
 

 Near Field Sonic Boom Analysis with HUNS3D Solver 
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Accurate analysis of sonic boom pressure signature using Computational Fluid 
Dynamics (CFD) is still a challenging task. In this paper, four benchmark cases including 
two axisymmetric body, a simple delta wing body and a full configuration includes 
fuselage, wing, tail, flow-through nacelles, and blade wing were computed with a 
Reynold-averaged Navier-Stokes (RANS) based flow solver to predicted the near field 
sonic boom signature. The computed results from CFD agree well with the measured 
data in wind tunnel experiment. The effects of geometry equivalent radius, grid size, 
turbulence model and spatial discretization schemes are investigated and discussed. 

I. Introduction 
OR centuries, people have been seeking for approaches to travel faster and safer. With the development of 
modern aircraft design method, supersonic flight has been commonly applied in military aircrafts. Whereas the 

supersonic flights over land by civil aircraft are currently prohibited in many countries. One of the main constrains 
on expected new-generation supersonic transports is sonic boom, a huge noise phenomenon caused by shock 
waves. It is challenging to theoretically predict how sonic boom signatures are during its propagation, and finally 
on the ground, because of the long travel distance, the existence of the Earth’s turbulent boundary layer, the 
atmosphere inhomogeity and even molecular relaxation.1 Hence, modern sonic boom prediction is usually 
divided into two steps. The pressure waveform in the boundary of the near field is firstly obtained by wind 
tunnel or numerical experiments, then the final boom effect on the ground or elsewhere is predicted by 
quasi-linear theory derived from Whitham,2 or the methods originated from nonlinear Burger’s equation.3-5 

An near-result extrapolation step as well as a matching one was often added between the near and far field 
procession in the early days.6, 7 Siclary et al8 and Page et al9 successfully introduced CFD based on Euler 
equation to obtain near field pressure in early 1990s, while Cliff et al10 used unstructured tetrahedral grids and 
made several compilations which shown acceptable correlations. Jones et al11 introduced Navier-Stocks equation 
instead of Euler equations to catch the viscosity details of the near field shock waves in 2006. After then, CFD 
near field sonic boom prediction has become more accurate and seem able to consistent with tunnel results more. 
NASA has organized several sonic boom workshops since early 1990s. The latest one was held in the autumn of 
2008 to evaluate NASA’s capability to predict both the near and far field signatures of variant geometries.12 The 
results from AIRPLANE, Cart3D, FUN3D, and USM3D etc. flow solvers were evaluated in the workshop. The 
workshop evaluated the accuracy of available method and gave remarkable lessons to the 1st AIAA Sonic Boom 
Prediction Workshop (SBPW-1) held on January 11, 2014.13 The objective of SBPW-1 was to assess the state of 
the art of predicting near field pressure signatures needed for accurate and reliable sonic boom prediction. There 
were approximately 50 attendees from 7 nations. The participants utilized a series of uniformly refined workshop 
provided grids and self-generated grid for computing solutions on the provided geometries.  

Meanwhile, some different trial has made progresses. Yamashita and Suzuki14 presented a full-field sonic 
boom simulation approach, in which the whole flow field including both the zone around a supersonic body and 
that on the ground is analyzed as a single computational domain. The computed sonic boom propagation is in 
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good agreement with that by the two-steps method and conforms to the flight test results. To improve the 
prediction accuracy of CFD approach, many efforts have been made to near field grid adaptation.15-19 The 
influence of viscous effects, turbulence models and higher order schemes has also been investigated.20, 21 

In this paper, four benchmark cases including two axisymmetric body, a simple delta wing body and a full 
configuration includes fuselage, wing, tail, flow-through nacelles, and blade wing were computed with a RANS 
based flow solver to predicted the near field sonic boom signature. The influences of geometry tip rounding, grid 
size, turbulence model and spatial discretization schemes are investigated. The results from CFD have been 
compared with the measured data in wind tunnels. In the rest of this paper, the CFD approach and mesh 
generation method used in this paper is described in section II. The results of simulation and discussions will be 
present in section III. A brief conclusion will be drawn in section IV.   

II. Numerical Method 

A. CFD Solver 
The simulations in this paper are performed with an in-house hybrid unstructured RANS solver named 

HUNS3D.22 In HUNS3D, the non-dimensional governing equations are discretized with the cell-centered 
finite-volume method on unstructured hybrid meshes composed of hexahedrons, prisms, tetrahedrons, and pyramids. 
Several upwind including ROE23, AUSM series24 and Entropy-consistent (EC) schemes25 and central26 convective 
flux discretization schemes are available in this flow solver. And the linear interpolation was used to improve the 
calculation accuracy. Venkatakrishnan slope limiter27 is equipped with all above upwind schemes to preserve the 
total variation diminishing (TVD) property and guarantee the monotone solutions in all latter numerical simulations. 
The semi-discretized equations are integrated implicitly by the backward Euler method together with the 
Lower-Upper Symmetric-Gauss-Seidel (LU-SGS) scheme. A range of turbulence models are available in HUNS3D 
code, including the one-equation Spalart-Allmaras (SA) model28, Menter’s two-equation shear stress transport 
(MSST) k   model29, and hybrid RANS-LES model.  

The integral form of RANS equations enclosed with the SA turbulence model for a control volume   can be 
written as follows: 

 ( )c v sourced ndS d
t   


      


W F F Q


   (1) 

where 
T

u v w E v        W  is the vector of conserved quantities with , , , , ,u v w E  and v  

denoting the density, Cartesian velocity components, specific total energy, and working variables of the SA 

turbulence model, respectively. The source term  T0 0 0 0 0source TQQ  only lies in turbulence model 

equation, where TQ  repents the source term of the SA turbulence model.  cF  and vF  comprise the convective 

and viscous flux vectors, respectively. Their detailed form can be found in Ref. 30. The spatial discretization and 
time-integration of the turbulence model equation and mean flow equation are conducted in a loosely coupled way; 
hence, the turbulence model equation can be easily solved by using the same algorithms as the flow equations. 

B. Mesh Strategy 
Lots of work have been done to investigate the influence of mesh generation method to the accuracy of sonic 

boom prediction and beneficial conclusions have been concluded. A detailed description can be found in Ref.31. 
In present work, Advancing-Front method was used to generate the volume mesh of the inner cylinder wall and 
Inflate Generation method used to provide the aligned anisotropic cells for all tested configurations.  

Fig. 1a shows a schematic of the inner cylindrical mesh of the LM1021 configuration. Based on the provided 
geometry and mesh, hybrid unstructured mesh with 24,805,540 cells, 12,144,918 volume nodes, 252741 surface 
node points and 33 layers of prism mesh in boundary layer has been generated for viscous computations. To 
reduce the dissipative effects, the model was placed closed to the aligned grids within the non-aligned 
inner-cylinder mesh (as shown in Fig. 1b). Furthermore, more nodes was placed in the horizontal line of the 
cylinder to make better transition from the non-aligned region to the aligned cells.  
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 (a) Inner body of LM1021                      (b) Details of transition of inner and inflated grid 

Fig. 1 Geometry and computation zone of LM1021 
 

III. Result and Discussions 

A. NASA Cone Model 
The NASA cone model tested here is from the NASA sonic boom wind tunnel testing.32 As shown in fig. 2a, 

the half cone angle is 3.24° and the length is 2 inches (5.08 cm). It had been tested in several Mach numbers for its 
near field sonic boom signature in the wind tunnel test. Hybrid unstructured mesh has been generated for a half 
cone model and the computational domain size is shown in fig. 2b. The available NASA Langley 4- by 4-foot 
supersonic pressure tunnel validation data for this test case are H=20, 30 and 40 in. off the centerline pressure at 
M∞ = 2.01 and α = 0°. 

 

  
(a) NASA Cone model                  (b) Computation zone and signal extraction position 

Fig. 2 Geometry and computation zone of NASA Cone model 
 

In the wind tunnel test, the model has a sharp tip, whereas in the mesh generation process, the tip needs to be 
modified to attain the grid quality. To investigate the influence of geometry sensitivity of the rounding parameters, 
several meshes have been generated based on the modified model with various equivalent radius, and the 
simulation results is shown in fig. 3. It is clear that the different equivalent radius in the tip causes a difference in 
the capture of the shock wave and expansion wave. The pressure signature with smaller radius agrees better with 
the experimental data in the front shock wave position than others, and the pressure signature is under predicted 
in the main expansion portion. 
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              (a) h/L=10                            (b) h/L=15                             (c) h/L=20 

Fig. 3 NASA Cone, experimental data compared with HUNS3D computations, M∞=2.01, α=0°, Re=3.75×105 
 
Comparison between the experimental measured data with calculation of the NASA Cone configuration with 

various discretization schemes are shown in fig. 4. The red dash line denotes the result with AUSM+-up scheme, 
the green dash-dot line denotes that with central scheme and the blue dash-dotted line denotes that with ROE 
scheme. The HUNS3D viscous computations were performed at a Mach number of 2.01 and a Reynolds number of 
3.75×105 per inch. The turbulence used here is MSST model. 

Fig 4a-c are computations of the pressure signature at 20-, 30-, and 40-inch altitudes, respectively. It can be 
seen that all the schemes capture the shock wave and expansion wave position accurately, even at a greater 
distance (h=40 inches) from the model as shown in fig 4c, which represents an h/L of 20 with respect to the length 
of the model. The main difference of the three schemes is that the Roe scheme seems to perform better in 
capturing the beginning of the shock wave than others. The central scheme would capture a small depression in 
all these condition. In addition, the captured peak values of expansion wave with these three schemes are also 
different, results with the Roe scheme is greater than the others. Overall, the Roe scheme has superiority for the 
NASA cone model than AUSM+-up and central schemes, which due to less numerical dissipation of Roe scheme 
than other two schemes. 

 

 
               (a) h/L=10                            (b) h/L=15                             (c) h/L=20 

Fig. 4 NASA Cone, experimental data compared with HUNS3D computations, M∞=2.01, α=0°, Re=3.75×105 
 

B. SEEB-ALR Model 
 The axisymmetric Seeb-ALR model, as a required model in SBPW-1 workshop, was constructed by 

Lockheed Martin and was tested in the NASA Ames 9 7  ft. Supersonic Tunnel in 2012.33 The model is a body 
of revolution based upon the work of Darden, George and Seebass.34 The “ALR” moniker denotes “Aft Lift 
Relaxation” which is a design feature that increases the diameter of the geometry slightly to reach a maximum just 
aft of the shoulder, and then tapers slightly to meet the cylindrical sting extension. Traditional Seeb designs 
transition to the cylindrical aft-bodies monotonically. The Seeb-ALR solid model is constructed in the siemens 
PLM software NX computeraided design tool from a STEP file of the scanned, as-built wind tunnel model. The 
geometry differences between the as-designed and as-built are summarized by Cliff et al.35, Aftosmis and 
Nemec.36 The model has a reference length of L= 17.68 in. This axisymmetric calibration model should 
theoretically produce a flat top pressure signature with an 8-inch region of constant pressure. It was designed to 
help assess the accuracy of the experimental pressure signatures.  

The SBPW-1 workshop provides several types of grid, one of which deals with the sharp tip with a cut plane, as 
shown in fig. 5a. Based on the given geometry a hybrid unstructured mesh is generated. The mesh is inclined at the 
Mach angle to resolve the oblique shock waves, the computation zone is shown as fig. 5b. The available NASA 
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Ames wind tunnel validation data for this test case are h=21.2 and h=42.0 in. off the centerline pressure extraction 
at M∞ = 1.6 and α = 0°. 

 

 
                         (a) Geometry of Seeb-ALR        (b) Computation Zone and signal extracted position 

Fig. 5 Geometry and computation zone of Seeb-ALR 
 
Experimental pressure signatures at the distance of h=21.2 in. and h=42 in. from the model are compared with 

HUNS3D turbulent flow solutions as follows. 
 

 
(a) h=21.2 in.                                         (b) h=42 in. 

Fig. 6 Seeb-ALR, experimental data compared with HUNS3D computations, M∞=1.6, α=0°, Re=3.75×105 
 

Fig. 6 show the comparisons between the experimental data and viscous simulations with different turbulent 
models. The calculation is performed at the Mach number of 1.6, angle of attack of 0 and the Reynolds number of 
3.75×105 per inch. Fig. 6(a) compares two repeat experimental runs, one taken at the start of the wind tunnel test 
and the other mid-way through the test, with the laminar flow computations, SA turbulence model result as well 
as MSST model computation result. There are good agreement between the computations and experiment. The 
solution with laminar flow is very similar with that of the MSST turbulence model. The solution with SA 
turbulence model performs well in capturing the shock wave and expansion wave, however, the main expansion 
is a little over predicted. The saw teeth oscillation at the flat top resulting from the 2nd order derivative oscillation 
of the geometry is very well captured in all these conditions. In this case, the laminar flow and the MSST 
turbulence model results improve the comparison with the experiment in the forward flat pressure region, but 
results in poorer expansion region of the aft portion. Fig. 6(b) shows the results at h=42 in., which also accords 
with above conclusions.  
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(a) Aspect ratio (AR) definition                                      (b) h=21.2 in. 

Fig. 7 Seeb-ALR, experimental data compared with HUNS3D computations with different ARs, M∞=1.6, α=0°, 
Re=3.75×105 

 
In Fig. 7, we give results from a series of grid with different aspect ratio in the farfield domain. The mesh 

elements increase from 7,334,863 to 19,483,963 as AR decreases from 60 to 10. There are very slightly 
differences in the strength of the captured shock wave and expansion wave. The peak value of the first and 
second shock wave pressures show sensitivity to AR, decreasing AR would give lower value of overpressure. In 
fact, the lower AR represents the denser grid and the less numerical dissipation, so the higher accuracy will be 
achieved in the calculation. This easily leads to unphysical oscillations near shock waves or the over/undershoot 
values at the peak points. 

C. 69º Delta Wing-Body Model   
Originally identified as “Model 4” in the 1973 wind tunnel study by Hunton and Hicks et al.,37 the 69° 

delta-wing-body (DWB) is also a axisymmetric model. It has a fuselage and diamond airfoil wing configuration. 
As shown in fig. 8, the model has a reference length of 17.52 in.. The wing thickness to chord ratio is 0.05 and the 
leading edge sweep is 69°. This geometry has been the subject of numerous numerical studies10, 16 and was also one 
of the configurations studied by the NASA Fundamental Aeronautics workshop in 200812. In the SBPW-1 
workshop, the simulations were conducted at M∞ = 1.7 and α = 0°. The available wind tunnel measurements have 
been extracted at H=24.8 in. and H=31.8 in. for 4 azimuthal angles (0,30,60 and 90°). 

 

        
                  (a) Geometry of DWB                    (b) Computation Zone and signal extracted position 

Fig. 8 Geometry and computation zone of DWB 
 

For this test case, Euler simulation results are also presented with the HUNS3D in Euler mode. The tetrahedral 
meshes are provided by the workshop, with different uniformly refined spaces. The details are shown in table 1. 
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Table 1 Details of workshop provided tetrahedral mesh 
Characteristic Length 2.00s 1.56s 1.25s 1.00s 

Cell number 2,830,575 5,877,312 11,451,499 22,727,923 
 
Fig. 9a-b shows the comparison of extracted pressure signal of the Euler computation results with different 

meshes at various altitudes and Fig. 9c-d with the inclusion of available wind tunnel measured data. The number in 
the line legend ends with “s” denotes the refined spacing and a smaller number means denser meshes. It is clear 
that as the mesh refines, there seems to be a slightly higher pressure signal in the shock and expansion wave 
positions and more details are captured just as the figures show. 

 
                           (a) h = 0.5 in.                                          (b) h =21.2 in. 
 

  
                           (c) h = 24.8 in.                                        (d) h =31.8 in. 

Fig. 9 Comparison of pressure signal with different Euler mesh 
 

Based on the provided geometry, hybrid unstructured mesh with 7,877,265 cells, 5,525,761 volume nodes, 
38,904 surface node points and 39 layers of prism mesh in boundary layer has been generated for viscous 
computations.  

For this model, the simulation with both HUNS3D Euler and HUNS3D NS equations are solved by EC 
scheme. The entropy production of cube order of shock strength can be produced across the shock by this 
scheme. This property of EC scheme is considered to be more accurate to capture shock profiles. The computed 
results of on- and off-track at the altitude of 24.8 in. are compared with experimental measured data in Fig. 10a-d. 
It is clear that the Euler simulation results have a higher pressure for the forward portion of the signature than the 
viscous results at the on-track azimuthal angles and off-track azimuthal angles. In addition, the predicted shock 
location with inviscid method is always behind the NS main shock location. This may be due to the 
boundary-layer thickness pushing the bow shock wave to a greater shock angle. Besides, the Euler solutions 
overpredicted almost every peak value of the shockwave and expansion waves, especially in the aft portion. This 
is mainly caused by the lower numerical dissipation of Euler mode. It can also be noticed that the shock at the aft 
portion changes from a single to multiple-shock waveform form on-track to off-track. 
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                           (a) ϕ=0                                                (b) ϕ=30 
 

 
(c) ϕ=60                                                  (d) ϕ=90 

Fig. 10 69° DWB, HUNS3D turbulent flow Navier-Stokes computation and Euler computations and experiment, 
M∞=1.7, α=0°, Re=3.75×105, h=24.8 inches 

 
Comparison between the experimental measured data and the on- and off-track computations results at the 

altitude of 31.8 in. are shown in fig. 11a-d. The result applies the conclusion above.  
 

  
                           (a) ϕ=0                                                (b) ϕ=30 
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                           (c) ϕ=60                                                (d) ϕ=90  

Fig. 11 69° DWB, HUNS3D turbulent flow Navier-Stokes computation and Euler computations and experiment, 
M∞=1.7, α=0°, Re=3.75×105, h=31.8 inches 

 
For Seeb-ALR model, we tested the sensitivity of overpressure to the AR in the farfield region, here with 

DWB model, we tested the sensitivity to the circumferential spacing. Fig. 12 and Fig. 13 show the comparisons 
between spacing of 8, 4, and 2. The mesh elements increase from 4,844,150 to 8,162,821 as Dtheta decreases 
from 8 to 2. The results show that the decreasing of the Dtheta would cause sharper shock wave. 

 
                           (a) ϕ=0                                               (b) ϕ=30 

 
(c) ϕ=60                                                (d) ϕ=90 

Fig. 12 69° DWB, HUNS3D computation and experiment, with different circumferential spacing, M∞=1.7, α=0°, 
Re=3.75×105, h=24.8 inches 
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                           (a) ϕ=0                                                (b) ϕ=30 

 
(d) ϕ=60                                                  (d) ϕ=90 

Fig. 13 69° DWB, HUNS3D computation and experiment, with different circumferential spacing, M∞=1.7, α=0°, 
Re=3.75×105, h=31.8 inches 

D. LM1021 Model 
The LM1021 test case, provided by Lockheed Martin, is a complex full industrial configuration with 3 nacelles, 

wind dihedral and twin V tails mounted on a blade support to get good aft shock measurement. This low boom 
concept is the result of many design iterations and was developed as part of the NASA N+2 supersonic validation 
programs. It was an optional test case for the SBPW-1. The reference length of the model is 22.4 in.. The available 
signature measurement were tested in NASA Ames 9- by 7-foot wind tunnel at M∞ = 1.6 and α = 2.3°. The 
provided geometry had been rotated to the specified incidence, so the simulation should be at 0 degree angle of 
attack. The geometry and simulation zone is shown in fig14a-b. 
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 (a) Geometry of LM1021 model            (b) Computation Zone and Extraction Position  

Fig. 14 Geometry and computation zone of LM1021 
 

The unit Reynolds number provided to the SBPW-1 workshop was 2.12E5 per inch, whereas the wind 
tunnel unit Reynolds number was 3.75E5 per inch,13, 36 the increase in Reynolds number resulted in improved 
measurement accuracy and productivity, so in present simulation we set the Reynolds number as 3.75E5. 

HUNS3D computations with MSST turbulence and Central schemes are compared with experiment at 
altitude of 31.8 inches with on and off-track azimuthal angle from 0 to 50 degree in Fig. 15a-f. For the analyses 
presented herein, second order central differencing along with MSST turbulence were used. The computational 
comparisons with experimental data are very good with most small pressure oscillations matching the 
experimental data. However, the pressure in the main expansion is slightly under predicted.    

   
                           (a) ϕ=0                                                 (b) ϕ=10 

    
                           (c) ϕ=20                                                (d) ϕ=30 
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                           (e) ϕ=40                                                (f) ϕ=50 

 
Fig. 15 LM1021, experimental data compared with HUNS3D computations, M∞=1.6, α=0°, Re=3.75×105, h=31.8 inches 

IV. Conclusion 
This paper presents the near field sonic boom signature of four benchmark test cases including two 

axisymmetric bodies, a simple delta wing body and a full configuration includes fuselage, wing, tail, 
flow-through nacelles, and blade wing. The required and optional cases of the SBPW-1 are all included. The 
near field sonic boom signature is extracted in 10, 15 and 20 body length below the model for NASA cone and 
within 2 body length for other 3 models. The CFD simulated results agrees well with the wind tunnel measured 
data. 

The effects of geometry equivalent radius, grid size, turbulence model and spatial discretization schemes are 
investigated in present paper. Several conclusions can be made based on present work. 

1) HUNS3D performs well in sonic boom nearfield sonic boom pressure signature prediction for the 
present benchmark test cases. 

2) The captured shockwave and expansion wave are sensible to geometry bluntness. Results with smaller 
equivalent radius show better agreement to the experimental data.  

3) Turbulence model and spatial discretization schemes have moderate influence in predicting the near field 
pressure signature. 

4) Viscous influence both the shock wave and expansion wave in its position and peak value. The 
computed results with viscous considered show better agreement to the experimental results than 
inviscid ones in on and off-track condition. 

5) Mesh generation strategy, mesh distribution and cell numbers have obvious influences on near field 
sonic boom prediction and need to be considered.  
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