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Conclusions
Despite the quite simple design concept, the elastic wind-tunnel

model is shown to be well suited for low-speed aeroelastic investi-
gations.Furthermore, the segmentedconceptenables the possibility
to replace individualwing sections.For example, new wing sections
including control surfaces can easily be used for studies regarding
control surface ef� ciency and aeroservoelasticresponse. Moreover,
it is possible to design various internal wing beams with different
stiffness properties for experimental comparison of aeroelasticper-
formanceon a model level.Also, new masses can be added to the in-
dividualwing sectionsto modify the dynamicbehaviorof the model.

When the experimental procedure, including both model manu-
facturingand wind-tunneltesting is considered,the studyshows that
the use of a relatively simple model concept can be very useful to
provide experimental information at an early stage of a new project.
The ef� ciency of the experimental testing is further increasedas the
experimental setup including load and deformation measurements
as well as wind-tunneloperationcan be handledby a singleoperator.
Especially, the use of the optical positioningsystem in combination
with passive re� ecting markers for deformation measurements is
shown to be very ef� cient.

Finally, the development of the BWB concept provides many
new challenges. However, the results from this study indicate that
standard numerical tools are capable of predicting the low-speed
aeroelasticbehaviorof theBWB planformwith reasonableaccuracy.
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Introduction

W ITH the rapiddevelopmentof computationaltechnology,nu-
merical simulation by solving classical governingequations

of � uiddynamicsis playinga more andmore importantrole in air ve-
hicle aerodynamics,speci� cally in rotorcraftaerodynamics(Ref. 1).
To date, variouscomputationalmethodshavebeen investigated,and
the � nite volume central differential scheme created by Jameson
et al.2 has been demonstrated to be a robust method and has been
widely used in computational rotor aerodynamics. More recently,
many high-resolutionschemes are emerging, for example, the total-
variation-diminishing(TVD) scheme3;4 is a representativeone.

In thisNote, a classicalrotorairfoil(NACA0012)hasbeen chosen
as the example to demonstrate the � exibility of a mixed Jameson/
TVD scheme in computational rotor aerodynamics. At � rst,
Jameson’s � nite volume central differentialscheme is implemented
to solve the Euler equations describing the � ow� eld around the
airfoil just mentioned.Then, a mixed Jameson/TVD scheme is con-
structedby correctingarti� cial viscous terms to capture the position
of the shockwave more precisely.Also, for the � rst time this scheme
is used to solvethe Euler equationsfor the simulationof the � ow� eld
around a rotor airfoil. Additionally, with regard to the Euler equa-
tions’ de� ciency in re� ecting viscous effects, Jameson’s scheme is
applied to solve the turbulentNavier–Stokes (N–S) equations,which
is a good start for further numerical calculation of helicopter rotor
drag force and power.

Governing Equations
For two-dimensional problems the compressible N–S equations

can be represented in the following conservation form:
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In Eq. (1), R and S are viscous terms. If nonviscous assumptions
are applied, then R and S, both equal to zero, and the N–S equations
regress into the Euler equation. Also, ¹ represents the viscous co-
ef� cient, and · is the heat conductive coef� cient. In turbulent � ow
their relationship is given by

¹ D ¹t C ¹l ; · D cp.¹l =prl C ¹t =prt/ (4)

where ¹t and ¹l represent turbulent and laminar viscous coef-
� cients. The ¹l can be obtained from the Sutherland formula,5

whereas ¹t , being subject to a different turbulence model, is cal-
culated using the Baldwin–Lomax algebraicmodel,6 in which prl is
0.72 and prt is 0.9.

In the expressions for W , F and G , e and h are unit energy and
unit enthalpy,respectively.For the solutionof those equations,other
equations should be employed as follows:

e D p=.° ¡ 1/½ C 1
2 .u2 C v2/

h D e C p=½; p D ½RT (5)

Numerical Method
Numerical Approximation

If we de� ne a unit vector (ex , ey) in Cartesian coordinates and
implement the � nite volume method, then Eq. (1) can be revised
into integral form:
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where @Ä represents the boundarycurve of a unit cell Ä and n is the
unit normal vector of ds. The second-order tensor H and H v can be
de� ned as

H D Fex C Gey (7)

H v D Rex C Sey (8)

If all physicalparametersat the centerof each unit cell are known,
then Eq. (6) can be further approximated for each unit cell in the
computational domain so that the following ordinary differential
equation can be obtained:
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where Vi; j represents the area of the unit cell, Pi; j the net � ux,
and Pvi; j the net viscous � ux. When the Euler equation is solved,
Pvi; j is zero. As for the N–S equation,if the Reynolds number of the
� ow� eld is high enoughthen the thin layer assumptionis applicable,
that is,

pvi; j D .H v ¢ S/i; j C 1
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2

Arti� cial Viscous Term

As the central differentialscheme is not dissipative,in order to re-
strainnumerical oscillationsand damp computationalerror and also
ensure convergence an arti� cial viscous term is necessary. Equa-
tion (9) can be revised as

d

dt
.Vi; j Wi; j / C Pi; j ¡ Pvi; j ¡ Di; j D 0 (10)
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where Di; j is the arti� cial viscous term, which is an important factor
in different computational schemes. The well-known self-adaptive
terms created by Jameson et al.2 consist of a second-order and a
fourth-order term of W plus a self-adaptive switch term. Where
the gradient is large, the second-order term dominates the fourth-
order term, and where the gradient is small the fourth-order term
dominates. Through such mechanisms the shock wave can be auto-
matically captured and numerical oscillations near the shock wave
minimized.

Based on the TVD dissipation term presented in Yee et al.3 and
Wang and Widhopf,4 we construct a new Jameson/TVD mixed ar-
ti� cial viscous term using a � ux-correctionmethod, that is,
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Time-Stepping Advance

With subscripts omitted, Eq. (10) can be revised as

dW

dt
C R.W / D 0 (12)

where

R.W / D .1=Vi; j /.Pi; j ¡ Pvi; j ¡ Di; j / (13)

Equation (12) can be solvedusinga multistepRunge–Kutta method,
that is,

Fig. 1 Distribution of surface-pressure coef� cient.

Fig. 2 Distribution of surface-pressure coef� cient.
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In practice, the physical viscous term and arti� cial viscous term are
calculated only at the � rst iteration step so as to alleviate computa-
tion cost.

Fig. 3 Distribution of surface-friction coef� cient.

Fig. 4 Comparison of Euler and N–S results.

Fig. 5 Distributionofairfoil pressure coef� cient for three-dimensional
nonrotating wing (Ma = 0.8, ® = 0 deg).
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Example Analysis
A O-type body-� tted grid around the sample airfoil (NACA0012)

is generatedusingThompson’s method.7 The JamesonandJameson/
TVD mixed schemes just described are implemented to solve the
Euler equations. Also, the turbulent N–S equations are solved us-
ing the Jameson scheme. Grid resolution is Euler: 99 £ 35, N–S:
99 £ 70. As for the N–S calculation, the distance from the airfoil
wall to the � rst layer grid is 2 £ 10¡5 times of the chord length. An
O-H-type grid is generated for the three-dimensional calculation;

a) Result reported in Ref. 12

b) Calculation result

c) Calculation result

Fig. 6 Comparison of the calculation results and experiment data.

the grid resolution is for the 99 £ 70 £ 41 for the nonrotating wing
and 99 £ 35 £ 51 for the rotating wing.

Figure 1 shows the distributionof the surface-pressurecoef� cient
around the sample airfoil for nonzero angle of attack (AOA) and
subsonic conditionsusing the Jameson and TVD/Jameson methods
respectively. X represents chordwise position, and the origin of the
coordinate system is placed on the midpoint of the airfoil chord.
If a shock wave is not present, then the calculation results of these
two methods are identical and in good agreementwith the results of
Ref. 8.

Figure 2 shows the distribution of the surface-pressure coef� -
cient around the sample airfoil (zero AOA and transonicconditions,
Jameson and TVD/Jameson methods, respectively). These results
are in good agreement with the results of Ref. 9. We can see an
apparent pressure leap caused by the shock wave. Also, although
the position of the shock wave captured using the TVD method
is closer to the leading edge the resolution of the TVD method is
higher than the Jameson method. In practice, it takes fewer iteration
steps for the TVD scheme to capture the shock wave. However, the
iteration time for each step is much longer.

Figure 3 presents the distribution of the surface-friction coef� -
cient around the sample airfoil obtained by solving the N–S equa-
tions (Jameson method). The shape of the curve is quite similar to
that described in Refs. 10 and 11.

The comparison of the calculation results using Euler and N–S
equations is presented in Fig. 4. Because of the viscous effect added
in the N–S equations, its shock wave is wider than that acquired
by the Euler method. However, the pressuredistributionis basically
the same. Accordingly, the Euler equationsare suitable for lift force
calculation.Nevertheless, the N–S equations are necessary for drag
force and power calculations of the helicopter rotor.

The distribution of the pressure coef� cient for a three-
dimensional nonrotating wing (Ma D 0:8, AOA D 0 deg) is shown
in Fig. 5. Figure 6 presents the comparison of the calculationresults
and experiment data12 for Caradonna and Tung’s rotor blade. Good
agreement between them is indicated.

References
1Davis, S. S., and Chang, I. C., “The Critical Role of ComputationalFluid

Dynamics in Rotary-Wing Aerodynamics,” Vertica, Vol. 11, No. 1/2, 1987,
pp. 43–63.

2Jameson, A., Schmidt, W., and Turkel, E., “Numerical Solution of
the Euler Equation by Finite Volume Method Using Runge–Kutta Time-
Stepping Schemes,” AIAA Paper 81-1259, June 1981.

3Yee, H. C., Warming, R. F., and Harten, A., “Implicit Total Variation
Diminishing (TVD) Scheme for Steady-State Calculation,” AIAA Paper 83-
1902, July 1983; also Journal of Computational Physics, Vol. 57, No. 3,
1985, pp. 327–360.

4Wang, J. C. T., and Widhopf, G. F., “A High-Resolution TVD Finite
Volume Scheme for the Euler Equations in Conservation Form,” AIAA
Paper 87-0538, Jan. 1987.

5White, F. M.,FluidMechanics, McGraw–Hill,New York,1994,pp.294–
446.

6Baldwin, B. S., and Lomax, H., “Thin Layer Approximation and
Algebraic Model for Separated Turbulent Flows,” AIAA Paper 78-257,
Jan. 1978.

7Thompson, J. F., Thames, F. C., and Mastin, C. W., “Automatic Nu-
merical Generation of Body-Fitted Curvilinear Coordinate System for
Fields Containing Any Number of Arbitrary Two-Dimensional Bodies,”
Journal of Computational Physics, Vol. 15, No. 3, 1974, pp. 299–
319.

8Handbookof Aerodynamics, Aeronautical Industry Press, Beijing, 1983
(in Chinese), pp. 3–400.

9Deese, J. E., “Numerical Experiment with the Split-Flux-Vector Form
of the Euler Equations,” AIAA Paper 83-0122, Jan. 1983.

10Chakrabartty, S. K., “Numerical Solution of Navier–Stokes Equations
for Two-Dimensional Viscous Compressible Flows,” AIAA Journal, Vol. 27,
No. 7, 1989, pp. 843, 844.

11Swanson, R. C., and Turkel, E., “A Multistage Time-Stepping
Scheme for the Navier–Stokes Equations,” AIAA Paper 85-0035, Jan.
1985.

12Caradonna, F. X., and Tung, C., “Experimental and Analytical Stud-
ies of a Model Helicopter Rotor in Hover,” NASA TM-81232, Sept.
1981.


