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Abstract Blunt leading edge with profiles of circular or power law shape is often used to decrease the aerodynamic
heating of a vehicle when it flights into hypersonic regime. In order to further reduce the peak of heat flux of the
leading edge, an inverse shape design method is presented inthis paper. The leading edge is parameterized by using
B-spline curve method. The hypersonic flow field and the heat flux distribution around the leading edge is evaluated
by computational fluid dynamics. A homotopy method is developed as the optimizer. The computational heat flux
distribution is driven by the optimizer to meet the objective . In order to verify the validity of the method, the inverse
aerothermal design of a 2D leading edge with the thickness of5 mm was carried out in the design condition Mach
number is 6.5. The initial profile of the leading edge approximates to a circular arc. An H-type structured grid was
used to discrete the computational domain. A 2D thin-layer Reynolds-averaged Navier-Stokes equations in strong
conservation law form was employed as the solver. The results have shown that the peak value of the heat flux decreases
about 4.6%.
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INTRODUCTION

The hypersonic flight vehicles and its relative technologies have attracted lots of attention of many scientists and
engineers. A successful design of hypersonic configurationwill depend on the ability to incorporate relatively sharp
leading edges that combine good aerodynamic properties with acceptable heating rates. As aerodynamic heating may
cause serious problems at these speeds, the vehicle leadingedges must be sufficiently blunt in order to reduce the heat
transfer rate as much as possible, at least to acceptable levels for internal heat conduction [1]. The blunt leading edge
is widely used to alleviate the aerodynamic heating problemsince the heat flux for blunt bodies scales inversely with
the square root of the nose radius. Traditionally, curves with analytical expression, such as circular arc shapes [2,3],
power law shapes [4] are used as the the profile of then leadingedge. Recently, the nose tip ablation method to reduce
the severe heating around the nose of a hypersonic vehicle isstudied [5].

Theoretical formulations, experimental data, and semi-empirical formulas all agree in the fact that stagnation pointheat
transfer for blunt body in continuum flow is inversely proportional to the square root of the nose radius of the leading
edge [6], i.e.

q ∝ 1/
√

Rn (1)

here,q denotes the heat flux andRn denotes the nose radius. Obviously, the stagnation point heat flux is dependent on
the shape of the leading edge. Hypersonic vehicle designersalways expect the peak value of the heat flux decreases as
much as possible to make the thermal protection system (TPS)become more reliable. Can we find a more appropriate
shape to futher reduce the severe heating of the leading edgeexpect the circular shape and the power law shape metioned
above? Naturelly, this question motives our study. In this paper, a inverse design methodology [7] is employed to obtain
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the optimal two dimensional profile of the leading edge. The 2D shape is parameterized by theB-spline method. A
computational fluid dynamic (CFD)-based homotopy method isused as the optimizer. Numerical examples show that
the peak value of the optimal shape decreases about 4% in comparison with the initial circular arc shape.

PROCEDURE AND ALGORITHM OF INVERSE DESIGN

The flowchart of the inverse design can be briefly summarized as follows. To begin with,the heating flux distribution
of the initial circular arc shape with radius 2.5 mm is evaluated by CFD module based on structured grids. A supposed
target distribution is given to reduce the peak value of the heating flux. Next, the shape is parameterized by aB-spline
curve method. Thus the initial value of the design variablescan be obtained. The initial shape and the target distribution
are imported to the optimizer. The iteration driven by the optimizer will not be terminated until the target distribution
is met or the optimal solution is found.

A homotopy-based continuation method is used as the driver of the optimization [8]. Homotopy is an important concept
of topology originally. The discrete form of tht inversion problem is generally formulated to the following nonlinear
optimization problem

min J(p) =
1
2
‖C(p)−CE‖2 (2)

whereC(p) andCE are the computational and the target heating flux distribution respectively,p denote design vari-
ables vector. By apply the homotopy mapping, the following iteration scheme can be derived
[

(1−λ n)GTG+λ nI
]

∆p= (1−λ n)GT (Cn −CE) ,
pn+1 = pn +∆p, (3)

whereλ n is the homotopy parameter. In order to ensure a stable iteration process,λ should be diminished along a
smooth path during iteration. Second, for restraining the measurement errors,λ should be terminated at a proper point,
which may close to zero, but should be unequal to zero. Here wepropose a function, which is derived from the sigmoid
function of the neural networks, as follows

λ n =
1

1+eβ(n−N0)
, (4)

wheren is the number of times of iteration,β andN0 are the adjustable parameters. It is clear that this function we call
it the quasi-sigmoid function could naturally meet the two requirements mentioned above. ParameterN0 is mainly used
to ensure the stability of computation at the early stage of iteration, whileβ can balance the stability and the efficiency
of computation. The lower value ofN0 andβ can accelerate iteration, but may lead to a divergent process. In our
problems, we suggest thatN0 should be an integer from 0 to 5, andβ should be chosen from 0.01 to 0.5.

NUMERICAL RESULTS

The computational conditions are as follows: the Mach number is 6.5, angle of attack is 0◦, static pressure 1 847.46 (Pa),
static temperature is 223.65 (K), wall temperature is 300 (K). The standardK-E model is adopted.

Figure 1: Comparison between the initial and optimized shapes (a) and heating flux (b).
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Figure 2: Pressure (a) and temperature (b) countours comparision

Numerical resuts are shown in Figures 1 and 2, and Table 1. Thepeak value of the heating flux decreases about 4.6%.
The results clearly demonstrate the vadility of the optimization.

Table 1. Comparision of the control points and peak values ofheating flux

Initial Optimized
0 0

–1.588 2 –1.413 4
Control points atx–axis (mm) –2.963 8 –2.827 3

–1.631 9 –1.557 1
0 0

–2.5 –2.5
–2.322 6 –2.387 7

Control points aty–axis (mm) –0.0375 1 –0.108 5
2.3095 2.395

2.5 2.5
Peak values of heating flux (W/m2) 4 384 059 4 183 844

Drag (N) 502.5 516.1

CONCLUSION

In this paper, an effective homotopy-based inverse design method is used to optimized the heating flux distribution
around the 2D profile of the leading edge in the hypersonic regime. Numerical examples show that the optimization
is successful. The peak value of the heating flux decreases about 4.6%. Although the cases presented in this paper
aims at 2D shapes, the inverse design method can be easily extend to 3D configurations. However, the computer time
will increase inevitably. Besides, the results of this paper shoule be validated by wind tunnel experiment to further
assurance.
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