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Aerodynamic Drag Prediction of Helicopter Fuselage

A. Filippone* and J. A. Michelsen'
Technical University of Denmark, 2800 Lyngby, Denmark

A summary of investigations into predictions of the aerodynamic drag of a modular helicopter fuselage (Euro-
copter Dauphin DGV 200) is presented. Drag results are shown for two different configurations, Reynolds numbers
upto 6 X 107 (flight conditions), with and without support structure of the wind-tunnel model. Numerical accuracy
is investigated for one test case using different computational grids. The results are compared with wind-tunnel
measurements and show good agreement with the reference data when the influence of the wind-tunnel strut is
taken into account. The computational fluid dynamics model developed consists of a parallel multiblock, multigrid
Reynolds-averaged Navier-Stokes code and a three-dimensional hyperbolic grid generator. Block-structured grids
are generated from a CAD base. From a numerical point of view, convergence was achieved quickly in all of the

cases computed, thus showing efficiency and low CPU cost.

Introduction

ECENT progress in computational fluid dynamics (CFD) has

stimulated research into numerical prediction of the aerody-
namic drag for a variety of aerodynamic components and, more
recently, for full aircraft configurations. Navier-Stokes codes are
now routinely used for a variety of tasks. The task of predicting the
dragis one of the most dauntingbecause the internationalstandards'
are very demanding and becausenumericalerrors can be of the same
order as the drag coefficient. On the other hand, the cost of wind-
tunnel facilities often does not allow measurements on a full-scale
model and extrapolation of data to flight conditions is known to
be cumbersome. A review of the state-of-the-art CFD methods in
aeronautics has recently been published by van Dam.?

Wind-tunnel measurements are expensive and less flexible than
CFD methods. Therefore, there is strong interest in the aircraft in-
dustry to develop, validate, and advance computational methods to
the point where they can become a valuable aid to the design of an
aircraft.

This is particularly important in the case of the helicopter. The
drag levels Cp of a typical helicopter are at least 50 times higher
than the Cp of a commercial jet aircraft. A good drag coefficient for
a clean configuration is Cp ~ 1. The Eurocopter AS 365N, whose
fuselageis based on the Dauphin model discussedin this paper, after
reengineering’ had a C, ~ 1.05 (down from 1.43). The drag of a
helicopter in forward flight is a combination of fuselage resistance,
rotor drag, and a complex interference between the components. It
is estimated that the fuselage is the cause of up to 50% of the total
drag. Drag reductionis a key item in the industry, hence the interest
in this particular aspect of aerodynamics.

This paper describesthe results obtained within the framework of
a much larger European project (Helifuse), whose objectives were
twofold: 1) productionof an experimentaldatabase on modularfuse-
lage geometries (with and withoutrotor) at flight Reynolds numbers
and 2) development and validation of Navier-Stokes methods for
the prediction of aerodynamic loads and moments.

The wind-tunnel test program and the results of the experimental
tasks of the project have been published by Gatard et al.* Devel-
opment of the Navier-Stokes methods and the comparison among
computational activities are discussed by Costes et al.>

This study is concerned with the development of a multiblock,
multigrid Navier-Stokes code (EllipSys3D) for the calculation of
relatively complex aerodynamic flows. Tests have been conducted
on two modular fuselage geometries (Fig. 1) at Reynolds numbers
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ranging from ordinary wind-tunnel tests to full-scale level flight.
Models have been created to simulate the effects the discretization
errors due to different grids and of the support structure in the wind
tunnel.

Fluid Dynamic Model

EllipSys3D®~8 is a finite volume discretizationof the incompress-
ible Reynolds-averaged Navier-Stokes (RANS) equations in gen-
eral curvilinear coordinates. The RANS equations are written in
general curvilinear coordinates The turbulent stresses are modeled
by a turbulent eddy viscosity, given by the k- baseline model,
proposed by Menter.”

EllipSys3D uses a collocated variable arrangement,and Rhie and
Chow!? interpolation is employed to avoid odd/even pressure de-
coupling. As the code solves the incompressible flow equations, no
equation of state exists for the pressure, and the SIMPLE procedure
of Patankar and Spalding'! is used to enforce the pressure/velocity
coupling. EllipSys3D is parallelized with a message passing inter-
face (MPI) for execution on distributed memory machines using a
nonoverlappingdomain decomposition technique.

The solution is advanced using local time stepping. In each time
step, the momentum equations act as a predictor to advance the
solutionin time. At this point in the computation the flowfield does
not fulfill the continuity equation. The rewritten continuity equation
(the pressure correction equation) is used as a corrector enforcing
the continuity constraintonto the flowfield. To accelerate the overall
algorithm, a three-level grid sequenceis used.

The convective terms are discretized by a second-order upwind
scheme, using the deferred correction approach first suggested by
Khosla and Rubin.'? Centered differences are used for the diffusive
terms.

Computational Mesh

The surface geometry of the helicopter fuselage is defined in an
IGES CAD model. The surface mesh, which is needed as basis for
the hyperbolic procedure, is of an algebraic type generated by the
ICEM/CFD mesh generator. This interfaceis needed because initial
graphics exchange specification (IGES) files are the stardard com-
munication models that describe accurately the CAD object that is
passed to the manfacturing department as well as to the CFD engi-
neers. From this description of the object, we can generate surface
grids that are sufficiently close to the original model. Figure 2 shows
the surface mesh on configuration C2 (see Table 1 for description).
The volume mesh is generated by a hyperbolic mesh-generation
procedure.

The governing equations for hyperbolic mesh generation are de-
rived from orthogonality relations and a volume constraint,

M
2

XeXe + Ve Ve +2:2, =0
XpXe + YpYe + 242, =0
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and a volume constraint

XeVnZe = XeVeZy Xy VeZe = Xy VeZe + XeYeZy = XeYpZe = AV

3)

The Cartesian coordinates are designated by x, y, and z, and &, 7,
and ¢ refer to the transformed coordinates. Marching takes place
in the ¢ direction, with ¢ = 0 denoting the body surface. Here the
distribution of & = const and n = const, that is, the surface mesh,
is user specified. The preceding mesh-generation system is hyper-
bolic by nature. Oscillations and overlapping of mesh lines may
result from discontinuity and, to some extent, from surface cur-
vature. The inclusion of artificial dissipation into the discretized
governing equations, as proposed by Steger et al.'> and Steger and
Rizk'# alleviates problems of this type. Tai and Yin!® proposed the
use of upwind differencing of the governing equations. Inherently
adaptive dissipation was obtained, greatly facilitating mesh control.
Tai et al.'® extended the procedure to three dimensions. In the far-
field portions of the mesh, where the mesh cells are very tall, the
upwind dissipation is not always appropriate, especially not near
mesh irregularities. To obtain grid smoothness in the sense adopted
by Winslow!” and Brackbill and Saltzman,'® a Laplacian term is
included in the generation system. For the configuration with strut,
an extension of the hyperbolicconceptis needed to control the mesh
distribution normal to the strut surface. After completion of the hy-
perbolic mesh generation, the blocks around the strut are remeshed
by interpolation along the computed normal mesh lines. The num-

Table 1 Test matrix

Case Configuration o, deg B Re M
TCl1 Cl 0.0016 0.0 6 x 10° 0.088
TC2 Cl 0.0160 0.0 30 x 10° 0.235
TC3 Cl —0.0050 0.0 60 x 10° 0.235
TC4 C2 0.0183 0.0 30 x 10° 0.235
TCS C2 —5.1930 0.0 30x 10° 0.235
U
I —

ber of cells in the direction normal to the strut is increased to allow
appropriateresolution of the boundary layers around the strut.

The grid generation is relatively fast. Once the surface mesh is
available in the required format (bottleneck of the process), the
program generatesgrids at the rate of about 1 x 10° cells per minute.
These grids can be viewed with any flow visualizationprogram, and
corrections can be performed quickly by changing the input data.
The visualization phase is essential because of the difficulties of
generatingdiagnosticsdetailedenough to eliminate all of the typical
difficulties relative to complex three-dimensional grids (negative
cells, skewness, net density at adjoining block faces/edges, etc.).

Test Matrix

The experiments have been performed in the pressurized wind
tunnel ONERA F1 at Le Fauga-Mauzac (France) on a one-quarter
scale model of the DGV 200 fuselage Dauphin (Eurocopter). Three
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Fig. 2 Surface grid on configuration C2.
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Fig. 1 Configurations C1 (with strut) and C2.
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configurations have been considered: the basic fuselage (C1), the
fuselage with engine fairings and rotor hub (C2), and the fuselage
as C2 plus a five-bladed rotor (C3). The model was supported by a
vertical strut positioned at about 39% of the fuselage length from
the nose. Configurations C1 and C2 are shown in Fig. 1.

Reynoldsnumbersrangedbetween6 and 6 x 107 (the length scale
being the fuselage model), at Mach numbers between 0.088 and
0.235 (pressure in the test section between 1 and 3.85 bars, re-
spectively). The lowest Reynolds number is the Reynolds number
considered by industry in ordinary wind-tunnel testing. The highest
Reynolds number is a realistic full-scale approximation.

About 200 pressure taps were located on the model (actual num-
ber dependenton the configuration). Loads and moments were mea-
sured with a six-componentbalance.

The complete test matrix included angles of attack o« = %5 deg
and yaw angles 8 = %5 deg, for a grand total of 72 different opera-
tion points, plus a number of conditions for hot-film measurements
and acenaphtene visualization (for free turbulent transition analy-
sis) and oil flow visualizations? The analysis of the wind-tunnel
data was concerned with test repeatability, strut interference, and
deviation of test conditions. It was found that the maximum error
is of the order 15% at the lowest Reynolds number and 1.5% at the
largest. Influence of the strut on the drag coefficients was difficult to
evaluate, but information gathered from industry experts led to the
conclusionthatit is of the order of three drag counts. The dispersion
of the data was estimated from a sample of 30 runs at each operation
point. The error on both Reynolds and Mach number was estimated
at 0.05%. Repeatibility of results was tested by running some oper-
ation points twice: All of the results are within the interval of confi-
dence [—30, +30], where o is the standard deviation of the sample.

The test matrix used in the present work is a subset of the wind-
tunnel tests and is summarized in Table 1.

Results and Discussion

Configuration C1 (TC1, TC2, TC3) was computed at all of the
Reynolds numbers with and without the strut. At the time of the
computational task of the project, the actual geometry of the strut
was not known. Therefore, it was decided to approximate the sup-
port with an arbitrary cross section derived from the analysis of
the photographs taken during the experimental phase of the project.
Figure 3 shows a detail of the surface grid around the strut with the
multiblock structure. This grid is a topological modification of the
basic C1 grid, wherein only the blocks affected by the presence of
the struthavebeenredesigned. The height of the wall cell on the strut
is about five times larger than the correspondingcell away from the
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Fig. 3 Grid details with multiblock structure, configuration C1 with
strut.
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Fig. 4 Computational domain, configuration C1 with strut.
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Fig. 5 Iteration history: maximum residual for C1, configuration with
strut.

fuselage. This was found to be sufficient to limit the growth of the
y* values at the junction, where turbulent flow separation occurs.

Another important difference is the boundary condition at the
confluence between the far field and strut (bottom end of the com-
putational domain shown in Fig. 4). On the symmetry plane, a far-
field point meets a wall point at the intersection with the strut. By
flattening the bottom by a specified amountand giving the condition
of symmetry, this inconsistency is eliminated.

The number of blocks varied from 28 (TC1-TC3, clean) to 99
(TC4, TC5), and the number of cells from 0.918 x 10° (TC1-TC3,
clean configuration) to about 1.442 x 10° (TC1-TC3, with the strut).
Each block had a cubic structure,n x n x n cells.

The parallel version of the code was run on 11 processors of an
IBM SP2 computer. The runs required less than 1 h to complete
500 iterations, after which the residual was reduced by six orders
of magnitude on the configuration C1 with the strut, as shown in
Fig. 5. Configuration C1 without the strut converged a few orders
of magnitude higher.

The aerodynamic forces and moments are computed by direct
integration of the surface pressure and local skin friction with our
own postprocessor. The strut was excluded from the integration of
the aerodynamic drag. The Cj values have been rescaled (actual
data are proprietary).
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Table2 Test matrix for grid refinement

studies, TC2
ho yt+ No. of cells
Test 1
1.2 %1076 0.81 387,082
12x 1076 0.87 746,368
1.2 %1076 0.83 917,504
Test 2
1.2 %1076 0.81 917,504
24 %107 1.72 917,504
48 %107 3.41 917,504
CD
0.003
3 g CDP
00025  ¢_(exp) B Co
0.002 -
0.0015 (-
0.001 |-
0.0005 |-
]
fine grid medium grid coarse grid

Fig. 6 Grid refinements on TC2: effects of grid size.

Grid Effects

We have performed studies of grid refinements to investigate the
effects of numerical dissipation for TC2. The study consisted of 1)
gridrefinement at constantwall cell height/, and 2) decreasing wall
cell height. (A third test comparing the performances at different
multigrid levels was inconclusive because of too few cells at the
coarse levels.)

In the first case we have maintained a constant y™, while chang-
ing the bunching parameter in the hyperbolic grid generation. (The
bunching parameter is a parameter affecting the distribution of
points along a grid line, and its effects are particularly important
within the viscous layers.) In the second case, we have doubled and
quadrupled the cell size at the wall while maintaining a constant
mesh size. In the last case we have solved the Navier-Stokes equa-
tions on three multigrid levels from the finest mesh and compared
the results. Table 2 summarizes the runs.

In Table 2, y* denotes the maximum value of the nondimensional
length scale in the turbulent viscous layer (computed) and A, the
actual value of the cell height (assigned). Figure 6 shows the results
obtained with different grid sizes (test 1). The computed Cj, comes
closer to the reference data as the grid is refined, with the final
refinement more effective than the first. However, it is still below
the error band. The results relative to the second test have shown
similar tendencies (Fig. 7).

Strut Influence

The additionof the strut to the computationalmodel was expected
to improve the predictions at all Reynolds numbers. This was actu-
ally the case, as shown in Fig. 8, where it is evidenced that the strut
added a contributionof the same order at all Reynolds numbers. The
Cp decreases with the increasing Reynolds number, although it is
little affected by the speed at Re > 3 x 107.

The computed test case TC1 is the closest to the wind-tunneldata
when referenceis taken with respect to the error band, but it would
be the mostinaccurateresultif the error band were of the same order
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Fig. 7 Grid refinements on TC2: effects of wall cell size.
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Fig. 8 Computed drag coefficient for all test cases; configuration
C1 (test cases TC1, TC2, TC3) shows the results with/without strut:
C =clean model and S =model with strut.

as the other test cases. Some flow unsteadiness at the base of the
strut could account for the wide error band at the lowest Reynolds
number. From a computational point of view, the accuracy of the
strut geometry could account for at least some pressure component
and some skin-friction component in the largely separated wake.
Important grid effects have been excluded because the convergence
was rapid and the y™ values at the junction were of the same order
of magnitude in both directions.

The C), of configuration C2 is considerablylarger than that of the
basic geometry because of an extended wetted area and additional
flow separationoccurringatthebase of theengine cowlingsand rotor
hub. The gap is larger than that evidenced in the basic configuration
C1. Although the strut could not be applied to the computational
model of C2, it is believed that its effects would be of the same
order as they were on configuration C1 because the underbody flow
is the most affected by the interference.

Figure 9 shows the drag decomposition (pressure and viscous
components). The contribution of the pressure term Cp, increases
with the speed and represents about three-quarters of the total drag
at the largest Reynolds number. At any given Reynolds number, the
pressure componentis larger in the configuration with the strut.

The surface pressure distribution at the symmetry lines and at
two cross sections upstream and downstream the strut are shown in
Figs. 10 and 11 for TC1 and TC3, respectively. Correlation with the
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pressure taps is generally good. The most evident effect of the strut
appears to be at the bottom symmetry line, in a region of stagnation
flow behind the strut’s trailing edge.

Configuration C2

The surface grid on this configuration is shown in Fig. 2. The
computed drag coefficient for TC4 and TC5 (incidence o = —5) is
shown in Fig. 8. Although the C) has increased due to a larger
wetted area as well as wider separation regions, it remains below
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Fig. 9 Drag decomposition for all test cases.
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the reference data. Addition of the strut influence is estimated to
add a quantity close to that of configuration C1, which would not
be enough to close the gap.

The surface pressure distribution for TCS is shown at the sym-
metry lines (Fig. 12) and at four cross sections (Fig. 13). The results
are generally satisfactory.

Flow Visualizations

The skin-friction lines give indications of the flow physics, par-
ticularly in regions of flow separation and reattachment. This is
particularly interesting for the configuration C1 with the strut. The
interference effect at the junction is shown in Fig. 14, which is a
bottom view of the wind-tunnel model TC1. There is an extended
area of separation behind the strut, roughly symmetrical. Flow reat-
tachment appears to occur slightly later. A vortex structure with a
focus point is clearly evident.

Figure 15 is a top view of TC4 (configuration C2), with the en-
gine cowlings and the rotor hub. We see a breakdown in the flow
symmetry, which was not the case with the CFD model. The agree-
ment of the limiting streamlines around the reattachmentline seems
satisfactory.

Possible Causes of Inaccuracy

All of the numerical drag predictions are below the wind-tunnel
data and outside the error bands. None of the causes of inaccuracy
studied could account for the gap in the computed Cp. We have
excluded errors in the integration scheme of the postprocessorand
due to an insufficient number of grid cells. The geometry model was
also under consideration. Inaccuracies could be due to the CAD
model, to the surface quality (the CAD model was smoothed to

c TC1 - top centerline
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5 —— CFD solution, with strut
B ---- CFD solution, clean
4 B 0O Wind tunnel data
05k
0 -
05
. []
1|||||l|||x|||||||11||||1|
0 0.5 1T 15 2 25
c, TC1 - section L
05k
- o
___________________ e
0 -
B —— CFD solution, with strut
| ---- CFD solution, clean
0. Wind tunnel data
05}

Fig. 10 C, at symmetry line and cross sections C and L, test case TC1.
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Fig. 11 C, at symmetry line and cross sections C and L, test case TC3.
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Fig. 12 C, at symmetry lines, test case TCS.
create the CFD grid, although some bumps remained, as shown in metrically at the fuselagetail, at the base of the rotor hub, and on the
cross section C, Figs. 10, 11, and 13), to the actual geometry of the engine cowlings. This asymmetry has been suppressed in our com-
strut (which was different from the wind-tunnel model), to sideslip putationalmodel because of limitationsin the computer power at the
setting, and to wind-tunnel model symmetry. time we performed the work, but it could be a cause of inaccuracy
As for the wind-tunnel experiments, the accuracy was within on all test cases run with configuration C2.
three drag counts, and repeatibility of the tests was good. Only TC1 The turbulence model could not be investigatedduring the course
showed a relatively large error bar. of this research. Analysis of the skin-friction lines shows some dif-
The latter case is worth discussing. Flow visualizations of some ferences in the neighborhood of the separation points, particularly

test cases (particularly TC4) showed vortices building up unsym- in the cases with the strut (Fig. 14).
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Fig. 14 Flow visualization for TC1, bottom view with the strut: wind-tunnel model at left, CFD model at right (S = separation, R = reattachement,
and F =focus).

Fig. 15 Flow visualization for TC4, top view of engine cowlings: wind-tunnel model at left, CFD model at right.
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Concluding Remarks

This study has shown the present capabilities of a structured
Navier-Stokes solver at high Reynolds number. A number of test
cases has been selected from a database of wind-tunnelexperiments
in an attempt to predict the aerodynamic drag of modular shapes of
helicopter fuselages. A fast three-dimensional hyperbolic grid gen-
erator has been developed for this purpose, and it is now possibleto
generate grids on relatively complex configurations with moderate
concavities.The results presentedshow that the aecrodynamicdragis
underpredicted,althoughthe trends are correctin terms of Reynolds
number and configuration dependence. A number of investigations
into a variety of parameters that could influence the accuracy of the
results have been presented, and a number of others have been left
open for future study. The constraint of symmetrical flow may not
be appropriate for the simulation of more realistic flows with sepa-
ration. The validationphase presented will prove very useful toward
simulatingasymmetric flows (with and withoutyaw) and more com-
plex configurations. The database produced during the experimental
phase of the Helifuse projectcan be used for further code validation.
The turn-aroundtime for a given configuration (geometry modeling,
grid generation, setting of input files, preprocessing, computation,
postprocessing,and presentation of data) has been reduced to a few
days. The bottleneckis the grid-generationphase becauseit requires
interface with a CAD system, and the multiblock structure may in-
clude too many constraints in the problem.
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