has been used in numerous internal investigations – including
simulations of the full-scale LM1021 configuration.

Figures 17 and 18 present symmetry plane and three-quarter views of both the sensor array and the
adapted Cartesian mesh. Sensors are colored by h/L and the mesh is highlighted by local pressure to show

hNo attempt was made to extend these carpets above the horizon since such data is irrelevant for boom signatures and would
be dominated by the mounting hardware in this particular case.
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Figure 17. Case 3: Symmetry plane Cartesian mesh and isobars for Lockheed Martin tri-jet LM1021 at
M1=1.6, ↵ =2.1�. Pressures were extracted at o↵-body distances of h={1.64, 2.65, 3.50, 5.83, 8.39} feet
away from body. Mesh shown contains 57M cells resulting from 10 cycles of adaptive refinement.
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Weighting accounts for 
• Decrease in signal strength w/ increasing h 
• Increase in resolution requirements with 

increasing Φ
• Goal is to equilibrate contributions of each 

sensor to the net functional
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M∞ = 1.6, α = 2.1°

LM 1021: Meshing
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M∞ = 1.6, α = 2.1°
57M cells
adapt 10

Isobars and mesh near body

LM 1021: Meshing
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M∞ = 1.6, α = 2.1°

• Run on 96 Intel sandy bridge cores (NAS’s Endeavour system)

• 2 hr 20 mins runtime (61mins)

• 80 GB of memory (max)

Resources

57M cells
adapt 10

LM 1021: Resources
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  Functional: JH
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Adapt 9
Adapt 8

Adapt 10
Adapt 11

• Results at 10th adaptation submitted to workshop
• Perform 1 more adaptations to assess degree of mesh convergence

• Error-estimate bounds update |∆J|
• Remaining error converges asymptotically
• Very good convergence

• Functional converges
• Correction leads functional
• Adjoint Correction vanishes

LM 1021: Functional Convergence
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∆P/P∞

LM 1021: Pressure field
M∞ = 1.6, α = 2.1°

Close up of  ∆P/P∞ in symmetry plane

45



Note: Sensor 
extends a bit 
beyond signal

∆P/P∞

LM 1021: Pressure field
M∞ = 1.6, α = 2.1°

Close up of  ∆P/P∞ in symmetry plane
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x
yz

LM 1021: Pressure Carpets

• h = {1.64, 2.65, 3.50, 5.83, 8.39} ft
• Φ = {0°, 10°, 20°, 30°, 40°, 50°}
• Construct pressure carpets by tessellating 

data along sensors at fixed h/L

M∞ = 1.6, α = 2.1°

∆P/P∞
47

∆P/P∞

LM 1021: Pressure Carpets

Top-down view of pressure carpets

M∞ = 1.6, α = 2.1°
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∆P/P∞

LM 1021: Pressure Carpets

Top-down view of pressure carpets

M∞ = 1.6, α = 2.1°

• Appears very quiet on-track

49



∆P/P∞

LM 1021: Pressure Carpets

Top-down view of pressure carpets

M∞ = 1.6, α = 2.1°

• Appears very quiet on-track
• Strong expansion off-track @ Φ > 10°-15°
• Persists at large h and Φ
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LM 1021: Off-track Pressure Signature
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• Good agreement
• Difference in alpha may account for the 

slightly lower peaks

20°h = 1.64
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LM 1021: On-track Pressure Signature
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M∞ = 1.6, α = 2.1°, Φ = 0°
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Surprising, since comparisons with 
RANS at flight Reynolds number was 

much better!

LM 1021: Investigation of On-track Discrepancy
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Surprising, since comparisons with 
RANS at flight Reynolds number was 

much better!
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LM 1021: Investigation of On-track Discrepancy

Add new Sensor
to identify source of 

discrepancy
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Density adjoint
0 1 2-1-2

LM 1021: Investigation of On-track Discrepancy

• Run adjoint against functional 
defined on this sensor using 
same mesh as before

56

The adjoint solution highlights region of 
the flow and geometry affecting this 

portion of the signal
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Density adjoint under wing
LM 1021: Investigation of On-track Discrepancy
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The adjoint solution highlights region of 
the flow and geometry affecting this 

portion of the signal

Density adjoint under wing

LM 1021: Investigation of On-track Discrepancy
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• Adjoint tells us where to look...
• Investigate physics of tunnel flow 

Density adjoint under wing

 Pressure (viscous) Mach Number (viscous)

Thick incoming boundary-layer

LM 1021: Investigation of On-track Discrepancy

Propagation to 
sensor

59

• Adjoint tells us where to look...
• Investigate physics of tunnel flow 
• Viscous results from USM3D
• Tunnel ReL is ~100x lower than flight
• Boundary layer extends to nacelle

Propagation 
to sensor

  Pressure (inviscid)

Propagation to 
sensor

  Pressure (viscous)

LM 1021: Investigation of On-track Discrepancy
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• Compare viscous and inviscid
• Boundary layer extends to nacelle
• Inviscid has supersonic flow between underside of wing and nacelle 
• Inviscid shock is delayed (oblique)
• 2nd peak comes from pylon 



Propagation 
to sensor

  Pressure (inviscid)

Propagation to 
sensor

  Pressure (viscous)

LM 1021: Investigation of On-track Discrepancy
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• Compare viscous and inviscid
• Boundary layer extends to nacelle
• Inviscid has supersonic flow between underside of wing and nacelle 
• Inviscid shock is delayed (oblique)
• 2nd peak comes from pylon 
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• Presented results for SEEB-ALR, DWB and LM 1021 using inviscid Cartesian method with 
• Automated meshing & adjoint-driven adaptation used for all cases 
• Presented evidence of mesh convergence

(1) Pressure signature 
(2) Output Functional 
(3) Adjoint correction and error estimate

• Computational resources 
• Seeb-ALR: ~1hr on a quad-core laptop in ~3.6 Gb
• LM 1021: Under 2.5hrs on 96 cores in 80 Gb

62

Summary

• Presented results for SEEB-ALR, DWB and LM 1021 using inviscid Cartesian method with 
• Automated meshing & adjoint-driven adaptation used for all meshing 
• Presented evidence of mesh convergence

(1) Pressure signature 
(2) Output Functional 
(3) Adjoint correction and error estimate

• Computational resources 
• Seeb-ALR: ~1hr on a quad-core laptop in ~3.6 Gb
• LM 1021: Under 2.5hrs on 96 cores in 80 Gb

• Investigations
• SEEB-ALR:

• Showed that differences in main expansion are likely due to influence of rail leading-
edge compression impacting shoulder of model

• Results are consistent w/ earlier studies
• LM 1021:

• Good agreement off-track
• Low tunnel Reynolds number results in differences in on-track signal
• Showed a powerful technique using the adjoint-solver to trace specific regions of the 

signature to particular regions of the surface geometry and near-body flow
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Summary
• Presented results for SEEB-ALR, DWB and LM 1021 using inviscid Cartesian method with 

• Automated meshing & adjoint-driven adaptation used for all meshing 
• Presented evidence of mesh convergence

(1) Pressure signature 
(2) Output Functional 
(3) Adjoint correction and error estimate

• Computational resources 
• Seeb-ALR: ~1hr on a quad-core laptop in ~3.6 Gb
• LM 1021: Under 2.5hrs on 96 cores in 80 Gb

• Investigations
• SEEB-ALR:

• Showed that differences in main expansion are likely due to influence of rail leading-
edge compression impacting shoulder of model

• Results are consistent w/ earlier studies
• LM 1021:

• Good agreement off-track
• Low tunnel Reynolds number results in differences in on-track signal
• Showed a powerful technique using the adjoint-solver to trace specific regions of the 

signature to particular regions of the surface geometry and near-body flow
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Summary
Impact of compression from rail leading edge



• Presented results for SEEB-ALR, DWB and LM 1021 using inviscid Cartesian method with 
• Automated meshing & adjoint-driven adaptation used for all meshing 
• Presented evidence of mesh convergence

(1) Pressure signature 
(2) Output Functional 
(3) Adjoint correction and error estimate

• Computational resources 
• Seeb-ALR: ~1hr on a quad-core laptop in ~3.6 Gb
• LM 1021: Under 2.5hrs on 96 cores in 80 Gb

• Investigations
• SEEB-ALR:

• Showed that differences in main expansion are likely due to influence of rail leading-
edge compression impacting shoulder of model

• Results are consistent w/ earlier studies
• LM 1021:

• Good agreement off-track
• Low tunnel Reynolds number results in differences in on-track signal
• Showed a powerful technique using the adjoint-solver to trace specific regions of the 

signature to particular regions of the surface geometry and near-body flow
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Summary Thanks!

• Fundamental Aeronautics High Speed Project for support & leadership

• Workshop Organizing committee

• Susan Cliff, Don Durston, David Rodriguez and Mathias Wintzer

64

Questions?
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Tunnel Runs Reference Run M∞ α β Altitude, h

553-578 #580 1.6 -0.27° 0.17° 20.62 in.
195-219 #221 1.6 -0.29° 0.17° 20.59 in.
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69° DWB - Tunnel Conditions

5598-5637 #5638 1.7 0.24 0.16° 24.86 in.
5530-5549 #5550 1.7 -0.20 29.97° 24.75 in.
5551-5570 #5571 1.7 -0.18 60.06° 24.75 in.
5572-5591 #5592 1.7 -0.18 89.87° 24.69 in.
5240-5274 #5275 1.7 -0.06 0.60° 31.64 in.
5284-5301 #5275 1.7 -0.17 29.94° 31.74 in.
5310-5327 #5328 1.7 -0.22 59.74° 31.56 in.
5336-5354 #5354 1.7 -0.20 89.96° 31.61 in.

Tunnel Runs Reference 
Run M∞ α Φ Altitude, h

Case 1 – Seeb-ALR

 8 

The RF 1.0 rail was evaluated for a series of simulated model translations that pass the model through 
the leading shock of the rail. Computations at axial displacements "=!10, !15, !20, !25, !30, and 
!35 inches were performed. Results of the !10, !20, !30 and !50 displacements are presented in 
Figure 9. These images are rotated so that the tunnel wall is displayed below the rail. The symmetry 
plane of the rail is colored by Cp, showing the shocks from the rail leading edge as well as the shocks 
from the Seeb-ALR body. The model passes through the compression region emanating from the rail 
leading edge in the computations at "=!30 and !20, and the model (forward conical body) is 
upstream of the shock region at the !10 displacement position. The pressure signatures of the Seeb-
ALR, rail, and wall, and the rail and wall computations are plotted in Figure 10 for "= !30, !20 and 
!10. Two effects are being evaluated in the computations: the effect of more aged model shocks 

passing through less aged (stronger) rail shocks as the model/rail axial separation decreases, and the 
rail shocks effect on the model pressure signatures. The computational results shown in Figure 10b 
indicate that the rail is successful in both situations. It was thought that the weak model shock passing 
through a stronger rail shock might distort the model shocks with a corresponding pressure effect, but 
no evidence of this is observed. The rail shock region striking the model is expected to have an effect 
on a lifting model, however. 
Computations with the rail shock region striking the LM N+2 aircraft model were compared with 
solutions with the rail shock behind the model using CART3D-AERO. The result with the rail leading 
edge 12.61 inches ahead of the model nose and height H=21.2 is shown beside a solution with the rail 
leading edge 6 inches behind the model nose in Figure 11. The rail positioned 12.61 inches upstream 
of the model causes the rail shock to strike the model (Fig. 11a), whereas shock impingement does not 
occur with the rail placed 6.0 inches downstream of the model (Fig. 11b). Figure 12 shows the 
computational results of the model, rail and wall at the two different rail positions, and the two rail 
and wall solutions, as well as the free-air solution of the LM N+2 model at M=1.6 !=2.3 deg. The 
computed pressure signatures that occur with the different rail positions are compared with a free air 
solution in Figure 12a. The compression region emanating from the rail leading edge affects the 
pressure signatures when model impact occurs. The modest change in pressures occurs in the region 
of the pressure disturbance (Fig. 12b). This effect may be small when averaging the experimental 
pressure signatures taken at several axial positions but should be avoided when possible. 
The LM N+2 model was purposely passed through the rail leading edge shock to evaluate this effect 
experimentally in a diagnostic wind tunnel test (T97-0250) in April 2012. The data sampling time 

 
a) Seeb-ALR, RF 1.0 rail, and tunnel wall               b) Differenced signatures compared to model 
    pressure signatures                                                    free-air solution  
Figure 10: CART3D-AERO pressure signatures at line sensors located one body length (H=17.68 
in.) below model for combinations of Seeb-ALR, rail, and wall components with the rail leading 
edge "=!30, !20, and !10 inches from the model nose. M=1.6, !=0.0 deg. 
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69° DWB - Signature Convergence
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