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ABSTRACT 

A laminar flow optimization scheme for fan blade 

profiles is studied. The first step is to parameterize the 

original profiles with the class/shape function transformation 

(CST) approach that provides accurate definitions of the 

blade profile geometries. Then the main aerodynamic 

performances of the profile (including the pressure ratio, the 

efficiency and the size of laminar flow regions on the 

profiles) are evaluated by CFD tools. By repeating the above 

steps, a set of profile geometry parameters and their relevant 

aerodynamic performances are obtained. With the help of 

artificial neural network, the relations between the geometric 

parameters and the aerodynamic performances can be built, 

which can be used to re-define the geometry of the fan bade 

profile. By applying the scheme above, the profiles on 

different relative spanwise positions of the fan blade are 

optimized. The results show the increases of either the 

efficiency or the size of the laminar flow regions on the 

optimized blade profiles. 

INTRODUCTION 

With the development of high bypass ratio turbofan 

engines, the skin friction on the fan blades increases rapidly. 

The skin friction drag affects the fan efficiency, which can 

leads to increased fuel consumption. Therefore, it is 

necessary to find a way to reduce the friction as much as 

possible. As the friction drag in the turbulent boundary layer 

is about 10 times larger than that in the laminar flow 

boundary layer at the same Reynolds number
[1]

, to achieve 

substantial drag reduction, it would be helpful to delay the 

transition position on the fan blade surface. Blades (profiles) 

designed with such a purpose are regarded as laminar flow 

blades (profiles) 

Three types of laminar flow control technology, i.e. 

natural laminar flow (NLF), laminar flow control (LFC) and 

hybrid laminar flow control (HLFC), have been developed to 

improve laminar flow maintenance on aircraft surfaces
[2]

. 

NLF technique can work without applying suction or other 

active flow manipulation, so it was widely studied and 

applied in the design of laminar flow airfoils, wings and 

nacelles 
[3-5]

. 

Beside technical maturity for external flows
[6]

, NLF 

technique is theoretically suitable for the design of laminar 

flow fan blades or blade profiles. However, studies that have 

focused on this aspect have been found rare in the past few 

decades. One reason was that it was not believed that the 

laminar flow can be retained on compressor blade surfaces 
[7]

. In the later 2000s, Goodhand and Miller
[8]

 pointed out that 

the spikes on blade leading edges can cause the flow 

transition or separation nearby downstream on the suction 

side. However, spikes can be reduced or even removed by 

with proper leading edge shapes
[9]

, which makes it possible 

to retain laminar flow in a relatively large region on the blade 

surfaces. This principle was applied to develop laminar flow 

compressor blades
[10]

, and is widely accepted in the design of 

compressor blades in recent years. 

Since the surface area of a fan blade tends to be large, 

developing laminar flow fan blades could provide 

considerable increase in aerodynamic performance. As the 

laminar flow region on the blade surface is maintained by 

proper pressure gradient that is closely related to the blade 

shapes, geometric definition of the blades becomes a key 

ingredient in the laminar blade design. Hence, it is necessary 

to develop a scheme to optimize the blade shapes in the 

design optimization of the laminar flow fan blade profiles. 

In this work, a scheme for geometry optimization of the 

laminar flow fan blade profiles is developed based on the 

artificial neural network (ANN), which can help the 

inexperienced engineers to design laminar flow fan blade 

profiles quickly. The geometry of the initial profile is 

parameterized by the class/shape function transformation 

(CST) and the Latin Hypercube Sampling (LHS) method is 

applied to generate a set of parameterized profiles based on 

the baseline geometry parameters. Then the main 

aerodynamic performances of these profiles are obtained by a 

computational fluid dynamic (CFD) solver. The data of both 
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the geometry parameters and aerodynamic performances of 

the profiles are applied to train the ANN for the ability to 

generate an optimized profile when requirements for a larger 

laminar flow region and a higher efficiency are given. Both 

subsonic and supersonic fan blade profiles are optimized and 

the results are shown and discussed. 

METHODOLOGY 

Optimization Process 

The optimization of a laminar flow fan blade profile 

mainly includes four steps. The first step is to parameterize 

the initial blade profile, hence the continuous profile of the 

blade geometry can be accurately represented with only a 

few parameters. The second step is to establish the sample 

database which would be used to train the ANN. The 

database consists of two parts: parametric geometries of fan 

blade profiles and their related aerodynamic performances. 

The parametric geometries are generated by LHS method, 

which is widely used in the design of experiment (DOE). The 

aerodynamic performances of the parametric blade profiles, 

including the pressure ratio, efficiency and size of the 

laminar flow regions on the profiles, are investigated by CFD 

tools. The third step is to train the ANN to learn the relation 

between the aerodynamic performances and the parametric 

blade profiles in the sample database, with the purpose to 

predict the desired blade profile geometry based on the given 

new sets of the aerodynamic performances. The last step is 

the case validation. In this step, CFD tools are applied again 

to validate the performances of the laminar fan blade design 

produced by the ANN. If it is necessary, e.g. when the CFD 

prediction of the aerodynamic performances of the blade 

differ substantially from the specified aerodynamic 

performances, the ANN is updated with a new round of 

training. The optimization scheme is illustrated in Fig. 1. 

 

Figure 1 Optimization Scheme Applied for Laminar 
Flow Fan Blade Profiles 

Parameterization Method 

In the current work, blade profiles are parameterized 

using the CST approach. Compared with other 

parameterization methods, this approach can define complex 

geometries accurately using only a few parameters, and it can 

control the slopes and curvatures at the ends of a curve 

conveniently
[11]

. A blade profile can be defined by the CST 

as the following expression: 
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where the subscript SS and PS is the suction side and 

pressure side of the blade profile respectively, and te is the 

position of the tailing edge. x is the dimensionless chordwise 

coordinate of the blade profile, which range is 0<x≤1. 

Similarly, y is the dimensionless coordinate of blade 

thickness. )(2

1
xC

N

N  is class function, which definition is: 
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where N1 and N2 are used to control the type of geometry to 

be represented
[12]

, i.e., different values of N1 and N2 relate to 

different shape at the position of x=0 and x=1 respectively. 

More detailed information of class function can be found in 

Ref. 12. Shape function S(x), is used to define the y 

distribution along the x direction. In most cases, it is 

suggested to represent the shape function using Bernstein 

polynomials as follows: 
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in which n is the order of the Bernstein polynomial, and A(0) 

to A(n) are the parameters applied to represent the parametric 

geometry. 

Either leading edge shape or tailing edge shape of the 

fan blade profile remains unchanged during the optimization, 

because such parts of the original blade profiles have been 

originally designed with care to weaken the spikes. As such, 

it is important to ensure the continuities of slope and 

curvature where the original leading/tailing edges and the 

parameterized main body of the blade meet. In the CST 

approach, such continuities can be ensured by keep A(0) and 

A(n) as two constants. Fig. 2 illustrates a set of parameterized 

subsonic blade profiles with a same leading edge and a same 

tailing edge, in which the lines in blue and green are the 

suction sides and pressure sides respectively. The solid lines 

in Fig. 2 represent the geometry of the initial blade profile, 

and the dash dot lines represent various parameterized 

profiles. The regions near the leading edge and the tailing 

edge are not parameterized （3% in curve length from the 

edges), and all the parametric suction/pressure sides and the 

original profile share the same A(0) and A(5). It can be found 

that parametric blade profiles keep the continuity at joints (as 

symbolized by rings in Fig. 2) very well. 

The accuracy of representation is another important 

factor which should be studied. Apparently, the accuracy 

would be better if a higher order of the Bernstein polynomial 
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is chosen. However, the dimension of the design space would 

increase which could cause difficulty in the convergence of 

the optimization. In the current work, it is found sufficient to 

set n=5 because the accuracy is verified to be enough for 

both the representations of the subsonic and supersonic fan 

blade profiles, as shown in Fig. 3. 

 

Figure 2 Effect of Continuity Control 

 

Figure 3 Accuracy of Representation 

Establishment of Parametric Profiles 

A group of sample parameterized profiles with similar 

geometry features are required to train the ANN, so it is 

necessary to establish parametric blade profiles with similar 

geometry features. The Latin hypercube sampling (LHS) 

method, a powerful technique for DOE, is applied to 

generate the samples. To meet the requirement of ANN’s 

training, 100 samples are generated. Each sample consists of 

8 independent parameters so that a blade profile can be 

accurately defined, as discussed before. The parameters of 

the various samples are established based on the parameters 

of the initial blade profile geometry, with a variation range of 

±30%. The variation of the blade profiles in the LHS samples 

are shown in Fig. 4. 

Aerodynamic Calculations 

Cases and Computational Domains 

A typical fan blade designed for high bypass ratio aero-

engines usually consists of different types of blade profiles at 

different spanwise locations. Subsonic blade profiles are 

usually applied near the blade root while supersonic profiles 

are applied near the tip. For this reason, both subsonic and 

supersonic fan blade profiles are studied. As end wall effects 

may seriously influence the flow field nearby, blade profiles 

at the locations of 25% and 75% of the span are chosen to be 

studied, as illustrated in Fig. 5. 

 

Figure 4 LHS Samples of a Subsonic Blade Profile 

 

Figure 5 The Locations of the Two Blade Profiles to 
be Optimized on the Fan Blade 

 

Figure 6 Illustration of the Computational Grid 

The computational domains are quasi two dimensional 

with a height of 0.1% blade span. The computational grids 

are generated by NUMECA AutoGrid5 software. The O4H 

topology is applied to generate the grid of blade to blade 

(B2B) surface, and only one grid layer is set in the spanwise 

direction. The cell width of the first grid layer from the blade 

surface is set to be 10
-6 

m so as to keep the local y
+
 value 

below 1. An expansion ratio of 1.2 is applied to control the 

growth of the cells. Grid independence is checked by 
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adjusting the grid size and comparing the pressure 

distribution. High quality computational grids with about 

30000 cells each are finally applied in numerical simulations, 

and one of them is shown in Fig. 6. 

Transition Model 

Prediction of boundary layer transition is very important 

in the design of laminar flow fan blade profiles. Although 

some numerical techniques, such as direct numerical 

simulation (DNS) and large eddy simulation (lES), etc., have 

been developed to provide detailed information of the 

boundary layer structures, transition models based on the 

experimental correlations are still the most practical models 

used in engineering calculations of transition predictions. 

In the current work, the Abu-Ghannam and Shaw (AGS) 

model
[13]

 is applied to predict the transition positions on the 

blade profiles, because its effectiveness and accuracy have 

been validated by the flat plate cases and cascade cases
[14]

. In 

this model, the transition starts when the local Reynolds 

number based on the momentum thickness (Reθ) exceeds the 

critical value Reθs, which is defined as 
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in which τ is the freestream turbulence intensity (in %), and 

λθ is the non-dimensional pressure gradient defined as 
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where Ue is the velocity at the edge of the boundary layer, s 

is the streamwise distance from the leading edge, and θ 

denotes the momentum thickness in the laminar flow region. 

The function F(λθ ) depends on the sign of the pressure 

gradient: 
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The range of application of the AGS model is -0.1<λθ 

<0.1, and for a free stream turbulent level ranging from 0.3% 

to 10%. 

Boundary Conditions and Computational Setups 

Proper boundary conditions are helpful for the 

convergence of the solutions. For each case, a total pressure 

value and a total temperature value are used to define the 

inlet boundary, and a static pressure value is applied to 

define the outlet boundary. As the simulations are quasi two 

dimensional, the end walls are set as inviscid walls. A pair of 

rotational periodic boundary is applied to simulate the real 

periodic flow. The values of the boundary conditions are 

listed in Table 1. 

Table 1 Values of Boundary Conditions 

Type of the blade profile Subsonic Supersonic 

Periodicity 18 18 

Inlet 

Total pressure(Pa) 38000 38000 

Total temperature (K) 250 250 

Turbulence intensity (%) 0.5 0.5 

Outlet Static pressure (Pa) 40500 45500 

The aerodynamic performances of the profiles are solved 

by NUMECA FINE/TURBO EURANS double precision 

solver. The solutions are obtained by solving the 3-D steady 

compressible Reynolds-averaged Navier Stokes (RANS) 

equations on the quasi two dimensional domain. The Four-

stage Runge-Kutta scheme is applied as the temporal 

discretization method and the second order central- 

difference scheme is applied as the spatial discretization 

method so as to ensure the solution accuracy. The Spalart-

Allmaras turbulence model is applied to simulate the 

turbulent flow outside the laminar flow regions. The global 

residual value, as the most important parameter to estimate 

the convergence of the solutions, is set to be 10
-6

. 

Calculation of the Area of Laminar Flow Regions 

 As the main goal in the optimization of the laminar 

flow fan blade profiles is to enlarge the size of the laminar 

flow region, it is necessary to provide the laminar flow area 

to train the ANNs. The laminar flow area is based on the 

turbulence intermittency on the profile surface, which is 

defined as: 

 %100)1( 
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where I is the intermittency, which is defined as the fraction 

of time during which the flow over any point on a surface is 

turbulent, and can be obtained from the transition model 

directly. Atotal and Alam are the total area and the laminar flow 

area respectively. In the current study, the laminar flow areas 

on the pressure side and the suction side of the blade profiles 

are calculated independently. 

Training and Application of the ANN 

The ANN is based on a large collection of neural units 

which model the way a biological brain solves problems with 

clusters of biological neurons connected by axons. It is self-

learning, adaptive, and trained rather than explicitly 

programmed. Back Propagation (BP) algorithm is applied to 

train the initialized ANN so that the trained ANN can be 

used to predict the potential geometry of the laminar blade 

profile based on the properly given aerodynamic 

performances. The structure of a BP ANN is illustrated in 

Fig. 7. 

In the current work, a laminar flow fan blade profile is 

optimized based on four aerodynamic performance 

parameters, including the pressure ratio, the efficiency, the 

laminar flow area on the suction side and the laminar flow 

area on the pressure side. Hence there are 4 neurons in the 

input layer of the ANN. Also, there are 8 neurons in the 

output layer because a laminar flow fan blade profile is 

defined by 8 geometric parameters, as mentioned above. The 

target value of the pressure ratio is set 0.1%-0.2% higher 

than that of the initial profile so as to avoid the pressure ratio 

reduction after the optimization. The target values of the rest 

of the performance parameters are set as the maximal values 

from the CFD results of the 100 training samples so that the 
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trained ANN can obtain a valuable solution. All the data are 

normalized to avoid numerical impact on hidden layer 

training.  
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Figure 7 Illustration of a BP network 

RESULTS AND DISSCUSSION 

Results of the Subsonic Fan Blade Profile 

The geometries of the original and the optimized the 

subsonic blade profiles are shown in Fig. 8. It can be found 

that the suction side shape of the optimized profile changes 

obviously, which makes the optimized profile thicker than 

the original one, and the position of the maximum thickness 

on the optimized profile also moves downstream. Such a 

shape leads to  a increase of the laminar flow area increases 

6.44% on the pressure side and 34.66% on the suction side 

respectively. Meanwhile it also leads to the increase of the 

pressure ratio and the efficiency, as which listed in Table 2.  

 

Figure 8 Geometries of the Original and the 
Optimized Subsonic Fan Blade Profiles 

 

Table 2 Performances of the Original and the 
Optimized Subsonic Fan Blade Profiles 

 
Original Optimized 

Relative 

Improvement 

Laminar 

Flow Area 

PS 27.78% 29.57% +6.44% 

SS 26.00% 35.01% +34.66% 

Pressure Ratio 1.3725  1.3744 +0.14% 

Efficiency 89.54% 89.57% +0.04% 

 

The static pressure around the original and the optimized 

subsonic blade profiles are compared in Fig. 9. The pressure 

coefficient distributions on these two blade profiles are 

compared in Fig. 10. It can be found that the pressure 

distributions on the surfaces of both the pressure side and the 

suction side are influenced by the optimized geometry, 

especially in the region near the leading edges. As the 

minimal value of Cp reduces on the suction side of the 

optimized blade profile, the adverse pressure gradient also 

reduces in this region, which is good to maintain the laminar 

flow. The delay of transition on the pressure side is also 

caused by the improvement of the pressure gradient 

distribution. 

 

Figure 9 Static Pressure around the Subsonic Fan 
Blade Profiles 

 

Figure 10 Pressure Coefficient Distributions on the 
Subsonic Fan Blade Profiles 

The relative Mach number around the original and the 

optimized subsonic blade profiles are compared in Fig. 11. It 

shows that the outflow direction is kept the same after the 

optimization, and no flow separation occurs in the optimized 

flow channel. 

 

Figure 11 Relative Mach Number on the Subsonic 
Fan Blade Profiles 

Results of the Supersonic Fan Blade Profile 

The geometries of the original and the optimized 

supersonic supersonic blade profiles are shown in Fig. 12. It 

can be found that the optimized blade profile become thicker 

0.0 0.2 0.4 0.6 0.8 1.0

-0.3

-0.2

-0.1

0.0

0.1

0.2

 

 

y
 (

d
im

e
n

s
io

n
le

s
s
)

x (dimensionless)

 Original

 Optimized

0.0 0.2 0.4 0.6 0.8 1.0
0.5

0.0

-0.5

-1.0

-1.5

-2.0

 

 
C

p

x (dimensionless)

 Original

 Optimized



  6 

in a large region from the leading edge, and become thinner 

near the tailing edge. The aerodynamic performance listed in 

Table 3 show that the pressure ratio and efficiency of the 

optimized blade profile are 0.14% and 1.31% higher than 

which of the original one respectively. Meanwhile, the 

optimized shape leads to the laminar flow area increases of 

5.61% on the pressure side and 11.87% on the suction side 

respectively.  

 

Figure 12 Shapes of the Original and the Optimized 
Supersonic Fan Blade Profiles 

 

Table 3 Performances of the Original and the 
Optimized Supersonic Fan Blade Profiles 

 
Original Optimized 

Relative 

Improvement 

Laminar 

Flow Area 

PS 33.72% 35.62% +5.61% 

SS 31.80% 35.57% +11.87% 

Pressure Ratio 1.6134 1.6157 +0.14% 

Efficiency 95.36% 96.61% +1.31% 

 

The static pressure around the original and the optimized 

supersonic blade profiles are compared in Fig. 13. The 

pressure coefficient distributions on these two blade profiles 

are compared in Fig. 14. Similar phenomenon could be found 

as what are found in Fig. 9 and Fig. 10. In addition, it can be 

also found that the strength of the shock wave occurring on 

the suction side is reduced by the optimized geometry, and 

the location of the shock wave is delayed as well. Since a 

favourable pressure gradient are maintained before the shock 

wave, the laminar flow region is also enlarged. And the sign- 

 

Figure 13 Static Pressure around the Supersonic 
Fan Blade Profile 

ificant increase of the efficiency is caused by the combined 

effect of the increase of the laminar flow region and the 

decrease of the shock wave loss. 

 

Figure 14 Pressure Coefficient Distributions on the 
Supersonic Fan Blade Profiles 

The relative Mach number results around the original 

and the optimized supersonic blade profiles are compared in 

Fig. 15. Besides the similar phenomenon which could be 

found in Fig. 11, it shows that the relative Mach number 

around the optimized blade profile is reduced universally in 

the supersonic region. This causes the reduction of the shock 

wave strength directly. 

 

Figure 15 Relative Mach Number around the 
Supersonic Fan Blade Profiles 

CONCLUSIONS 

An optimization scheme for the design of laminar flow 

fan blade profiles based on ANN is developed. The original 

blade profiles are parameterized by the CST approach, and a 

database of similar blade profiles are established with the 

help of LHS method. The flow field of the generated blade 

profiles are investigated numerically by NUMECA 

EURANS solver and four aerodynamic performances related 

to laminar flow fan blade profile design are applied to train 

the ANN. A potential laminar flow fan blade profile is finally 

generated by the trained ANN, with a given new set of 

aerodynamic performance parameters. The aerodynamic 

performance gain of the ANN-generated profile evaluated by 

the CFD tool is used to validate the effectiveness of the 

optimization scheme. 

Both subsonic and supersonic fan blade profiles from a 

classical high bypass ratio aero-engine are optimized base on 

the current method, and the results show the current 

optimization scheme is effective and robust. In the current 

work, the optimized subsonic fan blade profile has a 

significant improvement on laminar flow area, and its 
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pressure ratio and efficiency are also improved. These 

improvements on aerodynamic performances are mainly 

caused by the better pressure distribution on the optimized 

blade profile surfaces. The optimized supersonic fan blade 

profile has a significant improvement on the efficiency, and 

over 35% of the total surface can be maintained as a laminar 

flow region. The increase of laminar flow region is mainly 

due to the shock wave delay, and the increase of the 

efficiency is caused by the combined effect of the increase of 

the laminar flow region and the decrease of the shock wave 

strength. 

In conclusion, the current optimization method is 

applied for the 2D laminar fan blade profile, and is shown to 

be effective for both the subsonic and supersonic blade 

profiles. Such a ANN-based optimization method can be 

promoted to design the 3D laminar flow fan blade, which is a 

further target of the current study. 

NOMENCLATURE 

A area, m
2
 

 coefficients of the Bernstein polynomial 

C(x) class function 

Re Reynolds number 

S(x) shape function 

U velocity, m/s 

θ momentum thickness, m 

λ dimensionless pressure gradient 

ν kinematic viscosity, m2/s 

Subscripts 

SS suction side 

PS pressure side 

lam laminar flow 

te tailing edge 
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