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Computation of Three-Dimensional Boundary
Layers on Fuselages

E.H. Hirschel*
Messerschmitt-Bolkow-Blohm GmbH, Ottobrunn, Federal Republic of Germany

A new approach is developed to construct boundary-layer coordinates, and to handle metric properties,
transformations, and so forth on realistic configurations. The approach, which employs tensorial concepts, is
discussed in its major steps. Results of boundary-layer computations on a helicopter body, a car body, and on a
supersonic fighter nose found with the integral method of COUSTEIX are then used to show the potential of the
approach. Special attention is given to the interpretation of the boundary-layer results with regard to possible
separation patterns. The results may be used in order to model separated flow.

Introduction

ETHODS for the computation of laminar or turbulent

three-dimensional boundary layers have been available
for several years. Comparisons of integral and finite-
difference methods, as well as applications to test cases
organized for instance by the EUROVISC-Working Party on
Three-Dimensional Shear Layers,"> have established an
acceptable level of confidence for applications in design
aerodynamics.

Boundary-layer computations on simple wing geometries
are made routinely today. The computation of boundary
layers on general configurations, especially fuselage con-
figurations, has been hampered because of the problems
connected with the creation of boundary-layer coordinates on
the surfaces of such configurations. Recently, means have
been developed for the definition of general, nonorthogonal,
curvilinear boundary-layer coordinates,>* so that boundary-
layer theory can now be applied in design aerodynamics to
flows on rather complicated shapes.

In the present paper a brief description is given of some of
the concepts obtained in Ref. 3 with regard to boundary-layer
problems on fuselages. Results of boundary-layer studies on a
helicopter fuselage, a car body, and on a supersonic fighter
nose are discussed in order to show the value of the approach.

Because three-dimensional boundary-layer separation is
difficult to detect in computations, some ad hoc criteria are
applied: I71 — minimum criterion,® convergence of skin-
friction lines, and bulging of boundary-layer thickness and
displacement-thickness contours.® Special attention is given
to the interpretation of the boundary-layer results with regard
to possible separation patterns, which may be used in order to
model separated flow. The above separation criteria, together
with topological laws and details of the skin-friction
distribution, allow one in many cases to sketch the skin-
friction line topology beyond the region where boundary-
layer results were found; that is, the separation region.

The boundary-layer method used for the studies is the
integral method of COUSTEIX” in the form of COUSTEIX-
AUPOIX. In this method a mixing length model is used
together with similarity solutions to find families of both
main-flow and cross-flow profiles. The continuity equation is
applied as an entrainment equation. The surface is assumed to
be insulated. The method is formulated for arbitrary
boundary-layer coordinates and can be applied to flows with
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Mach numbers up to M=4. The resulting set of integral
relations is solved by means of a method of lines, which
employs a Runge-Kutta scheme in the x! direction.

The inviscid flowfields for the first two applications
(helicopter, car) were computed with the MBB Panel
method,?® and for the supersonic case with an Euler code.®
The geometry representation, the construction of the
boundary-layer coordinates, the computation of the metric
tensor, and the transformation of the external inviscid
flowfield was made with the MBB-3D-BL-Geometry
method,!® which is based on the concepts in Ref. 3. The
evaluation of the results of the boundary-layer method
(displacement thickness, equivalent inviscid source
distribution, skin-friction lines, etc.) was made with the MBB-
3D-BL-Evaluation method,!' which is also based on the
concepts in Ref. 3.

Basic Concepts of Geometry Handling

For sufficiently slender fuselages, cross-section boundary-
layer coordinates can be employed conveniently.’* (It is,
however, possible to use coordinates not oriented at the
fuselage cross sections.) Consider a fuselage, Fig. 1, which is
embedded in a Cartesian reference-coordinate system (x''
system, i’ =1,2,3). Boundary-layer (surface) coordinates (x*
system, a=1,2) are arranged in such a way that cross sections
comprise lines of constant x/, where the Gaussian parameter
x’ is measured along the Cartesian x’" axis with x/ =0 at the
nose and x’ =1 at the rear of the fuselage. The upper sym-
metry line of the fuselage serves as the datum line for the
circumferential (cross-section) direction with the other
Gaussian parameter x?=0 in the upper symmetry line,
x? =0.5 in the lower, and x? =1 again in the upper symmetry
line.

The basic relations which connect the boundary-layer
coordinate system and the Cartesian reference-coordinate
system are>*

x[‘:LX]xI (la)
x2

X =x2 (X)) + L2 (xX) SO cosa, (x/,£7)dg? (1b)
XZ

X =xd () = L2 (x) 50 sina, (x',£7) dg? 9

where L,/ (L =body length in most cases) is the normalizing
length for the x?=constant coordinate, L2 (x!) (cir-
cumferential length of the cross section) the normalizing
length for the x’ =constant coordinate, x2' (x/) and x> (x)
the coordinates of the datum line (usually x2'=0 on
fuselages), and o, (x/,x?) the contour angle (see Fig. 1).
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Fig. 3 Schematic of helicopter fuselage (left half).

With these relations, the components 3 of the base vectors
a, (a=1,2), Fig. 2, of the x* system can be computed®*:
g

. @

The components 35 of the third base vector ¢; are found from

the conditions a;-a,=0, la;|l=1 (boundary-layer coordi-

nates are a special case of locally monoclinic surface-oriented
coordinates?).

The components of the metric surface tensor (a,4) are then
computed with

a;=(B)2+ (B2 +(B])? (3a)
ap=ay, =8By +B82 B3 +6 83 (3b)
ap=(BY)2+(B3)2+(83)? (3¢

In literature often the Lamé coefficients 4, k,, g are used;
the relation is:

(h;)? g a1 4n
(@ug) = = @
g (hy)? a 4y
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Fig. 4 Boundary-layer thickness 8(x’) and displacement thickness
5,(x2) at cross sections E and F. )

The angle & between the coordinate lines, Fig. 2, is related to
the metric coefficients by
ap
oS =~ 5
Vay, Vaz ©
The velocity components of the external inviscid flowfield,
which are usually computed in the Cartesian reference

coordinate system can be transformed into the x® system with
the relations? ‘

ve =Bgvl =B vl +B3 vl +B3v) (6a)
!
vi=piv =0 (6b)
where the Jacobian 8. (j=a,3) is the inverse of the matrix 8% .

The velocity components v are contravariant components.
They are related to the physical components v,* by

v = Q)

External inviscid streamlines and skin-friction lines on the
body surface are defined in the same way as in Cartesian
coordinates?:

dx! dx?
[T (©
dx! dx2
T (8b)

where 7% =7;,‘*/\ﬁ17(;;)7 are the contravariant components of
the skin-friction vector.
Friction forces finally are found from?

@ =72 dF=r2Vadx! dx? )
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with @ the determinant of the metric tensor, Eq. (4). The
transformation into the x" system is made with [summation
convention as in Eq. (6)]:

AR =B AR® (10)

Boundary-Layer Results

The methods mentioned in the Introduction, some of
which!'®!" employ the concepts sketched in the preceding
section, were applied to several fuselage configurations. In the
following, boundary-layer results are given for a helicopter
fuselage, a car body, and a supersonic fighter nose. Details of
the computations, like the metric properties, outer boundary
data, skin-friction distributions, etc., are given in internal
company reports,!>!* respectively. In all cases, approximate
initial conditions were used, which, if placed in regions with
sufficiently favorable pressure gradients, soon lose their
influence on the solution. In this way problems with the
singularity of the metric at x’ = 0, which always exists, and the
problems which occur if the stagnation point does not lie at
x! =07, are avoided.

Helicopter Fuselage

Figure 3 shows the left side of a helicopter configuration
which was investigated in a wind tunnel. The boundary-layer
study was made for the wind tunnel situation with the flow
parameters given in Fig. 3. Because the fuselage was con-
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sidered at an angle of attack o= — 5 deg, the upper symmetry
line is a weak attachment line. The boundary-layer thickness &
and the displacement thickness &, therefore have a relative
maximum at the upper symmetry line, Fig. 4. This also leads
to an accumulation of boundary-layer material at the lower
side of the fuselage. The bulge of & at x? ~0.4 (location a), as
well as the peak of §,, indicates a convergence of skin-friction
lines which can be seen in Fig. 5. This is accompanied by a
divergence of skin-friction lines at x? =0.35 and x?~0.44
(locations b and ¢) in cross-section E. (At cross-section F the
flow already has separated and no data are given for the lower
side.) All this and the existence of a I7l-minimum line® (not
shown in Fig. 5) indicate the presence of a vortex-layer
separation line.® '

This vortex-layer separation line is dalso present in the ex-
periment, although it lies somewhat upstream of the com-
puted separation line, Fig. 6. This is due to the fact that
neither the local nor the global interaction of separated and
inviscid flow was taken into account in the computation at the
aft end of the fuseclage.

In Fig. 6 the oil-flow picture (a) compares well with the
computed skin-friction lines (b). In the experiment laminar-
turbulent transition takes place partly in a small separation
bubble at the nose. The laminar calculation failed there, but
the turbulent calculation, which was started at x! =0.03,
shows no separation at that point, and is in very good
agreement up to the aft end of the fuselage where the general
separation occurs.
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Car Body

In the late 1930s at the AVA Gottingen, the flow past an
automobile which had an exceptionally good aerodynamic
shape, Fig. 7, was studied by K. Schloer. For this car the
boundary layer was computed with the flow data given in Fig.
7. Two cases were considered: the car in the presence of the
ground, and the car without the presence of the ground. The
boundary-layer computation broke down in both cases
around x!~0.9. The pressure field was integrated over the
whole body assuming p=p., in the area where no boundary-
layer solution was found (for the car with ground see Fig. 7).
This area was considered to be the base separation area. The
resulting pressure drag ¢, for the two cases is shown in the
insert in Fig. 8, as well as the friction drag ¢;,. The resulting
drag Cy . compares well with the experimental data in both
cases.

res

This good agreement was, of course, found only because
the separation area is small and only rather weak vortices and
vortex sheets leave the base, resulting in small pressure
changes, interactions, induced drag, etc. Cars today have
rather large cutoff areas, which give rise to much stronger
effects.! In order to gain more insight into the separated flow
region, an attempt was made to interpret the results with
regard to the skin-friction line topology. 17

The computed skin-friction line pattern for the right half of
the car in the presence of the ground is given in the x* plane in
Fig. 9. Convergence of skin-friction lines in the lower rear
part, together with a bulging of the boundary-layer thickness
contours (not shown here), points to a vortex-layer separation
line—local separation'®—on each side of the car. The con-
vergence of the skin-friction lines at x/ =0.9 in the upper
symmetry line, together with 7., —0 at this station,"? indicates
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Fig. 11 Schematic of fighter nose.

the existence of the singular point K; in Fig. 9, which is a
nodal point. The other skin-friction line pattern points to the
existence of a focal point F on each side at the back of the car,
which is also seen in experiments. The separation pattern
shown in Fig. 9 was deduced using the topological law for
skin-friction lines'¢ that on the surface of a body the number
of nodal (here N=35) and focal (here F'=2) points exceeds the
number of saddle points (here S=35) by two.

In (Fig. 10a) the flow pattern is given at the surface of the
car; Fig. 10b shows the possible vortex configuration. It
appears that two pairs of vortices leave the base (Fig. 10b),
although the near wake undoubtedly is much more com-
plicated. Older visualization tests have shown only the lower
pair to exist, the upper probably being very weak.

Supersonic Fighter Nose

The boundary-layer development on a fighter nose, Fig. 11,
up to the inlet was studied for a flight Mach number M, =2,
and a Reynolds number per meter Re;, =2.7-107. The in-
viscid flowfield computation®'® yields not only the outer
boundary values for the boundary-layer computation, but
also the location of the bow shock and the locations of em-
bedded shocks (Figs. 12 and 13). For the boundary-layer
computation only the total-pressure loss due to the bow
shock, which is attached to the conical nose for the given
Mach number, was taken into account. Embedded shocks can
be corner shocks, like the canopy shock, or recompression

local
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Fig. 12 Location of bow shock and embedded shocks at M_, =2.

shocks, like the cross-flow shocks seen at cross section 4 in
Fig. 13. The first usually begin at the surface and interact with
the boundary layer; the latter often form at a certain distance
from the surface and, therefore, do not directly affect the
boundary layer, at least they do not reduce the total pressure
at the surface.

In Fig. 14 the distribution of the total skin-friction coef-
ficient ¢, is given. It exhibits a prominent dip at the front of
the canopy, but shows, in general, that the shock waves
computed in Ref. 18 obviously are smeared out sufficiently
(or are far enough away from the surface) so that no local
separation regions are found.

In reality, the picture may be different, but in principle, by
using more mesh points, the Euler code? is able to capture the
shock waves much more sharply, so that the boundary-layer
computation can detect possible local separation areas.

In Fig. 15 the inviscid streamlines and the skin-friction lines
show the general development of the flow. The direction of
the external flow was verified by experimental data at three
stations at cross section C. In Fig. 16 the boundary-layer
thickness and the displacement thickness are given. The data
show reasonable agreement with experimental data (1:20
model) scaled to the present free-flight computation con-
ditions. The position of the boundary-layer diverter appears
to be slightly too close to the fuselage.

In Fig. 17 the cumulated friction forces are finally shown.
The force R! in the x!" (axis) direction rises monotonously,
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whereas the force R®  is first directed upward and then
downward. The small friction force R?" in the x?* direction is,
of course, compensated, due to the symmetry of the con-
figuration, by the force on the other half.

Conclusions

A new approach to handle the geometrical problems
connected with theoretical boundary-layer investigations on
realistic configurations is outlined. Results of boundary-layer
computations on fuselage configurations show that very
detailed investigations can be made, and that important clues
can be found with regard to the separation behavior of the
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Fig. 16 Boundary-layer thickness 5(x?) and displacement thickness
8,(x2) at cross section C (see Fig. 11).
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Fig. 17 Cumulatgd friction forces R’ (x!); R!" and R®’ for complete
configuration, R?" for right half of configuration.

boundary layer. This is true even if local or global interactions
between separating boundary layer and inviscid flowfield are
not taken into account.

The boundary-layer computations were made with the
integral method of COUSTEIX. In the few cases in which
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experimental data are available for comparison, the
agreement is satisfactory. However, in order to establish a
higher degree of realibility, additional and more detailed
experimental data are necessary.

With boundary-layer theory, of course, the flow in such
complicated separation regions as those appearing on bluff
rear bodies cannot be computed. Boundary-layer theory can
give important clues in some cases about the location of
vortex-layer separation lines, which may be used in Euler
simulations of the separated flowfield. Recently, such
methods have been developed (see, for instance Refs. 19 and
20) for flows past wings with sharp edges (swept leading edge,
trailing edge), where the separation location is fixed.
Separation location means, in this context, the location where
the vorticity carrying boundary-layer flow leaves the surface.
The vorticity shed in this way is then arranged, in some cases,
into very complicated assemblages of vortices.

In principle, the Euler equations can describe the transport
and arrangement of vorticity. However, it remains to be seen
how important secondary and higher separation phenomena
(which topological studies and experiments show to exist),
and diffusion effects are inside separation regions. Never-
theless, it is hoped that together with boundary-layer
solutions, Euler simulations can be used to compute the
pressure drag of a configuration, at least in those cases where
the pressure drag makes up the major part of the total drag.
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