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Aerodynamic Design of the RAE 2822 in Transonic Viscous 

Flow: Single- and Multi-Objective Optimization Studies 

Anand Amrit1, Xiaosong Du2, Andrew Thelen3, and Leifur Leifsson4 
Iowa State University, Ames, Iowa 50011 

Slawomir Koziel5 
Engineering Optimization & Modeling Center, Reykjavik University, Menntavegur 1, 101 Reykjavik, Iceland 

This paper addresses a benchmark aerodynamic design problem proposed by the AIAA 

Aerodynamic Design Optimization Discussion Group: Drag minimization of the RAE 2822 in 

transonic viscous flow at a fixed lift coefficient with constraints on the pitching moment 

coefficient and the cross-sectional area. The single-objective optimization (SOO) problem is 

solved using surrogate-based optimization (SBO) with the surrogates constructed through 

output space mapping and variable-resolution Reynolds-Averaged Navier-Stokes 

computational fluid dynamics models. Improving the implementation of our search 

algorithms enabled us to obtain the SOO optimal design four times faster than in our prior 

work in terms of CPU time. To explore the design space in the vicinity of the SOO optimal 

design, the problem is recast as a multi-objective optimization (MOO) one by treating the drag 

and pitching moment coefficients as the objectives while fulfilling the given constraints on the 

lift coefficient and the cross-sectional area. The MOO algorithm yields the Pareto front of the 

two conflicting objective functions in close proximity of the design obtained by the SOO 

formulation in the feasible and infeasible space of the original SOO problem. 

Nomenclature 

A =   cross-sectional area 

Cd = drag coefficient 

Cm = pitching moment coefficient 

Cl =   lift coefficient 

Cp = pressure coefficient 

c =   low-fidelity model 

c =   chord length 

f =    high-fidelity model 

l =   lower bound 

M =   Mach number 

t =   airfoil thickness 

u =   upper bound  

x =   design variables 

 =   trust region radius 

Abbreviations 

MOO =   multi-objective optimization  

SBO =   surrogate based optimization 

SOO =   single-objective optimization  

SM            =    space mapping 

cts             =    counts 
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I. Introduction 

his paper presents the results of solutions to the benchmark aerodynamic design Case 2 (drag minimization of the 

RAE 2822 in transonic viscous flow) developed by the AIAA Applied Aerodynamics technical committee. The 

results are presented in a special session at the annual AIAA Aviation 2017 conference. 

In our prior work1,2, we attempted to solve the lift-constrained drag minimization of RAE 2822 in viscous flow 

using approximation-based surrogates3 and physics based surrogate techniques4. In our first paper1, we used multi-

fidelity optimization with the space mapping5 (SM) technique to solve the problem. High-fidelity computational 

simulations were carried out using FLUENT6 with the hyperbolic mesh generator by Kinsey and Barth7, whereas the 

viscous-inviscid analysis method in MSES8 was used for the low-fidelity computations. The airfoil shapes were 

parameterized using PARSEC9. In the second paper2, we attempted to solve the same two-dimensional cases using the 

multi-level optimization10 technique. In our solutions, we used a family of low-fidelity models constructed using the 

hyperbolic mesh generator7 and the Stanford University Unstructured11 (SU2) solver to optimize a high-fidelity model 

by the same grid generator and flow solver as the low-fidelity models but with a higher mesh resolution (fully grid-

independent solutions). In the third paper12, we attempted to solve the problem using multi-fidelity techniques and 

improved computational models along with new correction technique. The paper demonstrated that multi-fidelity 

optimization with physics-based models can solve the two-dimensional case much faster than direct optimization with 

adjoint sensitivity information (see, e.g., Jameson13), and surrogate-based optimization2 (SBO) with data-driven 

surrogate models3. Although the cost of multi-fidelity optimization is much lower, those techniques have so far not 

able to produce quality designs. 

In this paper, we re-attempt to solve the two-dimensional aerodynamic design problem using an improved 

optimization framework and computational models. We use a hyperbolic mesh generator to generate the computational 

grid and solve the Reynolds-averaged Navier-Stokes (RANS) equations and the Spalart-Allmaras turbulence model14 

with the SU2 solver11. The single-objective optimization (SOO) problem is solved using a multi-fidelity optimization 

approach with SM5. The problem is recast as a multi-objective optimization (MOO) problem by minimizing the drag 

coefficient and minimizing/maximizing the pitching moment coefficient for a fixed lift coefficient and with a constraint on 

the cross-sectional area. The multi-objective problem is solved using a surrogate-assisted MOO algorithm4. It involves the 

construction of local approximation models3 along with multi-fidelity models to efficiently search the design space for Pareto 

optimal solutions.  

The paper is organized as follows. Section II describes the general aerodynamic shape optimization problem 

formulation. Sections III, IV, and V give the detailed optimization method, computational models, and optimization 

results of benchmark case 2. The paper ends with conclusions. 

II. Problem Formulation 

The section describes the single- and multi-objective optimization problem formulations for benchmark case 2. 

A. Single-Objective Optimization (SOO) 

The aerodynamic design problem considered in this work involve lift-constrained drag minimization of airfoils in 

two-dimensional transonic flow. The objective here is to minimize the drag coefficient (Cd) of the RAE 2822 at a free-

stream Mach number of M = 0.734, lift coefficient of 0.824, and Reynolds number of 6.5  106 subject to an area and 

pitching moment constraint. The constrained optimization problem can be expressed as:  
 

                                                                            
dC

uxl 
min ,                                                                                                      (1) 

 

subject to 

 

                                                                                    Cl = 0.824,                                                                                                    (2) 

 

                                                                                   Cm  0.092,                                                                                               (3) 

 

                                                                                   A  Abaseline,                                                                                                      (4) 

 

where Cm is the moment coefficient, and A is the airfoil cross-sectional area non-dimensionalized with the chord length 

squared. 

T 

D
ow

nl
oa

de
d 

by
 M

IS
SO

U
R

I 
U

N
IV

 O
F 

SC
IE

N
C

E
 &

 T
E

C
H

 o
n 

Fe
br

ua
ry

 9
, 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

7-
37

51
 



3 

American Institute of Aeronautics and Astronautics 

 

B. Multi-Objective Optimization (MOO) 

The objective is to find the trade-offs between the conflicting objectives, drag coefficient (Cd) and pitching moment 

coefficient (Cm) of the RAE 2822 at a free-stream Mach number of M = 0.734, lift coefficient of 0.824, and Reynolds 

number of 6.5  106 subject to an area and pitching moment constraint. We want to explore the designs in both feasible and 

infeasible regions as shown in Fig. 1 while satisfying the area constraint at a constant lift coefficient. The multi-objective 

constrained optimization problem can be expressed as: 

 

Determine the Pareto Front in the Feasible Region: 
 

              min
𝑙≤𝑥≤𝑢

𝐶𝑑,  max
𝑙≤𝑥≤𝑢

𝐶𝑚                                                                          (10) 

subject to 

       Cl = 0.824,                                                                                        (11) 

 

                                                                                    Cm  0.092,                                                                                      (12) 

 

                                                                                  A  Abaseline,                                                                                        (13) 

 

Determine the Pareto Front in the Infeasible Region: 
 

                                                                              min
 𝑙≤𝑥≤𝑢

𝐶𝑑,  min
𝑙≤𝑥≤𝑢

𝐶𝑚                                                                        (14) 

 

subject to 

                                                                         Cl = 0.824,                                                                                        (15) 

 

                                                                  Cm ≤ 0.092,                                                                                     (16) 

 

  A  Abaseline,                                                                                      (17) 

III. Optimization Approaches 

The section describes about the SOO and MOO approaches used to solve the problems defined in Sect. II. 

A. Single-Objective Optimization (SOO) 

The benchmark case is solved using a multi-fidelity approach with trust regions. Space mapping (SM)5 algorithm 

as discussed in our previous paper12, is utilized to perform SOO. Instead of executing the single objective optimization 

on the expensive high-fidelity model f, a cheap physics based surrogate model is utilized. The algorithm begins with  

 

 
Figure 1. Illustration of the feasible and infeasible regions for design exploration. 
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evaluating the low and high-fidelity models of the baseline airfoil which is utilized in constructing the SM correction 

factor. The construction of these multi-fidelity models is described in section IV. The surrogate model is constructed 

by adding the correction factor to the low-fidelity model which elevates it to that of high-fidelity model. A well-known 

MATLAB optimizer, Fmincon is used, which finds the optimum. Optimization of the linear model is constrained to 

the vicinity of the current design defined as ||x – x(i)||  (i), with the trust region radius (i) adjusted adaptively using 

the standard trust region rules20. The termination conditions for the algorithm are: (i) ||x(i) – x(i-1)|| < x, (ii) |H(i) – H(i-1)| 

< H, (iii) (i) < , where x, H, and  are user defined convergence tolerances. For direct optimization of the 

aerodynamics design benchmark problem, we use: x = 10–4, H = 10–5, and   = 10–6. 

The constant lift coefficient constraint (2) is implicitly satisfied within the flow solver by altering the angle of attack 

until the target lift is achieved. The pitching moment and cross-sectional area constraints (3) and (4), respectively, are 

handled directly through the optimizer. 

B. Multi-Objective Optimization (MOO) 

  The aerodynamic design problem considered in this work is solved using a multi-objective approach. A data driven and 

multi-fidelity surrogate based optimization called the point-by-point method15 is used to obtain the trade-offs between drag 

coefficient (Cd) and pitching moment coefficient (Cm). This method reaches to the Pareto front straight and moves along it 

point by point. The optimum drag coefficient (Cd) value, obtained using SOO approach is used as the starting point for the 

Point-by-point approach. A local appproximation model based on multi-fidelity surrogate is constructed to optimize the drag 

coefficient (Cd) while trying to reach a target pitching moment coefficient (Cm) value. The algorithm traverses in the feasible 

and in the infeasible regions to obtain a set of optimal solutions. The solution of the algorithm (10) and (14) is carried out 

using MATLAB’s fmincon algorithm17. Fmincon handles the target pitching moment constarint and the area constraint 

directly and the algorithm is executed untill convergence. The algorithm converges when the target pitching moment 

value is within a given tolerence value of 1e-4. The algorithm is run repeatedly to obtain points in the vicinity of the 

starting point. 

IV. Computational Modelling 

This section describes the computational fluid dynamics modeling, and airfoil shape parameterization.  

A. Design Variables 

The B-spline parameterization approach, described in Jie et al.12, is used in this case to control the upper and lower 

surfaces of the airfoil. We use 8 control points, as shown in Fig. 2, where two are fixed at the leading- and trailing-

edges, and the other ones, 4 for each surface, can move in the vertical direction. This yields 8 design variables. Based 

on a fit to the RAE2822, we set the x-locations of the free control points as: X = [Xu; Xl]T = [0.0 0.15 0.45 0.80; 0.0 

0.35 0.60 0.90]T. The initial design variable vector is x = [xu; xl]T = [0.0175 0.0498 0.0688 0.0406; -0.0291 -0.0679 -

0.0384 0.0054 ]T. The lower bound of x is set as l = [0.015 0.015 0.015 0.015; -0.08 -0.08 -0.08 -0.01]T, and the upper 

bound is set as u = [0.08 0.08 0.08 0.08;-0.01 -0.015 -0.015 0.01]T. 

 

 
Figure 2.  Airfoil shape parameterization using B-spline curves for the upper and lower surfaces. 
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B. High-Fidelity Viscous Aerodynamics Model (f) 

The SU2 implicit density-based flow solver is used for the viscous case, solving the steady compressible Reynolds-

averaged Navier-Stokes (RANS) equations with the Spalart-Allmaras turbulent model14. The convective flux will be 

calculated using the second order JST scheme16. One multi-grid level is used for solution acceleration. The turbulent 

variables are convected using a first-order scalar upwind method. The flow solver convergence criterion is the one 

that occurs first of the two: (i) the change in the drag coefficient value over the last 100 iterations is less than 105, or 

(ii) a maximum number of iterations of 20,000 is met. 

The grids are generated using the hyperbolic C-mesh of Kinsey and Barth7 (see Fig. 3). The farfield is set 100 

chords away from the airfoil surface. The grid points are clustered at the trailing edge and the leading edge of the 

airfoil to give a minimum streamwise spacing of 0.001c, and the distance from the airfoil surface to the fist node is 

105c. The grid density is controlled by the number of points in the streamwise direction, and the number of points in 

the direction normal to airfoil surface. We set the number of points in the wake region equal to the number in the 

normal direction. Table 1 gives the results of a grid convergence study using the RAE 2822 airfoil at M = 0.734 and 

Cl = 0.824. The constant lift condition is determined by internally changing the angle of attack within the flow solver. 

The simulation time presented in Table 1 gives the overall time to compute the constant lift condition.  

For the optimization studies, we use Mesh 3 for the high-fidelity model f. Mesh 4 is the finest and the most accurate. 

The difference between meshes 3 and 4 is around 1.75 drag counts for the baseline shape. However, Mesh 4 is almost 

five times more expensive than Mesh 3, hence the latter was chosen as the high-fidelity model for this work.  

C. Low-Fidelity Viscous Aerodynamics Model (c) 

The model set up for low-fidelity model is same as that of high-fidelity model (f). As shown in Table 1, we use 

Mesh 1 for the low-fidelity model c. The low-fidelity model convergence criteria are set with the following values: (i) 

change in the drag coefficient value over the last 100 iterations is less than 104, or (ii) the maximum number of 

iterations is set to 5,000. Figure 4(a) shows that the low-fidelity solver is converged well within 5,000-iteration limit, 

and Figure 4 (b) shows that the low-fidelity model is a good representation of high-fidelity one in terms of the pressure 

coefficient distributions. 

 

                             
                                                     (a)                                                                    (b) 

Figure 3.  Hyperbolic C-mesh used in the viscous model: (a) farfield view, (b) view close to the surface. 

 

 

Table 1. Grid convergence study for the baseline shape of Benchmark Case 2. 

Mesh Grid Size Cl (cts) Cd(cts) Simulation Time* (min) 

1 9,836 0.824 324.6271 3.13 

2 38,876 0.824 221.4551 8.79 

3 154,556 0.824 204.7968 33.95 

4 616,316 0.824 203.0495 152.62 

                     * Computed on a high-performance cluster with 32 processors. Flow solution only. 
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                                               (a)                                                                                        (b) 

Figure 4.  Viscous flow simulation results for RAE 2822 at M = 0.734 and Cl = 0.824: (a) the evolution of the 

lift and drag coefficients obtained by the low-fidelity model, (b) a comparison of the pressure distributions 

obtained by the high- and low-fidelity models. 

V. Results 

This section describes the optimizations results of the single-objective and multi-objective optimization studies. 

A. Single-Objective Optimization (SOO) 

 The SOO problem is solved using space mapping (SM) algorithm5 and results are shown in Table 2. Figure 5(b). 

shows the convergence history of the algorithm indicating a considerable reduction in the objective function compared 

to that of the baseline airfoil. As can be seen in Table 2, the SM algorithm reduces the drag coefficient value from 

203.80 cts to 119.49 cts. Figures 5(c) and (d) show comparisons of the shapes and pressure coefficient distributions 

of the baseline and SOO optimal designs. Figures 5(e) and (f) show the pressure coefficient contours of the baseline 

and optimum shape design respectively, indicating a considerable reduction of shock strength. In terms of number of 

function evaluations, SM based optimization utilized 423 low fidelity models and only 6 high fidelity models. The 

cost in terms of CPU time for the entire optimization process is approximately 19 hours on a HPC with 32 processors. 

B. Multi-Objective Optimization (MOO) 

The point-by point algorithm described in Koziel et al.20, is utilized to perform the multi-objective optimization. 

The optimum drag value obtained from SOO, is utilized as the starting point for the algorithm. A target pitching 

moment value is then identified for the algorithm to attain while minimizing drag coefficient value. The runs are 

performed at M = 0.734 and Abaseline = 0.0779. The MOO algorithm needed one iteration to reach each target point. 

The cost of stepping from one point to another is approximately one hour. The total cost in terms of CPU time to 

obtain the entire Pareto is around 30 hrs on a HPC with 32 processors. 

Figures 7(a) and (b) show the optimal solution set (Pareto front) obtained using MOO and a zoomed-in plot near 

SOO optimum respectively. The plots clearly reflect that; we cannot obtain any better optimum drag coefficient value 

other than SOO optimum. Few points (MOO Point 1 and MOO point 2) on the Pareto optimal set were selected to be 

compared with SOO optimum and the baseline design. Figures 7(c) and (d) show comparisons of all the airfoil shape 

designs and the pressure coefficient distributions for the selected points. There is not much difference in the pressure 

coefficient distribution compared to that of SOO optimum and that’s because the selected points are near the optimum 

drag coefficient value. 

 
Table 2. Single-objective optimization results. 

Parameter/Method Baseline SPSO 

Cl (l.c.) 82.35 82.40 

Cd (d.c.) 203.80 119.49 

Cm,c/4 -0.0905 -0.0919 

A 0.0779 0.0779 

Nc  423 

Nf  6 

CPU Time (hours)  19 
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(a)                                                                                    (b) 

  
                                                   (c)                                                                                     (d) 

              
                                      (e)                                                                                      (f) 

Figure 5. Single-objective optimization results: (a) convergence history of the arguments, (b) evolution of the 

objective function, (c) airfoil shape comparison, (d) pressure distribution comparison, (e) pressure coefficient 

contours of baseline airfoil, (f) pressure coefficient contours of optimum design from SOO. 
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                                             (a)                                                                                       (b) 

      
                                           (c)                       (d) 

Figure 7. Multi-objective optimization results: (a) optimum solution set in feasible and infeasible regions, (b) 

zoomed-in plot of Fig. 7(a), (c) pressure distribution comparison, and (d) airfoil shape comparison. 

                 
 (a)                                                                                  (b) 

Figure 8.  Pressure Coefficient Contours of (a) MOO point 1, (b) MOO point 2. 
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VI. Conclusion 

The aerodynamic design benchmark case 2 has been solved using single-, and multi-objective optimization algorithms. 

Approximation-based and physics-based surrogate methods are utilized to accelerate the optimization procedure. Results 

from single-objective optimization (SOO) show a considerable reduction of total time utilized to obtain the optimum drag 

value compared to that of our previous work12 due to improved implementations of the optimization algorithms and 

computational models. The vicinity of the SOO optimal design is explored in terms of the drag and pitching moment 

coefficients using a multi-objective optimization (MOO) algorithm. 
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