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Abstract 

 
The aerodynamic design and experimental verification of a dual purpose aerodynamics validation model CAE-

AVM is discussed in this paper. The CFD tools, inverse design method and numerical optimization approach 

have been applied to both the conceptual design of the baseline configuration and to the validation model. The 

CFD validation requires accurate design of the wing with well balance of the performance and wing thickness. 

Detailed Flow optimization is repeated at wind tunnel test Reynolds number. Special wind tunnel test techniques 

and model fabrication are necessary for CFD validation purpose, such as the simultaneous multi-measurements 

including transition detection and wing deformation. CFD analysis with both deformed wings and sting is found 

essential for CFD-wind tunnel comparisons of large aspect ratio wings at Mach number 0.85 level. The 

experimental measurements at DNW-HST verified that the design and CFD analysis of the CAE-AVM are 

fulfilled. 

 
Keywords: aerodynamics and design, computational fluid dynamics, inverse method, optimization, validation, 

model deformation, sting effect, wind tunnel test  

 
Introduction 

 

Upon the global request of greener aviation, future visions of sustainable air transportation have been put forward 

by different organizations and countries worldwide, such as the European Flightpath-2050 released in 2011 [1]. 

The expected reduction of the impact to the environment brings further challenges to all the aeronautical sectors, 

from aircraft design, propulsion, systems, materials, manufacturing up to air traffic management. In the fields of 

aerodynamics for commercial aircraft, innovation is still focused on the increase of the aerodynamic efficiency 

ML/D, where M is the Mach number, L and D stand for the lift and drag of the aircraft, respectively. With 

advanced design technology and materials, to increase M at cruise speed has also become a practice. Recent wide 

body airliners such as Boeing-787 and Airbus-A350 could easily fly at M=0.85 and higher with much less 

emissions. Long haul business jets are even targeting cruise Mach number 0.87 and beyond.  

Based on the above background, the aerodynamic design and experimental verification of a Chinese Aeronautical 

Establishment – Aerodynamics Validation Model (CAE-AVM) has been accomplished through 2012 to 2014. 

This dual purpose model is dedicated not only to verify the aerodynamic performance at high subsonic cruise 

Mach number, but also to collect sufficient experimental data for the validation of the CAE in-house aviation 

CFD software AVICFD [2]. The development of the CAE-AVM has been based on a conceptual study of a long 

haul business jet at cruise Mach number 0.87. In order to reduce the wing deformation of the wind tunnel model 

for CFD validation, the model was redesigned at M=0.85 to increase the wing thickness. Meticulous design 

optimization with CFD tools was followed to improve the flow details observed at wind tunnel test Reynolds 

number (Re).  A 1:22 full metal model was fabricated and tested at HST of the German-Dutch Wind-tunnel DNW. 

The specific consideration and test procedures for the data base of CFD validation purpose are discussed. CFD 

analysis of the model alone and the model with deformed wings and the sting, before and after the wind tunnel 

test provided very satisfied comparison with the experimental data. This model is therefore selected as a common 

aerodynamics validation model for the CAE-DNW open workshop for CFD-wind tunnel correlation study. 
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Design of the Baseline Configuration 

 
Conceptual Study of a Long Haul Business Jet 

The design condition of the small commercial aircraft is at M=0.87, range 11000 to 13000 km, initial cruise 

altitude 13000 m. The aircraft length is 33m and wing span 33.5m with wing tips. The concentration of the 

aerodynamic design is the large aspect ratio wing and high speed wing tips. The exterior configuration is shown 

in Fig.1 

 
 

Fig. 1:  The baseline configuration 

 

Design methods and software 

CATIA is used for the conceptual design and geometry definition, including the airframe structure, major 

systems, and the interior design of cockpit and cabin layout. 

 

CAE in-house code AVICFD-Y [3] is used for the flow analysis and aerodynamic performance estimation. This 

is a RANS solver based on multi-block structured mesh capable of mass flow analysis on parallel computer 

clusters. Typical grid sizes of 15 to 30 million nodes and SST turbulent model are used in this investigation, 

while other turbulent models and codes are also applied for comparison in some design stages. 

 

NPU-SP6 airfoil [4] is selected as the baseline profile for the wing design, it is a 13% thick supercritical airfoil 

with certain amount of front loading. Both inverse method [5] and numerical optimization [6] are applied in the 

aerodynamic design. Fig. 2 illustrates the FFD approach for the wing design optimization. 

       
 

Fig. 2:  Aerodynamic design with optimization approach 

 

Detailed Design and Integration 

Besides the wing design, flow details of the winglets, wing-body fairing, nose contour of the fuselage, engine 

nacelle and the integration of those components are also optimized. The CFD estimated maximum lift to drag 

ratio L/D around cruise condition reaches 20. 

 

Design of the CAE Aerodynamics Validation Model 

 
Specific Design Requirements for the Validation Model 

Before the wind tunnel test of the above baseline conceptual design, it is decided to combine the objective of 

generating a CFD validation data base together to develop a CAE aerodynamics validation model, namely CAE-

AVM, for more general research applications. In order to reach higher Reynolds number at transonic flow region, 

most productive wind tunnels apply pressurized and even cryogenic test conditions, such as DNW-HST, ETW in 

Europe and NTF in the United States. Being tested in such wind tunnels, the deformation of large aspect ratio 

swept wings at M~0.85 level could be more distinguished that CFD results of the un-deformed design shape 

could hardly match the experimental measurements. Therefore to obtain a high quality wind tunnel data base for 
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CFD validation, the wing deformation of the model would have to be minimized via design and fabrication, and 

be measured during the test as well. In order to increase the wing rigidity of CAE-AVM, the design Mach number 

is reduced to M=0.85 to increase wing relative thickness by 0.5~1% and to decrease the swept angle by 1 degree. 

 

Revised Wing Design for CAE-AVM 

Inverse method is used for the re-design of the wing in order to have a quick convergence. Fig. 3 shows the re-

design process of a wing section by 4 iterations. Fig. 4 is the comparison of the span-wise distribution of the wing 

relative thickness. The revised wing is 1.5% thicker at symmetrical plane, 1% at wing-body intersection and 0.5% 

thicker at 70% semispan section. The finite element analysis verified the reduction of the model wing twist by 0.5 

degrees at the wing tip.  

                         
Fig. 3:  Convergence history of the inverse design   Fig. 4: Span-wise distribution of the relative thickness 

 

Optimization at Wind Tunnel Reynolds Number 

After the design at flight Reynolds number of 20 million, CFD analysis of the CAE-AVM at wind tunnel test 

Reynolds number Re=4.5 million was conducted and flow performance is acceptable. For some typical flow 

phenomena occurred at lower Reynolds number, such as small trailing edge separation of the wing and supersonic 

flow area between engine nacelle and fuselage, design optimization was performed to eliminate the un-expected. 

Fig. 5 illustrates the removal of the trailing edge separation occurred at Re=4.5 million, while Fig. 6 shows the 

comparison of the supersonic zones over the pylon before and after the optimization. 

     
 

Fig. 5:  Elimination of the wing trailing edge separation occurred at wind tunnel test Reynolds number 

 

   
 

Fig. 6:  Elimination of the shock induced separation over the pylon occurred at test Reynolds number 

 

In order to increase the size of the wind tunnel test model, high speed wing tips were removed for the CAE-AVM 

configuration.  
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Experimental Investigation of the CAE-AVM 

 
Wind Tunnel Test Model 

The wind tunnel model to be tested at DNW-HST transonic wind tunnel, is a 1:22 full metal structure featuring 

180 pressure taps in 6 wing sections, where 120 taps measuring pressure distributions Cp of the upper side, 60 for 

the lower surface of the wing. A very thin layer of temperature isolation painting is applied over the left wing for 

transition detection with infrared cameras. Internal balance is connected with a Z sting mounted to the wind 

tunnel supporting system. The wind tunnel model was fabricated by Dutch National Aerospace Lab. NLR [7]. Fig. 

7 shows the theoretical geometry and the wind tunnel model of CAE-AVM. 

   
 

Fig. 7:  Theoretical geometry and wind tunnel model of CAE-AVM 

 

Wind Tunnel Test of CAE-AVM 

CAE-AVM wind tunnel test was accomplished in DNW-HST in December 2013 [8]. The tunnel is a continuous 

closed circle pressurized transonic wind tunnel for the Mach region from 0.15 up to 1.35. The test section is set 

up at 2.0 m x 1.8 m for the CAE-AVM test. The test matrix includes Mach 0.4 to 0.9, Reynolds number 2.0 and 

4.5 million. Two model configurations, say the full aircraft and wing-body combination are tested. The 

innovative challenge of this test campaign is the simultaneous multi-measurements of the forces, moments, 

pressure distributions, together with transition detection by infrared camera and wing deformation with Stereo 

Pattern Recognition technique SPR. Only in this test design, the measured data could be self-coincident and 

complete while used for CFD validation purpose. Transition straps are located at 10 % chord for the wing. Straps 

are also applied to the tail planes, engine nacelles and near the nose of the fuselage. The size and the height of the 

strap dots are determined via separated runs in the wind tunnel before the performance test. Fig. 8 shows the 

model installation and test instrumentation. 

   
 

Fig. 8: Model installation and test instrumentation of CAE-AVM in DNW-HST 

 

Verification of the CAE-AVM 

 
Numerical and Wind Tunnel Data Processing 

CFD analysis for the wind tunnel test matrix is performed mostly with two configurations, and some with four 

configurations, they are shown in table-1and Fig. 9:  

 

Table 1: Configuration analysed with CFD 

  

Name Configuration Symbol Colour in Fig.9 

Geo-1 Aircraft design shape CAE-AVM Grey body & wing 

Geo-2 Aircraft with deformed wings 

and Z sting 

CAE-AVM-DZ Grey body with red wing & 

blue sting 

Geo-3 Aircraft with deformed wings CAE-AVM-D Grey body with red wing 

Geo-4 Aircraft with Z sting CAE-AVM-Z Grey body/Wing with blue 

sting 
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Fig. 9: Configurations for CFD analysis 

 

Fig.10 shows the CFD model of AVM-DZ, where the wing deformations vary with flow conditions. 

  
Fig. 10: CFD model of CAE-AVM-DZ 

 

Before the wind tunnel test, the wing deformation was obtained via finite element analysis with the load input 

from CFD. The geometry shape of the Z sting was provided by DNW. The CFD analysis of AVM with the 

deformed wing and/or sting has been found very useful during the wind tunnel test while comparing the data on 

site to ensure the smooth progress of the test.  

 

Besides the different sets of CFD results, two sets of test data, un-corrected and corrected with sting effect, are 

obtained. Wing deformation at different test conditions are processed from SPR measurements for more detailed 

CFD comparisons after the test. The accuracy of the FEM analysis of the wing deformation is also verified with 

the measurements.  

 

Comparison of the numerical and experimental results 

The first quantity to be compared should be the pressure distributions Cp, as it is the most direct measure of flow 

details and the initial parameters for the integration of forces and moments in CFD. Fig. 11 illustrates the 

comparison of CFD results of AVM-DZ with measured data near design condition, in mid- and out-board span 

sections, the coincidence is excellent. 

     
 

Fig. 11: Comparison of Cp at 55% and 75% semi-span sections 

 

Fig. 12 shows the comparison of lift, drag and pitching moment coefficients CL, CD and CM, at Mach number 

M=0.85 and Re=4.5 million. Notice the accurate CFD estimation of the turns of the CL and CM curves at angle 

of attack AOA=3
o
 and 5.5

o
 , caused by shock induced and trailing edge separation respectively,  the design and 
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analysis results are very satisfactory. 

     
 

Fig. 12: Comparison of CL, CD and CM at M=0.85 

 

Further Study 

 
Numerical and Wind Tunnel Data Base 

CFD analysis, comparisons and wind tunnel results are collected into a data base for further research and CFD 

validation applications. 

 

Application for CFD-Wind Tunnel Correlation Study 

CAE-AVM with its geometry, meshes and test data, has been selected for the CAE-DNW Workshop on CFD-

Wind Tunnel Correlation Study to be held in March 2016 in Beijing. Interested readers are encouraged to browse 

the workshop website http://cae-dnw-workshop.dnw.aero/ and to participate.  

 

Conclusions 

 

The aerodynamics design of the dual purpose research model CAE-AVM has been accomplished. The CFD tools, 

inverse design method and numerical optimization approach have been reasonably applied. The special 

consideration for CFD validation requirements leads to the accurate design of the wing with well balance of 

aerodynamic performance and wing thickness. Flow optimization is also carried out at wind tunnel test Reynolds 

number. Particular wind tunnel test design and model fabrication are also necessary for CFD validation data base, 

which include the simultaneous multi-measurements of the forces, moments, pressure distributions, transition 

detection and wing deformation. CFD analysis with both wing deformation and sting is found essential for CFD-

wind tunnel comparisons of large aspect ratio wings at Mach number around 0.85, and also useful for the smooth 

implementation of the wind tunnel test. The experimental measurements at DNW-HST verified that the design 

and CFD analysis of the CAE-AVM are fulfilled. The model has therefore been selected for the CAE-DNW 

workshop for CFD-wind tunnel correlation study. 

 

Acknowledgment 

 

This investigation is supported by the Innovation Funds of AVIC and other national research projects. The wind 

tunnel model was fabricated at NLR with high quality and tested at DNW-HST with excellent accuracy and 

management. The authors are also grateful to all the team members and those who have ever contributed to this 

study. 

 

References 

 
1. European Commission, “Flightpath 2050, Europe’s Vision for Aviation”, 

http://ec.europa.eu/research/transport/pdf/flightpath2050_final.pdf , 2011. 

 

2. J. Hua, “On the Progress of Civil Aviation”, Von Kamman Institute Lecture Series, VKI-GRAIN Lectures, 2011. 

 

3.     J. Hua, “Towards Greener Aerodynamics”, 14th China-Russian Conference on fundamental Problems of Aerodynamics 

and Structure, Shenyang, China, 2015. 

 

4.     J. Hua, F.M. Kong, J.J. Wang, H. Zhan, R.Z. Sun, D. Qiu, D.W. Fu, J.C. Liu, Z.Y. Zhang, “Recent Examples on Design 

Aerodynamics for Transport Aircraft”, ICAS-2002-2.5.2, 23rd International Congress of Aeronautical Science, 2002. 

 

5.     J. Hua and Z.Y. Zhang, “Transonic Wing Design for Transport Aircraft”, ICAS 90-3.7.4, 17th International Congress of 

Aeronautical Science, Proceedings, pp. 1316-1322, 1990 

http://cae-dnw-workshop.dnw.aero/
http://ec.europa.eu/research/transport/pdf/flightpath2050_final.pdf


 

 

7
th

 Asia-Pacific International Symposium on Aerospace Technology, 25 – 27 November 2015, Cairns 

 

 

6.     T. Yang,  J.Q. Bai, D. Wang, S. Chen, J.K. Xu, Y.Y. Chen, “Aerodynamic Optimization Design for After-body of Tail- 

mounted Engine Layout Considering Interference of Engines”, ACTA AERONAUTICA ET ASTRONAUTICA SINICA,  

Vol. 35, No. 7, pp. 1836-1844, 2014. 
 
7.     R. Nahuis, “CAE CFD validation model design/manufacture”, NLR Report, 2013. 

 
8.     R. Gebbink, “Reliable experimental wind tunnel data by application of complementary measurement techniques”,  

DNW- T3031, 2014. 

 


