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Abstract 

A numeric optimization framework for the design of natural laminar flow (NLF) nacelles is established based 

on differential evolution algorithm combined with RBF surrogate model. The class/shape transformation 

method is used for the parameterization of the geometry, and the γ − 𝑅𝑒̃𝜃𝑡 transition model is used for transition 

prediction. Single-point optimization in cruise conditions for axis-symmetric nacelles demonstrates 

approximately 36% chord length of laminar flow, with 2.1 counts (1count=0.0001) of drag reduction. Two-point 

optimization considering drag-divergence conditions demonstrates similar results, with a slightly shorter 

laminar region but more shock wave drag reduction. The trade off between laminar flow drag reduction and 

shock wave drag considering drag-divergence performances is discussed. 
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1. Introduction 
Drag reduction is crucial for civil aircraft design. Among many drag reduction technologies, laminar 

flow control reduces friction by extending the laminar region over the surface of the aircraft [1]. 

Typical laminar flow control technologies are natural laminar flow control (NLFC) [2][3], laminar flow 

control (LFC) [4][5] and hybrid laminar flow control (HLFC) [6][7]. NLFC maintains the laminar region 

on the surface of the aircraft by geometry shape design. On the other hand, Large bypass ratio 

turbofan engines are usually installed on civil airliners. The friction of the nacelle surface occupies a 

considerable amount in that of the whole aircraft [8]. Moreover, compared with airfoils, there are no 

requirements on lift or moment for the design of nacelles, which gives it more freedom to design [9]. 

Consequently, the realization of natural laminar flow drag reduction on the nacelle can be expected 

to obtain considerable benefits. 

There have been many studies on the design and experiments of NLF nacelles. Experiments in wind 

tunnel or flight tests on NLF nacelle was conducted by Younghans et al. [10], E.C. Hastings et al. 

[11] and DLR [12][13], and they all obtained a certain length of laminar flow, which verifies the 

feasibility of NLF nacelles. Numeric designs were also implemented on NLF nacelles with different 

optimization methods, such as invert design method by R. Radespiel et al. [8], and particle swarm 

optimization with Kriging surrogate model by Xiaolong He et al [9], and discrete-adjoint method by 

Ramy Rashad et al [14]. Drag reduction of 1.5%-2.0% of the whole aircraft can be obtained in these 

studies, together with considerable extension of the laminar region. 

However, there are still some problems remained for the optimization design of natural laminar flow 

nacelles. Typically, natural laminar flow requires a certain length of favorable pressure gradient 

(FPG), so there is usually a strong shock wave behind the FPG region. The trade off between the 

laminar range and wave drag should be discussed. Furthermore, the drag reduction effect of the 

NLF nacelle at a higher Mach number, such as drag-divergence conditions should be also carefully 

examined, and multipoint optimization is necessary.  

The rest of this paper consists of the following parts. First, an aerodynamic optimization framework 

for the design of axis-symmetric nacelles is established. Then, a single-point optimization is carried 

out to minimize the aerodynamic drag of the nacelle in cruse condition. Finally, a two-point 

optimization is carried out to take consideration of the drag divergence characteristics. The 

optimization results are compared, and the main considerations of NLF nacelle design is 
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demonstrated. 

2. Optimization Framework 

2.1 Geometric modeling and computational grid 

As shown in Figure 1, a typical nacelle consists of the fan cowl, the inlet, the nozzle external duct 
and the nozzle internal duct. Generally, the total drag of the nacelle can be separated into two parts: 
the inner drag of the engine and the aerodynamic (external) drag of the nacelle. The laminar flow on 
the fan cowl aims at the reduction of the aerodynamic drag, and the other parts of the nacelle mainly 
affect the inner drag of the engine. As a result, the optimization design in this paper is focused on 
the geometric shape of the fan cowl. 

 

 

Figure 1 – A typical nacelle consisting of fan cowl, inlet and nozzle. 

 

The geometric parameterization of the fan cowl is based on the class/shape transformation (CST) 
method [15], which can be used to generate a 2-dimensional profile. Generally, CST modeling 
consists of two steps. First, given a set of parameters a1, a2, ..., an, generate a standardized CST 
curve: 

𝑟 = 𝑥𝑛1(1 − 𝑥)𝑛2 ∑ 𝑎𝑘
𝑛!

𝑘!(𝑛−𝑘)!
𝑥𝑘(1 − 𝑥)𝑛−𝑘𝑛

𝑘=1                                     (1) 

where n is the number of CST parameters (n=7 in this paper), and n1,n2 are the parameters related 
with the class function(n1=0.5, n2=2.0 in this paper). 

Second, according to the actual location of the profile, scale the standardized CST curve linearly to 
the actual size. 

For an axis-symmetric nacelle, the CST method generates the 2-dimensional profile of the fan cowl, 
and the whole fan cowl is obtained by sweeping the profile in circumferential direction.  

The angle of attack for axisymmetric nacelles is set to 0°, so the geometric shape and the flow field 
are both axisymmetric, and the CFD calculation domain can be only a 30° sector of a cylinder to 
save computational cost. The grid for axisymmetric nacelles is shown in Figure 2. The heights of the 
first grid on the surface of the nacelle are about 5×10-6m to ensure y+<1 on the wall, and the growth 
rate of the grid height are about 1.15. The total element number is about 51 thousand for the 
axisymmetric nacelle, and about 6.51 million for the non-axisymmetric nacelle. During the 
optimization, grid automatic generation is used with grid movement scripts. 

 

  

(a) Grid around the nacelle surface              (b) Grid of the whole domain 
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Figure 2 – Grid for the non-axisymmetric nacelle. 

 

2.2 Transition prediction method 
Accurate transition prediction is important for natural laminar flow design. In this paper, the SST-γ-Reθt 

transition model [16] is used for transition prediction. γ-Reθt transition model is based on empirical 

correlation, which relates the freestream turbulent intensity Tu with the Reynolds number of momentum 

thickness at the transition position Reθt. Apart from a modified SST model, two extra transport equations 

about intermittent factor γ and transition momentum thickness Reynolds number Reθt need to be solved. 

The detail of the model equations can be found in [16]. The model has been tested on isolated nacelles 

and showed satisfying results compared with experiment data [17]. 

In this paper, the finite volume code CFL3D version 6.7[18] is applied for the Reynolds-averaged 

Navier-Stokes (RANS) computation. Airfoil NLR7301 is numerically computed to validate the accuracy 

of the SST-γ-Reθt transition model [19]. The computational grid contains 79360 cells, as shown in 

Figure 3. The far field boundaries are 50 c (c is the chord length) away from the airfoil, and the first 

layer ∆y+<1 on the wall is ensured. The freestream condition is Ma=0.1 and Re=1.0×106. The 

freestream turbulence intensity is set to 0.3%. The computation results are shown in Figure 4, which 

are in good agreement with the experimental results. 

 

 

Figure 3 – The computation grid of the NLR7301 airfoil. 
 

  

(a) Transition location                 (b) Lift coefficient and drag coefficient 

Figure 4 – Comparison between computation and experiment. 
 

Nacelles typically work at a certain condition in which the inlet mass flow rate keeps constant. In order 

to simulate the working condition of the nacelle, automatic mass flow rate control is used in the CFD 

computation. As shown in Figure 5, the static pressure at the ending section of the inlet is adjusted 

during the computation to reach the given inlet mass flow rate. For the internal and external nozzle 

ducts, the total pressure and total temperature at the starting sections of the nozzles are given as 

boundary conditions. 
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Figure 5 – Boundary conditions of the axisymmetric nacelle. 
 

After the CFD computation, a thrust-drag bookkeeping method based on control volume integrations 

[20][21] is used to obtain the total drag of the nacelle, which is the difference between the ideal thrust 

and the net force on the nacelle. It should be noted that the total drag is not equal to the force on the 

nacelle wall obtained by CFD integration. 

 

2.3 Optimization method 

In this paper, an in-house developed hybrid optimization algorithm (HASADE) [22]is used for the 

optimization. The algorithm makes use of the strong global optimization ability of the differential 

evolution algorithm to ensure the diversity of the population, and in the meantime uses the radial 

basis function (RBF) response surface to strengthen the locally optimal search capability [23].  

The Pressure distribution on the fan cowl is critical in the design of natural laminar flow nacelle. By 

adding some constraints on the pressure distribution based on the prior knowledge, the optimization 

process can be efficiently guided to the expected direction. Three pressure constraints are used in 

this paper, which are: 

(1) The strength of shock wave Sshock, which is measured by the difference of pressure coefficient 

before and after the shock wave. In order to prevent excessive wave drag. 

(2) The location where favorable pressure gradient disappears between 15%~70% chord length of 

the fan cowl xftoa. Generally this is around the location of transition. 

(3) The maximum pressure coefficient gradient between 0~30% chord length of the fan cowl gcp. 

This is used to control the magnitude of the favorable pressure gradient in the expected laminar flow 

region. 

The optimization process is shown in Figure 6. The whole process can run automatically on the 

computer. 

 

 

Figure 6 – The optimization process. 
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3. Optimization Design of Axisymmetric NLF Nacelle 

3.1 Single-point optimization in cruise conditions 
The optimization object is to minimize the pressure drag coefficient Cd,p and the friction coefficient 

Cd,f of the nacelle at the same time, which makes it a bi-object optimization problem. The length of 

FPG is constrained to be longer than 25% chord length of the fan cowl to ensure the existence of 

laminar flow. The optimization problem can be written as follow: 

 

minimize   𝐶𝑑,𝑝, 𝐶𝑑,𝑓 

s. t.   Ma = 0.85, Re = 2.80 × 107, 𝐶𝑚 = 0.75, α = 0°                             (7) 

{
𝑆𝑠ℎ𝑜𝑐𝑘 < 0.6
𝑥𝑓𝑡𝑜𝑎 > 0.25 

 

The convergence history of Cd,p and Cd,f is shown in Figure 7. The Pareto front of the two objectives 

are shown in Figure 8. The two branches of the Pareto front represents two classes of configurations, 

which will be discussed shortly. The optimal result is shown in Table 1. Compared to the original 

configuration, the total drag is reduced by 2.1counts, and the length of laminar flow reaches 38% 

chord length of the fan cowl from the original 29%. The distribution of pressure coefficient Cp and 

friction coefficient Cf on the fan cowl of the original and optimized nacelles are shown in Figure 9. 

 

 

Figure 7 – The convergence history of Cd,p and Cd,f. 

 

Figure 8 – The Pareto front of the two objectives. 

Table 1 The optimal result of single-point optimization 

 𝐶𝑑,𝑡/10−4 𝐶𝑑,𝑓/10−4 Relative length of laminar 
flow 

original 25.5 13.0 29% 

optimal 23.4 12.1 38% 
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Figure 9 – The Cp and Cf distribution on the fan cowl of the original and optimized nacelles. 
 

It’s enlightening to study the aerodynamic characteristics of the individuals of the two classes in the 

Pareto front shown in Figure 8. For the individuals of the first class shown in Figure 10, when the 

length of laminar flow increases, the Cd,f decreases rapidly while the Cd,p grows slowly, so the overall 

effect of extending laminar flow is reducing the total drag of the nacelle. For the individuals of the 

second class shown in Figure 11, the length of laminar flow is long enough to make the shock wave 

strengthen rapidly, and the Cd,p increases faster than the reduction of Cd,f from the extending of 

laminar flow. Consequently, the optimal configuration to reduce the total drag lies in the trade-off 

point between these two classes of configurations, and this indicates the contradiction between the 

length of laminar flow and shock resistance. 

 

 

Figure 10 – The typical individuals in the first direction. 

 

Figure 11 – The typical individuals in the second direction. 
 

3.2 Two-point optimization in cruise and drag divergence conditions 

The flight conditions for wide body aircrafts is changing during the whole flight mission. Besides 

cruise conditions, the performance in other typical flight conditions such as drag divergence, one 

engine failure (windmill) and large side slip angle should also be considered. For NLF nacelles, the 

shock wave drag offset the laminar flow drag reduction to some extent, so it’s important to ensure 

that the drag reduction remains satisfying at a higher Mach number, when the shock wave becomes 

stronger. Consequently, the drag divergence condition is mainly considered in this paper.  

The Mach number in drag divergence conditions is 0.87, and the other freestream states are the 

same as the cruise conditions. The optimization object is to minimize the Cd,t in both cruise and drag 

divergence conditions simultaneously. The population size is 16, and the total generations are 30. 

The Cd,t of all the individuals in cruise and drag divergence conditions is shown in Figure12. The 
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Pareto front shows that the drag reduction in drag divergence condition is negatively correlated with 

the drag in cruise condition. 

 

 

Figure 12 – The Cd,t of all the individuals in cruise and drag divergence condition. 
 
The performance of the optimal configuration is shown in Table 2. The distribution of Cp and Cf on the 
fan cowl in the two conditions are shown in Figure13. Compared with the cruise condition, the length 
of FPG as well as the location of shock wave moves downstream, and the shock wave is strengthened 
in drag divergence condition. This explains why the range of laminar flow is a little longer in drag 
divergence condition than in cruise condition. The rise of Cd,t between the two conditions mostly comes 
from the shock wave drag. 
 

Table 2 The performance of the optimal configuration of the two-point optimization 

condition Cd,t  /10−4 Cd,f /10−4 Relative length of laminar 
flow 

cruise 23.5 12.3 36% 
Drag divergence 24.7 11.7 38% 

 

 

Figure 13 – The Cp and Cf contribution on the fan cowl in cruise and drag divergence conditions. 
 

3.3 Comparative analysis of the two optimizations 

The optimal configurations obtained from the single-point and two-point optimizations (referred to as 
OPT1 and OPT2) are compared to find the effects of drag divergence condition on the design of 
NLF nacelles. The Cp distributions of the fan cowl on OPT1 and OPT2 at cruise and drag 
divergence conditions are shown in Figure 14. The shock wave and the length of FPG are slightly 
weaken for OPT2, which means when considering drag divergence conditions, the shock wave drag 
is further reduced at the cost of slightly shortened laminar flow range. Figure15 shows the profiles of 
OPT1 and OPT2. The maximum diameter of the optimized NLF nacelle is reduced for a bit to waken 
the acceleration of flow as well as the shock wave strength. 
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(1) Cruise condition              (2)Drag divergence condition 

Figure 14 – The Cp distributions of the fan cowl on OPT1 and OPT2 at cruise and drag divergence 
conditions. 

 

 

(1) Cruise condition              (2)Drag divergence condition 

Figure 15 – The optimal profiles of fan cowl in single-point and two-point optimizations. 

 

The two optimized configurations are further computed at a serious of freestream Mach numbers to 
test the drag rise characteristics. The results are shown in Table 3. Compared to OPT1, the length 
of laminar flow on OPT2 is slightly shorter at cruise condition, and the Cd,t is almost the same. 
However, at higher Mach numbers, the Cd,t of OPT2 becomes lower than OPT1, which shows 
superior drag rise characteristics. 

 

Table 3 The drag rise characteristics of the OPT1 and OPT2 nacelles 

Ma Cd,t /10−4 Cd,f/10−4 Relative length of 
laminar flow 

OPT1 OPT2 OPT1 OPT2 OPT1 OPT2 

0.85 23.4 23.5 12.1 12.3 38% 36% 

0.86 23.8 23.8 11.7 12.0 41% 36% 

0.87 25.1 24.7 11.5 11.7 39% 38% 

0.88 27.2 26.7 11.5 11.5 41% 41% 

0.89 30.4 30.2 11.3 11.0 41% 41 

 

4. Conclusions 

In this paper, a numeric optimization framework is established for the design of NLF nacelle using 

differential evolution algorithm combined with RBF surrogate model. Cruise and drag divergence 

conditions are both considered, which makes it a multipoint optimization. Both single-point and two-

point optimizations show extended laminar flow region and drag reduction. 

Single-point optimization on axisymmetric nacelles shows that there is a contradiction between the 

length of laminar flow and wave drag. Under the freestream conditions in this paper, the optimal 

length of laminar flow is 38% chord length of the fan cowl, with 2.1 counts of drag reduction. 

When considering drag divergence characteristics of axisymmetric NLF nacelles, the negative 

effects of wave drag increase and consequently the optimal length of laminar flow is slightly 

shortened. However, the optimized nacelle still has a considerable range of laminar flow, and even 
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though the slight increase of friction, the total drag is reduced at higher Mach numbers because of 

the reduction of wave drag. 
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